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General Introduction 

Liquid crystals are now well established i n  
basic research as well as in development for 
applications and commercial use. Because 
they represent a state intermediate between 
ordinary liquids and three-dimensional sol- 
ids. the investigation of their physical prop- 
erties is very complex and makes use of 
many different tools and techniques. Liquid 
crystals play an important role in  materials 
science, they are model materials for the 
organic chemist i n  order to investigate the 
connection between chemical structure and 
physical properties. and they provide in- 
sight into certain phenomena of biological 
systems. Since their main application is in 
displays, some knowledge of the particulars 
of display tcchnology is necessary for a 
complete understanding of the matter. 
In 1980 VCH published the Halidhook of  
Liquid Crystnls, written by H. Kelker and 
R. HatL. with a contribution by C. Schu- 
niann, which had a total of about 900 pag- 
es. Even in 1980 i t  was no easy task for this 
small number of authors to put together the 
Hcriidhook, which comprised so many spe- 
cialities; the Haridhook took about 12 years 
to complete. In the meantime the amount of 
information about liquid crystals has grown 
nearly exponentially. This is reflected in the 
number of known liquid-crystalline com- 
pounds: in 1974 about 5000 (D. Demus, H. 
Deinus, H. Zaschke. Fliissigr~ KI-istrrlle i r z  
7irheIIer7) and in 1997 about 70000 (V. Vill. 
electronic data base LIQCRYST). Accord- 
ing to ;I recent estimate by V. Vill. thc C I I F  

rent number of publications is about 65000 
papers and patents. This development 
shows that, for a single author or a small 
group of authors, i t  may be impossible to 
produce a representative review of all the 
topics that are relevant to liquid crystals ~ 

on the one hand because of the necessarily 
high degree of specialization, and on the 
other because of the factor of time. 
Owing to the regrettable early decease of H. 
Kelker and the poor health of R. Hatz, nei- 
ther of the former main authors was able to 
continue their work and to participate in a 
new edition of the H m d b o o k .  Therefore, i t  
was decided to appoint five new editors 
to be responsible for the structure of thc 
book and for the selection of specialized 
authors for the individual chapters. We are 
now happy to be able to present the result 
ol'the work of more than 80 experienced au- 
thors from the international scientific coni- 
munity. 
The idea behind the structure of the Hurzd- 
hook is to provide in Volume I a basic over- 
view of the fundamentals of the science and 
applications of the entire field o f  liquid crys- 
tals. This volume should be suitable as an 
introduction to liquid crystals for the non- 
specialist, as well as a source of current 
knowledge about the state-of-thc-art for the 
specialist. It contains chapters about the his- 
torical development, theory, synthesis and 
c h e in i c a1 s tr it c t ure , physic a 1 properties, 
cliaracterir.ation methods, and applications 
of all kinds of liquid crystals. Two subse- 
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quent volumes provide more specialized in- 
formation. 
The two volumes on Low Molecular Weight 
Liquid Crystals are divided into parts deal- 
ing with calamitic liquid crystals (contain- 
ing chapters about phase structures, nemat- 
ics, cholesterics, and smectics), discotic liq- 
uid crystals, and non-conventional liquid 
crystals. 
The last volume is devoted to polymeric liq- 
uid crystals (with chapters about main-chain 
and side-group thermotropic liquid crystal 
polymers), amphiphilic liquid crystals, and 
natural polymers with liquid-crystalline 
properties. 
The various chapters of the Handbook have 
been written by single authors, sometimes 
with one or more coauthors. This provides 
the advantage that most of the chapters can 
be read alone, without necessarily having 
read the preceding chapters. On the other 
hand, despite great efforts on the part of the 
editors, the chapters are different in style, 
and some overlap of several chapters could 
not be avoided. This sometimes results 
in the discussion of the same topic from 

quite different viewpoints by authors 
who use quite different methods in their re- 
search . 
The editors express their gratitude to the au- 
thors for their efforts to produce, in a rela- 
tively short time, overviews of the topics, 
limited in the number of pages, but repre- 
sentative in the selection of the material and 
up to date in the cited references. 
The editors are indebted to the editorial and 
production staff of WILEY-VCH for their 
constantly good and fruitful cooperation, 
beginning with the idea of producing a com- 
pletely new edition of the Handbook of Liq- 
uid Crystals continuing with support for the 
editors in collecting the manuscripts of so 
many authors, and finally in transforming a 
large number of individual chapters into 
well-presented volumes. 
In particular we thank Dr. P. Gregory, Dr. U. 
Anton, and Dr. J. Ritterbusch of the Mate- 
rials Science Editorial Department of 
WILEY-VCH for their advice and support 
in overcoming all difficulties arising in the 
partnership between the authors, the editors, 
and the publishers. 

The Editors 
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Chapter I 
Synthesis, Structure and Properties 

1 Aromatic Main Chain Liquid Crystalline Polymers 

Andreas Greiner and Hans- Werner Schmidt 

1.1 Introduction 

Aromatic main chain liquid crystalline 
polymers consist of a sequence of directly 
connected aromatic moieties, namely, poly- 
arylenes, or a sequence of aromatic moie- 
ties linked by an even number of atoms or 
heterocyclic units. Typical linkage groups 
in combination with aromatic moieties are, 
for example, ester and amid groups (Fig. 1). 
These polymers are semirigid to rigid ma- 
terials with respect to the conformational 
freedom along their polymer backbone, and 
are thermotropic or lyotropic according to 
the Flory theory, depending mainly on chain 
extension, melting temperature, and solu- 
tion behavior [I] .  

The properties, in particular the solubil- 
ity and fusibility and as consequence the 
processability, are controlled by the molec- 
ular architecture and chemical structure of 
the aromatic moieties. Aromatic paralinked 
polymers with benzene rings as the aromat- 
ic moieties, without linking atoms, for ex- 
ample, poly-p-phenylene, or with an even 
number of linking atoms between the ben- 
zene rings, for example, poly-p-hydroxy- 
benzoic acid, are characterized at relatively 
low molecular weights by high melting tem- 
peratures (often in the range of decomposi- 

tion) and by poor solubilities. Consequent- 
ly, in these systems thermotropic or lyotrop- 
ic phases can only be observed (if at all) 
under extreme conditions, often in the range 
of polymer degradation. Improvement of 
the solubility and the fusibility are of fun- 
damental interest in order to fully exploit the 
potential of aromatic liquid crystal poly- 
mers (LCPs). Therefore, in the past two 
decades considerable effort has been made 
to obtain tractable aromatic LCPs by differ- 
ent structural modification concepts. 

It is far beyond the scope of this chapter 
to present a comprehensive overview on the 
different structures of aromatic main chain 
LCPs and take into account the various 
property and application aspects. The objec- 
tive of this chapter is to discuss the 
impact of structural concepts in modifying 
the properties of aromatic LCPs, focusing 
here on aromatic thermotropic LC poly- 
esters. This will be discussed for selected 
examples. Conclusions from the work on 
polyesters are transferrable to other classes 
of thermotropic and lyotropic aromatic 
polymers. 

Handbook ofLiquid Crystals 
D. Demus, J. Goodby, G. W. Gray, H.-W. Spiess, V. Vil 

Copyright 0 WILEY-VCH Verlag GmbH. 1998 
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Aromatic units t iA i  
Aromatic units 

Linkage group A 

O H  H O  

I 
H 

Figure 1. Typical aromatic units and linkage groups in aromatic liquid crystalline polymers. 

1.2 Structural Modification 
Concepts of Liquid Crystal 
Polymers (LCPs) 

Under thermodynamic considerations, high 
melting temperatures are the result of high 
melting enthalpies and low melting entro- 
pies. Consequently, the structural modifi- 
cation concepts are based either on a de- 

crease of the melting enthalpy and/or an in- 
crease of the melting entropy. These can be 
achieved mainly by a controlled decrease of 
the symmetry along the polymer backbone, 
so reducing interchain interactions, or by 
an increase in the chain flexibility, but with- 
out destroying the formation of LC phases. 
The various structural modifications, which 
have been extensively investigated, are 
schematically illustrated in Fig. 2. 



I .2 Structural Modification Concepts of Liquid Crystal Polymers (LCPs) 
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Figure 2. Modification concepts for para-linked aromatic polymers including typical monomer structures: (a) 
monomer units of different length, (b) kinked comonomers, (c) double kinked comonomers, (d) ‘crankshaft’ 
comonomers, (e) flexible lateral substituents, (f) bulky and stiff lateral substituents, and (g) monomers with non- 
coplanar conformation. 

The incorporation of monomer units of 
different length, such as p-phenyl, p-bi- 
phenyl, or p-terphenyl moities (Fig. 2a), 
causes the linkage groups to be positioned 
at random distances along the polymer 
chain. As a consequence, the intermolecu- 
lar interactions, particularly of the polar 
linkage groups, are partially excluded. The 
overall chain stiffness increases with the 
amount of the longer aromatic unit. 

A different structural modification, 
which is mainly based on lowering the chain 
stiffness and as a result also on reducing the 
intermolecular interactions, is the incorpo- 
ration of kinked and double kinked comon- 
omers (Fig. 2b and c). Typical monomers 
with kinks are meta-substituted phenylene 
derivatives or 4,4’-functionalized biphenyl- 
ethers and 4,4’-functionalized biphenyl- 
sulfides. Monomers with double kinks are, 

for example, 4,3’-functionalized biphenyl- 
ethers or 4,3’-substituted functionalized 
benzophenones. Substitution in the 4,3‘ po- 
sition allows for a linear conformation in 
which the kink is compensated to some de- 
gree. However, in both cases these mono- 
mers can only be incorporated as a comono- 
mer in para-linked aromatic polymers up to 
a critical amount, until the polymer chain 
becomes too flexible and the LC formation 
is destroyed. An industrially important con- 
cept for the structural modification of LCPs 
involves using the so-called ‘crankshaft’ 
monomers (Fig. 2d), particularly 2,6-sub- 
stituted naphthalene derivatives. These 
monomers result in a step-wise shift along 
the polymer backbone. 

The intermolecular interactions can be 
lowered substantially by lateral substitu- 
ents, which can be either flexible (Fig. 2e) 
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or bulky and stiff (Fig. 2f). The number of 
substituents and symmetry of substitution 
can result in positional isomerism along the 
polymer backbone and, as a consequence, 
in a different direction of the substituents 
with respect to each other. In some cases, 
the substituent has an influence on the con- 
formation of the linkage group and lowers 
the chain stiffness. If should be pointed out 
that these modifications also result in an in- 
crease in the chain diameter. The main dif- 
ferences between flexible and bulky substit- 
uents are their influence on the thermal 
stability and the glass transition temperature 
( T J .  Flexible chains act as an internal plas- 
ticizer, whereas bulky substituents increase 
the Tg.  

Monomers with noncoplanar conforma- 
tion are, for example, 2,2’-substituted bi- 
phenylenes or binaphthyl derivatives. Sub- 
stitution in the 2,2’-position causes the phe- 
nyl units to be in a noncoplanar conforma- 
tion. This reduces the intermolecular inter- 
actions between the chains very effectively. 
These monomers reduce the chain stiffness 
far less than the bulky substituents. It is ob- 
vious that combinations of these different 
structural modifications can be used and 
have been utilized in numerous examples to 
modify LCPs’ properties. 

An other important concept for the mod- 
ification of LCPs is the incorporation of 
flexible spacers between mesogenic units. 
These semiflexible LCPs have been exten- 
sively investigated and have to be distin- 
guished from the above systems. As a con- 
sequence, a separate contribution in this 
handbook is devoted to this class of LCPs 
(Sect. 2 of this Chapter). 

In the following sections, the different 
concepts of structural modifications of 
LCPs will be discussed in more detail for 
thermotropic LC polyesters and briefly for 
lyotropic polyamides. The same structural 
modifications have been applied to other 

classes of para-linked aromatic polymers, 
e. g., polyimides, poly-(benzobisoxazole)s, 
poly-(benzobisthiazole)s, poly-p-pheny- 
lenes, poly(p-phenylenevinylene)s, and 
poly( p-phenyleneethiny1ene)s. 

1.3 Aromatic LC 
(Liquid Crystal) Polyesters 

Aromatic para-linked LC polyesters have 
been investigated extensively and represent 
the most important class of aromatic LCPs. 
The historical development, the chemistry, 
and the physics of aromatic LC polyesters 
have been summarized in several excellent 
reviews and book chapters. Some examples 
are given in the literature [2]. 

Several synthetic routes are known for the 
synthesis of aromatic LC polyesters. Melt, 
solution, and slurry polycondensations are 
mainly used. Most significant are the poly- 
condensation of terephthalic acid diesters 
and aromatic diols, the pol ycondensation of 
terephthalic acids and acetates of aromatic 
diols with the addition of transesterification 
catalysts, and the polycondensation of aro- 
matic diols and aromatic diacid dichlorides 
[2]. A method successfully utilized for la- 
boratory synhesis is the polycondensation 
of silated aromatic diols and aromatic 
diacid dichlorides [ 3 ] .  Molecular weights 
depend significantly on the reaction condi- 
tions and on the solubility as well as the fu- 
sibility of the polyesters, which is relative- 
ly poor for para-linked unsubstituted aro- 
matic polyesters. 

Polyesters prepared by the polyconden- 
sation of monomers based on terephthalic 
acid (TA) and hydroquinone (HQ) or p-hy- 
droxybenzoic acid (HBA) are insoluble and 
exhibit very high melting temperatures, 
which are in the decomposition range 
(Fig. 3 )  [4]. Melting temperatures of 600 “C 
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for poly(TA/HQ) and 610 "C for poly(HBA) 
were observed by applying DSC heating 
rates of 80 K/min in order to minimize de- 
composition [2 b]. This melting temperature 
is by far too high to obtain stable liquid crys- 
talline phases on processing from the melt. 
However, these polymers and also poly(4'- 
hydroxybiphenyl-4-carboxylic acid) re- 
ceived attention due to the formation of 
whiskers and the potential applications of 
such whiskers in composites [5 ] .  

General interest in thermally processable 
LC polymers is driven by a combination of 
properties that distinguish LC-polymers 
from random coil polymers. In particular, 
the formation of thermotropic LC phases re- 
duces the melt viscosities during process- 
ing, and the increased chain stiffness reduc- 
es the thermal expansion coefficients. Both 
properties are of technical significance in 
combination with the high temperature 
stability. This is the basis for the application 
of LC polyesters as high precision injection 
molding materials and high modulus fibers. 
The different structural modification con- 
cepts, which will be discussed below, also 
have to be looked at in context with this 
property profile. 

Considerable synthetic efforts have been 
undertaken in order to decrease the melting 
temperatures of aromatic LC polyesters 
while retaining LC properties. Melting tem- 
peratures below 350 "C are necessary in or- 
der to obtain stable, melt-processable poly- 

HB 

t 0 a - q  
Poly(HBA) 

Figure 3. Monomers and 
polymer structures of the 
unsubstituted para-linked 
aromatic polyesters, poly- 
(p-phenylene terephthalate) 
[poly(TA/HQ)] and poly- 
(p-hydroxybenzoic acid) 
[poly (HBA)I. 

esters. The different structural modifica- 
tions shown in Fig. 2 were realized for aro- 
matic LC polyesters. Also, combinations of 
different concepts are used for copolymers 
in order to modify their thermal properties 
and solution behavior. In the following sec- 
tions, selected examples for each structural 
concept will be discussed focusing mainly 
on the thermal properties and the formation 
of thermotropic mesophases. It is important 
to note that the thermal properties are a func- 
tion of the molecular weight, and that for a 
comparison of the structure - property rela- 
tions the molecular weight has a significant 
impact. The inherent viscosity dependence 
of the melting temperature (T,) and the 
clearing temperature (Tc) ,  and the molecu- 
lar weight dependence of the glass transi- 
tion temperature (T,) are shown in Fig. 4 for 
two examples. Nematic poly(2-n-decyl- 1,4- 
phenylene-terephthalate) levels to a plateau 
for T, and T, above an inherent viscosity of 
1.0- 1.5 dl/g [6]. The polyester poly(2,2'- 
dimethyl-4,4'-biphenylene-phenyltereph- 
thalate) forms a nematic melt. Crystalliza- 
tion from the melt is completely suppressed 
and the polyester only has a T,. The Tg val- 
ues reach a plateau at a molecular weight 
about 8000 g/mol (GPC versus PST stan- 
dards), which corresponds to an inherent 
viscosity of 1.2 dl/g [7]. 
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- l _ I  YTg Figure 4. (a) Inherent viscosity 
dependence of the melting tem- 
perature (T,) and the clearing 
temperature (T,) of nematic 
poly(2-n-decyl- 1,4-phenylene- 
terephthalate) [6] and (b) the mo- 
lecular weight dependence of the 
glass transition temperature (T,) 
of nematic poly(2,2'-dimethyl- 



10 1 Aromatic Main Chain Liquid Crystalline Polymers 

1.3.1 Polyesters with 
Moieties of Different Lengths 

The combination of monomers such as 
p-HBA, TA, HQ, and 4,4'-dihydroxybiphe- 
nyl (DHB) can be used for the synthesis of 
copolyesters (Fig. 5). The polycondensa- 
tion of such monomers causes a structural 
irregularity in the direction and distance of 
the ester groups, thus reducing the inter- 
chain interactions. 

The melting temperatures of polyesters 
synthesized by the copolymerization of 
p-HBA, TA, and HQ are still above 500 "C 
and the polyesters are far from forming 
stable, processable melts [8]. Depending on 
the composition, the melting temperatures 
were decreased by 100- 150 "C if HQ was 
replaced by DHB. These polyesters are in- 
jection-moldable and were commercialized 
under the trade name Ekkcel 1-2000 (Car- 
borundum) and currently as Xydar (Amo- 
co). These materials will gain further com- 
mercial interest as the cost of DHB decreas- 
es. They belong to the class of high temper- 
ature LC polyesters. For example, a special 
Xydar grade (SRT-500) has a melting tem- 
perature of 358 "C and is an injection-mold- 
able resin with a tensile modulus of 8.3 GPa 
and a tensile strength of 126 MPa. 

The molecular structure of these copoly- 
esters is complex and is affected signifi- 
cantly by the synthesis conditions, thermal 
history, and processing conditions. The se- 
quence distribution of the different repeat- 
ing units is often found to be more or less in 
blocks, as indicated by cross polarization 
solid state I 3C-NMR and X-ray diffraction 
[9]. The as-polymerized polyester is highly 
crystalline, indicating block-like ordered 
sequences, but becomes less crystalline af- 
ter processing from the molten state, which 
is due to further transesterification reactions 
and the formation of a more random se- 
quence distribution. 

1.3.2 Polyesters with Kinked 
or Double Kinked Moieties 

A reduction of the melting temperatures of 
aromatic LC polyesters can also be accom- 
plished efficiently by the partial incorpora- 
tion of kinked comonomers. Suitable mono- 
mers are meta- or ortho-functionalized ben- 
zene rings, meta- or ortho-functionalized 
six-member heterocycles, and 2,5-func- 
tionalized five-member heterocycles. A 
frequently used alternative is two benzene 
rings connected by linking groups such as 

Figure 5. Examples of unsubstituted monomers of different lengths and the corresponding LC copolyesters. 
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-CR,-, -0-, -S-, and -CO-, which are 
functionalized in the 4,4’-position or the 
3,4’-position. Monomers with functional 
groups in the 3,4‘-position, such as 3,4’-di- 
hydroxy benzophenone (3,4’-DHBP) or 
3,4’-dicarboxy-diphenylether (3,4’-CDPE) 
compensate the kink to a certain extent. 
These comonomers are also referred to as 
double kinked comonomers. These types of 
comonomers can only be incorporated in 

para-linked aromatic polyesters up to a crit- 
ical amount until the polymer backbone be- 
comes too flexible and self-organization 
into liquid-crystalline order is no longer 
possible. Examples of structures of kinked 
and double kinked monomers are given in 
Fig. 6. 

Poly-(p-hydroxybenzoic acid) [poly(HBA)] 
and poly-(p-phenylene-terephthalate) [po- 
ly(TA/HQ)] were modified with monomers 

RES IA mHBA 

oHQ ThA 

4,4-ODP 4,4’-TD P 

Ho2cGo&C02H kinked Figure and 6 .  Examples double kinked of 

3,4‘- DHBP 3,4‘-CDPE 
comonomers for aromatic 
LC polyesters. 
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such as isophthalic acid (IA), resorcinol 
(RES), or rn-hydroxybenzoic acid (rnHBA) 
by several research groups [ 101. A liquid- 
crystalline melt was not found for all com- 
positions. Jackson reported that the content 
of rnHBA necessary in order to reduce the 
melting temperature of poly(TA/HQ) below 
400 "C destroys the liquid crystallinity 
[ 10 d]. Copolyesters of HQ, TA, and rnHBA 
with more than 50% rnHBA form isotropic 
melts. At these concentrations, the chain 
conformation became too flexible due to the 
angle within the isophthalate moiety. The 
ability to pack the molecules in an ordered 
fashion is hindered and, consequently, no 
liquid-crystalline phases can be formed. 
Similar results were obtained with copoly- 
esters of HQ, TA, and RES [lOd], HQ/IA/ 
HBA (liquid crystallinity is lost above an 
HQ-IA content >67%) [lOf], TA/RES/ 
HBA (liquid crystallinity is lost above a 
TA-RES content of >33%) [log], and 
HBAIrnHBA (liquid crystallinity is lost 
above an rnHBA content of >SO%) [lOh]. 
Lenz et a]. reported that the content of rn- 
phenylene-terephthalate in poly(ch1oro-p- 
phenylene-co-rn-phenylene-terephthalate) 
cannot exceed 60% in order to maintain liq- 
uid crystallinity [ 10 el. However, poly( p -  
phenylene-terephthalate-co-p-phenylene 
isophthalate) containing about 85% of 
kinked isophthalate units melts at 355 "C, 
but exhibits a narrow mesophase range of 
30°C [IOi]. Also, the crystallization of 
para-linked aromatic copolyesters is effi- 
ciently suppressed by the incorporation of 
large amounts of ortho-substituted aromat- 
ic units [ 1 I]. Compared to meta-substituted 
monomers, ortho-substituted monomers are 
more favorable to form an extended chain 
conformation. For example, a glass transi- 
tion temperature of 90 "C was reported for 
a copolyester of TA/methyl substituted 
HQIoHQ [ 1 1 b]. This copolyester, described 
as amorphous, formed a nematic melt about 

19 "C above Tg with a clearing temperature 
of 380°C. The broad nematic phase was 
found to have a content of 50% of oHQ and 
50% of methyl-substituted HQ. 

Kinks in phenylene-based polyesters 
were also obtained by 2S-thiophene dicarb- 
oxylate (ThA) moieties, which exhibit a 
core angle of 148" [12]. These copolymers 
exhibit stable nematic phases, but their tran- 
sition temperatures are higher than those of 
the corresponding isophthalates. For exam- 
ple, the polyester composed of chlorohydro- 
quinone and 25thiophene dicarboxylate 
[poly(ClHQ)/ThA] exhibits a melting tran- 
sition around 410 "C with a clearing temper- 
ature above SO0 "C (Fig. 7). In contrast, the 
corresponding polyester poly(ClHQ/TA) 
shows only a solid state transition at 375 "C 
and does not melt below SO0 "C. The poly- 

100 200 300 400 500 

Temperature ["Cl 

Figure 7. DSC investigations of three different 
aromatic homopolyesters: (a) LC polyester com- 
posed of chlorohydroquinone and terephthalic acid 
[poly(CIHQ/TA)], (b) LC polyester composed of 
chlorohydroquinone and 2,5-thiophene dicarhoxylic 
acid [poly(ClHQ)/ThA], (c) polyester composed 
of chlorohydroquinone and isophthalic acid 
[poly(CIHQ/IA)] (adapted from [ 121). 
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ester composed of ClHQ/IA has a glass tran- 
sition endotherm at 146 "C, a recrystalliza- 
tion exotherm around 240 "C, and a melting 
temperature of 308 "C, but does not exhibit 
liquid crystallinity. 

The incorporation of comonomers based 
on two benzene rings with single atom link- 
ing bridges and functional groups in the 
4,4'-position were also investigated for 
modifying the thermal properties of LCPs 
[ 1 31. The deviation from the chain linearity 
of aromatic LC polyesters by such comon- 
omers depends on the type of linking bridge 
and the amount of incorporated comonomer. 
Compared to the bent, rigid comonomers 
discussed above, these comonomers, also 
referred to as 'swivel'-type monomers, are 
more flexible. 

A comparative study based on poly(ch1o- 
ro-p-phenylene-terephthalate), modified by 
the incorporation of various amounts of 
4,4'-functionalized bisphenols of different 
structures was performed by Lenz and Jin 
(Fig. 8) [10e]. For example, copolyesters 
composed of TA/ClHQ/BPA showed melt- 
ing temperatures of the order of 340 "C with 

a BPA content of 10- 30 mol% with respect 
to the amount of ClHQ. These copolyesters 
form anisotropic melts, whereas copoly- 
esters with a BPA content of more than 40% 
were amorphous, forming isotropic melts. 
Copolyesters with bis(4-hydroxyphenyl) 
methane (BPM) or 4,4'-sulfonyldiphenol 
(SDP) have a stronger tendency to form an- 
isotropic melts. It is possible to replace more 
of the ClHQ with these comonomers with- 
out destroying the liquid crystallinity. Based 
on these results, different 4,4'-functional- 
ized bisphenols destabilize the liquid-crys- 
talline phase quantitatively in the following 
order: 

0 < CH2 - S < SO2 < C(CH,), 

1.3.3 Polyesters with 
Crankshaft Moieties 

An important structural modification which 
results in a parallel offset within the poly- 
mer backbone is the incorporation of 2,6- 
difunctionalized naphthalene monomers. 

L A n  

7% 0 

CH, d- -C- -CH2- -0- -S- X =  

BPA BPM ODP TDP SDP 

Figure 8. Examples of LC copolyesters derived from terephthalic acid, chlorohydroquinone, and various kinked 
4,4'-functionalized bisphenols. 
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This class of monomers is also referred to 
as 'crankshaft' monomers. Examples of 
such monomers are: 6-hydroxy-2-naphtho- 
ic acid (HNA), 2,6-dihydroxynaphthalene 
(DHN), and 2,6-naphthalene dicarboxylic 
acid (NDA) (Fig. 9) [14]. 

Figure 10 illustrates the influence of 
2,6-naphthalene derivatives in lowering 
the melting temperature. A copolymer se- 
ries based on p-HBAITAIHQ has melting 
temperatures in the range of 420-500 "C. 
The melting temperatures can be lowered 
by about 100 "C by replacing the terephthal- 
ic acid with 2,6-naphthalene dicarboxylic 
acid (NDA), but the melting point minimum 
is still about 323°C. A further reduction 
was achieved in the copolymer series 
p-HBAITAIDHN. The lowest melting 
points were observed in a two-component 
polyester based on 6-hydroxy-2-naphthoic 
acid (HNA) and p-hydroxybenzoic acid 
(p-HBA). In this series the melting point 
could be lowered to a minimum of almost 
230 "C. 

In particular, the results of the poly 
(HNAIp-HBA) series are the basis for the 
commercial development of a family of ther- 
motropic LCPs by the Hoechst Celanese Cor- 

Figure 9. Examples of different 
crankshaft monomers. 

zoo& , , , , 
20 40 60 80 

p-Hydroxybenzoicacid (HBA) 
[rnol%] 

poly(p-HBA/TAIHQ) - .-  . - . -  

poly(p-HBAINDAIHQ) . . . . . . . . . . 

poly(p-HBA/TA/DHN) 

poly(p-HBAIHNA) 

- - - - - - ' 

Figure 10. Influence of 2,6-difunctionalized naphtha- 
lene comonomers on the melting temperatures of LC 
polyester based on p-hydroxybenzoic acid (adapted 
from [14a]). 
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poration under the trade name of Vectra 
[ 14bl. The Vectra A and Vectra C materials 
are based on a poly(naphthoate - benzoate) 
structure. In contrast, the Vectra B series is 
based on a poly(naphthoate - aminophenol- 
terephthalate), an aromatic copolyester 
amide. These LCPs can be processed in a 
similar manner to conventional thermoplas- 
tics using almost all of the common poly- 
mer processing techniques. The thermo- 
tropic melts have a low viscosity, providing 
good molding characteristics. Molded parts 
exhibit low warpage and shrinkage, along 
with high temperature and dimensional 
stability, as well as chemical resistance. 
This property profile opened up commercial 
applications in areas such as electron- 
ics/electrical (connectors, capacitor hous- 
ing, coil formers), fiber-optics (strength 
members, compilers, connectors), automo- 
tive (full system components, electrical 
systems), and others (compact disc player 

components, watch components, micro- 
wave parts, etc.) [14c]. 

In addition to the 2,6-naphthalene based 
LCPs, an interesting aromatic LC polyester 
with 2,6-substituted DBD moieties has been 
disclosed in several patents 115, 161. 

1.3.4 Polyesters with 
Lateral Substituents 

Different types of lateral substituents can be 
incorporated by monomers with substitu- 
ents of different size, flexibility, and pola- 
rity. In addition, the number of substituents 
and the symmetry of the substitution can re- 
sult in a different positional isomerism 
along the polymer backbone (Fig. 11). For 
example, in polyesters derived from mono- 
substituted monomers, the substituents can 
point towards each other (syn) and away 
from each other (anti), resulting in a random 

positional isomorphism with mono-substituted moieties 

R 

positional isomorphism with 2,6-di-substituted moieties 

polymer backbone with 2,5-di-substituted moieties 

Figure 11. Structural diversities 
~ ~ 1 4 - ~ - , A ~ - R ~ - , A , - ~ ~ . . ; r  \ /  \ /  \ /  of erally aromatic substituted LC polymers monomers. with lat- 
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sequence along the polymer backbone. A 
similar, but even more pronounced effect, is 
found in monomers with 2,6-disubstitution, 
whereas in a polymer backbone composed 
of symmetrical 2,5-disubstituted mono- 
mers, the substituents are regularly posi- 
tioned along the backbone and obtain their 
irregularity by rotational isomerism. A se- 
lection of substituted poly( 1,4-phenylene 
terephthalates) with different types of later- 
al substituents is summarized in Tables 1 
and 2. 

1.3.4.1 Polymers with 
Flexible Substituents 

As flexible substituents, linear and 
branched alkyl, alkoxy, or thioalkyl side 
chains of different lengths have been uti- 
lized to modify para-linked aromatic poly- 
esters. The main difference to the systems 
discussed above is the limited thermal 
stability caused by the substitution with al- 
kyl chains. Also, the mechanical poperties 
are substantially lowered with increasing 

length and number of the alkyl chains [ 171. 
The dramatic loss of the mechanical prop- 
erties is obvious due to the reduced number 
of load-supporting polymer main chains in 
a given cross-sectional area. In addition, the 
intermolecular interactions of the alkyl side 
chains are relatively weak. 

Lenz et al. demonstrated for a series of 
monosubstituted poly(2-n-alkyl- 1,4-phen- 
ylene-terephtha1ate)s (Table 1) with the 
number of C-atoms in the side chain rang- 
ing from 6 to 12, that the melting tempera- 
tures and the clearing temperatures are low- 
ered, as expected, with increasing length of 
the alkyl chain [6]. For different samples 
with inherent viscosities of about 0.5 dl/g 
(not in the plateau region; see Fig. 4a), the 
melting temperatures decrease from 277 "C 
to 228 "C and the clearing temperatures 
from 323 "C to 291 "C. All the polyesters 
were found to be nematic. Corresponding 
polyesters with cyclic and branched alkyl 
groups (cyclohexyl, cycloheptyl, cyclooc- 
tyl, and 3-methylpentyl) [ 181 showed melt- 
ing temperatures in the range of 308- 

Table 1. Glass transition temperatures, melting temperatures, and clearing temperatures of selected mono- and 
disubstituted poly-(p-phenylene terephthalate) esters with flexible substituents. 

Tg ("C) T, ("C) T, ("C) Reference R R' 

277 323 [61 n-hexyl H - 

257 302 [61 n-heptyl H - 

257 307 [61 n-ocytl H - 

237 29 1 161 n-nonyl H - 

228 292 [61 n-undecyl H - 

cyclohexyl H 210 363 39 1 [I81 
352 390 [I81 c ycloheptyl H - 

cyclooctyl H 212 321 385 [I81 
3-methylpentyl H 237 308 377 1181 

340 > 340 [I91 - (CH,),-phenyl H - 

325 b 340 1191 - (CHd,-phenyl H - 

- (CH2)2-phenyl - (CH,),-phenyl 60 195 b 340 r191 
t-butyl - (CH,),-phenyl 110 225 b 340 1191 



17 1.3 Aromatic LC (Liquid Crystal) Polyesters 

Table 2. Glass transition temperatures, melting temperatures, and clearing temperatures of selected mono- and 
disubstitued poly-(pphenylene terephthalate) esters with bulky and stiff substituents. 

C1 
H 
BI 
H 
phenyl 
H 
phenyl 
phenyl 
c1 
phenyl 
c1 
t-butyl 
phenox y 
phenox y 
phenoxy 
phenox y 
t-butyl 

H 
c 1  
H 
Br 
H 

phenyl 
phenyl 

C1 
phenyl 

Br 
Br 

c1 
Br 

phenyl 
Br 

CF, 

CF3 

220 
220 
- 

- 

170 
130 
122 
108 
113 
120 
120 
141 
85 
90 
88 

112 
131 

312 
402 
353 
405 
346 
265 

206 
233 
222 
313 
228 
24 1 
220 

- 

- 

510 
475 
475 
490 
475 
343 
23 1 
368 
360 
376 
362 

>350 
355 

> 350 
a 

a 

a 

- 

- 

- 

a) No LC phase observed. 

363 "C. The clearing temperatures from the 
nematic melt are between 377 and 391 "C. 
In some cases glass transitions were found. 

As already mentioned, positional isomer- 
ism is important for the solubility and fu- 
sibility of aromatic LC polyesters. Conse- 
quently, polyesters made from symmetrical 
2,5-disubstituted or 2,3,4,5-tetrasubstituted 
monomers should result in polymers that are 
less soluble and less fusible. This is in gen- 
eral the case with short lateral substituents. 
Ballauff and others reported that the series 
of poly( 1,4-phenylene-2,5-dialkoxy tereph- 
tha1ate)s with long flexible alkoxy side 
chains at the terephthalic moiety result in 
tractable LC polyesters [20] (Fig. 12). 
These polyesters exhibit a high degree of 
crystallinity with melting temperatures be- 
low 300 "C. Polyesters with short side 
chains (2<m<6) form nematic melts with 
clearing temperatures T, > 350 "C for m = 2 

and T, = 250 "C for m = 6. Polyesters with 
side chains m 38 result in the formation of 
layered mesophases, which can also be 
found in the solid state. The layer spac- 
ing in the mesophase, as revealed by X-ray 
analysis, increases linearly with increasing 
length of the alkoxy side chain. Longer 
alkyl side chains (m212) result in side- 
chain crystallization with melting transi- 
tions around 50 "C. 

Tetrasubstituted polyesters with long 
alkyl side chains on the hydroquinone 
moiety connected via ether or ester linkag- 
es have been reported [ ~ O C ]  (Fig. 12). In 
these polyesters, the tetrasubstituted moie- 
ty can be considered as a discotic mesogen. 
The polyesters with Z = H  are highly solu- 
ble and have low melting temperatures 
(T ,  < 100 "C) and low clearing temperatures 
in the range of 123-260°C. The type of 
mesophase formed is referred to as "sanid- 
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R R 

d k 

R = - CnHPn+l 

n=7,9,11 

Z = H o r  -0- 
-C8H17 

Figure 12. Structure 
of 2,5-disubstituted 
polyesters with flex- 
ible alkoxy substitu- 
ents and of poly- 
esters with tetrasub- 
stituted moieties 
[20 a-c]. 

ic". If the terephthalic acid moiety is disub- 
stituted with two long alkoxy side chains 
(Z = -O-C,H1,), the mesophase is de- 
stroyed. This observation can be explained 
by a reduction of the chain stiffness in com- 
bination with the effect of the additional two 
alkoxy side chains. Similar observations 
have been made with poly( p-phenylene 
terephtha1ate)s with one, two, and four thi- 
oalkyl side chains of various length [21]. 
Depending on the degree of substitution and 
the substitution pattern, thermotropic as 
well as isotropic polyesters have been ob- 
tained. 

Chiral sanidic polyesters derived from 
copolymerizations of (S,S)-2,5-bis(2-meth- 
ylbuty1oxy)terephthalic acid, 2,5-bis(dode- 
cy1)terephthalic acids, and 4,4'-dihydroxy- 
biphenyl have been reported [22]. These 

copolyesters formed a solid sanidic layer 
structure with melting temperatures above 
200 "C. A broad enantiotropic cholesteric 
phase is formed above T,,, with isotropiza- 
tion temperatures in the range of 275- 
325 "C. 

A different type of flexible substituent are 
phenylalkyl substituents [ 191. Monosubsti- 
tuted polyesters with phenylalkyl substitu- 
ents with different lengths of the alkyl link- 
age are characterized by high melting tem- 
peratures (Table 1). The thermal transitions 
can be lowered significantly if the tereph- 
thalic moieties and the phenylene moieties 
are substituted by phenylalkyl moieties. The 
replacement of the phenylalkyl substituent 
at the hydroquinone moiety by t-butylhy- 
droquinone results in an increase of the glass 
transition temperature. The polycondensa- 
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tion of monosubstituted 1,4-hydroquinone 
derivatives with monosubstituted tereph- 
thalic acid derivatives (AABB monomer 
system) results in polyesters with substitu- 
ents arranged randomly along the polymer 
backbone (Fig. 1 1 ) .  In contrast, the poly- 
condensation of monosubstituted 4-hydroxy- 
benzoic acid derivatives (AB monomer sys- 
tem) leads to polyesters with defined posi- 
tions of the substituents. A random arrange- 
ment of the substituents is also obtained for 
copolyesters made from 2- and 3-substitut- 
ed 4-hydroxybenzoic acid derivatives. The 
role of positional isomerism was clearly 
demonstrated by a comparison of homo- and 
copolyesters based on phenethyl substitut- 
ed poly(4-hydroxybenzoats)~ (Fig. 13) 
[23]. Solubility, melting temperature, and 
the LC phase were almost identical for the 
homopolyesters of the 2- and 3-substituted 
homopolyesters exhibiting melting temper- 
atures of 280-297 "C; these give highly vis- 
cous birefringent melts with T, > 340 "C. In 
contrast, the solubility of the corresponding 
copolyester is enhanced and the crystallin- 
ity is depressed, forming an amorphous sol- 
id with Tg at 75 "C and a nematic schlieren 
texture with T, at 280 "C. It should be men- 
tioned that the inherent viscosity of this co- 
polyester was 2.80 dl/g and therefore the 
observed properties cannot be attributed to 
a low molecular weight. 

1.3.4.2 Polyesters with 
Stiff, Bulky Substituents 

The influence of a stiff and bulky substitu- 
ent on the thermal and the solution proper- 
ties is governed by the size, polarity, posi- 
tion, and number of the substituents [24]. 
The main differences between flexible and 
bulky substituents are their influence on the 
thermal stability and the glass transition 
temperature. Whereas flexible chains act as 
an internal plasticizer and lower the thermal 
stability, most bulky substituents increase 
Tg and, depending on the chemical nature, 
do not lower the thermal stability. 

A selection of monosubstituted and disub- 
stituted poly-(p-phenylene-terephtha1ate)s 
is compared in Table 2. Poly( p-phenylene- 
terephtha1ate)s with methyl, methoxy, chlo- 
ro, or bromo substituents on either the hy- 
droquinone or the terephthalic acid moiety 
exhibit melting temperatures of 350 "C 
or higher. Thermotropic liquid crystalline 
behavior is observed in these samples, al- 
though it is in the range of thermal decom- 
position. A comparison of the mono- and 
diphenyl substituted polyesters reveals 
an important trend. The monosubstituted 
poly-(p-phenylene-terephthalate) with the 
phenyl substituent in the hydroquinone 
moiety melts at 346°C also forming a ne- 
matic melt up to a clearing temperature of 

L n 
homopolyesters copolyester 

Figure 13. Phenethyl-substituted homopolyesters and copolyesters based on poly(p-hydroxybenzoate) [23]. 
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T, = 475 "C, which is in the range of decom- 
position. In contrast, the melting tempera- 
ture of the polyester with the phenyl substit- 
uent on the terephthalic moiety is 265 "C and 
T, = 343 "C, which indicates that the chain 
stiffness is lowered if the bulky substituent 
is ortho to the carbonyl group of the ester 
linkage. The substitution of both the hydro- 
quinone and the terephthalic acid moiety 
with a phenyl substituent suppressed the 
crystallization and resulted in a polyester 
glass transition temperature of 122 "C. Be- 
low the glass transition temperature, a glass 
with nematic order is obtained. The clear- 
ing temperature of this polyester was detect- 
ed at 231 "C, which is considerably lower 
than those of the monosubstituted polyes- 
ters. In other disubstituted poly-(p-pheny- 
lene terephthalate)s, particularly with polar 
substituents such as halogen or trifluoro- 
methyl, relatively weak melting transitions 
in the temperature range of 210-230 "C are 
usually observed. In all cases, glass transi- 
tion temperatures ranging from 108 to 
141 "C are observable. The glass transition 
increases as expected with the volume of the 
bulky substituents. The clearing tempera- 
ture of the nematic melts is in all cases above 
350 "C.  However, polyesters with trifluor- 
methyl-, phenyl-, or bromo-substituents on 
the terephthalic moieties in combination 
with a bulky substituent on the hydroqui- 
none moiety were not found to be thermo- 
tropic as a result of overly reduced chain 
stiffness. 

Monomers with phenyl substituents 
based on 4,4'-dihydroxybiphenyl, 4-hy- 
droxy-4'-carboxybiphenyl, and 2,6 func- 
tionalized naphthalene have been synthe- 
sized and incorporated in various LC co- 
polyester systems. Bhowmik et al. used 
3-phenyl-4,4'-dihydroxybiphenyl and 3,3'- 
dihydroxybiphenyl as comonomers to mod- 
ify, for example, poly-(p-hydroxybenzoic 
acid) and poly-(6-hydroxy-2-naphthoic ac- 

id) [25] .  Jin and co-workers reported on 
wholly aromatic polyesters derived from 6- 
hydroxy-5-phenyl-2-naphthoic acid and 4'- 
hydroxy-3'-phenylbiphenyl-4-carboxylic 
acid [26]. With these monomers the melting 
temperatures of copolymers could be low- 
ered substantially without destroying the 
formation of thermotropic melts, while 
maintaining thermal stability. 

1.3.5 Polyesters with 
Noncoplanar Aromatic Moieties 

Noncoplanar aromatic monomers, such as 
2,2'-disubstituted biphenylene derivatives 
and 4,4'-functionalized 1 , 1'-binaphthyl de- 
rivatives (Fig. 14) have been used as co- 
monomers in para-linked aromatic polyes- 
ters with remarkable effects on the phase 
transition temperatures, the crystallinity, 
and the solubility. The incorporation of 
these noncoplanar monomers will not in- 
itially reduce the chain stiffness. The phe- 
nyl rings are forced by the 2,2'-substitution 
into a noncoplanar conformation which 
strongly decreases the intermolecular inter- 

'OmoH BDP 

Figure 14. Examples of noncoplanar diol and diacid 
monomers. 
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actions. The noncoplanarity correlates with 
the size of the substituents. As a conse- 
quence, the crystallization tendency and 
transition temperatures are lowered remark- 
ably and the solubilities are significantly en- 
hanced. 

Sinta and co-workers 1271 demonstrated 
that in a variety of para-linked aromatic 
polyesters and copolyesters with 2,2’-di- 
substituted-4,4’-biphenylene units, mainly 
based on 2,2’-ditrifluoromethy1-4,4’-bi- 
phenyl diacid (BCFDA), the crystallization 
can be completely suppressed. The glass 
transition temperatures are generally be- 
tween 100 and 150°C with wide nematic 
phases, and clearing temperatures usually 
in the range of decomposition. For exam- 
ple, the copolyester based on BCFDA 
(0.5 mol%), trifluormethyl-substituted ter- 
ephthalic acid (0.5 mol%), and chlorohy- 
droquinone is amorphous with Tg at 118 “C, 
and forms an easily shearable nematic melt 
at 180 “C with clearing temperatures in the 
decomposition range. Similar results are 
even obtainable in homopolyesters if the 
2,2’-disubstituted biphenylene unit is com- 
bined with a monosubstituted phenylene 
unit [28]. For example, the homopolyester 
derived from 2,2’-dimethylbipheny1-4,4’- 
biphenyl diacid and t-butylhydroquinone 
has a glass transition temperature of 150 “C 
and does not crystallize from the nematic 
melt. LC polyesters with this substitution 
pattern are highly soluble in common organ- 
ic solvents such as THF, chloroform, meth- 
ylene chloride, and tetrachloroethane up to 
maximum solubilities in the range of 50% 

Another example of such a type of poly- 
ester is shown in Fig. 4. The polyester po- 
ly(2,2’-dimethyl-4,4’-biphenylene-phenyl- 
terephthalate) derived from 2,2’-dimethyl- 
biphenyl-4,4’-diol (BDMDH) and phenyl- 
terephthalic acid forms a nematic melt. 
Crystallization from the melt is completely 

(w/v) . 

suppressed and the polyester displays only 
one glass transition at around 140°C. This 
polyester has been obtained with intrinsic 
viscosities of up to 9.60 dl/g (CHCl,, 
20 “C), corresponding to a weight-average 
molecular weight (M,) of about 80 000 g/ 
mol [7 a]. The Mark-Houwink-Kuhn pa- 
rameters of this polyester (CHCl,, 20°C) 
were determined as [n] =4.93 x 10-4M,0.877. 
The formation of anisotropic thermorever- 
sible gels was observed with this polyester, 
for example, in 3-phenoxytoluene as the sol- 
vent. These mixtures also retained their an- 
isotropy above the gel melting point at 
a concentration of 35% or more [29]. In 
highly aligned fibers spun from the nemat- 
ic melt and post-drawn, a tensile modulus 
of 40-45 GPa and a tensile strength of up 
to 550-650 MPa was reached [28c]. 

Even higher glass transition temperatures 
are achievable if 4,4’-functionalized l,l’-bi- 
naphthyl monomers are used [28 b, 301. For 
example, the homopolyester derived from 
4,4’-dihydrox- 1, 1’-binaphthyl (BDP) and 
phenylterephthalic acid with an inherent 
viscosity of 1.90 dl/g has a Tg of 183 “C. The 
polyester is nematic up to its decomposition 
temperature and forms a nematic glass be- 
low Tg. In a similar homopolyester based on 
4,4’-dicarboxy- 1 , 1’-binaphthyl and t-butyl- 
hydroquinone the T, was found to be 189 “C. 
In both cases, good solubility in common 
chlorinated solvents is maintained. This 
type of monomers was, for example, also 
used to modify wholly aromatic copoly- 
esters based on 6-hydroxy-2-naphthoic 
acid (HNA) and 2,6-naphthalene dicarbox- 
ylic acid (NDA) [25 a]. 

In conclusion, the selected examples of 
this chapter clearly demonstrate that it is 
possible with the discussed structural mod- 
ifiations to modify in a systematic manner 
the melting behavior over a wide tempera- 
ture range, the degree of crystallization from 
highly crystalline to amorphous, and the so- 
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lution behavior from solvent-resistant to 
highly soluble, while maintaining thermo- 
tropic liquid crystalline behavior. In partic- 
ular, the combination of different structural 
modifications in copolymers allows the 
systematic tailoring of the thermal proper- 
ties, the solution behavior, and the chain 
stiffness of thermotropic aromatic LC poly- 
esters. 

1.4 Para-Linked 
Aromatic Polyamides 

The same structural modification concepts, 
which were utilized to modify the proper- 
ties of para-linked aromatic LC polyesters, 
have also been applied to aromatic poly- 
amides. Para-linked aromatic polyamides 
are an important class of LC polymers. In 
contrast to thermotropic LC polyesters, 
para-linked aromatic polyamides form lyo- 
tropic solutions. Due to the formation of 
intermolecular hydrogen bridges, these 
polymers are in most cases unable to melt 
below their thermal decomposition temper- 
ature. Infusibility and limited solubility of 
unsubstituted para-linked aromatic poly- 
amides are characteristic properties which 
limit synthesis, characterization, process- 
ing, and applications. 

Already in 1965, the formation of lyo- 
tropic liquid crystalline solutions of poly- 
(p-aminobenzoic acid) in concentrated sul- 
furic acid was observed. This work was the 
basis for the commercialization of high 
strength, high modulus, and heat-resistant 
poly-(p-phenylene terephthalate) (PPDT) 
fibers under the trade name Kevlar (Dupont) 
and Twaron (Akzo) (Fig. 15) [31]. PPDT is 
typically prepared by the polycondensation 
of terephthaloyl chloride and 1,4-pheny- 
lenediamine in tertiary amidic solvents such 
as N-methylpyrrolidinone or dimethylacet- 

Figure 15. Structure of poly( 1,4-~henylenetereph- 
thalamide). 

amide containing lithium or calcium chlo- 
ride. PPDT forms a lyotropic nematic solu- 
tion in concentrated sulfuric acid solution 
when a minimum concentration is exceed- 
ed. The PPDT fiber is spun from a lyotrop- 
ic solution in concentrated sulfuric acid. 

The solution behavior has been signifi- 
cantly enhanced by the same structural mod- 
ifications as reported previously for aromat- 
ic LC polyesters. For example poly-(p- 
phenylene terephthalamide) has been mod- 
ified by bulky, stiff substituents [32], flex- 
ible alkyl side chains [33], the incorporation 
of kinked and double kinked comonomers, 
and comonomers of different lengths [34], 
as well as the use of noncoplanar bipheny- 
lene monomers [35]. To develop high per- 
formance materials, modifications that in- 
crease the solubility while maintaining the 
rod-like character, high glass transition tem- 
peratures, and the temperature stability are 
of particular interest. The solubility and the 
chain stiffness are critical factors in achiev- 
ing lyotropic solutions. 

Depending on the modifications of poly- 
(p-phenylene terephthalamide) and analo- 
gous aromatic polyamides, it is possible to 
vary the solubility from concentrated sulfur- 
ic acid, to nonpolar aprotic solvents with in- 
organic salts, or to nonpolar aprotic solvents 
and to common organic colvents. In partic- 
ular the incorporation of noncoplanar 2,2’- 
disubstitution has proven to remarkable en- 
hance the solubility and lower the crystal- 
linity. Gaudiana et al. [35] demonstrated 
that para-linked aromatic polyamides con- 
taining noncoplanar 2,2’-bis(trifluorome- 
thy1)biphenylene units are highly soluble in 
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aprotic polar amide solvents such as DMAc 
or NMP, and even in common solvents such 
as THF and acetone. Although high poly- 
mer concentrations were achieved, a gener- 
al lack of lyotropic behavior was observed. 
In contrast, it was found that para-linked 
aromatic pol yamides containing 2,2’-dime- 
thylbiphenyl units are in some cases capable 
of forming lyotropic solutions in amide sol- 
vents [32 h-j]. The critical concentrations 
to form a lyotropic phase are strongly influ- 
enced by the size and position of the sub- 
stituents, which govern the overall chain 
stiffness and capability of chain extension. 
For some systems, concentrations of up to 
40-50 wt.% are required to obtain a lyo- 
tropic solution. These results demonstrate 
the complex interplay of chemical substitu- 
tion, chain stiffness, choice of solvent, and 
solvent/polymer chain interaction. 

The substituted polyamides with long 
alkyl- and alkoxychains [33] are highly sol- 
uble and form anisotropic melts above their 
melting temperature. These polyamides are 
typical examples of sanidic liquid crystal- 
line polymers. Generally, no lyotropic be- 
havior is observed. The temperature stabil- 
ity is obviously substantially lowered due to 
the substitution with alkyl chains. 

It should also be mentioned that a com- 
bination of ester and amide linkages was fre- 
quently used to prepare thermotropic LC 
polyesteramides. Frequently, the inexpen- 
sive p-aminophenol is incorporated. For ex- 
ample, the Vectra B series is a poly(naph- 
thoate-aminophenolterephthalate) derived 
from 6-hydroxy-2-naphthoic acid (HNA), 
p-aminophenol, and terephthalic acid [ 141. 
It is obvious that only a limited amount of 
p-aminophenol can be incorporated in order 
to maintain thermotropic liquid crystalline 
behavior. The amide linkage enhances the 
intermolecular interactions via hydrogen 
bridges and improves the solid state proper- 
ties of the material. 
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2 Main Chain Liquid Crystalline Semiflexible 
Polymers 

Emo Chiellini and Michele Laus 

2.1 Introduction 

Since the discovery [l] that high perfor- 
mance polymeric fibers could be obtained 
from rigid-rod polymers forming liquid 
crystalline mesophases in solution, an enor- 
mous research effort has been addressed to 
the preparation and study of main chain 
polymers containing rigid anisometric seg- 
ments. This has given rise to such commer- 
cial polymers as poly(p-phenylene tereph- 
thalamide) from which Kevlar (Du Pont) 
and Twaron (Akzo) fibers are spun, most 
of which are constituted of aromatic se- 
quences. As all the poly(aromatic amide)s 
(aramid) are unmeltable and can only be 
spun from very aggressive solvents such as 
sulfuric acid, the macromolecular design 
was successively directed to the develop- 
ment of melt-processable liquid crystalline 
polymers [2]. Melt processability can be 
very effectively obtained by disrupting the 
regular structure of the main chain, while 
not substantially reducing the chain stiff- 
ness, by random copolymerization, and/or 
the introduction of rigid nonlinear comono- 
meric units or of lateral substituents in the 
chain. This “frustrated chain packing” con- 
cept was successfully applied to the design 

of the copolyesters consisting of 2-OXY-6- 
naphthoyl and p-benzoyl units, from which 
Vectra fibers [ 3 ]  (Hoechst-Celanese) are ob- 
tained, and in the preparation of poly(ethy- 
lene terephthalate) (PET) modified with 
ripid p-hydroxybenzoic acid units, from 
which X7G fibers [4] (Eastman-Kodak) are 
prepared. 

The depressed efficiency of chain pack- 
ing in the solid state results in relatively low 
melting temperatures and unusual ease in 
processing. The mechanical properties of 
these polyesters, including the ultrahigh 
modulus and strength, high thermal stabil- 
ity, and exceptionally low thermal expan- 
sion coefficient, were the subject of many 
investigations and several reviews [5  - 81. 

However, the synthetic procedures lead- 
ing to the above copolymers do not guaran- 
tee the achievement of the same microstruc- 
ture. The as-obtained sequence distributions 
are probably unstable because the presence 
of transesterification reactions leads to 
highly complicated solid state behavior, 
which typically depends on the thermal his- 
tory and processing conditions of the sam- 
ple. Definite relations between the phase be- 
havior, the molar mass, and the molar mass 
distribution are not easily available because 
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of the poor solubility of these polymers. 
Finally, on account of the relative incom- 
patibility of the different copolymer se- 
quences, driven by their distinct inherent ri- 
gidities, multiphase domain structures in the 
submicrometer scale are obtained whose 
size and shape affect the physicochemical 
properties substantially. 

Considering the above-mentioned prob- 
lems, the rigid rod polymers are very inter- 
estig for numerous technological opportu- 
nities, but they are not suitable candidates 
for the assessment of reliable correlations 
between the molecular and structural char- 
acteristics and the mechanical and physio- 
chemical properties, including the tenden- 
cies to self-assemble and form mesophases. 

As an alternative way to reduce the phase 
transition temperatures, the main chain 
structure can also be disrupted by the inser- 
tion of flexible segments, i. e., molecular 
segments capable of assuming a variety of 
different configurations at accessible ener- 
gy levels. The regularly alternating arrange- 
ment of flexible spacers and rigid anisomet- 
ric groups gives rise to thermotropic main 
chain semiflexible liquid crystalline poly- 
mers (MCLCP). In the great majority of 
these polymers, rodlike units were em- 
ployed with their main direction lying along 
the polymer chain, according to the basic 
structure illustrated in'Fig. 1 a. 

However, a few examples of polmers in 
which the rodlike units are placed with their 
long axes lying perpendicular to the poly- 
mer chain [9], according to the structure il- 
lustrated in Fig. l b, and in which the aniso- 
metric units present were of a disk-like 
shape (Fig. 1 c), were also reported [lo]. A 
collection of papers and rather comprehen- 
sive reviews were published on these poly- 
mers [11-221. 

In general, for these semiflexible poly- 
mers, the molecular packing features re- 
sponsible for their unique thermodynamic 

Rigid rodlike group: 0 
Rigid disklike group: 0 

Flexible spacer: JVV\P 

Figure 1. Schematic representation of the main chain 
polymers obtained from the combination of rigid an- 
isometric and flexible elements. 

and mechanical properties arise from a cru- 
cial interplay between the ordering propen- 
sity, imparted by the interactions among the 
rigid groups that are orientation-dependent, 
and the intra and/or interchain constraints 
dictated by the flexible spacers connecting 
the mesogenic groups, including the spe- 
cific effects exerted by the linking groups. 
Accordingly, the overall polymer molecule 
must adopt a spatial configuration whose 
features define the structure, symmetry, and 
stability of the mesophase. In addition 
to these structural modeling features, the 
polymeric nature influences the liquid-crys- 
talline behavior of main-chain polymers 
through the molar mass and its distribution 
characteristics. 

2.2 Preparation of Main 
Chain Liquid Crystalline 
Polymers (MCLCPs) 

2.2.1 Generalities 

Semiflexible MCLCPs were prepared fol- 
lowing two basic conceptual procedures. 
The first one (melt transesterification) in- 
volves the chemical modification of pre- 
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0 0 P ? 1 t o  hOCH2CH20 + C H ~ C O ~  co H 

X 

B 
C- OCH2CH2O 

Figure 2. Chemical modification of PET via a melt 
transesterification reaction with p-acetoxybenzoic 
acid, to obtain a liquid-crystalline copolyester. 

formed nonliquid crystalline polymers. By 
this approach, the poly(ethy1ene terephtha- 
late) (PET) was reacted [23] with p-acetoxy- 
benzoic acid, via a melt transesterification 
reaction performed at temperatures up to 
270°C and catalyzed by zinc or antimony 
acetates, to provide a high molar mass liq- 
uid crystalline copolyester, according to 
Fig. 2. 

The structure of this copolyester consists 
of a sequence of ethylene, terephthalic, and 
oxybenzoic units. Depending on the overall 
composition and on the reaction conditions, 
which strongly affect the polymer micro- 
structure, a variety of mesogenic aromatic 
dyads, triads, and even longer units can be 
obtained, interconnected by ethylene spac- 
ers. Accordingly, on one hand, the overall 
chain stiffness increases with respect to the 
starting PET, thus increasing the tendency 
of the polymer chains to pack into ordered 
structures. On the other hand, the chain pe- 
riodicity is destroyed, thus somewhat inhib- 
iting crystallization. The net result of these 
two conflicting tendencies is the reduction 
of the melting point and the increase of the 
isotropization temperature, thus leading to 
the formation of a liquid-crystalline melt 
which extends over a wide temperature 
range. 

The second synthetic approach (mono- 
meric components step-growth) is based 
on more conventional step-growth poly- 

merization reactions between appropriate 
monomers. In this case, the mesogenic units 
can be prebuilt in one precursor species, or 
they are formed during the polymerization 
itself. These reactions can be realized 
through high temperature transesterifica- 
tions in the melt, for example, of diacetylat- 
ed diphenols and diacids, or by a variety 
of conventional polymerization reactions 
carried out in solution at low or medium 
temperature, with or without catalysts, in 
homogeneous or heterogeneous conditions. 
These latter reactions allow for better 
control of the polymer microstructure, as 
long as they are performed under relatively 
mild conditions, thus preventing molecular 
scrambling and structure rerrangements. In 
addition, it is possible to predetermine the 
end group nature and, to some extent, the 
molar mass values, by performing the reac- 
tions under controlled nonstoichiometric 
conditions. 

Following this second approach, a wide 
variety of MCLCPs with highly differen- 
tiated structures were prepared, including 
polyesters, polyethers, polyurethanes, 
polyamides, polysiloxanes, poly(o-amino- 
ester)s, and poly(Pthioester)s. It should be 
observed that most of the above polymers 
contain a variety of different groups in the 
repeating unit. For example, most of the de- 
scribed polyurethanes contain an ester func- 
tion, in addition to the urethane functions. 
Accordingly, this classification is not un- 
equivocal but is made on the basis of the 
chemical group or functionality, which is 
particularly important in determining the 
thermal and mesophasic behavior of the cor- 
responding polymer. 

2.2.2 Polyesters 

Polyesters represent the majority of the pre- 
pared liquid-crystalline polymers. The 
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Table 1. Representation of some typical structures of polyesters. 

- 
Structure” Ref. 

a R = polymethylene segments, segments containing etheroatoms, unsaturation, aliphatic, or 
aromatic rings. 

Figure 3. Synthesis of an LC polyester through a melt 
transesterification reaction between the mesogenic 
4,4’-diacetoxybiphenyl and a diol. 

structures of representative examples of 
these polymers are reported in Tables 1-7. 
LC polyesters are generally prepared by fol- 
lowing the monomeric component step- 
growth procedure involving condensation 
in the melt or in solution of stoichiometri- 
cally defined mixtures of the monomeric 

components. A typical example of conden- 
sation in the melt can be represented by the 
reaction of transesterification [24, 251 of the 
mesogenic 4,4’-diacetoxybiphenyl and a 
polymethylene diol, as illustrated in Fig. 3 .  

These reactions are usually carried out 
at temperatures in the 200-280°C range 
under an argon or nitrogen atmosphere and 
at a reduced pressure. Catalysts such as zinc, 
titanium, or antimonium salts are often em- 
ployed to speed the reaction. This synthetic 
approach presents great advantages in that 
it is possible to obtain high molar mass poly- 
mers in quantitative yields without the ne- 
cessity of solvent removal, and can be rec- 
ommended when the polymer does not con- 
tain chemically different ester functions. 
However, if distinct ester groups are present 
within the polymer chain, the above transes- 



30 2 Main Chain Liquid Crystalline Semiflexible Polymers 

Table 2. Representation of some typical structures of polyesters. 

S tructurea Ref. 

OC-R-C 

0 

[38, 391 

[32,40, 41 -461 
P 
CO-R-0 -f P 

co 

0 a OC-R-C$ ? P  

a R =  polymethylene segments, segments containing etheroatoms, unsatu- 
ration, aliphatic, or aromatic rings. 

terification reactions lead to polymers with 
not well defined structures. In this case, to 
obtain polymers with controlled structures 
it is necessary to run the reaction under mild- 
er conditions in the presence of solvent, em- 
ploying either solution or interfacial poly- 
condensation methods. The former reaction 
was successfully employed in the prepara- 
tion of polyesters by reacting the mesogen- 
ic dihydroxy-4,4’-phenyl benzoate with 
several a,o-alkanediacid chlorides in a- 
chloronaphthalene as the solvent (Fig. 4). 

Alternatively, the same polyester can be 
prepared by reacting polymethylene bis(p- 
hydroxybenzoates) and polymethylene 
bis(pchloroformy1benzoates) in tetrachlo- 
roethane using pyridine as the hydrochloric 
acid acceptor, according to the reaction 
scheme illustrated in Fig. 5. 

Figure 4. Synthesis of LC polyesters by reacting the 
mesogenic dihydroxy-4,4’-phenyl benzoate with a,w- 
alkanediacid chlorides. 

However, the majority of polyesters was 
prepared using the latter reaction, that is, by 
interfacial polycondensation. Usually, this 
reaction is carried out at room temperature 
in a solvent mixture consisting of water and 
an immiscible organic solvent such as, for 
example, tetrachloroethane, chloroform, or 
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Table 3. Representation of some typical structures of polyesters. 

R = (CH,),, (CH2CH,O),CH,CH, [52-541 

R=(CH,), [55-591 
X=H, Y =H; X=CH,, Y =H; X=CH,, 

Y =CH,; X = CHZCH,, Y = CHZCH, 

Figure 5. Synthesis of LC polyesters by reacting polymethylene bis(p-hydroxybenzoates) and polymethylene 
bis(pchloroformy1benzoates). 

dichloroethane. A monomer, usually a di- 
acid chloride, is dissolved in the organic sol- 
vent whereas the other monomer, usually a 
diphenol, is dissolved in water after reaction 

with sodium or potassium hydroxide. The 
two solutions are then mixed together in the 
presence of a tertiary amine, such as pyri- 
dine or triethylamine, or in the presence of 
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Table 4. Representation of some typical structures of polyesters. 

Structure Ref. 

0 0 

a phase transfer catalyst such as the benzyl- 
+ Br(CH2),Br triethylammonium chloride. 

2.2.3 Polyethers 

O(CH,),,+ Polyethers are usually prepared by a phase 
transfer catalyzed polyetherification reac- 
tion between the sodium salt of the meso- 
genic diphenol dissolved in water and an 
a, lvdibromoalkane dissolved in o-dichlor- 
obenzene or nitrobenzene in the presence of 

Figure 6. Synthesis of LC polyethers by aphase trans- 
fer catalyzed polyetherification reaction. 
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Table 5. Representation of some typical structures of polyesters. 

Structure Ref. 

0 0  

0 0 

0 0 

Figure 7. Synthesis of LC polyurethanes by a stepwise polyaddition reaction of a mesogenic diol with an ali- 
phatic or aromatic diisocyanate. 

tetrabuthylammonium hydrogen sulfate or 2.2.4 Polyurethanes 
tetrabutyl ammonium bromide as the phase 
transfer catalyst, according to Fig. 6. 

The structures of some prominent exam- 
ples of LC polyethers are collected in Ta- 
ble 8. 

The preparation of thermotropic LC poly- 
urethanes is performed essentially accord- 
ing to two synthetic pathways involving the 
stepwise polyaddition reaction of a meso- 
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Table 6. Representation of some typical structures of polyesters. 

Structure Ref. 

X=CH,, C1, Br, O(CH,CH,O),CH,, 
O(CH2CH,O),CH2CH,, n = 0, 1 , 2  

X 
& =  

Y 

x, Y= c1, 

" 0 0 0 
f&O & - Ar - & + co-R-0 

[70 - 721 

Table 7. Representation of some typical structures of polyesters and copolyesters. 

Structure Ref. 

0 0 n 1 
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Table 8. Representation of some typical structures of polyesters and copolyesters. 

Structure Ref. 

H O - ~ I - O H  + -NCO 

= : Mesogenic group TI : Non mesogenic group 

Figure 8. Synthesis of LC polyurethanes by a stepwise polyaddition reaction of a mesogenic diisocyanate with 
a diol. 

genic diol with an aliphatic or aromatic di- 
isocyanate (Fig. 7), or alternatively of a 
mesogenic diisocyanate with an aliphatic 
diol (Fig. 8). 

Some examples of LC polyurethanes are 
collected in Table 9. The polymerization re- 
actions were carried out in DMSO or DMF 
at 120 "C for 24 h without any added cata- 
lyst. However, substantial irreproducibility 
of the molecular characteristics of the poly- 

mers was observed in successive prepara- 
tions, and sometimes an induction period 
was detected. These effects are probably due 
to the presence of adventitious water in 
these solvents, which is able to react with 
the diisocyanate monomer leading to reac- 
tive and unreactive by-products. The addi- 
tion of catalytic quantities of 1,4-diazabicy- 
clo[ 2.2.21 octane considerably increases the 
reaction rate, but only oligomeric products 
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Table 9. Representation of some typical structures of polyurethanes. 

Structure Ref. 

-(CH&- 0'"' 
CH2- 

with : 

[97- 1001 

were obtained. Polymeric products with re- 
producible and high molar masses were ob- 
tained by running the reactions at 90 "C in 
dry chloroform in a nitrogen atmosphere. 
Alternatively, LC polyurethanes were pre- 
pared [ 101, 1021 by reacting dichlorofor- 
mates and diamines. 

2.2.5 Polyamides 

Liquid crystalline main chain polyamides 
with a strictly alternating structure were pre- 
pared [ 1031 by reacting aliphatic diacids and 

bis(aminobenzoates) in the presence of py- 
ridine and triphenylphosphyne according to 
the Yamazaki procedure at moderate tem- 
peratures of 100- 115 "C (Fig. 9). 

2.2.6 Polysiloxanes 

Polysiloxanes are generally prepared, as il- 
lustrated in Fig. 10, by reacting equimolar 
amounts of a mesogenic monomer contain- 
ing allylic functions with a-dimethylsila- 
nyl-a-hydrogen-oligodimethylsiloxanes in 
the presence of a chloroplatinic catalyst or 
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Figure 9. Synthesis of LC polyamides by the polycondensation reaction between aliphatic diacids and bis(ami- 
nobenzoate)s. 

Figure 10. Synthesis of LC polysiloxanes by the polycondensation reaction between a mesogenic monomer con- 
taining allylic functions and oligodimethylsiloxanes. 

Table 10. Representation of some typical structures of polysiloxanes. 

Structure" Ref. 

a x=2-5, 13, 38, respectively. 
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Table 11. Representation of some typical structures of poly(paminoester)s and poly(p-thioester)s. 

Structure Ref. 

51 51 m 4 CH2CH2CO-[ Mesogenic Group 1 OCCH2CH2- NUN] 

n 0 1 
Y 

v 

II 4 CH2CH2CO-[ Mesogenic Group 1 &CH~CH~- N-(CH&-p+ 
CH, CH, 

Mesogenic Group : C H = e  

[105, 1061 

of the platinum divinyltetramethyldisilox- 
ane. The structures of some representative 
examples of LC polysiloxanes are collected 
in Table 10. 

2.2.7 Poly(P-aminoester)s 
and Poly(P4hioester)s 

These functional polymers were prepared, 
according to Fig. 11, by reacting a,w-di- 
acrylates containing different mesogenic 
groups with secondary bisamines, such as 
piperidine, 2-methylpiperidine, 1,6-dime- 

thyl-hexamethylenediamine or a,w-bisthi- 
01s at room temperature in 1,4-dioxane ac- 
cording to a Michael-type reaction. When 
bisamines are employed no catalyst is nec- 
essary, whereas in the case of bisthiols the 
use of a catalytic amount of triethylamine is 
necessary to bring the reaction to comple- 
tion. The structures of some representative 
examples of LC poly(p-aminoester)s and 
poly(Pthioester)s are collected in Table 11. 
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H&=HCC 
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OCCH=CH2 + HS(CH2),SH a"'" l 
I 

I 

Figure 11. Synthesis of LC poly(paminoester)s and poly(Pthioester)s by the polycondensation reaction between 
a mesogenic diacrylic monomer and bissecondary amines and bisthiols, respectively. 

Spherical 
molecule V - A n-n-0 
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Rodlie 
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Platelike 
molecule 

Figure 12. Schematic representation of different mo- 
lecular shapes. 

2.3 Structure - Liquid 
Crystalline Property 
Correlations 

Although liquid crystallinity is a phase 
characteristic and not a molecular property, 
some structural features are well assessed 
as being conductive to liquid crystal phase 
formation. Common to all these substances 
is the asymmetry of molecular shape that 
produces orientation-dependent interac- 

tions both of a hard (self-exclusion) or soft 
(anisotropy of polarizability) nature. This 
deviance from spherical symmetry results in 
two main classes of structurally different 
liquid crystals, that is, rodlike and platelike 
molecules (Fig. 12). 

General concepts on structure and liquid- 
crystalline properties in mesomorphic ma- 
terials based on platelike mesogens are out 
of the scope of the present chapter and will 
be treated in other sections of this hand- 
book. The most common liquid crystal sub- 
stances are those with an elongated, cylin- 
der-like shape. These liquid crystals are re- 
ferred to as calamitic. Their anisometric fea- 
tures can be measured by the aspect ratio 
x = L/d where L and d are the length and the 
diameter of the molecule, respectively. The 
higher the aspect ratio, the higher the ten- 
dency of the molecules to arrange in an or- 
dered assembly at temperatures higher than 
the melting point, because of the establish- 
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ment of orientation-dependent interactions 
of a hard (self-exclusion) nature. 

In the case of low molar mass liquid crys- 
tals, the overall phase transition behavior 
depends on a critical balance between the 
soft and hard interactions. In contrast, for 
liquid-crystalline polymers, the orientation- 
dependent interactions of a hard-nature are 
the prevailing ones [ 112, 1131 and the soft 
interactions can only affect fine details of 
the molecular and structural organization 
within the liquid-crystalline mesophase. 
Depending upon the specific molecular 
structure, several different types of liquid- 
crystalline phases or mesophases may oc- 
cur. The mesophases generated by rodlike 
molecules usually feature long range uni- 
axial ordering, which includes both nemat- 
ic and twisted nematic or cholesteric, or a 
two-dimensional layered ordering, which 
includes the low order smectics (smectic A 
and smectic C) or a three-dimensional crys- 
tal-like ordering for the high order smectics 
(smectics B, E, F, etc.). 

From a purely structural viewpoint, a few 
basic elements can be identified as the fun- 
damental constituents of main chain liquid 
crystalline polymers, as illustrated in Fig. I .  
The essential building blocks which consti- 
tute the molecular architecture are the rigid 
mesogenic groups and the spacers, includ- 
ing also the relevant linking groups. The 
effects of each individual constituent of the 
polymer unit, including the molar mass and 
the molar mass distribution, will be de- 
scribed briefly in the following sections. 

2.3.1 Mesogenic Group Effects 

The structural features of the mesogenic 
groups affect the onset, nature, and stabil- 
ity of the liquid-crystalline mesophases 
through their rigidity, their polarizability 
along either the main or minor axis direc- 

tions, and their aspect ratio. Indeed, the rod- 
like or cylinderlike part of the molecule 
must be substantially rigid, even at high 
temperature, and accordingly it is usually 
constituted of a sequence of para-linked ar- 
omatic (or cycloaliphatic) rings joined to- 
gether by a rigid link which maintains the 
linear alignment of the aromatic groups. 
Linking groups such as imino, azo, azoxy, 
ester, and trans-vinylene groups, etc., as 
well as a direct link, such as a biphenyl and 
terphenyl units, are frequently employed 
since they restrict the freedom of rotation. 
In addition, linking groups containing mul- 
tiple bonds can conjugate with phenylene 
rings, enhancing the anisotropic polarizabil- 
ity and introducing dipole moments which 
impart orientation-dependent interactions 
of a soft nature. The ester and amide groups 
are also effective, since resonance inter- 
actions confer a double bond character at 
the link, thereby restricting rotation from 
the trans to cis conformer. In all the above 
examples, the extended nature of the meso- 
genic group is maintained through the line- 
arity and rigidity of its constituents. Flex- 
ible rodlike mesogens are also introduced 
when the linking unit consists of ethane or 
methyleneoxy units. Although these groups 
are quite flexible, they are able to preserve 
the colinearity of the aromatic groups 
through the adoption of the anti conforma- 
tion (l), which is in dynamic equilibrium 
with the less preferred gauche conforma- 
tion. 

2 X= CH,, 0 

Anti 1 

Gauche 

It is practically impossible to draw defi- 
nite correlations between these structural 
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Table 12. Representation of some typical structures of 
polyesters containing the flexible spacer - (CH,) ," - 
and their melting and isotropization temperatures. 
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features and their specific effects. How- 
ever, some interesting correlations can be 
observed from the comparison of the meso- 
phase behavior of various polymers in 
which different mesogenic units are con- 
nected by the same flexible spacer, that is, 
a polymethylene chain consisting of ten 
methylene groups. The structures of the 
mesogenic groups and the relevant phase 
transition data are collected in Table 12. The 
aspect ratio of the mesogenic group has a 
strong influence on the both the melting and 
isotropization temperatures. In particular, 

both transition temperatures increase as 
the axial ratio increases, as clearly observed 
for the biphenyl and terphenyl units, in 
which the introduction of a phenylene unit 
increases the mesophase stability by 150 "C, 
whereas the melting temperature increases 
by about 100 "C. This effect produces an in- 
crease in the mesophase existence range on 
increasing the aspect ratio of the mesogen- 
ic unit. The effect of reversing the ester 
group can be evidenced by comparing the 
polymers containing the azo and the azoxy 
groups as the bridging group, respectively. 
In the case of carboxy-terminated flexible 
spacers, polymers with stable and persistent 
mesophases are obtained. In contrast, no 
mesophase can be seen in polymer samples 
with the reverse ester orientation. This ef- 
fect can derive from both a polarizability de- 
crease of the mesogenic group and the in- 
troduction of strong dipoles perpendicular 
to the major axis of the mesogenic groups. 
The introduction of methyl substituents on 
the mesogenic group decreases both the 
melting and the isotropization temperatures, 
because they prevent the mesogenic groups 
from close packing by steric hindrance. In 
addition, the position of the methyl groups 
on the mesogen plays an important role in 
determining the mesophase stability. The 
depression in LC mesophase forming ten- 
dency is maximum when the methyl groups 
are placed in adjacent positions on the me- 
sogen, because they can cause a steric effect 
that results in a twisting of the molecular 
structure and in a reduction of the collinear 
disposition of the phenyl groups, thus sub- 
stantially decreasing the inherent propen- 
sity of the mesogenic groups to liquid crys- 
tal phase formation. 

The effect of substituents other than the 
methyl group on the mesophase behavior 
was investigated in very few studies. In gen- 
eral, it appears that small substituents such 
as Br or C1 do not substantially affect the 
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isotropization temperature, but reduce the 
melting temperature, thus increasing the 
mesophase's existence range. This effect 
was believed to derive from two conflicting 
tendencies, that is, from the decrease in the 
mesophase stability due to the steric inter- 
actions that reduce the packing efficiency, 
and from the increased polar interactions 
which should provide an additional stabil- 
ization to the mesophase. Indeed, the intro- 
duction of very polar substituents such as 
NO2- or -CN decreases both the melting 
and isotropization temperatures, but the de- 
crease in the latter is less pronounced, as in 
the case of the methyl group whose size is 
similar to that of the nitro or cyano groups. 
Also, in this case, the occurrence of polar 
interactions was claimed to be responsible 
for the partial mesophase stabilization. 

The effect of the introduction of lateral 
alkyl chains of variable length on the mes- 
ogenic group was systematically studied for 
a polyester [70] with structure 2. 

With respect to the unsubstituted poly- 
mer, the introduction of a methyl group re- 
duces both the melting and isotropization 
temperatures by about 80 "C. An increase in 
the alkyl chain further reduces the transition 
temperatures, which gradually level off and 
reach their saturation values corresponding 
to the polymer homolog with n = 5.  

2.3.2 Flexible Spacer Effects 

The regular insertion of segments of flex- 
ible molecules to separate the mesogenic 
units along the polymer chain preserves the 
chemical periodicity of the molecule, al- 

though the repeat distance is increased. The 
flexible spacers provide extra flexibility to 
the polymer backbone; however, they also 
impart an effective decrease of the overall 
aspect ratio of the chain. There is nowadays 
a huge amount of evidence that the spacer 
segments do not merely dilute the meso- 
gens, but rather they play a key role in af- 
fecting the global thermotropic behavior as 
far as the stability and order of the meso- 
phases are concerned. Due to the commer- 
cial availability of a great variety of aliphat- 
ic diols, dichlorides, and diacids with dif- 
ferent chain lengths, most typical spacer 
segments consist of flexible polymethylene 
-(CH2)n- sequences of varying length (n) .  
Spacer segments other than polymethylene 
have also been introduced into liquid-crys- 
t a l h e  poIymers. Polyethylene oxide seg- 
ments extend the spacer length greatly, up 
to as much as -(CH,CH,0)8- without com- 
pletely destroying the mesophase [40]. 
Polysiloxane spacers appear to be more 
effective per unit length in reducing the 
transition temperatures, on account of their 
greater flexibility and larger diameter. 

Less frequently, functional spacers such 
as diamino-alkylene [ 1061 or disulfide- 
alkylene segments [ 1091 have been used. 
Specific reactions performed on the reactive 
sites of both spacers allow for the chemical 
modification of liquid-crystalline polymers 
[1141. The possibility of establishing corre- 
lations between the liquid-crystalline be- 
havior, as indicated by the transition tem- 
peratures, and the nature and relative prop- 
erties of the mesogenic and flexible se- 
quences is, therefore, a central issue in de- 
signing and developing liquid-crystalline 
polymers of this type. 

2.3.2.1 Polymethylene Spacers 

The effect of the polymethylene flexible 
spacer on the liquid-crystalline behavior of 
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Figure 13. Variation of the isotropization temperature 
Ti with the flexible spacer length n (0 with thermal 
decomposition). 

main chain polymers is well assessed in a 
number of publications. Both T, and Ti de- 
crease significantly with increasing length 
of the flexible spacer, and Ti normally de- 
creases in a zig-zag fashion in homologous 
series in which the spacer length is regular- 
ly increased [63]. By this so-called odd- 
even effect, Ti tends to be higher when there 
is an even number n of methylene groups in 
the spacer, but this oscillation is attenuated 
on ascending the series. This effect is exem- 
plified in Fig. 13 for nematic polymers of 
structures 3. 

9 9  
0C(CH2),C+ 3 

Evidently, the even members allow for a 
more favorable packing of the polymer 
chains in the mesophase; this results in high- 
er transition temperatures. This effect is best 
understood by assuming the conformation 
of the methylene spacer to be all trans. This 
conformation has the lowest energy, and 
there is considerable evidence that it is in 
fact a very likely conformation of these 
spacers in both liquid-crystalline and crys- 
talline phases. The conformational distribu- 
tion of a linear polymethylene chain, when 

Figure 14. Limit conformations of odd-numbered and 
even-numbered flexible spacers. 

connected to a rigid group at both ends, is 
strongly dependent on its number ( n )  of 
methylenes. In a nematic phase, the more 
extended conformers are selectively pre- 
ferred for steric packing reasons. This pref- 
erence results in a change of their statistical 
weight in the anisotropic phase with respect 
to the isotropic one [ I  1.51. An even-num- 
bered polymethylene spacer possesses a set 
of low energy trans conformers that force 
the rigid units to adopt a collinear disposi- 
tion. In contrast, an odd-numbered spacer 
displays a relatively small fraction of trans 
conformers, which places the two mesogen- 
ic groups in angled orientations disfavoring 
the ordering of a nematic phase (Fig. 14). 

This basic difference between the config- 
urational [ 1 161 characters of the extended 
conformers of the flexible spacer deter- 
mines the largely oscillating transition tem- 
peratures and can also explain the higher or- 
der assumed by the even members. Indeed, 
the clearing enthalpy and entropy (AHi and 
ASi) follow a zig-zag rising trend with in- 
creasing n, the even members exhibiting 
consistently greater values (Fig. 1.5). The 
increase in ASi is a manifestation of the 
greater flexibility and conformational free- 
dom of the polymer chain in the isotropic 
phase than in the anisotropic one, and 
confirms the participation of the flexible 
spacer in the ordering process in such a way 
that even members are endowed with great- 
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Figure 15. Dependence of the clearing enthalpy AHl  
and the entropy ASl on the flexible spacer length n. 

er stability (Ti) and order (AS,). Order pa- 
rameter measurements have detailed these 
general conclusions for particular classes 
of main-chain polymers [ 171. Whereas the 
above trend is well documented for the 
nematic - isotropic transition, unequivocal 
experimental evidence is not available for 
the smectic - nematic transition of semi-rig- 
id polymers [ 1 171. Correlations of the ther- 
modynamic parameters (TSm-N, AHSmpN) 
with the structure of the polymer repeat unit 
must take into account very fine structural 
details (4). 

portant to recognize that the oxyethylene 
unit comprises three atoms and, according- 
ly, comparisons are only possible within 
polymers with the same spacer length. Com- 
paring polymers containing poly(ethy1ene 
oxide) spacers with analogous polymers 
containing polymethylene spacers with the 
same number of atoms in the spacers, low- 
er isotropization temperatures and enthalpy 
and entropy changes are observed, unless 
the mesogenic group is so effective at dic- 
tating the phase transition behavior that the 
flexible spacers play a very minor role in af- 
fecting the mesophase onset and stability. 
This result clearly indicates that the po- 
ly(ethy1ene oxide) spacers have an inherent- 
ly low mesogenic propensity relative to the 
polymethylene segments, which is in agree- 
ment with the high energy and low probabil- 
ity of existence associated with the extend- 
ed conformers of poly(ethy1ene oxide) due 
to the preference of the gauche over the 
trans state relative to the rotational state 
around the C-C bond [118]. The effect of 
the “parity” of the poly(ethy1ene oxide) 
spacer was studied for a polymer system 
with structure 5 ,  in which the two mesogen- 
ic p-oxybenzoate dyads are interconnected 
by both polymethylene and poly(ethy1ene 
oxide) spacers in a regularly alternating 
fashion. This polymer system is particular- 
ly interesting because independent varia- 

0 0 
n U 

0 
U 

0 
n 
co C-(OCH,CHdn-OC oc 

tions are allowed in both the chemically dif- 
ferent spacers, with n between 2 and 4 and 

2.3.2.2 Poly(ethy1ene oxide) Spacers 

Various mesogenic groups were connected 
through oligomers of poly(ethy1ene oxide), 
even with a polydisperse distribution of 
chain lengths. However, to understand the 
individual effect exerted by the poly(ethy- 
lene oxide) spacers it is necessary to employ 
monodisperse molecular species. It is im- 

m between 5 and 10, thus elicidating the dis- 
tinct effects of each spacer. Within each se- 
ries, keeping n constant, the isotropization 
temperatures varied with a typical even - 
odd effect in which the even member pos- 
sessed the higher temperature. Interesting- 
ly, the odd members are characterized by an 
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Figure 16. Dependence of the nematic isotropic 
transition entropy AS, on the flexible spacer length 
rn: 0, W n=2; 0, n=3;  A, A n = 4 .  

increase in the isotropization temperature as 
the series is ascended, whereas the isotrop- 
ization temperature decreases for the even 
members. This dual behavior derives from 
two conflicting tendencies, that is, the usu- 
al decrease due to the increased conforma- 
tional flexibility of the macromolecular 
chain on increasing the length of the flex- 
ible spacers and the increase in the transi- 
tion temperature due to a better packing 
possibility of the mesogenic groups through 
the establishment of favorable conforma- 
tional states in the flexible spacer, which en- 
hances the anisotropy in the molecular inter- 
actions. Figure 16 shows collectively the 
trends of the phase transition entropies of all 
the polymer samples as a function of the 
number of methylene units in the polymeth- 
ylene chain. 

Within each series, the isotropization en- 
tropies for homologs with the same parity 
lie on smooth curves which increase with in- 
creasing spacer length, even members giv- 
ing the upper curve. The isotropization en- 
tropies of the members of the series with 
n = 2  and 4 containing the same number rn 
of methylene units are very similar to each 
other, but significantly lower than those of 
the corresponding members of the series 
with n = 3. In addition, the slope of the iso- 

tropization entropy of the even members of 
the series with n= 3 is substantially higher 
than that of the ones of the other series, ir- 
respective of the parity of the polymethy- 
lene spacer. This indicates that in the case 
of the even members of the series with n= 3 
the most favourable combination of the con- 
formational properties of both flexible spac- 
ers occurs. In fact both spacers are of “even” 
parity and accordingly both can propagate 
the orientation correlation from a rigid 
group to the successive one. As a conse- 
quence, better collinearity and packing of 
the mesogens in the nematic state is real- 
ized. In contrast, the presence of an “odd” 
element in the macromolecular chain seems 
to attenuate the cooperativity between adja- 
cent units. 

2.3.2.3 Polysiloxane Spacers 

Polysiloxane spacers are much more flex- 
ible than polymethylene and poly(ethy1ene 
oxide) spacers. In addition, the bulky struc- 
ture and irregular conformation of the silox- 
ane unit reduce the effective chain packing 
efficiency and interchain forces. Accord- 
ingly, lower transition temperatures and en- 
thalpies are usually observed in polymers 
with polysiloxane spacers with respect to 
analogous polymers based on the more con- 
ventional polymethylene and poly(ethy1ene 
oxide) spacers. However, the introduction 
of polysiloxane spacers decreases the melt- 
ing temperature and strongly inhibits the 
crystallization propensity of the polymeric 
materials, thus producing polymers with 
liquid-crystalline phases extending over a 
wide temperature region from the glass tran- 
sition temperature, sometimes located be- 
low room temperature, to the isotropization 
temperature. 
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2.3.3 Spacer Substituent 
Effects 

The introduction of substituents such as 
methyl or ethyl groups in the flexible 
spacers decreases the steric packing effi- 
ciency of the chain molecules in the liquid- 
crystalline state and produces a perturbation 
of the conformational characteristics of the 
flexible spacer which partly loses its ability 
of propagating the orientation correlation 
from a rigid group to the successive one. As 
a result, a decrease of the isotropization tem- 
perature with respect to the unsubstituted 
polymer sample is usually observed, accom- 
panied by a decrease in the propensity of 
giving rise to smectic phases. However, the 
steric packing efficiency in the solid state is 
even more reduced and accordingly, poly- 
mers with a very low, if any, melting tem- 
perature are observed, thus leading to me- 
sophases extending over wide temperature 
regions. 

Another important effect associated with 
the introduction of lateral substituents in the 
spacer is the creation of chiral groups along 

8 
CO-R-0 - 

0 
co 

? 
oc P 

-C 
6 

CH, CH; 

nize that within these two polymer systems, 
the basic mesogenic behavior is indepen- 
dent of the enantiomeric excess which, how- 
ever, affects fine details of the mesophase 
structure and physical properties. 

2.3.4 Copolymerization Effects 

Copolymerization is a very effective way of 
tailoring phase transitions and tuning the 
properties of desired levels. In principle two 
or more flexible spacers can be inserted 
along the polymer chain, keeping the mes- 
ogenic group constant or, alternatively, two 
or more mesogenic groups can be inserted 
keeping the flexible spacer constant. Con- 
cerning the former case, a complete study 
was performed on the statistical copolymer 
samples given by 7. 

0 0 
II 

0 0 
OC(CH2),k)f II 0 0C(cH2),b0 8 7 

X 

the polymer chain. When a prevalent chiral- 
ity is present, the nematic mesophase be- 
comes cholesteric and the smectic meso- 
phases are turned into their chiral counter- 
parts. 

The influence on the mesomorphic prop- 
erties of polymer structural parameters, for 
example, the length and nature of the poly- 
mer, the substituent’s structure, the structu- 
ral isomerism enantiomeric excess, e. g., of 
the chiral spacer segment, has been eluci- 
dated for the polymer systems (6) [42-461 
based on the 4,4’-terephthaloyldioxydi- 
benzoyl mesogen. It is important to recog- 

It was found that copolymerization low- 
ers the crystal -mesophase transition tem- 
perature and increases the mesophase tem- 
perature range. This effect becomes pro- 
gressively more pronounced as the differ- 
ence in length of the flexible spacers in- 
creases. In addition, spacers of comparable 
length but different parity are not compliant 
with the steric-packing requirements of the 
crystalline solid state, thus decreasing the 
crystallization propensity of the copolymer 
with respect to the corresponding homo- 
polymers. However, the nematic and smec- 
tic mesophases can accommodate different 
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units with minimal disruption of the meso- 
phase structure provided that the two flex- 
ible spacers are not totally different. Ac- 
cordingly, for both mesophases the transi- 
tion temperatures and corresponding enthal- 
py changes are the same as the weight- 
averaged values of the similar parameters 
of the parent homopolymers. In this context, 
it is worth mentioning that by appropriate 
adjustment of the gross composition of 
random copolymers comprising a chiral 
spacer with prevalent chirality with an 
achiral one, such as, for example, in copoly- 
mer system 8, it is possible to produce chi- 

these polymers [119- 1251. One reason for 
this is certainly related to the intrinsic ex- 
perimental difficulty of obtaining thermo- 
tropic main chain polymers with predeter- 
mined molar mass and narrow molar mass 
distribution. This task has mainly been pur- 
sued through a time-consuming fractiona- 
tion technique using conventional chromat- 
ographic techniques, e. g., for polyesters 
with structure 9. 

Such polymer samples (M,  = 2800-37 200; 
M,/M,= 1.27 - 1.84) form a nematic phase, 
and both T,  and Ti increase, steeply at first 

ral liquid crystalline materials with precise- 
ly predetermined mesophase sequence and 
tunable properties. 

Also, for copolymers consisting of either 
two different mesogenic units, or a meso- 
genic unit and a nonmesogenic rigid one, 
interconnected by a flexible spacer, a de- 
pression of the crystallization tendency is 
observed, whereas the liquid-crystalline 
transitions are affected very little, in agree- 
ment with substantial thermodynamic con- 
trol of the transitions involving liquid-crys- 
talline mesophases. 

2.3.5 Molar Mass and Molar 
Mass Distribution Effects 

Comparatively little attention has been de- 
voted to the elucidation of the dependence 
of the phase transition parameters on the 
molar mass and molar mass distribution of 

and then more gradually, with increasing 
molar mass up to a saturation value for 
M ,  = 10 000. Beyond this value, the transi- 
tion temperatures remain essentially unaf- 
fected (Fig. 17). 

The increase in Ti with molar mass is 
more pronounced than for T,, and the mes- 
ophasic range is consistently wide for sam- 
ples with greater M,.  A quite similar depen- 
dence on M ,  is observed for the ASi, which 
increases from 1 1.7 J mol-' K-' to a satura- 
tion value of 17.5 J mol-' K-I. Such an in- 
crease in the thermodynamic phase transi- 
tion parameters with molar mass is ascribed 
to an increased cooperativity between dis- 
tant units belonging to the same macromo- 
lecular chain, as mediated by the orienta- 
tional field of the nematic phase [ 124, 1251. 
This cooperative ordering of the rigid 
groups enhances the overall rigidity of the 
polymer chain and consequently imparts 
an increasing first-order character to the 
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Figure 17. The melting (0) and nematic-isotropic 
(m) temperatures as functions of the molar mass. 

isotropization transition. While an M ,  of 
10 000 seems to be a very general value for 
main chain nematic polymers at which both 
Ti and ASi saturate, the specific responses of 
these transition parameters in the region of 
lower M, values cannot be anticipated. 
Therefore, samples of sufficiently high M ,  
(and low M,/M,), beyond the saturation 
limit, must be considered when making re- 
liable comparisons of the transitional be- 
haviors of different polymers. 

The above-described behavior is well 
accepted and is considered a general one, 
although there are some interesting excep- 
tions. For example, within the homologous 
series of polyesters with the general struc- 
ture [ 1261 given by 10, and marked CrnCn, 

and the nematic -isotropic transitions of 
these polymers is in agreement with the 
above-described general trend. In complete 
contrast, the stability of the smectic meso- 
phase of polymers C,C, and C5C7 increas- 
es, whereas that of their nematic mesophase 
decreases with increasing number-average 
molar mass. This is particularly evident for 
the former polymer, for which the nematic 
mesophase changes from enantiotropic to 
monotropic with increasing number-aver- 
age molar mass, and then disappears on 
reaching molar mass values of about 
M ,  = 7000 g mol-'. In addition, a wide mo- 
lar mass distribution tends to increase the 
stability of the nematic mesophase. These 
effects clearly indicate that the increase in 
the molar mass tends to stabilize specific 
conformations of the flexible spacers which 
create an overall polymer chain configura- 
tion that is no longer compatible with the 
onset of a nematic mesophase, but is high- 
ly compatible with a smectic mesophase. 
This unconventional behavior of polymers 
C,C, and C5C7 was supposed to be mainly 
related to the short length and odd parity of 
both the flexible spacers, which should 
place the mesogenic groups in angled orien- 
tations unfavorable to the onset of nematic 
ordering. The conformational selection ap- 

L 

where rn and n identify the number of meth- 
ylene units in both the polymethylene spac- 
ers; the phase transition parameters relevant 
to both the smectic C-nematic and the 
nematic - isotropic transitions of polymer 
samples C7C7 and C7C,, increase with the 
number average molar mass up to the limit- 
ing value of M,= 6000 - 8000 g mol-' and 
then remain constant. Accordingly, the mo- 
lar mass dependence of the phase transition 
parameters of both the smectic C -nematic 

pears to be more and more effective as the 
molar mass increases and the molar mass 
distribution narrows. 

Biphasic and segregation phenomena 
[ 127 - 13 11 at the nematic-to-isotropic tran- 
sition reveal the multicomponent nature 
of the main-chain polymers as due to the 
wide molar mass distribution. The thermo- 
dynamic width of the biphasic gap was 
delineated by annealing the samples inside 
the apparent biphasic gap, giving a result 



of about 7-15°C. The use of polymer 
“blends” with a specifically designed molar 
mass and degree of polydispersity was 
found to be very effective in elucidating this 
behavior. Samples with high molar mass 
( M ,  > 20 000 g mol-I) and narrow molar mass 
distribution ( M J M ,  < 1.5) and samples 
with low molar mass ( M ,  < 6000 g mol-l) 
and narrow or relatively wide molar mass 
distribution (M,/M,< 1.6) do not show ne- 
matic to isotropic biphase separation. In 
contrast, samples with intermediate molar 
mass ( M ,  = 8000 - 15 000 g mol-’) and rela- 
tively narrow or wide molar mass distribu- 
tions ( M J M ,  = 1.7 -2.4) show nematic - 
isotropic biphase separation. Therefore, the 
phase segregation behavior appears to be 
due to the effects of the molar mass and the 
molar mass distribution of the polymer. The 
location of the biphasic region depends on 
the number-average molar mass, whereas 
the width of the biphasic region and the sep- 
aration between the isotropization peak 
temperatures of the biphase demixed com- 
ponents depend on the width of the molar 
mass distribution. 
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3 Combined Liquid Crystalline 
Main-Chain/Side-Chain Polymers 

Rudolf Zentel 

3.1 Introduction 

The starting point for the preparation of 
combined liquid crystalline (LC) main- 
chain/side-chain polymers (‘combined’ LC 
polymers) was merely a curiosity about 
what would happen if the structural proper- 
ties of main-chain and side-chain polymers 
were combined (see Figure 1) [ 11. As a re- 
sult of these syntheses a variety of new LC 
polymers were obtained which showed a 
surprisingly broad range of LC phases. 
Further interest in combining main-chain 
and side-chain structures arose from the 

A 

search for LC polymers with properties, 
such as the orientation in drawn fibers [ 1, 
21, intermediate between those of these two 
classes of LC polymers. As the mesogens 
are oriented parallel to the fibre axis in 
main-chain polymers, but perpendicular to 
it in most side-chain polymers [1, 21, it 
seemed possible that the combined LC poly- 
mers would show a biaxial orientation and 
thus good mechanical properties in all di- 
rections. The initial results [ 11 seemed to in- 
dicate that such an orientation did indeed oc- 
cur, with the side-group mesogens oriented 
perpendicular to the main-chain mesogens. 

- 
B 

\ /  

C 

Figure 1. Schematic represen- 
tation of the formation of com- 
bined LC polymers (C) from 
side-chain LC polymers (A) 
and main-chain LC polymers 
(B) [I]. 
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However, this conclusion later proved to be 
false. 

Due to the interesting LC properties of 
combined LC polymers (i.e. broad LC phas- 
es, and the occurrence of different smectic 
phases and a nematic phases at different 
temperatures) and their intermediate nature 
between that of side-chain and that of main- 
chain polymers, a lot of research has been 
undertaken on these materials. Most of the 
research has been directed towards the prep- 
aration of cross-linkable polymers and LC 
elastomers [3-111 and of chiral combined 
LC polymers [4, 6, 7, 9, 12-16]. 

Quite early on, structural investigations 
showed [ 171 that the mesogens in the main 
chain and the side chain orient parallel to 
one another. This was confirmed by electron 
microscopy [18], X-ray diffraction [6,7, 13, 
14, 17, 19, 201 and *H NMR spectroscopy 
[2 11. Following the general classification of 
LC side-chain polymers (Figure 2) 1221, 
these polymers should be classified as ty- 
pe 111. In these combined LC polymers, the 
polymer chains and mesogens orient par- 
allel to one another to define the LC direc- 
tor. 

Figure 2. Schematic representation of different types 
of polymer with mesogenic side groups that form LC 
phases. In case I (NI), only the mesogenic side groups 
give rise to LC ordering. In case I1 (NII), only the poly- 
mer chain orients, whereas in case I11 (NIIl) both the 
main chain and the side groups orient parallel to one 
another [22]. 

3.2 Molecular Structure 
of Combined LC Polymers 

3.2.1 Polymers with 
Side-Chain Mesogens Linked 
at the Main Chain Spacer 

3.2.1.1 Achiral Combined LC Polymers 

The first combined LC polymers prepared 
by Reck and Ringsdorf [ 11 were obtained by 
means of a melt polycondensation, as shown 
in Scheme 1. The phase transitions of some 
of the polymers prepared in this way are col- 
lected in Figure 3. It can be seen that the LC 
phases observed exist mostly over a broad 
temperature range. Different smectic phas- 
es and a nematic phase can often exist in one 
material at different temperatures. The pref- 
erence for smectic or nematic phases de- 
pends on whether the main chain and side 
chain spacers are of comparable (smectic) 
or strongly different lengths. The synergis- 
tic stabilization of the LC phase due to the 
presence of mesogens in the main chain and 
as side groups is best demonstrated by com- 
paring the corresponding polymers shown 
in Figure 4. The clearing temperature of the 

0 0  
II II 

I 
(CHzjn 

I 
0 

HO (CH& 0 0 (CH2jm OH + HSC20-C-CH-C-OC2H~ 

melt + TI(O-I-Prj4 

U 

0 0  

0 (CH2), 0-C-CH-C 

(CHI), 

I 
II I "+ 

1 
-0 

Scheme 1. Melt polycondensation for the prepara- 
tion of combined LC polymers. 
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Phase assigment of combined main chain /side chmn polyesters and 
wsualisation of the orientation of both types of mesogens 
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Figure 3. Phase assignment of com- 
bined main-chaidside-chain poly- 
esters, and visualization of the orien- 
tation of the two types of mesogen. 

Figure 4. Comparison of a combined 
main-chainhide-chain polyester with 
the corresponding main-chain and 
side-group polymalonates. ATLc, the 
temperature range of the LC phase. 
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A B 

Figure 5. Schematic representation of the arrangement of the main-chain (=) and side-chain (0) mesogens 
of combined LC polymers of type A (3.2.1) and B (3.2.2). 

combined LC polymers is much higher than 
that of the corresponding main-chain and 
side-chain polymers. Obviously the temper- 
ature range of the LC phase is strongly 
broadened in the combined LC polymers 
due to the synergistic effect. For a detailed 
discussion of the structure-property rela- 
tionships see Endres et al. [19] and Diele 
et al. [20]. The structural model derived 
from these observations is presented in Fig- 
ure 5 (type A). 

3.2.1.2 Chiral Combined LC Polymers 

Because of the interest in chiral LC phases 
in general, which give rise to selective re- 
flection of light (cholesteric phase) or fer- 
roelectricity (chiral smectic C* phase), chi- 
ral combined LC polymers were prepared 
quite early on [4]. Polymers with cholester- 
ic and chiral smectic C* phases could be pre- 
pared easily. As these polymers were syn- 
thesized using to the polycondensation pro- 
cess shown in Scheme 1, the chiral groups 
had to be selected carefully in order to pre- 
vent racemization during polycondensation 
[4, 7, 12, 131. 

In order to make more labile (referring to 
racemization) chiral groups accessible, a 
new synthetic route to combined LC poly- 
mers was developed (Scheme 2), which in- 
volves the esterification of chiral acids with 

a preformed polyphenolic polymer 19, 15, 
16,231. The phase transitions of some of the 
polymers prepared in this way are summar- 
ized in Table 1. 

From Table I [16] the following struc- 
ture-property relations can be extracted. 
Polymers without lateral substituents tend 
to be crystalline at room temperature. How- 
ever, this crystallization can be suppressed 

OH 

1 

I 
0 0  

+-C-CH-C-O I /  It 
\ 
-0-,-,* 

II 

Scheme 2. Synthesis of chiral combined LC poly- 
mcrs by esterification of chiral acids with a preformed 
polyphenolic polymer. DCC, dicyclohexylcarbodi- 
imide. 
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Table 1. Phase assignment of chiral combined main-chainlside-chain polymers. 

R* X Y Phase transition temperature ("C) 

1. -C*H.C*H.C2Hs 
I I  
C1 CH3 

- H K 115 SmX 124 SmC* 135 I 

3, 6 0-C*H <H3 H - 

Cd{I3 

4. - C*H- C*H- C,H, Br - 
I I  
C1 CH, 

5. -Q0-c<:H3 Br - 

C6H13 

6. - C*H- C*H- CZH, H - N ( 0 )  = N - 
I I  
C1 CH, 

,CH3 
7. oo-cT H - N (0) = N - 

c&l3 

K 134N* 145 I 

G 2 1  K 1 9 N *  1221 

G 13 S91 I 

G 17 SmC* 55 SmA 89 N* 113 I 

G I 2 S 1 0 8 N * 1 1 6 I  

G 1 1  S 106 N* 149 I 

H -N(O) =N- G 19 SmC" 47 SmA 103 N* 125 I 
" d \ / o-";:6H13 'CH3 

to give glassy freezing materials (with a Tg 
of about room temperature) by the introduc- 
tion of lateral substituents. This can be either 

and 8), a bromine atom at the main chain 
mesogen (polymers 4 and 5 )  or the oxygen 
atom in the azoxybenzene unit (polymers 
6-8). Such glassy freezing materials are of 

interest for use in the preparation of cross- 
linked LC elastomers (see below). 

a nitro group at the chiral acid (polymers 3 3.2.1.3 Cross-Linked LC Elastomers 

In order to combine LC properties and rub- 
ber elasticity a variety of LC elastomers 
were prepared [81. In these systems a reor- 
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Figure 6. Schematic representation of LC elastomers 
prepared from chiral combined main-chaidside-chain 
copolymers. 17 main-chain mesogens; D side- 
chain mesogens; * chiral groups [7]. 

ientation of the director is coupled with a 
deformation of the polymer network, and 
vice versa. This makes, for example, a re- 
versible mechanical orientation of the LC 
phase possible. The LC elastomers prepared 
from combined LC polymers (Figure 6) are 
interesting in this respect, because here the 
coupling between a deformation of the poly- 
mer network and the orientation of the mes- 
ogenic groups should be stronger than in LC 
side-chain polymers (see Chapter V of this 
volume). 

Cross-linked LC elastomers from com- 
bined LC polymers were mostly obtained by 
means of the hydrosililation reaction shown 
in Figure7 [3-7, 101. Later, a thermal or 
photochemical polymerization of acrylates 
was used [9, 111. As can be seen from 
Figure 7, this cross-linking process, which 

transforms a soluble polymer into an insol- 
uble gel, does not change the LC phase se- 
quence. It leads rather to a small decrease in 
the phase transition temperatures due to the 
incorporation of the non-mesogenic silox- 
ane cross-linker. In this way elastomers with 
broad chiral srnectic C* and cholesteric 
phases are accessible; these are of interest 
because of their piezoelectric properties 
(see Sec. 3.3.3 of this Chapter, Figure 15). 
All elastomers prepared in this way are soft 
materials, and can be deformed greatly. 

3.2.2 Polymers with 
Side-Chain Mesogens Linked 
at the Main Chain Mesogen 

As an alternative concept to combined LC 
polymers, polymers with the side-chain me- 
sogens linked at the main-chain mesogen 
were prepared [24] (see Figure 5 ,  type B). 
These were prepared by a solution polycon- 
densation of a bis(pheno1) and a bis(acid 
chloride) as shown in Scheme 3 [24, 251. 
The resulting polymers (Table 2) again 
show broad LC phases due to the synergis- 
tic interaction of the main-chain and side- 
chain mesogenic groups. However, com- 
pared to the other types of combined LC 

Table 2. Structure, molecular weight and phase be- 
haviour of the combined polymers in which the side- 
chain mesogen is linked to the main-chain mesogen. 

R *  m Phase transitions** ("C) 

-OCH, 2 G 90 N 3 10 Idegd) 
-OCH, 6 G 51 SmX IS8 N 257 I 
-OCH, 9 G 41 SmX 68 N 216 I 
-OCH, 10 G 37 SmX 129 N 214 I 
-CN 10 G 43 N 209 I 

* See Scheme 3. 
** See Figure 3. 
''I I,,,: clearing under degradation. 
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Uncrosslinked copolymer (M 32 000) 
G20 SmC* 116 N* 151 I 

1 I 
Cross-linked elastomer 

G15 SmC*lOON* 1281 
I 

polymers (see Figure 5 ,  type A), nematic 
phases are strongly favoured. The prefer- 
ence for nematic phases can be rationalized 
by considering their structure (see Fig- 
ure 5) .  For the combined LC polymers of 
type A a smectic structure may already be 
formed locally. For the combined LC poly- 
mers of type B, however, the side-chain 
mesogens will typically be located at about 
the position of the main-chain spacer. This 
arrangement disfavours the formation of 
smectic phases. 

Figure 7. Chemical structure 
and cross-linking by hydrosili- 
lation of a chiral copolymer 
[71. 

3.3 Properties of 
Combined LC Polymers 

3.3.1 Structure -Property 
Relationships and Types 
of LC Phase 

The structural model given in Figure 5 was 
obtained from comparing the temperature 
ranges of the LC phases of combined LC 
polymers and side-chain or main-chain 
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+ C l O C G  0 (CHdm- 0 COCl 
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Tetrachlorethane {pyridine 
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bined Scheme LC 3. polymers Preparation by a of solu- com- 

tion condensation of a bis(phe- 
nol) and a bis(acid chloride). 

K H & , - O O  - N O R  

polymers (Figure 4). The model assumes 
that a synergistic interaction of the main- 
chain and side-chain mesogens stabilizes 
the LC phases. In addition, it has been found 
[19] that a decrease in the spacer length 
leads to an increase in the glass transition 
temperature. The length of the spacer also 
strongly influences the clearing entropy and 
enthalpy [19]. These facts indicate that 
strong conformational changes occur at the 
clearing point. The clearing temperature, 
however, is not strongly dependent on the 
spacer length. 

X-ray measurements [7, 11, 13-15, 17, 
19, 201 performed on combined LC poly- 
mers show that the LC phases are analogous 
to low molar mass liquid crystals, which 
also show nematic, smectic A, smectic C 
and higher ordered smectic phases at differ- 
ent temperatures (see Figure 8). 

The results of these X-ray investigations 
have been used to obtain the following 
structural models. For polymers of type A 

for which the repeating distance along the 
main chain (L,) is larger than the length of 
the side chain (L,) the model shown on the 
left-hand side in Figure 9(a) is proposed 
[20, 251. In this case the main-chain spacer 
is partly bent in order to adjust for the short- 
er side chain. For polymers in which L ,  is 
smaller than L,, the model on the right-hand 
side in Figure 9 (a) is proposed. This model 
assumes that there are separate layers for 
main-chain and side-chain mesogens and a 
sharp bending of the main spacer. For the 
smectic phase of polymers of type B the 
model shown in Figure 9(b) has been pro- 
posed [ 191. 

Using results obtained by dielectric spec- 
troscopy, four relaxation processes have 
been assigned (Figure 10): a reorientation 
of the long axis of the side-chain mesogen 
(6 relaxation) [ 191, a glass process (a  relax- 
ation) [26] and two separate processes (& 
and &) [26] of the main-chain and side- 
chain mesogens around their long axes. 
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Sm, 108 Sm2 112 SmC 131 SmA 136 N155 I 

Figure 8. Temperature-dependent X-ray 
measurements performed within the ne- 
matic (a), smectic A (b), smectic C (c), 
smectic 2 (d) and smectic 1 (e) phases 
[20, 251. The arrow indicates the direc- 
tion of orientation. 

Figure 9. (a) Structural models for the smectic phases of LC polymers of type A (see Figure 5 ) ,  for which the 
length of repeating unit along the polymer chain ( L , )  is longer or shorter than the length of the mesogenic side 
groups (L2)  [20, 251. (b) Structural model for the smectic phase of combined LC polymers of type B (see Fig- 
ure 5) [19, 251. 

These two relaxations are observed above 
and below the glass transition temperature, 
respectively. 

Combined LC polymers have been inves- 
tigated intensively in a search for biaxial 
nematic phases [21]. However, it has never 
been possible to prove the existence of such 
phases. 

3.3.2 Interaction of Main-Chain 
and Side-Chain Mesogens 

In order to understand the synergistic inter- 
action of the main-chain and side-chain me- 
sogens, 2H NMR [21] and neutron scatter- 
ing [27] experiments have been performed 
on selectively deuterated samples. 'H NMR 
1211 (see Volume I, Chapter VIII, Sect. 1 of 
this Handbook) shows clearly that the main- 
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+ 
Figure 10. Schematic representation of the relaxa- 
tion processes (a, &,, p, and 6) in combined LC poly- 
mers [19, 261. 

D D 

chain and side-chain mesogens orient par- 
allel to one another (Figure 11). The order 
parameter of the main-chain mesogens is, 
however, somewhat higher. This corre- 
sponds to the situation in main-chain poly- 
mers, for which rather high-order parame- 
ters can be found. 

Small angle neutron scattering (SANS) 
[27] shows that the main chain orients par- 
allel to the director. The detailed behaviour 
of the combined LC polymers is intermedi- 
ate between that of LC main-chain and LC 
side-chain polymers. The polymer chain 
adopts an anisotropy of about 30% in the ne- 

25 

- 
N 

5 - 20 
b 

15 

10 

5 

D D  

I 

I I  
SmA 

I I  1 1  

" I Figure 11. The temperature dependence 
of the quadrupole splitting Av (2H NMR) 
of combined LC polymers selectively 
deuterated at either the main-chain (A)  

or the side-chain (m) mesogen [21,25]. 
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matic phase. This is far more than for side- 
chain polymers, but less than for main-chain 
polymers. In the smectic A phase the poly- 
mer chain is highly stretched, but the effect 
is still smaller than for main-chain poly- 
mers. 

3.3.3 Rheology and 
LC Elastomers 

Rheological investigations on combined 
LC polymers [ 101 have shown that the com- 
plex viscosity q*, behaves as shown in Fig- 
ure 12. The viscosity decreases strongly at 
the glass transition temperature, but levels 
off at a rather high value in a smectic A or 
C phase. At the transition into the nematic 
phase there is a second decrease in viscos- 
ity, to values that are lower than for the iso- 
tropic phase at higher temperatures. This is 
presumably due to a strong shear thinning 
effect in the nematic phase. 

Cross-linking of these polymers, which 
was first [ 101 done by a hydrosilylation re- 
action according (Figure 7), did not change 
this general behaviour. It did, of course, lead 
to a strong increase in the viscosity and the 
moduli above the glass transition tempera- 
ture. The influence of the amount of cross- 
linking on the rheological properties was 
studied in more detail for LC elastomers 
cross-linked by means of a radical polymer- 
ization of pendant acrylate groups (Scheme 
4) [ l l ] .  The resulting change in the shear 
modulus, G’, is shown in Figure 13 [ l l ] .  It 
can be seen that a continuous increase in the 
cross-linking leads to a continuous increase 
in G’. In this case the LC phase did not ap- 
pear in the most strongly cross-linked sam- 
ple. This is presumably due to the fact that 
the new polyacrylate chain formed during 
polymerization is linked without a spacer to 
the mesogenic groups. 

All the LC elastomers prepared from 
combined LC elastomers were soft materi- 

Srneclic ISrnl Nemol ic  IN) Isotropic I l l  

Figure 12. Schematic represen- 
tation of the mechanical behavi- 
our of an LC sample in relation 
to its structure and phase transi- 
tions [lo]. The dotted lines rep- 
resent the hypothetical behaviour 
of smectic, nematic and isotropic 

over the entire temperature range 
I I phases if they were to extend 

Temperature above the glass transition. 
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als, which could be deformed strongly [7] 
and swelled strongly if brought into contact 
with a solvent. For such elastomers i t  is 
interesting to investigate the reversible me- 
chanical orientation of the LC phase [S] (see 
Sec. 3.2.1.3). This mechanical orientability 
is especially interesting with regard to fer- 
roelectric LC phases (chiral smectic C* 
phase) (Figure 14). As long as the helical 
superstructure is undeformed, the electric 
polarizations from different smectic layers 
cancel each other. As soon as the helix be- 
comes deformed (or for the extreme case of 
a complete helix unwinding), a macroscop- 
ic polarization occurs. 

150 

Scheme 4. Cross- 
linking of LC elas- 
tomers by radical 
polymerization of 
pendant acrylate 
groups. 

Figure 13. Shear storage 
modulus of the combined 
LC polymer specified in 
Scheme 4 as a function of 
the extent of cross-link- 
ing [ l l ] .  

X-ray measurements on LC elastomers 
have shown [6-8] that the reversible tran- 
sition between a chiral smectic C* phase 
with and without a helical superstructure 
can be induced mechanically. The helix un- 
twisted state corresponds in this case to a 
polar ferroelectric monodomain. The piezo- 
electricity arising from this deformation of 
the helical superstructure (which does not 
require a complete untwisting) has been 
demonstrated [9] for polymers cross-linked 
by polymerization of pendant acrylate 
groups (Figure 15). 

Further research on this topic requires ei- 
ther the preparation of samples with an un- 
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Figure 14. Idealized presentation of the orientation process, which leads to piezoelectricity in chiral smectic C* 
elastomers (only the mesogens are shown) [28], P,: macroscopic polarization). The deformed states with a par- 
tially unwound helix (left and right) are prepared from the ground state with a helical superstructure (middle) 
by mechanical forces. @ and 0 :  direction of the spontaneous polarization in and out of the plane of drawing, re- 
spectively. 

disturbed helix and a very good understand- 
ing of how the helix is deformed mechani- 
cally, or the preparation of polar monodom- 
ains and the mechanical disturbance of their 
orientation. In this respect, the use of ferro- 
electric LC side-chain polymers, which can 

be easily oriented in external electric fields, 
has proven to be advantages. For such sys- 
tems it is relativly easy to prepare large fer- 
roelectric monodomains and to cross-link 
them photochemically [23]. 

3.4 References 
10  I 

[9] S. U. Vallerien, F. Kremer, E. W. Fischer, H. Ka- 
pitza, R. Zentel, H. Poths, Makromol. Chem., 
Ranid Commun. 1990. 11. 593. 

Figure 15. Logarithmic plot of the piezosignal for 
an LC elastomer with the phase sequence g 1 SmC* 
81 1 [191. The cross-linking was done according to 
Scheme 4. 192,2401. 

[ lo] T. kakula, R. Zentel, Makromol. Chem. 1991, 



3.4 References 65 

[ 1 I ]  M. Brehmer, R. Zentel. Mol. Cryst. Liq. Cryst. 
1994,243,353. 

[12] S. Bualek, R. Zentel, Makromol. Chem. 1988, 
189, 797. 

[ 131 H. Kapitza, R. Zentel, Makromol. Chem. 1988, 
189, 1793. 

[ 141 S. U. Vallerien, R. Zentel, F. Kremer, H. Ka- 
pitza, E. W. Fisher ,  Makromol. Chem., Rapid 
Commun. 1989, 10,333. 

[I51 H. Poths, R. Zentel, S.  U. Vallerien, F. Kremer, 
Mol. Cryst. Liq. Cryst. 1991. 203, 101. 

[I61 H. Kapitza, R. Zentel, Makromol. Chem. 1991, 
192, 1859. 

[ 171 R. Zentel, G. F. Schmidt, J. Meyer, M. Benalia, 
Liq. Cryst. 1987, 2, 65 1. 

[ 181 I. G. Voigt-Martin, H. Durst, B. Reck, H. Rings- 
dorf, Macromolecules 1988, 21, 1620. 

[I91 B. W. Endres, M. Ebert, J. H. Wendorff, B. 
Reck, H. Ringsdorf, Liq. Cryst. 1990, 7, 217. 

[20] S. Diele, M. Naumann, F. Kuschel, B. Reck, 
H. Ringsdorf, Liq. Cryst. 1990, 7, 721. 

[21] K. Kohlhammer, G. Kothe, B. Reck, H. Rings- 
dorf, Bel: Bunsenges. Phys. Chem. 1989, 93, 
1323. 

[22] M. Warner in Side Chain Liquid Crystal Poly- 
mers (Ed.: C .  B. McArdle), Blackie, Glasgow, 
1989. 

[23] M. Brehmer, R. Zentel, G. Wagenblast, K. Sie- 
mensmeyer, Macromol. Chem. Phys. 1994,195, 
1891. 

[24] B. Reck, H. Ringsdorf, Makromol. Chem., Rup- 
id Commun. 1986, 7, 389. 

[25] B. Reck, Synthesen und Struktur-EiRenschu~ts- 
beziehungen von ,flussigkristallinen Polyestern, 
Jo. Gu. Universitat Mainz, Germany, 1988. 

[26] F. Kremer, S.  U. Vallerien, R. Zentel, H. Kapit- 
za, Macromolecules 1989, 22, 4040. 

(271 L. Noirez, H. Poths, R. Zentel, C. Strazielles, 
Liq. Cryst. 1995, 18, 123. 

(281 H. Kapitza, H. Poths, R. Zentel, Makromol. 
Chem., Macromol. Symp. 1991, 44, 117. 



4 Block Copolymers Containing 
Liquid Crystalline Segments 

Guoping Ma0 and Christopher K. Ober 

4.1 Introduction 

Self-organization is a common phenomenon 
in nature [ 1, 21. Both liquid crystalline poly- 
mers (LCPs) [3 - 51 and block copolymers 
(BCPs) [6, 71 are two classes of synthetic 
materials which can readily undergo self- 
organization. By combining both of these 
components in a single molecular system, 
the competition between their self-organiz- 
ing behavior offers opportunities for simul- 
taneously creating ordered structures at 
many length scales in polymer systems 
[8]. Combination of microphase separation 
and liquid crystallinity may result in new 
materials with superior and unanticipated 
properties. Such polymers may also serve 
as models providing insight to the ordering 
of more complicated biological systems 
in which multiple ordering processes are 
present [9, 101. Several review papers have 
been published so far on this topic [ 1 1 - 131. 
By definition, LC block copolymers contain 
at least one LC segment and may have struc- 
tures which include rod-rod, rod- coil, side 
group LC (SGLC)-coil and other block 
combinations. In this review, we would like 
to summarize the most recent advances in 
the field of LC block copolymers. 

4.1.1 Block Copolymers: 
a Brief Review 

Block copolymers are a unique class of 
materials. Covalently connected dissimilar 
polymer chains undergo microphase separ- 
ation because an unfavorable mixing enthal- 
py and a very small mixing entropy drive 
the system into phase separation while the 
covalent bond between these two poly- 
mer chains prevents the system from under- 
going macrophase separation. By minimiz- 
ing the interfacial area (e. g. via creating 
curvature and chain stretching normal to the 
interface), conventional coil - coil diblock 
copolymers form morphologies including 
spheres, cylinders, bicontinuous phases, and 
lamellae. The important parameters which 
govern microphase separation are the total 
degree of polymerization N ( = N A  + NB),  the 
Flory-Huggins x parameter, and the vol- 
ume fraction of the A block, fA. The struc- 
ture -property relationship for coil -coil di- 
block copolymer systems is relatively well 
understood both experimentally [ 14 - 191 
and theoretically [20 - 231. Chain stretching 
normal to the interface leads to a positive 
deviation of the scaling exponent [ 141. For 
example, scaling behavior for a conven- 
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tional styrene - isoprene (SI) diblock co- 
polymer in the lamellar regime is D ~c M:l3 

in which D is the lamellar domain size and 
M ,  is the total molecular weight [14, 231, 
while for a random coil, theory predicts that 

Block copolymers can be regarded as 
composite materials [6, 241 with domain 
sizes on submicron scales. For example, 
conventional poly (styrene-b-isoprene) block 
copolymers have properties ranging from 
rubbery (isoprene matrix) to plastic (styrene 
matrix). Block copolymers also offer an op- 
portunity for engineering new, tailored ma- 
terials using self-organizing liquid crystal 
components. For example, high strength LC 
cylinders in a ductile continuous phase may 
form a strong, tough polymer. Switchable 
LC groups in a block copolymer environ- 
ment can be processed to provide prealigned 
structures. 

D MdI2. 

4.1.2 Liquid Crystalline 
Polymers: Architecture 

The field of liquid crystal polymers (LCP) 
has undergone tremendous development 
since the discovery of KevlarTM, an extraor- 
dinarily strong fiber spun from a lyotropic 
liquid crystal solution [25]. As shown in 
Fig. 1 ,  the principle structures of LC poly- 
mers include main chain LCPs [26], side 
groups LCPs 1271, combined main chain/ 
side group LCPs [28], mesogen-jacketed 
polymers [29], well-defined LC stars [30], 
hyperbranched LCPs [3 1, 321, and (more re- 
cently) LC dendrimers [33]. The structure- 
property relationships of LCPs are quite 
well documented in the literature. The mes- 
ogenic structures can be calamitic or disc- 
like groups [34, 351 and can also be formed 
via molecular recognition using H-bonding 
[36]. Essentially all known LC phases have 
now been reproduced in polymeric systems. 

4.1.3 Architecture of Liquid 
Crystalline Block Copolymers 

Liquid crystal block copolymers are a re- 
cently explored group of polymers which 
combine microphase separation and liquid 
crystallinity. Yet, as early as 1963, Gratzer 
and Doty [37] reported the first block copol- 
ymers containing two polypeptide blocks 
in which one of the blocks, poly(y-benzyl- 
L-glutamate) (PBLG), was already well 
known to be liquid crystalline. In principle, 
all the LCP structures shown in Fig. 1 can 
be incorporated into block copolymer struc- 
tures with a second flexible coil or LC block. 
Some of the possible LC-BCP structures 
are shown in Fig. 2. Due to the limited na- 
ture of this review, structures such as the 
grafted LC copolymers [38] and various 
multiblock LC copolymers [39] will not be 
covered. 

-- 
A B 

spacer m c  mesogen 

Figure 1. Structures of liquid crystalline polymers 
(LCPs): (A) rigid rod LCP [25, 651; (B) main chain 
LCP with flexible spacer [26]; (C) side group LCP 
with flexible spacer [27]; (D) combined mads ide  
group LCP [28]; (E) side group LCP without flexible 
spacer or ‘mesogen jacketed LCP’ [29]; (F) well-de- 
fined three-arm star [30]; (G) LC dendrimer [33]. 



68 4 Block Copolymers Containing Liquid Crystalline Segments 

E 

Figure 2. Structure of liquid crystalline block copoly- 
mers (LC-BCPs): (A) rod-coil diblock copolymer; 
(B) rod-coil diblock copolymer with flexible spacer 
in the rod block; (C) side group liquid crystal-coil 
(SGLC-coil) diblock copolymers; (D) coil-rod-coil 
ABC triblock copolymers (predicted to be novel fer- 
roelectric fluid by R. G. Petschek and K. M. Wiefling, 
Phys. Rev. Lett., 1987,59(3), 343-346); (E) rod-rod 
diblock copolymer (one example of well-defined po- 
ly(n-hexyl isocyanate-b-n-butyl isocyanate) rod-rod 
diblock copolymer was given by Novak et al. [68], 
however, no morphology studies were reported); (F) 
dendritic liquid crystal-coil (DLC-coil) diblock co- 
polymer (not reported). 

4.1.4 General Features 
of Liquid Crystalline Block 
Copolymers 

Liquid crystallinity and block microphase 
separation both compete during the mini- 
mization of free energy of the system. As 
we will show later in this review, in the case 
of a rod-coil diblock copolymer, liquid 
crystallinity plays a very important role in 
the microphase separation process and leads 
to morphologies distinctly different from 
the conventional spheres, cylinders and 
lamellar microstructures and include the 
arrow head, zig-zag, and wavy lamellae 
phases [40,41]. In the case of SGLC-coil 

diblock copolymers, microphase separation 
dominates the microstructure in which only 
conventional morphologies have been ob- 
served [42,43] so far and the LC micro- 
phase is formed within the conventional mi- 
crodomains. 

Important transitions observed after in- 
troducing LC segments into block copolym- 
ers include: a glass transition temperature 
for each distinct block, phase transition tem- 
peratures for the LC block, and the block 
microdomain order - disorder transition tem- 
perature (ODT). It is generally expected that 
the x parameters in LC-BCP systems are 
much larger than for conventional coil - coil 
BCPs due to mesophase formation and such 
a large x parameter leads to a much higher 
ODT [44]. For example, the ODT of a 
poly(styrene-b-isoprene) (PSI) diblock co- 
polymer with M ,  of 12 000 and 9 000 (SI- 
12/9) for each block is 152 “C [45]. Due to 
the potentially high ODT in LC-BCP 
systems, it may be impossible to determine 
the ODT because the polymer may decom- 
pose before reaching its order- disorder 
transition. Another very important feature 
of LC - BCP systems is that the large x pa- 
rameter and high ODT in LC -BCP systems 
also guarantees that a microphase separated 
structure will be maintained at temperatures 
above the liquid crystalline clearing transi- 
tion temperature. 

LC -BCPs provide theorists with novel 
model systems for developing new theories 
of polymer behavior [41]. Consider the pro- 
cess of microphase separation in LC -BCPs 
starting from the disordered BCP structure 
(or isotropic solution) (Scheme 1). As the 
temperature decreases, the system will 
undergo microphase separation to form or- 
dered microdomain structures. As tempera- 
ture falls past the LC clearing transition tem- 
perature (Ti) the LC block will shift from 
the isotropic phase to a LC phase. If this tem- 
perature is lower than the Tg of the other 
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T 

Isotropic Isotropic 
Solution 

Mesophase formation 
(solvent evaporation) 

Homogeneous 
Solution 

i +LTiy 
Tg of coil block 

(Tg c T i 4  (Tg > T i d  

I 
Rubbery Coil 

T, of PS 

Glassy Coil 

Isotropic LCPs 
(coil-coil) Scheme 1. Microphase separation 

process for LC-BCPs. Solvents have 
the same effect as raising temperature 
due to a reduced x =x0. Path 1 and 2: 
for SGLC-coil systems (e.g. SICN5 

Microphase 
Separation 

I I 

LC Formation 
in Glassy Matrix 

flexible coil block, the LC transition will be 
in a confined microdomain. Finally, the LC 
block may undergo further LC transitions. 
Since the ODT for LC-BCPs is high, at 
temperature above the T,,  the LC-BCP can 
be regarded as coil-coil BCPs. In solvent 
casting, this situation may be different. If 
the solvent is nonpreferential to each block, 
as the solvent evaporates, the formation of 
liquid crystalline mesophase may compete 
with microphase separation until an ordered 
microdomain structure forms as a result of 
this competition. 

In order to study the detailed behavior of 
LC block copolymers, it would be ideal to 
create monodispersed LC-BCP samples 
with well defined architecture for each block 
over a wide range of molecular weights. 
LC -BCP systems with narrow polydisper- 
sity should form well-ordered microdomain 
structures while LC -BCPs with broad mo- 
lecular weight distributions would probably 
not. Synthesis of such materials still remains 
a challenge. 

systems, see Scheme 9 for structures); 
path 3: for rod-coil systems (e.g. po- 
ly(styrene-b-n-hexyl isocyanate)). 

In this review, we will concentrate on 
rod-coil and side group LC-coil diblock 
copolymers. Here we use the term rod - coil 
to emphasize the rigid rod nature of the main 
chain LC polymer in which the mesogens 
(or rigid rods) are located along the polymer 
chain, that is main chain LC -coil (MCLC - 
coil). Diblock systems have been chosen 
since they are the simplest block copolym- 
er system and can serve as excellent model 
materials. It is beyond the scope of this re- 
view to cover all the aspects in the field of 
LC-BCPs, but rather to point out the main 
principles behind their molecular design 
and to summarize the most recent results. It 
is our hope that this review will generate 
interest and provide greater insight into 
these novel systems. 
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4.2 Rod - Coil Diblock 
Copolymer Systems 

4.2.1 Polypeptides 
as the Rod Block 

Block copolymers containing a biological- 
ly active, polypeptide block were original- 
ly studied as models for biological mem- 
branes. The variety of conformations of 
polypeptides (a-helix, P-sheet, and random 
coil) were expected to produce new copol- 
ymers of technical interest [ 101. 

Gallot and coworkers [9, 10, 46, 471 
played a leading role in the synthesis and 
characterization of AB diblock copolymers 
consisting of a flexible coil A block (poly- 
butadiene or polystyrene) and a rod B block 
(polypeptide). The synthetic methods used 
to produce these polymers are shown in 
Scheme 2 [9]. The coil block was synthe- 
sized by conventional living anionic poly- 
merization initiated by sec-BuLi followed 
by end-capping with aprimary amine group. 
Three methods were employed for the end- 
capping as shown in Scheme 2 A. In the first 
method, the living polymer (e. g. polybuta- 
diene) was end-capped with ethylene oxide 
to produce a hydroxyl end group, followed 
by reaction with phosgene to convert the hy- 
droxyl group into the corresponding chloro- 
formate. The addition of 20 equivalents of 
diamine (e. g. hexamethylenediamine) af- 
forded the primary amine end-capped poly- 
mer with 75% conversion. Due to the pres- 
ence of a weak urethane linkage, further 
modification of the peptide block via hy- 
drolysis is not possible. The second method 
gives poor yields (-5%) of the amine group. 
In the third method, the living polymer chain 
end was converted to a carboxylic acid 
group with CO, followed by coupling with 
a diamine (such as hexamethylenediamine) 
using DCC (dicyclohexylcarbodiimide). 

This method produced amine end-capped 
polymer in more than 80% yield. The pri- 
mary amine group containing flexible poly- 
mer was then used as macroinitiator for the 
polymerization of the N-carboxyl anhydride 
(NCA) to produce the polypeptide block. 
For example, PBLG was chosen as homo- 
polypeptide because of its lyotropic liquid 
crystalline mesophase (Scheme 2 B). It is 
stable and soluble in many common organ- 
ic solvents and water in its a-helical con- 
formation (481. It is also worth noting that 
Deming [49] has summarized the recent de- 
velopment in the area of controlled poly- 
merization of NCAs using transition metal 
catalysts [50] including the synthesis of 
block copolymers. 

A Functionallmion of living polymer chain end: 

Method 1 

-i- K+ - K+ 
\o/ I 

I 

1 2 -  
I 0 '  

Polybutadiene 
COCl 

I 
2 

0 
excess H,NRNH, I 

R= -(CH*)6-; -(CHJ2- 
3 

Method 2 

B Synthesis of rod-coil diblock copolymers with 
a polypeptide (PBLG) rod block 

- 
R'= -CH2CH2COOCH2C6H, 

Scheme 2. Functionalization of living chain cnd (A)  
and synthesis of rod-coil diblock copolymer with a 
polypeptide rod block (B) [S]. 
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The final block copolymers were careful- 
ly purified and fractionated. The polybuta- 
diene homopolymer without an amine end- 
group (because it cannot initiate the polymer- 
ization of NCA) was extracted with a mix- 
ture of ethyl acetate/methanol (85/15, v/v), 
while trace amounts of a polypeptide homo- 
polymer (PBLG) were extracted in DMF. 
Block copolymers containing 15 -75 wt% 
PBLG with polybutadiene molecular 
weights ranging from 16 000 to 26 000 g/mol 
were synthesized and all of them exhibited 
lamellar morphology [9,46]. The PBLG seg- 
ments in these block copolymers also have 
a-helix conformations as confirmed by 
circular dichroism. They assembled into 
hexagonal arrays in the polypeptide domain 
with chain folding [9] as established by 
X-ray studies and TEM (transmission elec- 
tron microscopy). The lamellar morphology 
packing model is shown in Fig. 3A. These 
block copolymers also form lyotropic meso- 

phases in dioxane and various chlorinated 
solvents such as 1,2-dichloroethane and 2,3- 
dichloro- 1 -propene [9]. 

Another type of polypeptide-containing 
block copolymer, amphiliphilic rod-coil 
diblock copolymers such as poly{ (N-triflu- 
oroacetyl-L-1ysine)-b-sarcosine } (Kt - Sa), 
were also synthesized and characterized by 
Gallot and coworkers [47]. The hydropho- 
bic rod block poly(N-trifluoroacetyl-L-ly- 
sine) (Kt) was prepared by polymerization 
of Kt-NCA using N-hexylamine as the in- 
itiator. After fractionation using DMF (good 
solvent)/water (nonsolvent), the narrowly 
dispersed polymer (Kt) was then used as 
macroinitiator to initiate polymerization of 
the second monomer (Sa-NCA) to afford 
the hydrophilic block. Final elimination of 
Kt and Sa homopolymers were performed 
by precipitation with acetone and water re- 
spectively. The synthesis of Kt - Sa diblock 
copolymer is shown in Scheme 3. 

Polybutadiene-b-PBLG 

0 H  

-+H2-CHfiE-CH-$. n-hexyl-NH 

(?HI4 CH3 

YH 
?=' Coil block 

5 o=c, 
d 

Coil block o Rod block 
CF3 b Rod block 

Lamellar 

0 D 

- 
packing model 

Hexagonal close packing of polypeptide rods 

(4 (B) 

Figure 3. Lamellar pack- 
ing model for polypep- 
tide containing rod-coil 
diblock copolymers: (A) 
Model for polybuta- 
diene-b-PBLG diblock 
copolymer in which the 
PBLG chains fold in the 
lamellar layer and adopt 
hexagonal packing. This 
corresponds to a SmB 
mesophase [9]. (B) Mod- 
el for amphiphilic poly- 
peptide diblock copol- 
ymer. Note that the rods 
are tilted relative the la- 
mella layer normal while 
maintaining hexagonal 
close packing with a 
constant domain D' inde- 
pendent of tilt angle. 
This corresponds to a 
SmF mesophase [47]. 
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n-hexyl-NHp 

0 
R= -(CH,),NHCOCF, I 

f 

n-hexyl-NH &cp,iy+Lc& 
( 7 W 4  CH3 

";IH 
F=O 

c F3 
Hydrophobic Hydrophilic 
Rod block Coil block 

Kt-Sa 

Scheme 3. Synthesis of amphiphilic diblock copoly- 
mers with polypeptide blocks [47]. 

X-ray diffraction studies showed lamel- 
lae formation in Kt-Sa rod-coil diblock 
copolymers containing 25 -73 wt% Sa 
block [47]. The hydrophilic polysarcosine 
block (Sa) has a coil conformation while 
the hydrophobic poly((N-trifluoroacetyl- 
L-lysine) (Kt) block contains an a-helix 
conformation as indicated by IR spectros- 
copy with absorption peaks at 1655 and 
1545 cm-' (for amide I and amide I1 respec- 
tively) which is assembled in a hexagonal 
array in a plane normal to the helix axis. 
Interestingly, the rods (Kt block) are tilted 
relative to the lamellar layer as indicated in 
Fig. 3 B. The tilt angle increases as the wa- 
ter content increases, while the D spacing 
(= 1.44 nm) of the hexagonally packed poly- 
peptide array remains constant [47] at the 
same value as in the solid state. Therefore, 
water only swells the hydrophilic Sa block. 
This swelling increases the area per chain of 
the Sa block at the polymer-polymer inter- 

face and forces the rod of the hydrophobic 
block to tilt in order to increase the interfa- 
cial chain density for efficient chain pack- 
ing. For the same reason, increasing the coil 
molecular weight also results in an increase 
of rod (Kt block) tilt angle. Thin films of 
Kt - Sa block copolymers were studied by 
XPS and the surface was found to be rich in 
the hydrophobic domain (Kt block) at the 
polymer-air interface [5 11. This may be the 
first report of a low surface energy compo- 
nent segregating to the surface in a block co- 
polymer system. 

4.2.2 Rod - Coil Block 
Copolymers with Short Rod Blocks 

Stupp and coworkers [52] presented an ele- 
gant approach to produce well-defined rod - 
coil block copolymers using DiPC (diiso- 
propylcarbodiimide) coupling of a rod 
block (containing eight phenyl groups) and 
a polyisoprene block ( M ,  =: 3000- 8000) 
with a carboxylic acid end group (Scheme 
4). The rod was synthesized by convention- 
al organic synthetic methods and has a well- 
defined structure with a fully extended rod 
length of 6 nm. The final polymers could be 
purified by flash column chromatography 
using silica gel because the total molecular 
weights were less than 10000 g/mol. This 
method produced well-defined rod-rod 
block copolymers with narrow molecular 
weight distribution. The rod volume frac- 
tions range from 0.19 to 0.36 as listed in Ta- 
ble 1. Even though the degree of polymer- 
ization (DP) was small, microphase separ- 
ated structures can still be observed because 
the Flory-Huggins x parameter between 
the highly immiscible rod and coil blocks is 
large. The small DP leads to domain sizes 
which were much smaller than convention- 
al coil -coil diblock copolymers with much 
higher DP. This was termed 'nanophase 
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Scheme 4. Stupp's approach for synthesizing well defined rod-coil polymers [S2]. 

Table 1. Rod-coil diblock copolymers synthesized by Stupp and coworkers (adapted from [S2]). 
~~ 

M ,  (Rod-coil)"' M J M ,  Rod volume fraction, ,fro,, Morphology ') 

RC-1.16/3.2 1.08 
RC-1.16/4.2 1.04 
RC-1.16/5.4 1 .0s 
RC-1.16/7.6 1 .os 

0.36 Alternating strips 
0.30 
0.25 Discrete aggregates 
0.19 No nanophase separation 

Coexistence of strip and aggregates 

') For structure, see Scheme 4. The coil block is polyisoprene. 
') In as-cast film. 

separation' [53] by Stupp and coworkers in 
order to emphasize the small in-plane di- 
mensions (less than 10 nm) in their system. 
Interesting morphologies ranging from al- 
ternating strips and discrete aggregates [53] 
were observed with their rod-coil samples. 
The results are summarized in Table 1.  

Quite recently, Lee and coworkers [54] 
reported the first observation of a series of 
rod-coil molecules in which a hexagonal 
columnar liquid crystalline mesophase was 
first observed (Scheme 5 A). Interestingly, 
the coil block they chose contains either po- 

ly(ethy1ene oxide) or poly(propy1ene oxide) 
which forms complexes with Li' salts [55, 
561. The rod-coil 16-4 (see Scheme 5 A for 
structure) has a SmB mesophase while its 
Li+ complex displayed a cylindrical micel- 
lar mesophase as observed by polarized op- 
tical microscopy observation [55, 561. This 
behavior is interesting because columnar 
mesophases are generally observed only 
with disc-like mesogenic groups [35]. 

Another interesting rod-coil diblock co- 
polymer is poly(styrene-b-polyphenylene) 
[57] (Scheme 5B) reported by Zhong and 
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P-12-4: n=12; K 21.5"C Col 33.5"C 1 

P-7-4: n=7; K 61.5"C SmC 119.9"C SmA 139°C I 

M e ~ ~ o ] Q ~ C 0 z ~ C 0 z E t  

16-4: g32"C K56"C K120"C SmB 123°C 1 

Scheme 5. Lee's rod-coil molecules [54-561; (B) 
poly(styrene-b-p-phenylene) 1571. 

Francois. This material was synthesized 
from styrene and 1,3-~yclohexadiene via 
anionic polymerization. The poly( 1,3-cy- 
clohexadiene) block was then converted to 
poly(para-phenylene) by aromatization us- 
ing p-chloranil. Through the use of UV - vis 
spectroscopy, the researchers concluded 
that the polyphenylene block was construct- 
ed of short para-phenylene sequences with 
an average of seven units of phenyl rings 
separated by defects. Unfortunately its 
LC properties were not investigated [57]. 
These interesting diblock copolymers have 
very unique nonequilibrium morphologies, 
termed the 'honeycomb morphology' [58] 
in which essentially monodispersed pores 
are observed to arrange in hexagonal arrays. 
This novel morphology [58] was believed 
to be due to micelle formation. 

4.2.3 Rod-Coil Block Copolymers 
Based on Polyisocyanates 

Although polypeptide rod-coil block co- 
polymers [9, 10, 591 are very interesting 
materials, the study of a true rod-coil 
system requires a simpler model material 
because polypeptides have so many possible 

configurations [60]. Because polypeptide 
chains can fold rather than tilt, these two 
issues may also compete making inter- 
pretation difficult. Other rod-coil systems 
known in the literature only have low mo- 
lecular weight rod blocks [52 - 561. 

Ober, Thomas, and coworkers [40,41,6 1, 
62) chose poly(n-hexyl isocyanate) as their 
rigid rod building block and poly(styrene) 
(PS) as the flexible coil block. Poly(n-hex- 
yl isocyanate) (PHIC) is well known to have 
an S3 helical (8 units with 3 turns) confor- 
mation [40] with a translation of 0.195 nm 
and rotation of 135" per monomer unit [40] 
and a persistent chain length of 50-60 nm 
[63, 641. Its lyotropic [65] and thermotrop- 
ic [66, 671 LC behaviors were thoroughly 
studied by Aharoni's pioneering work in the 
late seventies and early eighties. By sequen- 
tial living anionic polymerization, the rod - 
coil diblock copolymers, poly(styrene-6-n- 
hexyl isocyanate)s (SHIC), were synthe- 
sized [40, 621 as shown in Scheme 6. Frac- 
tionation was generally necessary to remove 
PS homopolymer. The synthesized rod- 
coil diblock copolymers are listed in Table 2 

+ C H ~ - - F H ~ C H ~ - C H  - 

I 0 0  \ \ 

=- 
Rod-coil 

Scheme 6. Synthesis of poly(styrene-n-hexyl isocya- 
nate) rod-coil diblock copolymers [40, 621. 
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Table 2. Summary of poly(styrene-b-n-hexyl isocyanate) rod-coil diblock copolymers (adapted from [41, 6 1, 
621). 

Sample a) M ,  (GPC)b’ M,/M, DPpsc) (M,) DpPHIC (M,) fPHICd’  

SH-104173 240,000 1.1 1 1000 (104 K) 575 (73 K) 0.42 
SH- 14/36 68,000 1.40 135 (14 K) 283 (36 K) 0.73 
SH-7/58 222,000 1.86 63 (7 K) 457 (58 K) 0.90 
SH-9/245 1,820,000 2.52 89 (9 k) 1930 (245 K) 0.96 
SH-7/386 1,430,000 3.1 1 68 (7 k) 3040 (386 K) 0.98 

a) SH-x/y: S stands for styrene block, H for poly(n-hexyl isocyanate) block, x for the real molecular weight of 
styrene block, and y for the polyisocyanate block in kglmol. 
h, Relative molecular weight from GPC measurements. Polystyrene standards were used as calibration. The GPC 
gives M ,  values much larger than the real molecular weight due to the rigid nature of the molecule which re- 
sults in a shorter retention time in the GPC column. 

DP,,: Degree of polymerization for PS block. All samples of the PS block have polydispersity between 
1.04- 1.08. The M ,  of the rod block were calculated from molar ratio obtained from ‘HNMR and the M ,  of aty- 
rene block were measured from GPC. 
d, Volume fraction of the rod block. 

[40, 621. It is worth noting that one must be 
very careful in the determination of the 
molecular weight for this kind of rod-coil 
diblock copolymers because GPC (gel per- 
meation chromatography) gives much 
larger M ,  values than the real molecular 
weight. Novak and coworkers reported that 
GPC gave a M ,  of PHIC about five times 
larger than its absolute molecular weight de- 
termined by viscosity and end-group analy- 
sis [68]. 

Novel morphologies including lenticular 
aggregates [61] (previously reported as 
wavy lamellae [41]), zig-zag lamellae [40, 
411 to arrow-head [4 I] microdomain struc- 
tures were observed by TEM as shown in 
Fig. 4. These strikingly new morphologies 
are believed to be a result of the interplay of 
block microphase separation and liquid 
crystallinity. As a result of solvent evapora- 
tion, this system first forms a homogeneous 
nematic mesophase with an orientational 
order of the rods followed by microphase 
separation to form ordered smectic-like la- 

(see Scheme path 3)*  
The structural packing model is shown in 
Fig. 5.  1411, with permission). 

Figure 4. TEM of poly(styrene-n-hexyl isocyanate) 
rod-coil diblock copolymers. The orientation of rods 
in LC domain is indicated by arrows. (Reprinted from 
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Figure 5. Packing model for poly(styrene-n-hexyl 
isocyanate) rod-coil diblock copolymers. (Reprinted 
from [41], with permission). 

These materials represent the first ob- 
servation of the SmC (zig-zag) and SmO 
(arrow head) structure in rod-coil diblock 
copolymers [41] in contrast to the homo- 
polymer of poly(n-hexyl isocyanate) which 
only form a nematic mesophase (both lyo- 
tropic [65] and thermotropic [66]). This 
confirms the idea by Halperin [60, 691 that 
rod-coil systems are a microscopic model 
for smectic liquid crystals in general. Al- 
though the SHIC rod-coil system has a rel- 
atively broad polydispersity, a smectic mes- 
ophase over a size scale of as much as 10 pm 
has been observed (Fig. 4B). This indicates 
that microphase separation plays a very im- 
portant role in determining the self-assem- 
bly of the liquid crystalline process of these 
blocks. The existence of only a nematic 
phase in the rod homopolymer system is 
probably due to its broad polydispersity in 
contrast to the fact that a smectic meso- 

0.2 0.4 ~ 0.6 0.8 1.0 
frod 

Figure 6. Preliminary phase diagram of poly(styrene- 
n-hexyl isocyanate) rod-coil diblock copolymers 
[441. 

phase was observed in the monodispersed 
(M,/M,= 1 .O) PBLG homopolymer report- 
ed by Tirrell and coworkers [70]. From the 
TEM pictures, one can easily see that each 
rod domain is quite uniform but has a dif- 
ferent size (Fig. 4 B, the arrow-head phase). 
On the other hand, due to the formation of 
lyotropic mesophase prior to microphase 
separation, the microdomain structure was 
greatly influenced which leads to novel 
morphologies. A tentative phase diagram 
for the poly(styrene-n-hexyl isocyanate) 
rod-coil system [44] is shown in Fig. 6. 

4.2.4 
Systems 

Discussion of Rod - Coil 

Due to the conformation asymmetry in 
rod-coil diblock copolymer systems, the 
packing is expected to be totally different 
from conformationally symmetric coil - coil 
block copolymers. Semenov and Vasilenko 
[71] have predicted that a N-SmA transi- 
tion can be either a first-order transition (in 
the case of large coil fraction) or a second- 
order transition (in the case of small coil 
fraction) and a SmC phase in a rod-coil 
system is also expected for fr,,<0.36. 
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Later Halperin [60, 691 predicted that the 
lamellae are expected to exhibit a tilting, 
SmA- SmC first-order phase transition 
which is driven by the competition between 
the surface and deformation free ener- 
gies. 

It is this competition which determines 
the tilt angle in the smectic phase [60] for 
rod-coil diblock copolymers. Rod tilt in- 
creases the area per chain, and lowers the 
free energy of the system because flexible 
coil deformation is reduced thus gaining 
conformational entropy for the coil block. 
On the other hand, the interface area also in- 
creases which results in an increase in sur- 
face tension. When the deformation energy 
of the flexible coil is large enough, tilted 
rods representing a SmC phase are expect- 
ed. Halperin’s theory [60] offers a simple 
physical origin for the explanation of rod tilt 
in lamellae system. In the case of a rod-coil 
system with a large coil fraction, Williams 
and Fredrickson [72] predicted the exis- 
tence of ‘hockey puck’ micelles, where the 
rods are packed axially into cylinders. For 
ABA coil -rod - coil systems, Raphael and 
de Gennes [73] predicted ‘needles’ and 
‘fence’ morphologies. The fence morphol- 
ogy can only be stabilized by anisotropic 
bonding between adjacent rods (such as H- 
bonding). 

All the above theories are based on geo- 
metric considerations. By applying self- 
consistent field theory, Miiller and Schick 
[74] have predicted that the only thermody- 
namically stable morphologies for rod - coil 
systems are those with the coils on the 
convex side of the interface. Very recently 
Gurovich [75] developed a statistical theo- 
ry which treats the microphase separation in 
LC block copolymer melts near the spino- 
dal and predicts orientational and reorienta- 
tional phase transitions driven by the con- 
figurational separation and four different 
phases. 

Halperin’s theory [60, 691 was essential 
for understanding the rod tilt in the SHIC 
rod-coil system (see Fig. 4). However, his 
prediction that a SmC phase is favored with 
high coil volume fraction is contrary to the 
experimental results found in the SHIC 
system. The SmA phase predicted by Seme- 
nov and Vasilenko [71] and the ‘hockey- 
puck’ phase predicted by Williams and Fre- 
drickson [72] were not observed in the SHIC 
rod - coil systems. Furthermore, none of the 
observed morpologies were predicted by 
previous theory. Recent theory by Gurovich 
[75] shows some promising improvements. 
The LC nature of the A block is treated in 
his theory through an orientational interac- 
tion which is approximated by a self-con- 
sistent molecular field. The prediction that a 
homogeneously mixed nematic mesophase 
forms before microphase separation as sol- 
vent evaporates for fr,,>0.27 is consistent 
with experimental findings (Fig. 6). The 
predicted phase diagram is in qualitative 
agreement with experiment, especially the 
prediction of smectic morphologies with the 
rods tilted relative to the IMDS (intermate- 
rial dividing surface) over a wide composi- 
tion range. The observed zigzag and arrow- 
head morphologies are both tilted smectic 
phases (SmC and SmO respectively) with 
different orientation of the rods (see Fig. 5) .  

The study of the SHIC rod-coil system 
offers an excellent model system for testing 
existing theories and opens routes to a new 
world of materials which combine aspects 
of liquid crystals, statistical physics, and 
solid-state physics. 
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4.3 Side Group Liquid 
Crystal - Coil Diblock 
Copolymer Systems 

4.3.1 Synthesis and 
Characterization of the Side 
Group Liquid Crystal - 
Coil Systems 

The first SGLC - coil system was reported 
in 1989 by Gronski and coworkers [8] 
utilizing polymer analogous chemistry 
(Scheme 7 A). Since then, SGLC-coil di- 
block copolymers have drawn great atten- 
tion. Almost all kinds of living polymeriza- 
tion methods have been employed to syn- 
thesize well-defined SGLC - coil diblock 
copolymers such as group transfer polymer- 
ization (GTP), living anionic, living cation- 
ic, living ring opening metathesis polymer- 
ization (ROMP) and living radical polymer- 
ization. In this section we would like to 
briefly summarize the recent developments 
in this field (Schemes 8 and 9). 

In 1986, Ringsdorf and coworkers [76] first 
successfully employed living group transfer 
polymerization (GTP) to polymerize a mes- 
ogenic methacrylate to afford LC methacry- 
late homopolymers and random copolymers. 
Block copolymers were not reported in this 
publication. Interestingly, the random copol- 
ymer containing 50 wt% (19 mol%) meso- 
genic monomer did not show a LC meso- 
phase. In 1990, Hefft and Springer [77] re- 
ported the first AB block copolymer produced 
with GTP (Scheme 7 B) with a polydispersity 
of 1.07 - 1.09 and with a DPLc of 16 - 22, al- 
though one of the monomers containing cy- 
anophenyl benzoate failed with GTP. The 
failure was proposed [77] to be due to the back 
biting of the silyl ketene acetal functional 
group to the center ester group containing an 
electron withdrawing group (-CN). 

Percec and Lee [78] employed living cat- 
ionic polymerization (Scheme 7 C) in 1992 
to create SGLC-coil diblock copolymers 
with a cyanobiphenyl mesogenic block and 
a non-LC fluorinated block. The degree of 
polymerization ( D P )  was very low (around 
7 - 12) for each block. An interesting feature 
for their block copolymers was the persis- 
tence of birefringence at temperatures well 
above the isotropic transition temperature 
(Ti) of the LC block. This was explained by 
microphase separation above Ti and the big 
difference of refractive indices of these two 
blocks [78]. Omenat et al. [79] at Philips al- 
so employed living cationic polymerization 
to synthesize the first chiral SGLC-coil di- 
block copolymers with SmC* mesophases. 
In contrast to the bistable switching behav- 
ior of the homopolymer, their block copol- 
ymer showed only monostable switching 
behavior. 

Living ring opening metathesis polymer- 
ization methods (ROMP) were first em- 
ployed to synthesize LC - coil diblock co- 
polymers by Komiya and Shrock [80] in 
1993. The structure of their polymer system 
is shown in Scheme 7 D. Recent work from 
Grubbs group also used a novel ruthenium 
catalyst which can tolerate more functional 
groups [8 I] to synthesize well-defined LC- 
coil block copolymers [82]. The ROMP 
polymer backbone can be hydrogenated to 
create saturated structure to improve its 
stability. 

In 1994, Finkelmann and coworkers [83] 
first reported LC -coil block copolymers 
with anionic polymerization of mesogenic 
methacrylates (see Scheme 7 E). However, 
monomer purification was a problem due to 
the crystalline nature of the mesogenic 
monomer. Finkelmann et al. used triethyl 
aluminum as an in-situ drying agent for 
successful anionic polymerization to ob- 
tain block copolymers with high molecu- 
lar weights and narrow polydispersity 
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(1.08 - 1.3). (The effect of AIEt, on anionic 
polymerization has been studied by Miiller 
et al. [84].) Watanabe et al. [85 ,  861 also re- 
ported using anionic polymerization of mes- 
ogenic methacrylates to produce SGLC - 
coil diblock copolymers with well-con- 
trolled molecular weight and narrow molec- 
ular weight distribution (= 1.05). However, 
their system also suffers from the difficul- 
ties of monomer purification. As a result, 
the M ,  of the LC block can only reach 
=: 15 000 g/mol. Chiral SmC* SGLC-coil 

A 

C 

0 
o=c’ 

A1 

Y 

111 
N 
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o=c:” 

A2 

SChEMA-x/y > 

diblock copolymers were reported by Ham- 
mond and coworkers [87] with anionic poly- 
merization of chiral mesogenic methacry- 
lates. Interestingly, the LC homopolymers 
produced from anionic polymerization and 
radical polymerization of mesogenic me- 
thacrylates have totally different LC prop- 
erties. For example, Finkelmann et al. re- 
ported SmA and N mesophases for the an- 
ionically polymerized mesogenic methac- 
rylate in contrast to a single N mesophase 
for the radically polymerized polymer sam- 

7H3 

+ H ~ - C H $ + C H ~ - C +  +H, dm 0 K 
\CH2)6 

$ 
E2 R 

R=-OMe, -CN 

SMCNG-x/y (R=-CN) 

A 
E3 6” 

Scheme 7. Structures 
of well-defined SGLC- 
coil systems synthe- 
sized via: (A)  polymer 
analogous reaction: 
A1 [8]; A2 [421; 
(B) GTP [77]; (C) liv- 
ing cationic polymer- 
ization [78, 791; 
(D) living ROMP [80]; 
(E) anionic polymeriza- 
tion [83, 85-87]. 
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(CH2)6 

8 

ples [83]. It is worth noting that polymers 
synthesized by GTP of the same mesogen- 
ic methacrylate [76] displayed LC proper- 
ties similar to anionically produced LC 
polymers [83]. This major difference in LC 
properties obtained from different polymer- 
ization methods may be attributed to tactic- 
ity. Anionic polymerization of mesogenic 
monomer can produce LCPs with high syn- 
diotactic (rr) diad content which favors a 
smectic mesophase compared with the atac- 
tic from radical polymerization. It is worth 
noting here that Watanabe et al. [85] first 
employed additives to promote the living 
anionic polymerization of mesogenic me- 
thacrylates (i.e. they added LiCl to their 
system to obtain narrow molecular weight 
distribution for the anionic polymerization 
of mesogenic methacrylate). We believe 

T=135"C 
1 2-dichlorobenzene 
FMPTS 

Q 1 -\ ,C=O 

0 I 

o\ 

0, ,c=o oeC'o 

(CH2)6 
0 

ooc'o 

0 
0, 

Scheme 8. Living radical polymerization [97]. (Cour- 
tesy of M. C. Bignozzi). 

that recent advances in anionic polymeriza- 
tion [88, 891 will have a strong impact on 
the synthesis of well-defined LC -BCPs via 
direct anionic polymerization. 

Since Xerox researchers [90] reported the 
stable free radical polymerization (SFRP), 
controlled 'living' radical polymerization 
has drawn great attention [91]. Recently at- 
om transfer radical polymerization (ATRP) 
was developed in several groups [92-961 as 
another type of 'controlled'/'living' radical 
polymerization method. Bignozzi and Ober 
[97] have employed this SFRP method to 
successfully synthesize liquid crystalline 
block copolymers. Their synthetic approach 
is shown in Scheme 8. The GPC traces 
shown in Fig. 7 clearly indicate the block 
copolymer formation occurs in a con- 
trolled/'living' fashion. We believe that 
controlledl'living' radical polymerization 
[both SFRP and recent work by Matyja- 
szewski's group [94] on atom transfer radi- 
cal polymerization (ATRP)] will have great 

Y I" I I a: ~oly(4-acetoxystyrene) 
Mn=7000, MJ Mn=l . I  8 ,  

b: M,,=12600 (1.19) 

I 

1 0- 
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I 
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3 5  4 0  4 5  5 
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Figure 7. GPC traces of LC-coil BCPs synthesized by 
controlled/'living' radical polymerization (for struc- 
ture, see Scheme 8): a: Coil precursor; b-d; LC-coil 
diblock copolymers with the same M, of coil block. 
(Courtesy of M. C. Bignozzi). 
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Table 3. Comparison of different synthetic methods for liquid crystalline block copolymers 

Synthetic method for 
SGLC-coil BCP 

Advantages Disadvantages 

Polymer analogous 
reaction 

Living Anionic 

Wide range of MW, narrow MWD 
Wide range of functional group 

Good control of MW, narrow MWD 

Small defect in LC block 

Moderate MW, limited functional groups 
Difficult monomer purification 

Moderate MW, limited functional groups GTP, ROMP 
Living cationic Special monomer 

Living radical Needs more study 

Direct coupling (rod-coil) 

Good control of MW, narrow MWD 

Good control of MW, rather narrow 
MWD, tolerates functional groups 

Good control of MW, narrow MWD Limited MW, to purify 

impact on the synthesis of liquid crystalline 
block copolymers since radical polymeriza- 
tion is relatively simple and can tolerate wa- 
ter and many functional groups. In fact, we 
note that ATRP has been used in the syn- 
thesis of well controlled LC homopolymers 
by Pugh and coworkers [98]. Controlled/ 
‘living’ radical polymerization will play an 
important role in meeting the challenge of 
synthesizing well-defined liquid crystalline 
block copolymers. A comparison of the 
methods of producing SGLC-coil BCPs is 
listed in Table 3. 

Besides the work by Gronski and cowork- 
ers [S, 99- 1021, polymer-analogous reac- 
tions have also been employed by Fischer 
et al. [42, 103 - 1071 (see Scheme 7 A2) and 
Ober et al. [43, 44, 62, 108- I l l ]  (Scheme 
9). Systematic morphology studies were 
only carried out in these two SGLC-coil 
systems. Table 4 lists some of the LC-BCPs 
synthesized and characterized by Ober et al. 
Well-controlled SGLC -coil structures with 
a wide range of molecular weight and a nar- 
row molecular weight distribution (MWD) 
have been reported. Typical GPC traces are 
shown in Fig. 8. In our system, purification 
of the final block copolymers was success- 
fully conducted with Soxhlet extraction us- 

1 i) 9-BBN; ii) NaOH, H,O,, -20°C 

t C H z - C H ~ b l t C H z - - F ~ C H , - C H t t  I 

$343 

CHCH, 
FHz I Q FHZ YHZ 

OH OH 

RCOCl r PyridineTTHF, 0°C 

7’0 c=o 
R R 

-(CHz)p(CFdqF H,F, p=3, q=X: SIH,F,-x/y 
p=Y. q=6: 
p=5. q=8: 
p=Y, q-10: etc. 

Scheme 9. Synthetic route adopted for producing 
well-defined LC-coil BCPs over a wide range of mo- 
lecular weight with narrow molecular weight distri- 
bution [43, 44, 108- 1 I I ] .  
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Table 4. Summary of typical SGLC-coil diblock copolymers synthesized by Ober et al. 

Sample") Theoretical M ,  M J M ,  fLcc) Thermal transitions Bulk 
(PS/LC)b' ( T ) d )  Morphology 

SICN5-176/55 176K/55K 1.13 0.22 g45 g102 S, 179 I LC cylinder 
S ICN5 - 5 9/62 59K/62K 1.10 0.49 g45 glOl S A  158 I Lamella 
SICN5-176/78 176K/78K 1.15 0.28 g45 glOl S, 185 I Bicontinuous 
SIC,$-13/56 13K156K 1.09 0.79 g-50 g97 S,110 S, 170 I Coil cylinder 
SIC 105-4 1/53 41K153K 1.08 0.53 g-50 g102 S,93 S, 169 I Coil cylinder 
SIC*10-41/63 41K163K 1.13 0.61 g55 glOl Sg 118 S i  130 I Coil cylinder 
SIH,F,-41/64 4 1 K/  64K 1.05 0.53 S,48 S,67 I glOl Lamella 
SIH,"Fl"-41/85 41K/85K - e ,  0.61 S,97 glOl S, 114 I Coil cylinder 

Ref. 

") SI**-x/y: S stands for styrene block, I** for LC block (see scheme 9 for structures), x for the real molecular 
weight of styrene block, and y for M ,  of the LC block in kglmol. 
b, Absolute molecular weight of SGLC-coil block copolymers. The M ,  for PS block was measured by GPC 
calibrated with polystyrene standards. M ,  for LC block was calculated from 'H NMR. 
') The volume fraction of LC block. 
d l  Data from DSC second heating run. 
') Not determined due to insolubility in tetrahydrofuran (THF). 

ing 95% ethanol to remove small molecule 
mesogens [43] as indicated by GPC and 
TLC (thin layer chromatography). How- 
ever, in Fischer's system, HPLC was used 
to remove the small molecular mesogens 
[106]. This is due to a much higher Tg 
(>120"C) for the LC block in their system 
while the Tg for our system is -50°C. The 
low Tg of the LC block in our system offered 
chain mobility for the successful removal of 
any small molecular mesogenic groups via 
simple extraction. 

4.3.2 Properties of Side Group 
Liquid Crystal - Coil Systems 

2 5  3 0  3 5  4 0  4 5  5 0  

Retention Time (min.) 

Figure 8. Typical GPC traces of SGLC-coil BCPs 
via polymer analogous reaction [62] (see Scheme 9 
for structures): (a) polystyrene precursor; (b) styrene - 
isoprene diblock copolymer; (c) hydroxylated sty- 
rene -isoprene diblock copolymer (unimolecular mi- 
celle in tetrahydrofuran); (d) final FLC - coil diblock 
copolymer. 

4.3.2.1 Liquid Crystal Properties 
in Side Group Liquid Crystal-Coil 
Systems 

In general, SGLC-coil diblock copolymers 
have mesophases similar to those of the par- 
ent LC homopolymer [80, 83, 851 in con- 
trast to the fact that a 50 wt% random co- 
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polymer of mesogenic monomer with anon- 
mesogenic monomer does not show any LC 
mesophase [76]. This is due to the unique 
microphase separation of SGLC -coil sys- 
tems. Another interesting feature is the 
clearing entropy loss of SGLC - coil block 
copolymers [8] compared to its LC homo- 
polymer. The entropy loss was found to be 
highly dependent on the composition 
[43, 80, 831. This observation was original- 
ly [8, 80, 831 believed to be due to the much 
smaller LC domain size and a rather dis- 
ordered interfacial region between the LC 
and the coil components. Later work by 
Gronski et al. [ 1011 using *HNMR showed 
no evidence of an isotropic region at the 
LC-coil interface. This unusual phenome- 
non needs further investigation. 

4.3.2.2 
Liquid Crystal - Coil Systems 

It was Fischer and coworkers who first re- 
ported a phase diagram [42] (strictly speak- 
ing, a morphology diagram) for LC - coil di- 
block copolymers (Fig. 9). Similar phase di- 
agrams were also found in another LC - coil 
system with a lower T, coil block [ 1061 and 
even LC triblock copolymer systems [ 1071. 
In their phase diagram, PS spheres, PS 
cylinder, and lamellar morphology were 
observed. The LC cylinder morphology, 
however, was not observed. Although LC 

Phase Diagram for Side Group 

I PSI coil -coil system 
0.17 0.28 0.34 ' 0.62 0.66 0.77 f P S  

Fischer el al.. 1994 

LC-Sphere 
CYL 

0.2 0.4 0.6 0.8 

f P S  

Figure 9. Phase diagram (strictly speaking, morphol- 
ogy diagram) of SGLC-coil diblock copolymer sys- 
tems [42,43,62] and conventional coil-coil diblock 
copolymers [23]. 

spheres were observed, the LC mesophase 
in the sphere microdomain only showed a 
nematic phase rather than the smectic mes- 
ophase which appeared in other morpholo- 
gies and the LC homopolymer. This inter- 
esting phenomenon was explained by ar- 
guing that a thermodynamically stable SmA 
layered structure cannot be formed within a 
cylindrical or a spherical microdomain. 

However, from simple packing consider- 
ations of layered mesogens in a cylindrical 
microdomain, we can form two kinds of 
structures as indicated in Fig. 10. One is ho- 

w 
M 

PS matrix 

Homogeneous orientation Homeotropic orientation 

Figure 10. Packing consideration for a 
LC cylinder embedded on a hexagonal 
lattice. Mesogen 1 1  cylinder IMDS, 
homogenous packing; mesogen I cyl- 
inder IMDS, homeotropic packing. 
(Reprinted from [43], with permission). 
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mogeneous packing in which all the meso- 
gens are aligned parallel to the intermateri- 
a1 dividing surface (TMDS) and in the other 
they are aligned perpendicular to the IMDS 
and have homeotropic packing. It can be 
understood easily that homogeneous pack- 
ing is a more energetically favorable state 
than the homeotropic form due to the +1 dis- 
clination which would exist in every cylin- 
der. Similar arguments were also proposed 
by Walther and Finkelmann [ 131 in their re- 
view paper. Based on Fischer's results, they 
pointed out that it would be interesting to see 
whether a nematic mesophase can be ob- 
served in an LC cylinder morphology if not 
a smectic mesophase. Thomas and cowork- 
ers employed symmetry arguments [44, 611 
for the efficient packing in SGLC-coil 
systems to provide a rationale for predicting 
morphologies. Their work suggested that not 
only a smectic mesophase but also a colum- 
nar mesophase could exist in a cylinder mi- 
crodomain because of a match of symmetry. 

Ober and coworkers [43] have first ob- 
served unambiguously a LC cylinder mor- 
phology with SICN5-175/55 (see Scheme 9 
for structure) in their block copolymers by 
both TEM (Fig. 11 D) and SAXS (small an- 
gle X-ray scattering) [43]. WAXD (wide an- 
gle X-ray diffraction) clearly showed a 
smectic mesophase [43]. This is the first ob- 
servation of a LC cylinder morphology with 
a SmA mesophase packed homogeneously 
in the cylinder microdomain. Other mor- 
phologies such as coil cylinders, lamellae, 
and a bicontinuous structure were also ob- 
served with TEM (Fig. 11) [43]. The pack- 
ing models derived from SAXS were shown 
in Fig. 12. We have observed that the struc- 
ture of the famous leaning Tower of Pisa 
(Fig. 13) is similar to that found in the LC 
cylinder morphology with a smectic meso- 
phase in the LC domain. 

Interestingly, the clearing transition tem- 
perature for the LC cylinder (SICN5- 

176/55, Ti = 178 "C) was found to be 22 "C 
higher than that of the LC lamellar structure 

T,= 155 "C) [43]. This is believed to be due 
to the confining effect of the cylinder mor- 
phology which stabilizes the mesophase 
within it, since the ODT of this system is 
much higher than Ti. Similar confining ef- 
fects were reported by Dadmum and Muthu- 
kumar in their small molecular nematic liq- 
uid crystal embedded in porous glasses 
[ 1 121 in which an increase of the N - I tran- 
sition temperature was observed and attrib- 
uted to the surface induced ordering. Clear- 
ly, a smectic mesophase can exist within the 
cylinder microdomain, therefore, it would 
be interesting to explore the structure of a 
nematic SGLC block packed within the cyl- 
inder microdomain to see whether it can be 
stabilized or even turned into a smectic mes- 
ophase. 

A bicontinuous morphology was also 
observed in Ober's LC -coil systems with 
SICNS-176/78 [43]. This is interesting 
because it was previously suggested by 
Thomas et al. [44] that this morphology 
might not be able to form due to the period- 
ic LC defect presented in the microphase 
separated structure. Ober et al. also report- 
ed a preliminary phase diagram [43] based 
on their LC -coil system as shown in Fig. 9. 
Besides the two new morphologies ob- 
served in their system, another interesting 
feature is that coil cylinder (PS) morpholo- 
gy was observed at much smaller volume 
fraction of coil (PS) (see Fig. 9). It is be- 
lieved that a cylinder morphology can offer 
a larger area per chain for effective packing 
of mesogenic groups. 

Interestingly, the LC cylinder morpholo- 
gy was also observed by Watanabe et al. 
[86] with SMCN6-17/20 (for structure, see 
Scheme 7 E2) since the LC weight frac- 
tion of this sample is very close to 50% for 
which a lamellar morphology was expect- 

(SICN5-66/60, Ti= 156 "C; SICN5-59/62, 
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Figure 11. TEM of SGLC-coil system by Ober et al. (Reprinted from [43], with permission). A. SICNS-41/53 
(Coil Cylinder); B. SICN5-.59/26 (Lamellar); C. SICNS- 176/78 (Bicontinuous); D. SICNS-I76/SS (LC Cylinder). 

ed. Other samples in the same series, such 
as SMCN6-5.6h.5, SMCN6-11.7/9.6, and 
SMCN6-31/28 all showed a lamellar mor- 
phology with a nematic phase while the 
mesophase in the LC cylinder was smectic. 
The mesogen packing was also observed to 
be homogeneous as indicated by SAXS 
which means the mesogens are packed par- 
allel to the IMDS (Fig. 10). Tacticity would 
not be responsible for the phenomenon be- 
cause all the polymers were prepared under 
the same experimental conditions. 

Another interesting observation by Fi- 
scher [ 1 131 is the existence of a tetragonal 
structure in the coil cylinder morphology in 
their SGLC -coil system (PS - ChEMA) 
rather than the hexagonal close packing in 
coil-coil cylinders. This is in contrast to our 
observation that hexagonal packing was ob- 
served for both coil cylinders and LC cylin- 
ders (Fig. 11 A, D) [43, 611. 

So far, no reported novel morphology has 
been observed in any SGLC-coil diblock 
copolymersystems [8,42-44,83,105,106] 
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Figure 12. Packing models for lamellar and LC cyl- 
inder morphology. (Reprinted in part from [43], with 
permission). 

Figure 13. Structure of 
the famous leaning 
Tower of Pisa. Note that 
the packing is also iden- 
tical to that found in 
LC cylinder morphol- 
ogy with a smectic mes- 
ophase in the LC do- 
main. The tower repre- 
sents the cylinder mi- 
crodomain and the col- 
umns represent meso- 
gens which are packed 
in a layer structure like 
the SmA phase. 

in contrast to the rod-coil systems [40,41, 
44,53,61] in which several novel morphol- 
ogies were discovered. This is mainly due 

to the rather flexible nature of the main chain 
and the spacer in side group LC polymers. 
This flexibility offers the SGLC polymer 
chain mobility in many ways similar to 
conventional coil - coil BCPs. We feel that 
novel morphologies would most probably 
be observed in block copolymers with in- 
creased chain rigidity. 

4.3.2.3 Interface Thickness 

Fischer directly measured the SGLC -coil 
interface thickness (t=2.1? 1 nm) using 
TEM with a selective staining technique 
[ 1141. This interface thickness value was 
also found to be independent of morpholo- 
gy and molecular weight which was similar 
to a coil-coil system. Quantitative estima- 
tion of interface thickness was given by 
Ober et al. using the SAXS technique. For 
SICN5 system, values of 1.7 nm were re- 
ported [43] which is quite similar to that of 
coil-coil BCPs (1.8-2.4 nm) reported by 
Hashimoto et al. [ 141. A much sharper inter- 
face thickness of 1.1 nm was estimated for 
the SIH,F, -41/64 polymer (semifluorinat- 
ed system, see Scheme 9 and Table 4) [ 11 1 1. 
This is due to a much larger x parameter 
for the semifluorinated block copolymer 
system since semifluorinated compounds 
are very immiscible with hydrocarbons. 

4.3.2.4 Interplay of Liquid 
Crystallinity and Microphase Separation 

In SGLC - coil systems, the LC mesophase 
must form within the block microdomain 
and adapt to the domain boundary condi- 
tions [44, 1 1 1 1. One needs to realize that the 
ODT in this system is much higher than the 
isotropic transition temperature. This do- 
main boundary condition can act to stabilize 
the orientation of the mesogen in one of the 
domains [111] as indicated in Fig. 14. In 
Fig. 14, WAXD patterns are shown for sam- 
ple SIH,F,-41/64 (phase transition: SmB 
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Figure 14. WAXD of a SGLC-coil with semifluori- 
nated groups: SIH,F,-41/64. The sample was simply 
cast from dilute solution with trifluoromethyl-ben- 
zene over a period of one week coupled with drying 
for 2 days at room temperature and annealing at 
140°C for 4 days in a vacuum oven: (a) at 30 "C 
SmB phase; (b) at 60 "C, SmA phase; (c) at 80 "C, iso- 
tropic phase; (d) cooled to 30°C from isotopic phase. 
(Courtesy of J. Wang). 

48 "C SmA 67 "C I glO1 "C). As can be seen 
from Fig. 14, the smectic layer is oriented 
as a result of its well oriented lamellar struc- 
ture. The mesophase was identified as SmB 
at room temperature [ 110, 11 11 due to the 
sharp arcs in the wide angle of the WAXD 
pattern (Fig. 14a). At 60°C in the SmA 
phase, the LC block underwent a SmB- 
SmA transition so that the arcs at wide 
angle become very diffuse (Fig. 14b). At 
80 "C the isotropic transition happened in 
which the sharp smectic layer diffraction 
disappeared (Fig. 14c). A small degree of 
mesogen orientation can still be seen even 
in the isotropic state. After cooling from the 
isotropic state, the orientation of the meso- 
gen was fully recovered (Fig. 14d). This is 
believed to be due to the block domain boun- 
dary which stabilizes LC orientation [ 11 11. 

If the block microstructure is disordered, 
it is impossible to generate a LC mono- 
domain in the SGLC-coil system at equi- 
librium since the LC domain must adapt to 
the block microdomain boundary condition 
[43]. However, once the block microdomain 
has monodomain character (e. g. via single 
liquid crystal processing methods such as 
roll-casting [24, 115, 1161, shearing [ 117- 
1201, E-field [ 1 2 I- 1241, parallel plate [ 125, 
1261, etc.), the LC mesophase will also form 
a monodomain in the SGLC-coil system. 
This LC monodomain structure will be sta- 
bilized by the block microdomain structure 
since the ODT is higher than its Ti. This 
could be very useful for processing mono- 
domain smectic structures for reducing light 
scattering. Called a 'stabilized monodomain 
structure', it has been taken advantage of for 
constructing FLC displays [109, 1301 (see 
next section for details). It is worth point- 
ing out that the defect structure of both the 
block microdomain and the LC subphase 
and the interaction between these two kinds 
of structures will be very interesting. We be- 
lieve this area will draw great attention in 
the near future. 

4.4 Applications of Liquid 
Crystal -Block Copolymers 

It is our belief that block copolymers con- 
taining LC segments are materials with nov- 
el and unencountered properties which will 
offer great opportunities for developing 
high performance materials. Here we would 
like to give two examples. One example is 
a microphase stabilized ferroelectric liquid 
crystal (MSFLC) [lo91 for potential flat 
panel display applications, while the other 
is a material for stable, low surface energy 
[ 1 101 application. 
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When chiral mesogenic groups [ 1271 are 
introduced into polymer systems, chiral me- 
sophases such as the SmC* [ 1281 or choles- 
teric mesophase (i. e. chiral nematic) [ 1291 
will form. For LC-BCPs containing chiral 
mesogenic groups, the question is what the 
effect microdomain structure will have on 
these chiral mesophases. One can imagine 
that in the LC -BCP system, microphase 
separated structures will form with one LC 
domain and a second amorphous domain. 
Since the pitch of the SmC* LCPs (in the 
range of 1-2 pm) is much larger than the 
domain size which is generally on the sub- 
micron scale (10-60 nm), the pitch will 
then be unwound by the microdomain struc- 
ture. This feature would make the SmC* 
mesophase in the block copolymer different 
from that of the homopolymer in solid bulk 
state. This feature was realized by Ober and 
coworkers and used for the production of a 
microphase stabilized FLC (MSFLC) which 
exhibited bistable switching [109]. The 
cholesteric mesophase also has a charac- 
teristic pitch for selective light reflection if 
the wavelength (and polarization) of light 
matches the pitch of the twisted chiral ne- 
matic mesophase [129]. The pitch value is 
usually in the 400- 10000 nm range which 
is much larger than the typical block micro- 
domain size. Therefore, the cholesteric 
pitch could also be unwound by the block 
microdomain. It is then expected that chol- 
esteric mesophases may not exist in SGLC - 
coil block copolymers because selective 
light reflection may not be observed unless 
the domain size is bigger than the pitch. 
However, it can still be called a chiral ne- 
matic mesophase since it is nematic and 
also optically chiral. It is worth noting that 
Hammond et al. [87] have reported that 
cholesteric mesophases were observed with 
POM (polarized optical microscopy) in 
their chiral SGLC -coil diblock copolym- 
ers. Based on the above argument, this iden- 

tification has to be confirmed by light re- 
flection studies. One also needs to realize 
that the unwinding power in the LC-BCP 
block system may depend on the composi- 
tion. 

4.4.1 Microphase Stabilized 
Ferroelectric Liquid Crystal 
Displays 

Ferroelectric liquid crystals (FLC) are of 
great interest due to their fast electro-opti- 
cal response which is about 1,000 times 
faster than conventional twisted nematic 
cells [131]. The geometry used is called a 
‘surface stabilized FLC’ cell which utilizes 
a very thin gap (=2 pm) to unwind the FLC 
supramolecular pitch (= 1 - 2 pm) since the 
bulk FLC materials do not show macroscop- 
ic polarization. This very thin gap, however, 
leads to difficulties in manufacturing large 
panels and very poor shock resistance. Re- 
searchers have proposed the concept of ‘mi- 
crophase stabilized FLC’ [79, 109, 1301 us- 
ing FLC-coil diblock copolymers for elec- 
tro-optical applications as shown in Fig. 15. 
This concept takes advantage of ferro- 
electric liquid crystallinity and block copol- 
ymer microphase separation since the block 

Figure 15. Concept of microphase stabilized ferro- 
electric liquid crystal (MSFLC). The black domain 
represents the coil block. Only lamellar micro- 
domain morphology is shown in the figure. The FLC 
supramolecular pitch is unwound by the block micro- 
domain [109, 1301. 
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microdomain is in the submicron length 
scale which is much smaller than the FLC 
pitch. If the FLC can be oriented with a 
bookshelf structure, bistable switching 
should be possible. 

However, the bistable switching was not 
reported in Omenat et al.'s FLC-coil block 
copolymers [79]. We speculate that it may 
be due to a relatively small LC segments and 
small domain sizes in their system. Ober 
et al. have prepared a FLC-coil diblock co- 
polymer and demonstrated its bistable 
switching behavior using the concept of 
MSFLC [109, 1301 although their system is 
far from practical application due to the 
slow response time (-0.1 s) and high volt- 
age (V,,,=700 V/10 pm cell) needed for the 
bistable switching. 

It can be seen clearly from Fig. 15 that 
MSFLC cells offer many advantages. For 
example, a large gap of 10 pm can be used 
[109, 1301 instead of 2 pm used in SSFLC 
cells [ 1311. The polymeric nature of the LC 
materials offers excellent shock resistance 
and mechanical stability. No rubbing of the 
substrate is needed. We believe that prac- 
tically useful electro-optical cells can be 
made utilizing this concept if the FLC -coil 
diblock copolymers are properly designed, 
synthesized, and processed. 

Since the ODT of LC block copolymers 
is in general much higher than the LC iso- 
tropic transition temperature T, (unless the 
total molecular weight is too small, i.e. a 
small xiV) [43, 621, all the LC mesophase 
transitions lie below the block microdomain 
boundary conditions. These microdomain 
boundary conditions were shown [ 1 1 11 to 
stabilize the LC mesophase. The orientation 
of the mesogen within the block microdo- 
main can be recovered when cooling from 
the isotropic state as already shown in 
Fig. 14. On the other hand, the texture of the 
LC block copolymer is very homogeneous 
and almost defect-free compared to that of 

the LC homopolymer which has many de- 
fects due to a polydomain structure for the 
LC subdomain. The orientation of block mi- 
crodomains makes it possible for the meso- 
gens to be oriented in the LC domain par- 
allel to the IMDS. The stabilized smectic 
monodomain structure, we believe, will 
have great potential for flat panel display ap- 
plication. 

4.4.2 Self-healing, Stable, 
Low Surface Energy Materials 
Based on Liquid Crystal - Block 
Copolymers 

The idea of using block copolymers for low 
surface energy materials is to take advan- 
tage of surface segregation [132, 1331. A 
semifluorinated block segment offers a 
low surface energy material. By introduc- 
ing a LC forming semifluorinated group 
(Scheme 9, SIH,F,), the liquid crystallinity 
enables the fluorinated groups to self-as- 
semble into surface mesophases with almoct 
all CF, groups at the air-polymer interface 
and it offers extra stability for the surface 
due to the formation of the SmB mesophase 
[ 1 101. Extra energy is needed to destroy the 
LC phase in order to reconstruct the surface. 
Contact angle measurements showed an ad- 
vancing contact angle (with water) as high 
as 123 O, which is much higher than that of 
Teflon@ (= 110 "). The calculated surface 
tension is -8  mNm-' for SmB mesophase 
using Zisman analysis [ 1101. In this process, 
the introduction of a flexible spacer on the 
LC side group is extremely important. It 
provides enough mobility for the polymer 
to self-organize into well-ordered systems 
with a hierarchy of ordered structures to pro- 
duce stable, low energy surfaces. Block co- 
polymers also offer processing advantages 
due to micelle formation since fluorinated 
materials are famous for poor solubility 
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in organic solvents. These micelle forming 
abilities in semifluorinated block copoly- 
mers enable the fluorinated materials to be 
synthesized and processed easily in organ- 
ic solvents. The polymer analogous reaction 
approach also offers opportunity for the ra- 
tionale design of semifluorinated block co- 
polymers to generate materials with various 
properties [110]. 

4.5 Future Work 

The field of liquid crystalline block copoly- 
mers has undergone great development in 
the last 10 years showing increasing attrac- 
tion for both polymer chemists and polymer 
physicists. More work needs to be carried 
out in order to fully explore this class of ma- 
terials. Novel architectures such as LC- 
BCP with a dendritic LC block, rod-rod 
block with different rod diameters, and 
other novel structures will prove to be very 
interesting. 
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Chapter I1 
Defects and Textures in Nematic Main-Chain Liquid 
Crystalline Polymers 

Claudine Noel 

1 Introduction 

Liquid crystalline phases show a variety of 
beautiful optical patterns when observed 
with a polarizing microscope, each charac- 
teristic of defects (local imperfections that 
break the order of molecular arrangement) 
that are peculiar to the state of molecular or- 
der prevailing in that mesophase. The first 
analysis of defects in low molecular weight 
liquid crystals (LMWLCs) was carried out 
very early by Lehmann [ I ] ,  Friedel [2], and 
Grandjean [ 3 ] .  The accepted classification 
and terminology of liquid crystals (LCs) is 
based almost entirely on Friedel's observa- 
tions. His pioneering work introduced and 
defined the terms used today to describe the 
LC state: nematic (N), cholesteric (N") and 
smectic (Sm). His conclusions were sup- 
ported by citations of work in other fields 
(e.g., X-ray diffraction, behavior in electric 
and magnetic fields). Although Friedel not- 
ed the possibility of smectic polymorphism, 
he was sceptical of its actual occurrence. 
Much work on the characterization and clas- 
sification of smectic phases has been done 
in Halle by Demus, Sackmann and asso- 
ciates [4, 51. The work consisted essential- 
ly of the attempt to determine experimental- 
ly the number of different smectic phases by 
miscibility studies and to characterize them 
by their textures. Two relevant books with 
photographic illustrations have been pub- 
lished dealing deeply with this subject [6, 

71. Defects and textures in LMWLCs are al- 
so presented in certain general articles and 
reviews [2, 3 ,  8- 131. Although physicists 
have learned much about defects and tex- 
tures from optical studies, from solutions to 
elastic equations, and from simply drawing 
pictures, only since 1976 have researchers 
114, 151 used the topology to introduce a 
general scheme for classifying defects into 
condensed-matter physics. Much progress 
was made during the 1980s in elucidating 
the relationships between defects and struc- 
ture due to the work of KlCman and others 
[ 14, 16- 181 who elaborated a complete the- 
ory relating defects of any dimensionality 
(point, lines, wall-like defects ...) in or- 
dered systems to the generic singularities 
of the order parameter, via the topology of 
an adequate order parameter space. Of late, 
the properties of defects and textures in 
LMWLCs have been discussed on the basis 
of their material-dependent properties in- 
cluding their energetical stability and the 
nature of the order in the central region or 
core of the defect and also from the point of 
view of topology [19-231. 

As pointed out by KlCman in early 1985 
[24], liquid crystalline polymers (LCPs) and 
LMWLCs are equivalent from the point of 
view of topology since they exhibit the same 
symmetries and the same type of order pa- 
rameters. Defects are indeed characteristic 
breaks in local symmetry of the order pa- 
rameter and can be classified according to 
their dimensionality and the specific sym- 

Handbook ofLiquid Crystals 
D. Demus, J. Goodby, G. W. Gray, H.-W. Spiess, V. Vil 

Copyright 0 WILEY-VCH Verlag GmbH. 1998 



94 11 Defects and Textures in Nematic Main-Chain Liquid Crystalline Polymers 

metry they break. This implies that defects 
of a given type have equal topological 
stability in LCPs and LMWLCs. However, 
the relative occurrence of defects of differ- 
ent types and the arrangement of defects into 
various textures depend on energetic con- 
siderations. Since these are directly related 
to the molecular structure, LCPs are not en- 
ergetically equivalent to LMWLCs. 

Despite the fact that main-chain liquid 
crystalline polymers (MCLCPs) have been 
studied for two decades, relatively little in- 
formation is available on the influence of 
the structure on the properties of defects and 
very few conclusions of a general nature 
have been reached, except that the defects 
observed pertain to the topological classes 
expected [25]. In this regard, it is important 
to note that microscopic observations are 
sometimes misleading owing to the difficul- 
ty with which MCLCPs give specific tex- 
tures in the liquid crystalline state. This 
might be due to their multiphase nature (ex- 
istence of polycrystalline and amorphous 
material), polydispersity and the high vis- 
cosities of the liquid crystalline melts. In 
most cases, samples must be annealed for 
hours or days at a suitable temperature if 
equilibrium textures reminiscent of those of 
LMWLCs are to be seen [26-281. Also, the 
high melting points of MCLCPs have lim- 
ited progress on their study. These temper- 
atures are often above the operating range 
of the sample heaters, and in any case, the 
extended heating of polymer samples at 
such temperatures can cause degradation. 

The effect of structural disclinations upon 
texture and the origins of these in local de- 
formations of or discontinuities in the ar- 
rangement of the molecules have been stud- 
ied only in the case of nematic MCLCPs. 
The primacy aim of this chapter is therefore 
to present to the reader defects and textures 
in nematic MCLCPs. Some of consequenc- 
es of constructing a nematic phase from long 

polymeric chains will be presented. We will 
concentrate on understanding the role of 
properties such as scarcity of chain ends, 
chain rigidity, high degree of anisotropy in 
the elasticity and viscosity that clearly dis- 
tinguish MCLCPs from LMWLC materials. 
We will consider neutral, rigid or semiflex- 
ible polymers. In electing to discuss the 
geometry and topology of defects in nemat- 
ic MCLCPs, this chapter does differ some- 
what from others [29-321 dealing with tex- 
tures in both side chain (SC) and MCLCPs, 
which were intended as practical and useful 
experimental guides to the textures and clas- 
sification of nematic cholesteric and smec- 
tic LCs of different polymorphic types. 

2 Textural Assignments 

2.1 The Basic Equations 

In ideal nematics, the molecules are aligned 
along one common direction which is re- 
ferred to as the director and represented by 
a dimensionless unit vector n. The system 
is uniaxial and the states (n) and (-n) are 
undistinguishable since there is no polarity. 
In most practical circumstances, however, 
this ideal configuration will not be compat- 
ible with the constraints which are imposed 
by the limiting surfaces of the sample and/or 
by external fields acting on the molecules. 
There will be some deformation of the align- 
ment and the orientation of the director will 
change continuously and in a systematic 
manner from point to point in the sample. 
The distorted state may then be described 
by a variable director n (Y). Three types of 
distortions are present simultaneously in ne- 
matics. As illustrated in Fig. 1 ,  one can dis- 
tinguish three situations which are pure 
splay, pure twist and pure bend. The corre- 
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a C 

Figure 1. Distortions in nematics. (a) Pure splay, 
(b) pure twist and (c) pure bend [19]. 

sponding elastic constants (often referred to 
as Frank constants) are K ,  K22 and K , , ,  
respectively. The free-energy per unit vol- 
ume of a deformed specimen relative to the 
undeformed one is given by [33 ,  341. 

F = 1/2 [ K ,  , (V . n)2 + K, , (n  . V x n)2 
+ K, , (n  x V x n ) 2 ]  (1) 

This is the fundamental formula of the con- 
tinuum theory for nematics. The total ener- 
gy of the system is: 

E = j F d r  (2) 

Minimization of the total energy yields the 
conditions for equilibrium in the bulk: 

( 3 )  

where we use the Cartesian tensor notation, 
repeated tensor indices being subject to the 
usual summation convention, and the com- 
ma denotes partial differentiation with re- 
spect to spatial coordinates. 

Distortions and defects can be interpret- 
ed in terms of the continuum theory through 
equations derived from the expressions of 
the elastic energy and the imposed boundary 
conditions. Solutions are known in certain 
simple situations. Oseen [35] has found 
configurations, named ‘disinclinations’ by 
Frank [ 3 3 ] ,  or ‘disclinations’ today, which 
are solutions of this problem for planar sam- 
ples in which the director n is confined to 

the xy plane parallel to the glass surfaces, 
and is not a function of z ,  the normal to the 
film. Taking the components of the director 
to be nx=cos @, ny=sin @, nz=O, and making 
the simplifying assumption that the medium 
is elastically isotropic (i.e. K ,  , =K2,=K,,), 
Eqs. (1) and ( 3 )  reduce to: 

1 
2 

F = ~ K ( V ( I ) ~  

V 2 @ = 0  

The solutions of Eq. ( 5 )  are @=S8+8 ,  
where 8=tan-’ (ylx) and 13, is a constant 
(0 < 8,< x). This equation describes the di- 
rector configuration around the disclination, 
the singular line is along the z-axis and the 
director orientation changes by 2 n S  on go- 
ing round the line. In the nematic phase, the 
orientational order is apolar and hence S 
must be an integer or a half integer. Fig. 2, 
taken from Frank’s article, shows the mo- 
lecular orientation in the neighborhood of a 
disclination for a few values of S. The curves 
represent the projection of the director field 
in the xy plane. S is called the strength of 
the disclination. 

The elastic energy (per unit length) asso- 
ciated with an isolated disclination is: 

E=xKS21n(R/r , )+ E, (6) 

where R is a typical dimension of the spec- 
imen or the distance to other disclinations 
and r, the radius of the inner region or ‘core’ 
(of the order of molecular dimensions). E, 
is the energy of the core which is hard to cal- 
culate with any accuracy. Lines of strength 
*1/2 are expected to be common since the 
energy scale as S2.  However, in LMWLCs 
the most frequent disclinations have S= 21. 
The reason for this is that defects with inte- 
gral values of S can ‘escape into the third 
dimension’ [36, 371, that is the director can 
simply rotate to lie along the line in the cen- 
tral region, obviating the need for a core. 
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s = +1/2 s = -112 s = -1  

s = +1, 00 = 0 s = +1, 80 = n/4 s = +1, 00  = X I 2  

s = +3/2 s = +2 

Figure 2. Director field in the neighborhood of the 
core of a disclination line of strength S: Wedge discli- 
nations (after Frank [33]). 

Figure 3. (a) Wedge disclination of strength +1 in a 
capillary: the arrangement near the center has a dis- 
continuity and must involve a core. (b) ‘Escape’ of 
the disclination in the third dimension: the arrange- 
ment is continuous with no core [34]. 

Fig. 3b shows the director ‘escape’ at the 
center of a disclination of strength S = & l  in 
a thin capillary of radius R. The arrangement 
is continuous with no singular line. The de- 
formation involves splay and bend, but no 

, , , / , , \ \ * . - - - - - -  

, , / , I l l / \ \ . - - - - - - -  

I , , ,  , , / - - - - - - -  
, , I , , /  I - - - - - - -  , , , ,  , / , , - - - - - - - -  /-r-ksa , , , , , , I ,  - - - - - - - - -  
, , , , , I , , , - - - - -  
, , , I ! I / , ~ - - - - - -  

, / , , I l l , , , - - - - - -  
2 ‘ 0  

I , ,  , , , , , , , _ - - - - . . -  

a) b) 

Figure 4. Twist disclinations: the director patterns 
for (a) S= 1/2, O,=O and (b) S= 1, O,=O. 

twist. Other escaped configurations exist 
[22]. The energy (per unit length) is: 

(7) 
3 n K  for S = + l  
T C K  for S=-1  

E = {  

On the other hand, for the simplest arrange- 
ment where the director is everywhere radi- 
al and the deformation is pure splay, the en- 
ergy is easily calculated to be: 

E = nKln(R/r,) + E, (8) 

Then, the escaped configuration is more fa- 
vorable energetically than the line as soon 
as R is large enough. 

In addition to the above-discussed discli- 
nations, which are referred to as wedge dis- 
clinations, there are twist disclinations. The 
director is always parallel to the xy plane, 
but the axis of rotation (z-axis) is normal to 
the singular line (y-axis). Figure 4 shows the 
director patterns for (a) S=1/2, $=O and 
(b) S=l ,  $=O. q j  is a linear function of the 
angle 8 =tan-’ (z/x>. 

q j  = s tan-’ ( z / x )  + e, (9) 

where S is the strength of the disclination 
and 0, a constant. The deformation involves 
simultaneously splay, twist and bend. If the 
medium is elastically isotropic ( K ,  = K2 = 
K33=K), then the expressions derived for 
the wedge disclinations are applicable to the 
present situation. It should be noted, how- 
ever, that the energy (per unit length) for the 
escaped configuration is now 2n K 1 SI. 
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Figure 5. Singular points in droplets: (a) spherical- 
ly symmetric radial configuration with the director 
normal to the surface and (b) bipolar structure with 
the director tangential to the surface; (c) singular 
points in a capillary [22]. 

Points defects are another class of defects 
in nematic LCs. They occur in droplets and 
can be also seen in thin capillaries (Fig. 5) .  
The total energy stored in the elastic field 
around a point defect grows linearly with 
the radius, R ,  of the volume enclosed: 

E = K R  (10) 

where K is a suitable Frank constant coeffi- 
cient. Point of singularities of equal and op- 
posite strengths attract one another and are 
annihilated. 

For LMWLCs, it has long been recog- 
nized that degenerate anchoring at the con- 
straining surfaces may allow formation of 
domains of different molecular orientation, 
these being separated by diffuse walls or by 
disclinations. Energy considerations sug- 
gest that walls, rather than disclinations, 
may be observed if the sample thickness, h, 
obeys the inequality: 

h < 2 K / W ,  (11) 

where K is the Frank elastic constant and W, 
the anchoring energy. For LMWLCs this is 
hard to achieve because W, -- lop3 Jmp2 
leading to the need for film thickness of less 
than 10nm. However, for MCLCPs, al- 
though measurements of W ,  have not been 
made, it seems that walls may be somewhat 

easier to achieve. If rubbing of the con- 
straining surfaces has been used to induce a 
homogeneous or planar alignment (i.e., one 
in which the molecules lie parallel with the 
interface) two types of wall may be identi- 
fied. In both cases a reorientation of the 
molecules by 180" is observed on crossing 
the wall. These two types of walls are termed 
inversion walls of the first and second kind 
[4] depending whether the reorientation is 
accomplished by rotation about an axis nor- 
mal to the sample plane so that the mole- 
cules remain in that plane at all points, or 
about an axis within the sample plane, so 
that the molecules themselves rotate out of 
the plane and pass through the homeotrop- 
ic orientation (i.e., normal to the plane) at 
the center of the wall. 

2.2 Some Consequences 
of Elastic Anisotropy 

We have so far assumed K ,  , = K2 = K, , = K. 
Real nematics are of course, elastically an- 
isotropic. From the values of the energies of 
the disclinations calculated for the case 
where K ,  , = K, # K2 it follows that the 
wedge disclinations are more stable than the 
twist disclinations if K2 > K = K ,  , = K, 3 ,  
and vice versa. Anisimov and Dzyaloshin- 
skii [38] have shown that lines of half-inte- 
gral strength may be stable against three-di- 
mensional perturbations if the twist elastic 
constant K22# 1 /2 (K,  ,+K3,).  More pre- 
cisely, 

(1) S = +1/2 wedge disclinations are ener- 
getically favored when K2 > 1/2 
( K ,  + K, ,) and are stable against any 
out-of-plane distortion. 

( 2 )  S=+1/2 twist disclinations are favored 
when K2*< 1 /2 (K,  ,+K3,), but are un- 
stable against an out-of-plane distor- 
tion. 
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The effects of elastic anisotropy ( K l l #  
K22 # K3 3 )  have been investigated by Dzya- 
loshinskii [39]. He found that, qualitatively, 
the molecular orientation close to the 
line is the same as in the elastically isotrop- 
ic case, except for S = l .  The only S=+l  
wedge lines that are stable versus three- 
dimensional perturbations have a purely 
circular (@ = 0 + d 2 )  or radial (@= 0) config- 
uration. Cladis and KlCman 1361 have cal- 
culated the energy of the nonsingular line 
for the bend-twist and splay-bend cases. 
Whether the stable geometry is circular or 
radial with or without a singular core will 
depend on the nature and the size of the core 
and on the degree of anisotropy of the 
elastic constants. It is worth noting, howev- 
er, that if singular integral lines are favored, 
the energy E = S2 predicts these should 
dissociate into two lines of half-order 
strength. 

In LMWLCs, where the differences be- 
tween K ,  ,, K22 and K33 are usually small, 
nonsingular integral lines are the most com- 
monly observed defects. By contrast, as was 
first pointed out by KlCman 1251, one can 
infer from the arguments above that in 
MCLCPs, where the elastic anisotropy is 
large, the half-integral lines will occur more 
frequently than the integral ones and that 
these integral lines will be singular if there 
exist core arrangements of moderate ener- 
gy. De Gennes [40] has proposed a model 
for the splay modulus for semiflexible poly- 
mers, based on intermolecular strain free en- 
ergy, which predicts K ,  I = L2 (where L is the 
contour length of the chains). K3 is expect- 
ed to be normal and K22 independent of L. 
Meyer [41] has estimated the magnitude of 
K ,  I by an argument based on chain end en- 
tropy and has predicted that K ,  , should in- 
crease essentially with L. K3 strongly re- 
flects the chain rigidity and is limited by the 
persistence length. KZ2 should still remain 
small and independent of L. Although some 

disagreement appears between the qualita- 
tive description of de Gennes’s and Meyer’s 
models, it is clear that splay deformation 
becomes difficult in a nematic composed 
of long molecules. Only few experimental 
studies have been carried out on thermotrop- 
ic MCLCPs [42-451. Measurements of the 
elastic constants with conventional meth- 
ods, particularly with the Freedericksz dis- 
tortion technique, have been faced with ex- 
perimental difficulties. This has been due 
mainly to the lack of strong surface anchor- 
ing, large viscosity and thermal degradation 
of polymers. Zheng-Min and KlCman 1421 
have evaluated the elastic constants of the 
polyester: 

1 

from the Freedericksz’ transition. The splay 
elastic constant ( K ,  , = 3 x dyn) was 
found to be one order of magnitude larger 
than in LMW nematics while the twist elas- 
tic constant (KZ2= 3 xlOP7 dyn) and the 
bend elastic constant (which was more dif- 
ficult to measure because of chemical deg- 
radation) exhibited more conventional Val- 
ues. Volino et al. [43, 441 have used a sim- 
ple NMR technique to evaluate the ratio 
K3 3/Kl , for the polyesters: 

‘CH, CH/ 

2 

where m=7, 10. They found K,,lK, I = 
0.3-0.5, avalue close to that of -0.1 report- 
ed by Zheng-Min and KlCman. It should 
be noted, however, that the three elastic 
constants. of the copolyesteramide Vectra 
B 950@ is about 100 times higher than cor- 
responding values obtained for the above 
thermotropic MCLCPs [45]. To what extent 
these large values are related to the chemi- 
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cal structure of this polymer or to its biax- 
iality are unclear. 

Windle et al. [46, 471 have developed a 
model that simulates the evolution of micro- 
structure for different ratios of the elastic 
constants and thus for both LMWLCs and 
MCLCPs. The results obtained on two di- 
mensional lattices are in good agreement 
with those predicted by the continuum the- 
ory both when the elastic constants are equal 
(LMWLCs) and when they are different 
(MCLCPs). For example, the trajectories of 
the directors around the S=-1/2 disclina- 
tions are observed to be insensitive to the 
magnitudes of the elastic constants while 
those around the S=+1/2 disclinations un- 
dergo a marked change. In 3-dimensional 
models simulated using equal elastic con- 
stants, most disclinations are of the type 
S=+l and have point character. The reason 
for this is proposed to lie in the process of 
escape into the third dimension. By contrast, 
a predominance of S=+1/2 line disclina- 
tions is found when 3-dimensional simula- 
tions are performed with free boundary con- 
ditions and with the splay energy set much 
higher than that of bend or twist. This is due 
to the fact that escape in the third dimension 
is no longer favored. However, a number of 
problems have been encountered with this 
approach. In particular, the model needs to 
account correctly for both splay-splay com- 
pensation and the differentiation between 
splay and bend distortions in three dimen- 
sions. Quite recently, new developments of 
the central algorithm of this model has en- 
abled the splay and bend components to be 
successfully partitioned in three dimen- 
sions, and splay-splay compensated struc- 
tures to be handled properly [48]. Modeling 
using the new algorithm for the case where 
the splay constant is dominant leads to the 
generation of structures in which twist 
escaped +1 line singularities are a predom- 
inant feature. 3-Dimensional simulations 

were also performed with planar boundary 
conditions at the top and bottom surfaces 
and with splay energy one hundred times 
that of bend and twist [47]. The structures 
were found to form layered morphology 
with little matching from layer to layer and 
a sinuous trajectory of the directors within 
the layers. This undulating structure is very 
reminiscent of the banded [49] and tight [50, 
5 11 textures observed in thermotropic co- 
polyesters. 

2.3 Topology of Director 
Fields: Homotopy Groups 
and Classification of Defects 

2.3.1 Uniaxial Nematics 

The term ‘nematic’ is derived from the 
Greek word ‘nema’, a thread, and refers to 
the presence of a large number of apparent 
threads in relatively thick samples. Stirring 
a nematic leads to a pronounced increase in 
their number. When the motion stops, many 
of them disappear and other progressively 
stabilize. In uniaxial nematics, the threads 
are of two types: either thin or thick, clear- 
ly distinguishable, both directly observable 
in light microscopy (Fig. 6). 

The thin threads are line defects of half 
integral strength S=?1/2, ?3/2 ... about 
which the director rotates by an angle of 
2nS and which are topologically stable. 
They have the same topology as a Mobius 
strip. The central region, or core, of the dis- 
clination appears as a fine thread running 
through the material as it scatters light 
strongly. The threads never show any free 
extremity in the interior of the liquid crys- 
tal. Topological considerations show that 
they have to form closed loops or end at the 
boundary surfaces or any interface (i.e., 
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Figure 6. Thin and thick threads in a typical low 
molecular weight liquid crystal: threaded texture of 
p-methoxybenzylidene-p-n-butylaniline (MBBA). 

between isotropic liquid and mesophase). In 
some cases, they are nearly perpendicular to 
the boundary surfaces, their ends being at- 
tached to the glass slide and coverslip, re- 
spectively. Often, however, they lie more or 
less horizontally, their ends being attached 
to the glass and the other parts moving and 
floating freely around in the nematic. The 
threads have elastic properties and may be 
extended and curved due to flow of the liq- 
uid. Some threads may also be stuck to the 
glass surfaces. 

As already discussed, the lines of integral 
strength S=+l ,  +2, ..., about which the di- 
rector rotates by an angle 27cS are not top- 
ologically stable. The director can escape 
into the third dimension obviating the need 
for a core. In this case, the integral line 
shows up a blurred contrast under the polar- 
izing microscope and thus appears thick. 

A half-integral line of any strength can be 
continuously deformed into the half-inte- 
gral line of opposite strength as illustrated 
in [19]. So it is with integral lines. 

The threaded texture changes to the Schli- 
eren texture when the lines are all perpen- 
dicular to the sample boundaries. This tex- 
ture observed between crossed polarizers 
displays dark brushes (also called black 

Figure 7. Schlieren texture of terephthalidene-bis- 
(4-n-butylaniline) (TBHA). Integral nuclei (four 
brushes) and half-integral nucleus (two brushes). 

stripes or Schlieren) which have irregular 
curved shapes and correspond to extinction 
positions of the nematic (Fig. 7). Accord- 
ingly, the director lies either parallel or nor- 
mal to the polarizer or analyzer planes, re- 
spectively. These brushes meet at point sin- 
gularities on the surface of the preparation 
or rather, point singularities are the origins 
of the brushes. For the configurations S=+l  , 
the director field forms + 27c or -2 7c discli- 
nations and one observes point singularities 
with four dark brushes (‘Maltese crosses’), 
due to the two orientations of extinction. 
The configurations S=k1/2 lead to singu- 
larities with only two brushes, correspond- 
ing to +7c or -IT disclinations. Neighboring 
singularities which are connected by brush- 
es have opposite signs and may attract each 
other. They can vanish, if their S values add 
up to zero. 

It should be noted that twist lines are vis- 
ible in threaded textures while wedge lines 
are observed in Schlieren textures. The con- 
tinuous transformation of a wedge S line 
into a wedge -S line involves the passage 
through an intermediate twist IS1 line [19]. 

Point defects are another class of defects 
in nematics. When a line, such as the wedge 
disclination of Fig. 3a, with S = l ,  escapes 
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Figure 8. Singular points in a capillary with normal 
boundary conditions. 

in the third dimension, it may do it in two 
ways: either upwards or downwards. As 
shown in Fig. 8, an upwards portion and a 
downwards portion will be linked by a sin- 
gular point (1). 

The classification of defects in nematics 
represents a straightforward example of the 
applications of homotopic group theory [ 14, 
151. The reader is referred to reviews of the 
subject [19-21, 23, 521. This topological 
approach confirms the absence of walls, the 
existence of Mobius lines, the mutual anni- 
hilation of thin threads and the existence of 
singular points. More importantly, it shows 
that defects combine and merge according 
to the rules of multiplication of the two-ele- 
ment Abelian group 2,. 

2.3.2 Biaxial Nematics 

The applicability of homotopic theory be- 
comes much less obvious for liquid crystal 
phases with more complicated order param- 
eters such as biaxial nematics and choles- 
terics, which are both locally defined by 
three directors forming a tripod. This gives 
rise to a description of the line singularities 
in terms of the quaternion group, Q .  This is 
particularly interesting because the quater- 
nion group Q is non-Abelian, a property that 

has important consequences when one con- 
siders combining defects or entanglements 
of defects [52]. In the biaxial nematic, there 
are three classes of line defects involving L- 
rotations about each of the three inequiva- 
lent symmetry axes and a class of line de- 
fects of equivalent 2 n  rotations. Because 
there is an orthogonal set of axes, one can- 
not rule out a strength 1 or 2 n  singular line 
as one could in the uniaxial nematic. How- 
ever, the continuous deformations of the di- 
rector that are equivalent to ‘escape’ into the 
third dimension make all 2 n  lines equiva- 
lent. Lines of integral strength 2 or 4n are 
not topologically stable and must appear as 
nonsingular in biaxial nematics. It should be 
noted that two defects of opposite signs can 
be continuously transformed into one an- 
other if they belong to the same class. Sim- 
ilarly, a n defect and the -n defect that an- 
nihilates it must be of the same class. Since 
the mobility of line defects can play an im- 
portant role in determining the macroscop- 
ic properties of a medium, it is important to 
determine whether two given line defects 
can or cannot cross each other. In media with 
Abelian fundamental groups all line defects 
can cross each other without the formation 
of a connecting line. In the non-Abelian case 
of the biaxial nematic, an examination of the 
multiplication table for the quaternion 
group reveals that two mobile lines can al- 
ways cross without the production of a con- 
necting line except for the case of two 71: dis- 
clinations of distinct types, which are nec- 
essarily joined after crossing by a 2n  discli- 
nation. Finally, it is worth noting that sin- 
gular points are not topologically stable in 
biaxial nematics. All the peculiar features 
of the defects in biaxial nematics are of im- 
portance since the characteristics of a few 
thermotropic MCLCPs have been related to 
biaxiality [45, 51, 53-56]. 
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3 Defects in Nematic 
Main-Chain Liquid 
Crystalline Polymers 

As a rule, thin lines of strength +1/2 or sin- 
gular lines of strength +1 are seen in the 
threaded textures of nematic thermotropic 
MCPs [25 ,57 ,58] .  Rare cases of thick lines 
have been observed. As we have already 
pointed out, the reason for this is that the 
elastic anisotropy is large in these systems. 
The disclinations with S=+1/2 were also 
reported to be the most abundant in the 
Schlieren textures of nematic copolyesters 

The first experimental studies of the de- 
fects in the nematic phase of thermotropic 
MCPs were reported by Klkman and co- 
workers [57, 581. They examined in detail 
the threaded texture of polyester 1 for two 
specific values of the degree of polymeriza- 
tion. The molecular weight was found to af- 
fect the threaded texture of the polyester 
with n=5. The thin lines (S=+1/2) and thick 
lines (S=+l) observed in samples with low- 
er molecular weight (rw = 1000) are the fa- 
miliar defects seen in ordinary LMW nemat- 
ics. It should be noted that in these samples 
the threads have a strong tendency to dis- 
appear with time and give place to a well- 
defined texture of Friedel’s nuclei with 
only integral lines and singular points. Inte- 
gral lines or nuclei are occasionally found 
in samples of higher molecular weights 
(Fw > 10 000), but half integral lines are the 
most abundant. This is in agreement with 
the fact that both the splay elastic constant, 
K ,  I ,  and the bend elastic constant, K33,  are 
larger than the twist elastic constant, KZ2 
[42]. Under these conditions, any splitting 
of the core of an ISJ= 1 line tending to re- 
move the core singularity is not favored and 
since the line energy is proportional to IS12 

159 - 651. 

when a core singularity is present, IS]= 112 
lines are favored. In planar samples, the half 
integral lines appear as thin loops floating 
in the bulk. These loops, which have a twist 
character, become smaller and smaller with 
time and to a great extent disappear after a 
few minutes. In samples with strong planar 
anchoring, surface lines with their ends at- 
tached to the same glass plate are observed. 
Very thin free droplets show disclination 
lines, the length of which increases with 
time, thus suggesting that they terminate on 
the free surface rather than on the glass sur- 
face. 

In LMWLCs, as one approaches the cen- 
ter of disclination, there is an isotropic core 
region. Its radius is estimated to be a few 
molecular lengths far from the isotropiza- 
tion temperature, TN+ but increases rapid- 
ly at TN.I. In MCLCPs, the cores appear 
quite large. Mazelet and KlCman 1571 re- 
ported important differences between the 
cores of the wedge parts of the half integral 
lines observed in free droplets of polyester 
1. The +1/2 cores are much larger than the 
-1/2 cores. Positive and negative defects 
also display different mobilities. While the 
+1/2 defects are practically insensitive 
to any gentle flow given in the sample, the 
-1/2 ones move immediately. Mazelet and 
KlCman interpreted their observations for 
S=+1/2 by a high concentration of chain 
ends inside the core, which scatters light. 
Taking into account that for polyester 1, 
K ,  S= K3 > K22,  they assumed that there is 
no splay involved outside the core. For 
S=-1/2, they developed a model which 
minimizes elastic energy by concentrating 
it in some angular sectors outside the core. 
The energy balance between splay and bend, 
which are the only contributions, leads to a 
subtle geometry where most of the bend en- 
ergy is concentrated in a manner that avoids 
too much splay energy. In central part of the 
core, the molecular configuration is verti- 



3 Defects in Nematic Main-Chain Liquid Crystalline Polymers 103 

b) 

Figure 9. Schematic models for the cores of half in- 
tegral lines in polyester 1. Chain ends segregate (a) in 
the core (S=+1/2) or (b) along three quasi walls 
(S=-1/2) [57].  

cal. Schematic representations of S=+1/2 
and S=-112 wedge disclinations are shown 
in Fig. 9. 

Integral lines have been observed in the 
threaded texture [25] of a random copoly- 
ester prepared by the Eastman Kodak Com- 
pany from 40 mol% poly(ethy1ene tereph- 
thalate) and 60 mol% p-acetoxybenzoic 
acid and commercially known as X-7G: 

3 

They show a blurred contrast in linearly po- 
larized light, but remain weakly contrasted 
in unpolarized light which may be taken as 
an indication of their singular character. In- 
tegral lines have also been observed in the 
Schlieren textures of a number of copoly- 

esters [59, 60, 64, 661. The core of the nu- 
clei is much larger and the contrast is much 
fuzzier than in the Schlieren textures of or- 
dinary LMW nematics. However, no de- 
tailed experimental observations of the dis- 
clination structure have been made and it is 
therefore difficult to ascertain whether these 
lines are singular or nonsingular. 

As arule, onlyS=+1/2 andS=+l are seen 
in nematics. Rare cases of higher strength 
defects (IS1 up to 4) have been observed in 
lyotropic systems [67] as also in two-com- 
ponent or impure thermotropic systems 
[68]. In the former cases, the defects were 
unstable as the microemulsion broke up af- 
ter several minutes and the high strength sin- 
gularities divided into conventional discli- 
nations of S=+l. In the latter cases, howev- 
er, the texture was found to be stable. More 
recently, transient disclinations of strength 
+ 3/2 were observed in the nematic phase of 
a single component, thermotropic, rigid rod 
polytolane [69]. They were characterized by 
six extinction brushes. Their formation was 
promoted by a combination of mechanical 
agitation and smaller undercooling below 
the clearing point. They had a lifetime of 
=30 s. Their small number and short life- 
time were discussed in terms of their ener- 
gy per unit line length, and in terms of the 
force that causes them to be attracted to and 
annihilated at other disclinations. 

For thermotropic MCPs, stable Schlieren 
texture with high strength defects (ISl=3/2 
and ISl=2) was first reported by Galli et al. 
[70] for the poly(P-thioester): 

4 

maintained at a temperature close to the I -  N 
transition. These defects were characterized 
by a single thin core. However, sometimes 
they possessed a blurred inner region from 
which the dark brushes were seen to emerge. 
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Under these circumstances, it was difficult 
to distinguish between true high strength 
singularities and 'apparent' singularities 
consisting of several points bunched togeth- 
er around an immiscible isotropic droplet. 

Quite recently, high strength defects were 
observed in the nematic polymers of the fol- 
lowing structure: 

(polymer 5A m=6, polymer 5B m=8) 

5 

For the polymer 5A, disclinations of 
strength S=+3/2,  +2  and +5/2 were ob- 
served [7 I]. Most of these high strength dis- 
clinations were connected with neighboring 
defects of lower strengths of S=+1/2 andS= 
+1. Rare cases of pairs of +3/2 and -312 and 
of +3/2 and -2 disclinations were noted. 
These disclinations were found to be quite 
stable. They persisted even after annealing 
for several hours. For the polymer 5B, pairs 
of +2  and -312 and of +1 and -312 discli- 
nations were observed [72]. An examination 
of the textures showed that the core of these 
high strength disclinations was 
wider than that of the ordinary ones with 
S=+1/2 and S=+l. However, further stud- 
ies are required for a better understanding 
of the core size and topology. 

Biaxial Nematic 
Main-Chain Liquid 
Crystalline Polymers 

In 1970 the existence of a biaxial nematic 
phase for thermotropic LCs was theoretical- 
ly predicted by Freiser [73]: the first-order 
transformation from the isotropic state to 

the uniaxial nematic state may be followed 
at lower temperature by a second-order 
transformation to a biaxial nematic state. At 
this phase transformation, the rotation of the 
molecules around their long axes becomes 
hindered and the mesogens achieve planar 
alignment. 

As far as thermotropic polymers are con- 
cerned, the presence of a biaxial nematic 
phase was first suggested by Viney and Win- 
dle [59] for copolyester 3. Between 340 and 
350"C, the beginning of the growth of the 
isotropic phase, this polymer shows a con- 
tinuous Schlieren texture with both 2112 and 
f 1 disclinations, the former being relative- 
ly more numerous than the latter. Such a be- 
havior is consistent with a uniaxial nematic 
phase. Below 340 "C, however, the melt 
exhibits interrupted Schlieren textures with 
disclinations of strength +l,  but absence of 
any of strength +1/2, and occasionally large 
areas of homogeneous alignment separated 
by well defined walls [59, 661. As pointed 
out by Viney and Windle [59] these features, 
which are similar to those seen in LMWLCs 
with SmC structure, may in fact indicate the 
presence of a biaxial nematic phase. 

Windle and coworkers [51, 54, 561 have 
then interpreted some discrepancies be- 
tween optical microstructures and X-ray 
diffraction patterns of nematic domains in 
copolyesters 3 and 6 in terms of biaxiality. 

Thin microtomed sections of these ran- 
dom copolyesters were 

6 

examined by X-ray scattering and shown to 
have a high level of preferred molecular 
orientation. However, when the same thin 
slices were viewed in the polarizing micro- 
scope, no suggestion of macroscopic orien- 
tation was seen. Long range rotational cor- 
relations of the molecules about their long 
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axes, giving othorhombic or lower symme- 
try and thus biaxial optical properties, 
would account for these observations. An- 
other indication of biaxiality was provided 
by examination of thin samples of copol- 
yester 7 prepared directly from the melt. The 
microstructure of such samples showed do- 
mains clearly delineated by walls [5  1, 551. 

,Cl 

‘I 

Even if there was some indication that co- 
polyesters 3, 6 and 7 could present biaxial- 
ity, no clear evidence concerning their de- 
fects signature was given. Recently, howev- 
er, De’Nkve, KlCman and Navard [45, 531 
reported what we believe to be the first un- 
ambiguous observations of biaxial defects 
in a conventional thermotropic polymer 
commercially known as Vectra B 950@ (8). 
These authors showed the existence of three 
types of half integer disclination lines 
(called Ex,  Ey and Ez),  sometimes associat- 
ed with integer disclination lines. Figure 10 
shows a structural model of the chain (as- 
suming that the aromatic planes are all 
parallel) and Fig. 11 illustrates the three 
possible half integer twist disclinations in 
the biaxial nematic. Interestingly, if Vectra 
B 950@ is biaxial at rest, an external mag- 

Figure 10. Schematic representation of the chain 
(Vectra B 9SO@). N x ,  N ,  and N ,  are the three principal 
refractive indices [53].  

a b 

\E” 

C 

Figure 11. The three possible half integer disclina- 
tion lines in the biaxial nematic phase of Vectra 
B 950@. (a) Rotation around the X axis, (b) rotation 
about the Y axis and (c) rotation around the Z axis 
[ S 3 ] .  It is worth noting that the Ey line is perpendicu- 
lar to the main director Y. 

netic field or a weak shear flow disrupts the 
biaxiality and transforms the liquid crystal 
into a uniaxial nematic, thus indicating that 
the biaxiality is weak. 

8 

5 Defect Associations 
and Textures at Rest 

Textures correspond to various arrange- 
ments of defects. When the isotropic liquid 
is cooled, the nematic phase may appear at 
the deisotropization point in the form of sep- 
arate small, round objects called droplets 
(Fig. 12). These can show extinction cross- 
es, spiral structures, bipolar arrangements, 
or some other topology depending on 
boundary conditions. Theoretical studies 
based on a simple model confirm the stabil- 
ity of radial or bipolar orientation (Fig. 5 )  
[22]. Considerations based on improved 
theoretical models yield stable twisted 
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Figure 13. Marbled texture of copolyester: 

Figure 12. The separation of the nematic phase in the 
form of droplets from the isotropic liquid of 

(a) polyester: 

and (b) polyester: 

structures. Nematic droplets characterize a 
type-texture of the nematic phase since they 
occur nowhere else. Upon cooling, the drop- 
lets grow and join together to form larger 
structures from which stable texture finally 
forms. 

The marbled, threaded and Schlieren tex- 
tures are the ones most often cited in the lit- 
erature for thermotropic MCLCPs. Exam- 
ples of typical polymeric textures are shown Figure 14. Threaded ~ t u r e  OfcoPolYester: 

in Figs. 13-15. t.c+ol- +\ +*% 
Nematic marbled texture consists of sev- o.5 d C(CW3 

eral areas with different molecular orienta- 
tion. On observing the preparation between obtained at 255 "C. (a) t= 10 min and (b) t=30 min. 
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Figure 17. Closed loops viewed between crossed PO- 

larizers at 250°C: (a) t = O ,  (b) t = 2  min, (c) t=5 min, 
(d) t=6 min, (e) t=8  min, (f) t= 15 min, (8) t=22 min 
and (h) t=30 min (from 1751). 
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Figure 15. Schlieren texture of copolyester: 

crossed polarizers, one can note that the 
interference color is nearly constant within 
the individual areas, indicating quasihomo- 
geneous regions. Marbled textures very of- 
ten appear with glass surfaces which have 
not been specially treated. 

The threaded (or line) texture is observed 
in preparations where threads lie more or 
less horizontally, their ends being attached 
to the glass surfaces and the other parts 
floating freely in the liquid crystal. The 
threads may be extended and curved due to 
flow of the liquid. They can be closed in the 
form of loops (Fig. 16) and, in this case, gen- 
erally shrink and disappear more or less rap- 
idly (Fig. 17, s. page 107) [74, 751. 

The Schlieren texture also called nuclei 
texture ('plage 2 noyaux') appears when the 
threads lie vertically (Figs. 18 and 19). 
When viewed between crossed polarizers 
this texture shows an irregular network of 
black brushes branching out from a number 
of scattered points or 'nuclei' and passing 
continuously from one nucleus to another. 
Four brushes meet at integral nuclei and two 
brushes at half integral nuclei - see Sec. 
2.3.1 of this chapter. From the observation 
of S=+1/2 lines, the mesophase can be iden- 
tified as a nematic phase since these singu- 

Figure 16. Closed loop viewed between crossed po- 
larizers at 250°C. Copolyester l l  (from [75]) .  

larities occur nowhere else. Smectic C phas- 
es, which can exhibit the Schlieren texture, 
only form singularities with four brushes 
corresponding to S = k l .  

Transmission electron microscopy (TEM) 
studies conducted by Thomas et al. [62,63] 
have permitted direct visualization of the 
molecular director distribution in flow- 
oriented thin films prepared from semiflex- 
ible thermotropic LCPs of the following 
structure: 

polymer 9A X =  H, polymer 9B X= CH,) 
9 

These authors have used the technique of 
'lamellar decoration' [76] which enables 
detailed assessment of characteristic meso- 
phase defects and texture on a much finer 
scale than previously possible with conven- 
tional electron-microscopy preparations. 
The defects and texture existing in the poly- 
mer melt state are first retained by thermal 
quenching of the polymer fluid to room tem- 
perature. The glassy LCP film is then an- 
nealed above its glass transition, but below 
the melting point. Crystalline lamellae grow 
perpendicular to the local chain axis and ef- 
fectively 'decorate' the molecular director 
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field throughout the sample. The most com- 
mon types of disclinations seen in these 
polyesters are those of strength S=k1/2. Di- 
poles consisting of a positive and a negative 
z disclination at a typical separation of mi- 
crometers are frequently observed. Appar- 
ently, annihilation occurs if pairs of oppo- 
site sign disclinations approach each other 
more closely. These observations are con- 
sistent with those reported by Ford et al. 
[77] and Dong and Deng [78] who have used 
the same technique to reveal disclinations 
of strength S=+1/2 in a MCLCP containing 
flexible spacers between the mesogenic 
groups, and in an aromatic copolyester, re- 
spectively. Interestingly, in addition to iso- 
lated and variously paired disclination di- 
poles, arrays involving equal numbers of 
positive and negative disclinations are ob- 
served [76]. The molecular director pattern 
in regions defined by two pairs of opposite- 
ly signed half integer disclinations bears a 
likeness to that of the ‘effective domain’ 
structure hypothesized by Marrucci [79] to 
account for certain rheological aspects of 
MCLCPs. More recently, Chen et al. [64] 
have used the combined techniques of ‘la- 
mellar decoration’ and ruthenium tetraox- 
ide staining to reveal the director trajecto- 
ries around disclinations of strength S=+1/2 
and +1 in polymer 9B. All six topologies 
represented in Fig. 2 as well as (1/2, -1/2) 
and (1, -1) defect pairs have been observed, 
consistent with the fact that disclinations of 
opposite signs attract. More surprisingly, 
pairs of two positive ( + I ,  $ = d 4 ;  +1/2) or 
two negative (-1/2, -1/2) disclinations have 
been seen repeatedly. These defect pairs 
correspond presumably to a nonequilibrium 
state and to an unstable texture. 

Quite recently, Chen et al. [71 b, 801 have 
developed the technique of banded texture 
decoration. These authors showed that in 
thick samples, when the disclination density 
is small enough due to prior annealing, 

Figure 18. Schlieren texture of copolyester formed 
by transesterification of poly(ethylene-1,2-diphen- 
ox yethane-p,p'-dicarboxylate) with p-acetoxybenzo- 
ic acid. Recognizable singularities S=+1/2 (crossed 
polarizers, 250°C x200) (from [60]). 

Figure 19. Schlieren texture of the polyester: 

at the I - N  transition. Recognizable singularities 
S= k1 (crossed polarizers, 278”C, ~ 2 0 0 ) .  

quenching from the nematic state can lead 
to the appearance of a banded texture simi- 
lar to that seen in flowing or deformed sys- 
tems after removal of the external orienting 
influence. The banded texture formation is 
not crystallization-induced as suggested by 
Hoff et al. [81], since the nematic polymer 
of the following structure 

C1 

10 



110 I1 Defects and Textures in Nematic Main-Chain Liquid Crystalline Polymers 

In addition to these well characterized 
textures, an ill defined grainy texture ap- 
pearing as a fine speckle pattern between 
crossed polarizers is commonly obtained at 
the Z-N transition (Fig. 20). This texture 
has been called a tight texture, a dense tex- 
ture or a polydomain texture. Only a fine 
scale mottle is apparent (of say 0.1 - 1 pm). 
In general, this texture is observed for high 
molecular weight specimens, in thick sam- 
ples and/or at low temperatures [83]. Deter- 
mination of the molecular organization as- 
sociated with this microstructure presents a 
challenge to the microscopist because the 
domain size approaches the resolution lim- 
it of the optical microscope. Transmission 
electron microscopy studies [63, 651 have 
shown that this microstructure can be con- 
sidered as an assembly of ‘effective do- 
mains’ due to a particular arrangement of 
disclinations. The fine grains seen are be- 
lieved to correspond to regions of uniform 

Figure 20. Grainy texture of polyester 6. 

Figure 21. Schematic representation of the polydo- 
main structure produced by spatial distribution of dis- 
clination lines of S=+1/2 (open circles) and S=-1/2 
(filled circles) [65] .  

showed a banded texture in the quenched 
amorphous glassy state. The bands lie per- 
pendicular to the chain direction, thus offer- 
ing the possibility of mapping the director 
orientations [82]. As compared to the ‘la- 
mellar decoration’, the banded texture tech- 
nique provides an extremely useful mecha- 
nism for direct visualization of defects and 
textures in both crystalline and non-crystal- 
line materials by polarizing optical micros- 
copy. The detailed observations by Chen 
et al. [71b, 821 point to a large predomi- 
nance of disclinations of strength S=k1/2, 
some disclinations of strength S=+l and a 
few disclinations of strength S=-1. They 
also reveal (+1/2, -1/2) and (+l, -1/2) de- 
fect pairs and the formation of inversion 
walls. 

orientation correlation within nematic 
structures bounded by disclinations as illus- 
trated in Fig. 21. Disclination densities up 
to 50-100 pm-2 have been observed [62]. 
However, the number of disclination lines 
decreases with annealing time [27, 81, 841 
leading to a nematic texture that approach- 
es the texture exhibited by LMWLCs al- 
though the resulting increased size range 
still remains with only several microns [85]. 
These observations seem independent on 
the specific MCLCP, the only difference be- 
ing the time scale of this kinetic behavior. 
The coarsening of this nematic texture 
seems to be related to the dynamics of dis- 
clinations [65, 861. When a nematic phase 
is formed from the isotropic phase, its struc- 
ture is dependent on the kinetics and mech- 
anism of the phase transition. The initial tex- 
ture is usually not stable under the given 
boundary conditions. The annealing process 
at T > Tg can lead to the relaxation of the ex- 
cess free energy associated with the discli- 
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nation density. The coarsening of the initial- disclination points slightly better than the 
ly grainy texture, which is an ordering pro- 
cess, seems to involve a decrease of the 
number density of disclinations, p ( t ) ,  and 
an increase in the domain size &(t),  by an- 
nihilation of the disclination lines, which 
occurs as a consequence of the diffusion and 
coalescence of the lines of opposite signs. 
The two quantities are interrelated: 

where d is a spatial dimensionality. For co- 
polyester 3 (X-7G), Shiwaku et al. [6S, 861 
by plotting the average spacing between 
neighboring disclinations measured by op- 
tical microscopy as a function of annealing 
time found that: 

Rojstaczer et al. [28] established through 
small angle light scattering (SALS) experi- 
ments that the size of the domains, charac- 
terized by the reciprocal scattering vector, 
Qmax, scales with time as: 

1/Qmax = 

for a semiflexible aromatic polyester based 
on triad mesogenic unit containing a meth- 
yl arylsulfonyl substituted hydroquinone 
and a decamethylene spacer. It should be 
noted that the rate of decrease of the num- 
ber of disclinations per unit volume is 
strongly influenced by the molecular weight 
of the polymer [26] and the rigidity of the 
polymer backbone [ 841. Rieger [87] has pro- 
posed a simple mean field theory for the de- 
scription of the decay of the density of dis- 
clinations in nematic films of thermotropic 
MCLCPs, which is based on results for 
diffusion reaction systems of the type 
A + B + 0, where A and B correspond to two 
different types of end points of a disclina- 
tion line, respectively. This approach was 
found to approximate the functional behav- 
ior of the time dependence of the number of 

- .  

algebraic law. The problem of describing 
SALS patterns for MCLCPs was first ap- 
proached by Hashimoto et al. [61]. These 
authors developed a scattering theory for a 
model having isolated disclination lines 
contained in discs. The results poorly de- 
scribed the observed scattering. Later on, 
Greco [88] proposed a model consisting in 
a collection of isolated discs, randomly 
oriented, each containing a disclination di- 
pole together with the corresponding direc- 
tor field. This simple two-body interaction 
of the S=21/2 disclinations could explain 
all the essential features of SALS experi- 
ments. The only parameter of the model (i.e. 
the distance between two disclinations) was 
sufficient to explain the evolution of the pat- 
terns as a function of annealing time. 

A suitable treatment of the glass surfac- 
es between which the polymer is observed 
allows one to obtain either planar layers in 
which the director lies parallel to the surface 
or homeotropic films in which the mole- 
cules are aligned normal to the surface. 
Whereas, for LMWLCs, several techniques 
are now available for developing uniform 
orientation at surfaces, their application to 
orientation in MCLCPs is proving more dif- 
ficult to achieve. However, a number of 
techniques have been used to create repro- 
ducible planar alignment. Rubbing of a raw 
glass plate with a diamond paste leads to 
uniformly aligned samples. SiOx layers 
evaporated obliquely (at 60" incidence) [7S] 
and freshly cleaved mica surfaces [60] pro- 
duce similar effects. Polymer coatings on 
glass substrates [58 ]  and surface-deposited 
hexadecyltrimethylammonium bromide 
[75] can also be used to align MCLCPs ho- 
mogeneously. However, since a nondegen- 
erate planar alignment is generally required, 
rubbing of the substrate after deposition of 
the polymer is used. Viewing planar sam- 
ples from the top between crossed polariz- 
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Figure 22. Development of homeotropic texture 
from copolyester 11 at 330°C (crossed polarizers). 
Annealing time (a) t=4 min, (b) t=8 min and (c) t=28  
min (from [75]). 

ers results in the observation of four posi- 
tions of extinction. 

Homeotropic alignment can be achieved 
by simple treatments of glass slides with 
boiling chromic-sulphuric acid, acetone 
and methanol (sequentially interspersed 
with water rinses) and rinsing with hot dis- 
tilled water in an ultrasonic cleaner [75]. 
Films thus prepared appear completely dark 

when viewed vertically between crossed po- 
larizers because the director is oriented per- 
pendicular to the glass surfaces and parallel 
to the light beam. If the cover glass is 
touched, the originally dark field of view 
brightens instantly, thus distinguishing 
between homeotropic and isotropic texture. 
Homeotropic alignment was also achieved 
by using a rocksalt substrate [89, 901. It 
should be noted that ageing MCLCPs at high 
temperature seems to encourage the homeo- 
tropic orientation [58,  75, 89, 901. This ef- 
fect has been observed for polyesters 1, 6 
and 11 (Fig. 22). A factor which seems to 
control homeotropic orientation at surfaces 
is the density of chain ends. For polyester 6, 
the tendency towards overall homeotropy 
was found to increase as the average molec- 
ular weight of the specimens decreased [90]. 
For polyesters 1 and 11, clearly some deg- 
radation of the samples occurred at the high 
temperatures required for homeotropic 
alignment leading to the formation of short- 
er chains with their relatively high density 
of chain ends [42, 751. This was borne out 
by the experiments on polyester 1 which 
showed that samples aged in an atmosphere 
of argon did not become homeotropic [42]. 
As has been discussed by Meyer [41], a per- 
fect, ideal polymer nematic composed of in- 
finite chains (i.e. with no chain ends) must 
lie with the chains parallel to the boundary 
surfaces for energetic reasons. For finite, 
but long, macromolecular chains, entropy 
leads to keep chain ends ‘dissolved’ in the 
bulk rather than condensed on the surfaces. 
On the other hand, short chains (i.e. abun- 
dant chain ends) will favor a homeotropic 
texture: while entropy will tend to distrib- 
ute chain ends randomly, energy will tend 
to place them so as to relieve strains. 

11 
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Figure 23. Schematic representation of the geometry 
at a wall with a 90" rotation of the molecules across 
the wall [58]. 

KlCman et al. [58]  reported that walls 
formed during the slow transformation from 
the planar to the homeotropic texture in- 
duced by annealing samples of polyester 1 
for long times. The walls separated untrans- 
formed and transformed regions, with a con- 
sequence of 90" rotation of the molecules 
across them. The proposed geometry, akin 
to a 90" Bloch wall in ferromagnets, is 
shown in Fig. 23. Clearly, the molecules 
suffer a practically pure twist inside the tran- 
sition region. Walls have also been observed 
in thin films of polyester 6 [89,90]. In these 
films, the walls also developed as the mole- 
cules attempted to transform to a homeo- 
tropic alignment, but the geometry was 
more akin to the 180" Bloch walls of ferro- 
magnets. In this system, the walls do not 
separate planar and homeotropic regions, 
but rather regions where the molecules in 
both domains have some finite misorienta- 
tion with respect to the plane of the sample, 
but in opposite senses. The domain struc- 
ture adopted seems to be an example of 
splay compensation in operation, with the 
splay distortions in one plane being com- 
pensated by a negative splay component in 
an orthogonal plane. 

Classification of LC alignment into pla- 
nar or homeotropic is an oversimplification. 
Under suitable conditions, the nematic di- 
rector may make an angle with the substrate 
surface (Fig. 24). The observations between 
crossed polarizers of such samples are the 

Figure 24. Nematic sample with the director making 
a given angle with the glass surfaces. 

( a )  ( C )  

Figure 25. Ellipsoid of indices fora  positive (n,>n,) 
uniaxial LC. The typical conoscopic images with av- 
erage beam direction perpendicular to the plates are 
shown for (a) homeotropic, (b) planar and (c) oblique 
orientation [31]. 

same as in the planar case. Such tests are in- 
sufficient to check the uniformity of align- 
ment and observations of the conoscopic 
images formed by illuminating the speci- 
men with highly convergent light and insert- 
ing a so-called Bertrand lens below the eye- 
piece are needed (Fig. 25) [91]. 

The conoscopic interference patterns are 
also quite useful to identify uniaxial and bi- 
axial nematics. For a uniaxial specimen, the 
conoscopic image consists of a dark cross 
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Figure 26. Basal interfer- 
ence figures of biaxial me- 
dia. Sections perpendicular 
to the bisectrix of the acute 
angle. The cases depicted 
are those for thin sections 
of material and axial angle 
of about 10” (a) and 
45” (b), respectively [3 I] .  

coupled with concentric circles, its position 6 Flow-induced 
depending on the ‘crystal’ orientation. The 
cross will have four-fold symmetry. Fig- Textures and their 
ure 25a corresponds to the special case 
where the unique optic axis of the specimen 
is parallel to the microscope axis. For a bi- 
axial material, the symmetry of the conos- 
copic image will be two-fold as illustrated 
in Fig. 26. Whereas this technique was used 
successfully for side chain liquid crystalline 
polymers (SCLCPs) [92-941, its applica- 
tion to MCLCPs appears not so easy to 
achieve owing to the difficulty with which 
MCLCPs give ‘monodomains’ in the liquid 
crystalline state. This is due mainly to the 
lack of strong surface anchoring, large vis- 
cosity and thermal degradation of polymers. 
However, with the aid of conoscopic obser- 
vations, Noel et al. [75] have proved the 
positive uniaxial character of polyester 11. 

A final remark will concern the ‘glassy 
liquid crystal’. All the textures observed in 
the nematic state can easily be quenched and 
supercooled to room temperature. In spite 
of the thermal shock, both the planar align- 
ment and the homeotropic one can be re- 
tained in the glassy state [59, 60, 66, 951. 

Relaxation Behavior 

The evolution from the static state to differ- 
ent textures observed as a consequence of 
controlled shearing experiments and the 
subsequent relaxation behavior at the cessa- 
tion of flow were first analyzed by Grazia- 
no and Mackley [96] for a number of ther- 
motropic MCLCPs. This pioneering work 
introduced and defined the terms used today 
to classify shear-induced textures: ‘worm’ 
texture, ‘ordered’ texture and ‘banded’ tex- 
ture. It should be noted that these textures 
have also been observed in lyotropic nemat- 
ics. 

The shearing behavior of MCLCPs de- 
pends on the initial state of the material. 
When molten MCLCPs exhibiting a thread- 
ed texture in the quiescent state are subject- 
ed to shear, the threads first extend and curve 
and disclination loops distort within the 
shear. However, at a rather well defined 
shear strain multiplication of the defects oc- 
curs [83, 84, 96, 971. These defects appear 
as short, dark curled entities which flow 
along the streamlines whilst continually 
changing their shapes, and the overall view 
of them during shear resembles a ‘vat of 
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teeming worms’. The resulting disordered 
polydomain texture at the scale of a few mi- 
crons (i.e. below the size of the specimen 
and independent of it) has been named a 
‘worm’ texture by Graziano and Mackley 
[96]. The density of worms increases with 
increasing shear rate. At still higher shear 
rates, a sharp transformation can be induced 
into a birefringent texture whose optical ap- 
pearance is dependent on the direction of 
crossed polarized light, thus indicating that 
flow alignment of some species is occurring 
[83, 84, 96, 971. This texture has been la- 
belled the ‘ordered’ texture [96]. In gener- 
al, the ordered texture is favored at low tem- 
peratures, high shears and small thickness- 
es of the samples, whereas the worm texture 
exists under less severe shear conditions and 
higher temperatures. On cessation of flow, 
the ‘worms’ relax by vanishing or coalesc- 
ing to form threads with a relaxation time 
that depends on the polymer, the molecular 
weight of the specimen, the value of the ap- 
plied shear and the temperature. Typically 
this might range from a few seconds to tens 
of minute. Upon cessation of shear, in the 
ordered texture, the worm texture develops 
within less than 1 s and subsequently relax- 
es as described above. 

Starting with a molten polymer exhibit- 
ing an ill-defined grainy texture, shearing 
causes this texture to be modified by the dis- 
tortion and multiplication of defects [83,84, 
961. Further shearing at higher rates leads to 
the apparent disappearance of any defect 
textures and the emergence of pure birefrin- 
gence with the optic axis in the plane of 
shear (ordered texture). Upon cessation of 
shear, the material will relax back to the 
original dense defect texture. It should be 
noted, however, that another relaxation be- 
havior has been observed for high molecu- 
lar weight specimens [96,98-1001: a band- 
ed texture characterized by bands aligned 
perpendicular to the prior flow direction ap- 

peared after cessation of shear in the ordered 
texture. In general, it is a low temperature, 
high shear relaxation phenomenon. 

Very little is known about the defects 
which are present in the worm texture be- 
cause a direct optical study is hampered by 
the difficulty of isolating such moving ob- 
jects 1961. However, the analysis of defects 
in Vectra B 950@ (polymer 8) carried out by 
De’Nkveet al. [101, 1021 suggested that the 
defects are mostly half-integer twist discli- 
nation loops lying in the shearing plane. The 
chains are highly oriented along the flow 
direction near the core of the defects, thus 
indicating that the core is composed of a 
‘perfect’ nematic, an assumption previous- 
ly made by Mazelet and KlCman [57] for 
polyester 1. A peculiar feature of the cores 
of the defects is their large macroscopic size 
(of the order of 1 pm), which is probably re- 
lated to the fact that the lines are in motion. 
They may move by dragging a large amount 
of nematic fluid in order to minimize distor- 
tion energy. Far from the defects, the direc- 
tors are more or less aligned in the flow di- 
rection. However, in the vicinity of the de- 
fects two perpendicular orientations are ob- 
served: the director is oriented along the 
flow direction inside the loops, but along the 
vorticity axis outside the loops. The nucle- 
ation process of the ioops is therefore relat- 
ed to a rheological regime in which these 
two perpendicular orientations are favored. 
As pointed out by De’Nkve et al. [97, 1021 
the simplest mechanism for this is the oc- 
currence of tumbling. 

Concerning the mathematical modeling 
of LCPs, most attempts have concentrated 
on lyotropic systems. Doi [ 1031 has devel- 
oped a defect free model for lyotropic rod- 
like polymers in the isotropic and anisotrop- 
ic states and Larson and Mead [ 1041 have 
proposed a polydomain phenomenological 
description of lyotropic systems. Marrucci 
and Maffettone [lo51 solved a diffusion 
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equation for rodlike lyotropic molecules 
Their two-dimensional numerical simula- 
tion in the shearing plane predicts a period- 
ic rotation of the director at low shear rates, 
the so-called tumbling regime, and a high- 
er shear alignment regime. This two-dimen- 
sional approach was extended in three di- 
mensions by Ottinger and Larson [106]. 
These authors found that, at low shear rates, 
the director reaches two attractors. The first 
one is the shearing-plane and the second one 
is the vorticity axis. Tumbling is also shown 
to occur in three dimensions, but in a more 
complex manner, carrying both in-plane and 
out-of-plane components. However, these 
molecular theories do not at this stage pre- 
dict or include defect effects. 

To account for experimentally observed 
microscopic observations of the worm tex- 
ture behavior at low shear rates, De’Nhve 
et al. [97, 1021 assumed that tumbling gen- 
erates large distortions that decrease their 
free energy by producing a large number of 
defects. An equilibrium density of defects 
should be obtained when the distance 
between neighboring defects prevents the 
director from tumbling freely. At this point 
defects start to annihilate. After having 
reached a first minimum, the defect density 
increases again. Such an explanation is con- 
sistent with the model developed by Mar- 
rucci and Greco [ 1071 which is based on the 
hypothesis that defects prevent the free ro- 
tation of the director. It also accounts for the 
damped oscillation phenomenon observed 
when the intensity of the light transmitted 
through the sample is plotted as a function 
of strain. These oscillations, which are re- 
lated to the light scattered by the core of the 
defects, would correspond to the alternate 
action of nucleation and annihilation of de- 
fects. In addition, this tumbling mechanism 
agrees with the fact that the shear strain pe- 
riod of the defect density does not depend 
on shear rate since the tumbling time peri- 

od is inversely proportional to shear rate 
[108]. The ordered texture does not seem to 
appear suddenly at a given shear rate, since 
there is a progressive increase in flow orien- 
tation [97]. Experimental data suggest that 
this texture may contain defects of the type 
seen in the worm texture, but with dimen- 
sions smaller than the resolution of optical 
microscope [ 1021. Quite recently, Gervat 
et a]. [84] developed a director simulation 
that incorporates optical, X-ray and rheo- 
logical data. Essential elements of the mod- 
el are concerned with a local molecular an- 
isotropy, a molecular correlation coeffi- 
cient, and a local defect texture. The main 
prediction of the simulation is that the pres- 
ence of defects influences orientation relax- 
ation after shear and that the defects them- 
selves do not appear to have a profound ef- 
fect on rheology. 

Following thin film shear [49, 109 - 11 11, 
uniaxial fiber drawing [ 1 121, injection 
molding [ 1131, or elongational flow [ 1141, 
nematic polymers typically exhibit a 
banded microstructure. This is especially 
evident when thin specimens are observed 
between crossed polarizers (Fig. 27). Dark 
bands lie perpendicular to the shear or flow 
direction Z, and are regularly spaced a few 
microns apart if Z is aligned parallel to the 
vibration direction of either polarizer. De- 
tailed analysis of this microstructure [49, 
50, 1 15 - 11 81 indicates that the global mo- 
lecular alignment introduced by processing 
has partially relaxed, and that the molecu- 
lar orientation instead varies periodically 
relative to the macroscopic shear direction. 
Banded texture is one of the characteristics 
of oriented specimens of both lyotropic and 
thermotropic LCPs. This subject has been 
reviewed in a recent article by Viney and 
Putnam [ 1 101. The bands can appear during 
continuous shear [ 109, 1191 or after cessa- 
tion of shear [83, 1201. In either case, a crit- 
ical deformation rate must be exceeded [83, 
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Figure 27. Banded texture of polyester 6. The shear 
direction was horizontal. 

109, 119-1231, which has been predicted 
theoretically [124, 1251. A finite time must 
elapse from the onset of shear [lo91 or the 
cessation of shear [120, 1221 before the 
bands can form. 

The molecular organization in the band- 
ed texture is understood in some detail as 
a result of optical microscopy [49, 50, 
83, 110-112, 115-122, 1261, transmission 
electron microscopy [49, 76, 89, 90, 115, 
1271 and scanning electron microscopy 
[50]. It has been shown that the orientation 
variation of the molecules in this texture is 
near sinusoidal about the shear direction 
with most of the misorientation within the 
shear plane. There is a high degree of reg- 
ister of the molecules between each of the 
layers [50]. The influence of a number of 
parameters on the formation of bands has 
been studied: the molecular weight [96], the 
sample thickness [ 1 10, 120- 1221, the shear 
rate [109], the time during which the shear 
stress was applied [ 1221 and the total shear 
deformation [ 12 I]. 

Various theoretical models have been 
proposed to account for this texture. Orien- 
tation of the directors within alternate 
planes by creation of alignment-inversion 
walls has been invoked [109]. Subsequent 
experiments seemed to indicate rather a 
smooth transition of the orientation between 
domains of a given direction [126]. The 
tumbling instability has been suggested as 
an explanation [128], but would not fulfill 
this condition. 

The development of novel instabilities of 
the director pattern was also observed as the 

response of uniformly aligned nematic 
LCPs to a suddenly applied reorienting 
magnetic field [ 129, 1301. With convention- 
al LCs composed of moderate length-to- 
width ratio molecules, the spatially period- 
ic response to reorientating fields is not 
easily observed because it decays quickly to 
the homogeneous ground state. However, 
for nematics composed of very long mole- 
cules, the large anisotropy in their elasticity 
and viscosity has two important conse- 
quences. First, the periodic instabilities ap- 
pear under a very broad range of circum- 
stances, and second the stripe patterns pro- 
duced are very long lived [ 130- 1321. An ex- 
tension of the theoretical model by Guyon 
et al. [ 1331 for LMWLCs was used to inter- 
pret the data and it was suggested that a sim- 
ilar mechanism could explain the banded 
textures of LCPs in a shear flow. 

Unfortunately, because there are so many 
variables it is rarely possible to compare the 
observations made in different studies and 
the literature contains many conflicting re- 
sults. For example, there is some contention 
as to whether the bands form during shear 
[ 109,1191 or on stress relaxation afterwards 
[83, 1201. Ernst and Navard [120] consid- 
ered a rather pure relaxation process via a 
periodic distortion after shear flow has 
ceased. According to this model, the mac- 
romolecules are stretched in the flow and 
then relax back. It is not clear, however, 
which mechanism in the relaxation process 
is responsible for the observed periodic 
structure. There is also disagreement as to 
whether the shear threshold does [ 110, 1211 
or does not [120, 1221 depend on sample 
thickness. A shear threshold inversely pro- 
portional to the sample thickness, as report- 
ed in [121], would support the instability 
concept. Zielinska and Ten Bosch [124, 
1251 argued that, for simple shear flow, the 
band structures are due to an instability 
mechanism present in the Leslie-Ericksen 
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equations. They considered the existence of 
an instability producing a periodic pattern 
with a distortion perpendicular to the shear 
plane as observed in the optical experi- 
ments. They determined the critical shear 
rate and the critical wavevector for the in- 
stability to occur and showed that these de- 
pend strongly on the values of the elastic 
constants and anisotropic viscosities. They 
also obtained solutions for the director and 
velocity field. 

As discussed in the previous section, the 
literature on banded textures contains many 
attempts to correlate change in a parameter 
describing a banded texture with change in 
a molecular characteristic or processing 
conditions. However, experiments have 
sometimes given conflicting results. Also, 
theory is not sufficiently developed to sug- 
gest which microstructural parameter will 
be most sensitive to changes in any given 
molecular or processing parameter, and an- 
ticipated correlations frequently cannot be 
demonstrated conclusively. 
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Chapter I11 
Molecular Engineering of Side Chain Liquid 
Crystalline Polymers by Living Polymerizations * 
Coleen Pugh and Alan L. Kiste 

1 Introduction 

1.1 Chain Polymerizations 

Unil recently, most side chain liquid crys- 
talline polymers (SCLCPs) were prepared 
by either hydrosilations of mesogenic ole- 
fins with poly(methylsi1oxane)s or by free 
radical polymerizations of acrylates, metha- 
crylates and chloroacrylates [ l ,  21. Both 
routes involve chain polymerizations, either 
directly or prior to a polymer analogous re- 
action. Chain polymerizations involve the 
four elementary reactions shown in Scheme 1 
[ 3 ] .  In contrast to step polymerizations, 

1. Initiation I + M  IM* 

2. Propgation m* + n M  -L I(W,M* 

3. Transfer I(M),M* + A P + A *  

4. Termination 

Scheme 1. Four elementary reactions of a chain poly- 
merization. 

I(M),,M* + A L P  

chain polymerizations require an initiator 
(I) to produce reactive centers. In order for 
a vinyl monomer to be polymerizable, it 
must contain a substituent capable of stabi- 
lizing the resulting active site. Therefore, 

* This article is reprinted with permission from 
C. Pugh, A. Kiste, Progress in Polymer Science, 
Vol. 22: Molecular Engineering of Side-Chain Liquid 
Crystalline Polymers by Living Polymerization, 
(1997), Elsevier Science Ltd., Oxford, England. 

most 1 -substituted alkenes undergo facile 
radical polymerizations (although a-olefins 
do not), whereas an electron-donating sub- 
stituent is required to activate olefins to cat- 
ionic initiation and propagation, and an elec- 
tron-withdrawing substituent is required to 
activate olefins to anionic polymerizations. 

In addition to initiation and propagation, 
chain polymerizations may also undergo 
transfer and termination reactions (with re- 
agent A for example), in which inactive 
chains (P) are formed. Chain transfer may 
occur to monomer, solvent, polymer, or a 
chain transfer agent. In order for this to be 
a transfer reaction rather than termination, 
the molecule (A*) generated must be reac- 
tive enough to reinitiate polymerization. 
Solvent is not required in radical polymer- 
izations, although it retards autoaccelera- 
tion and helps to diffuse heat; solvent is re- 
quired in ionic polymerizations to control 
the heat generated. Since solvent is the com- 
ponent present in the highest concentration 
in most ionic polymerizations, solvents 
which either terminate the active sites or 
which act as chain transfer agents must be 
avoided. In contrast to chain transfer to sol- 
vent, which would be prevalent from the in- 
itial stages of a polymerization due to the 
solvent’s high concentration, chain transfer 
to polymer often does not compete notice- 
ably with propagation until the end of the 
polymerization when monomer is depleted. 

Termination can be avoided or sup- 
pressed in ionic and metathesis polymeriza- 
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tions under appropriate conditions. In con- 
trast to ionic polymerizations, in which the 
growing species can not react with each oth- 
er due to their like charge, termination does 
occur in radical polymerizations by combi- 
nation or disproportionation of two growing 
polymeric radicals. Therefore, termination 
is unavoidable in radical polymerizations. 

In contrast to the synthesis of small mole- 
cules, it is impossible to obtain from a poly- 
merization a completely pure product that 
has a unique chain length and therefore a 
unique molecular weight. Chains of vastly 
different lengths will form if there are mul- 
tiple propagating species with varying ac- 
tivities which do not exchange rapidly. This 
distribution of chain lengths and molecular 
weights is described by the moments of a 
statistical distribution of molecular weights 
(Eq. 1). The first moment of the distribution 
is the number average molecular weight 
(M,), which is the total weight of the sam- 
ple (Cwi)  divided by the number of chains 
in that sample (Cni). The weight (M,) and 
z-average (M,) molecular weights are the 
second and third moments of the distribu- 
tion, respectively. That is, M,>M,>M,. 

ni=number of chains of length i, 
M,=molecular weight of chains of length i. 

However, the thermotropic behavior of 
SCLCPs is generally most accurately de- 
scribed as a function of the number average 
degree of polymerization (DP,), rather than 
the average molecular weight. As shown in 
Eq. (2), the number (DP,), weight (DP,) 
and z-average (DP,) degrees of polymeriza- 
tion correspond to the number, weight and 

z-average molecular weights, respectively. 

M ,  = molecular weight 
of repeat unit 

Fin = D p n  M O  

M ,  = 2, M ,  
M, = mz M ,  and/or monomer, (2) 

Since the number of polymer chains result- 
ing from a chain polymerization is propor- 
tional to the amount of initiator used, the de- 
gree of polymerization is inversely propor- 
tional to initiator concentration. The ratio of 
the concentration of reacted monomer and 
polymer chains is determined by the ratio of 
the rates of propagation (R,) and all chain 
forming reactions, including transfer (&) 

(Eq. 3 ) .  

( 3 )  AIM1 - - RP __ 
DPn = 

[Polymer] Ri + R,, + . . . 
As shown in Fig. 1, high molecular 

weight polymer forms rapidly in a chain 
polymerization if initiation is slow and 
propagation is relatively fast, as in classic 
radical polymerizations. The molecular 
weight is limited by one of the chain break- 
ing reactions (transfer or termination). In 
this case, the polymerization system con- 
sists of monomer and high molecular weight 
polymer at all stages of the polymerization, 
with only the yield of polymer increasing 
with increasing monomer conversion. In a 
radical polymerization which terminates by 
coupling and which has a constant rate of 
initiation, high molecular weight polymer 
forms at low (<1%) conversion. However, 
the average molecular weight decreases 
with further conversion since the number 
average degree of polymerization (DP,) is 
determined by the ratio of the rates of prop- 
agation and initiation. 

The breadth of the molecular weight dis- 
tribution is described by the ratio of the 
weight and number average molecular 
weights or degrees of polymerization, and 
is referred to as the polydispersity index 
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(pdi) or molecular weight distribution 
(mwd) (Eq. 4). 

(4) 

Chain polymerizations which do not termi- 
nate by bimolecular chain coupling gener- 
ally result in polymers with the most prob- 
able molecular weight distribution of 2.0; 
free radical polymerizations which termi- 
nate by bimolecular chain coupling result in 
pdi = 1.5. However, chain transfer to poly- 
mer, autoacceleration, slow initiation, and 
slow exchange between active species of 
different reactivities result in much higher 
polydispersities. 

1.2 Living Polymerizations 

Since the 1960s, much of the research in 
polymer synthesis has been directed at es- 
tablishing living conditions for chain poly- 
merizations [ 5  - 81. The only requirement 
for a polymerization to be considered truly 
living is that all chain breaking reactions 
such as chain transfer and termination are 
absent. That is, the rate constants of both 
chain transfer and termination should be 

100 

80 

60  X 

d 
0 

4 0  3 h 

s 
20 

Figure 1. Polymer molecular weight 
as a function of monomer conver- 

and living polymerizations [4]. 
1 sion in chain-growth, step-growing 

equal to zero (ktr = 0, k, = 0). As shown in 
Fig. 2 for a polymerization which is first or- 
der in monomer, a change in the number of 
active species due to termination is detect- 
ed by a nonlinear dependence of monomer 
conversion as afunction of time. (Such plots 
have never been used to detect termination 
in polymerizations of mesogenic monomers.) 

In contrast, transfer reactions are not de- 
tected by following the monomer conver- 
sion if the rate of reinitiation is comparable 
to that of propagation. In this case, transfer 
is detected by a nonlinear dependence of 
the polymer molecular weight or degree 
of polymerization as a function of mono- 
mer conversion, polymer yield or the ratio 
of monomer to initiator concentrations, 
[M],/[I], (Fig. 2). However, a linear depen- 
dence of molecular weight on conversion is 
often used erroneously to demonstrate that 
a polymerization is living [9- 111. That is, 
termination does not affect the number of 
chains in the system, and therefore does not 
affect M ,  or DP, if initiation is fast and 
monomer conversion goes to completion 
(i. e. if all of the chains are not terminated). 

In practice, linear semilogarithmic kinet- 
ic plots and linear dependencies of molecu- 
lar weight on monomer conversion require 
only that the rate constants of chain transfer 
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I" 
m1 

no termination,," no termination,,' 

Time 

,.' noeansfer 

transfer Figure 2. The effect of ter- 
mination and transfer reac- 
tions on monomer conver- 
sion and polymer molecular LL Polymer Yield weight. 

and termination are much less than that of 
propagation (kp/k ,2  l o x  [M],/[I],- lOxDP,; 

Termination is therefore less important at 
lower ratios of monomer to initiator (Eq. 5) .  

k, /kt ,210~[M]o/[I]o~ lOXDP,) [lo, 111. 

This is therefore the practical requirement 
for the synthesis of well-defined polymers, 
such that complete monomer conversion 
can be reached and the chain ends can be 
quantitatively functionalized. However, 
since chain breaking reactions are actually 
present, such systems are more appropriate- 
ly labeled controlled polymerizations rath- 
er than living polymerizations. In fact, con- 
ditions have recently been established for 
controlled radical polymerizations, even 
though it is impossible to avoid bimolecu- 
lar termination [12-201. The extent of the 
'livingness' or controllability of a polymer- 
ization can be ranked if the individual or rel- 
ative rate constants of propagation, transfer 
and termination are known [lo, 1 I ] .  

If initiation is also faster than, or at least 
comparable to, propagation all chains begin 
growing simultaneously and the molecular 
weight of the polymer increases linearly 
with conversion. In this case, the degree of 
polymerization is determined by the ratio of 
the concentrations of reacted monomer and 
initiator (Eq. 6). Although this formally 

requires that ki = 00, controllable molecular 
weight is obtained if the rate constant of in- 
itiation is greater than or comparable to that 
of propagation (ki2k,)  [21]. If initiation is 
slow, the number average molecular weight 
is initially too high but becomes equal to the 
theoretical value once initiator is consumed. 

In addition to the absence of chain break- 
ing reactions and fast initiation, two addi- 
tional requirements must be met to obtain 
polymers with narrow molecular weight dis- 
tributions: all chains must have equal reac- 
tivity (kp" = kp'= kp", etc.) or the active sites 
must exchange rapidly, and propagation 
must be irreversible (kp > kd). In this case, 
the molecular weight distribution depends 
on only the degree of polymerization as de- 
fined by the Poisson distribution (Eq. 7). 

~ ~ 

Living polymerizations in which initia- 
tion is fast and quantitative and which have 
irreversible growth offer several advan- 
tages over conventional polymerizations. In 
addition to the ability to obtain polymers 
with controlled molecular weights and nar- 
row molecular weight distributions, it is al- 
so possible to control the polymer architec- 
ture and chain end functionality. For exam- 
ple, diblock and triblock copolymers con- 
taining liquid crystalline blocks have been 
prepared by living polymerizations. 
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2 ‘Living’ Polymeriza- 
tions used to Synthesize 
Side Chain Liquid 
Crystalline Polymers 

The elementary synthetic and structural 
principles of SCLCPs are now being eluci- 
dated using living polymerizations in which 
the effect of a single structural feature can 
be isolated, while other structural variables 
remain constant. In particular, living poly- 
merizations are used to determine the mo- 
lecular weight at which the thermotropic be- 

2.1 Anionic and Group 
Transfer Polymerizations 
of Olefins 

Alkenes polymerize anionically by nucle- 
ophilic attack of a growing carbanion at the 
least hindered position of the double bond 
of the monomer. Therefore, the monomer 
must be electrophilic and capable of stabi- 
lizing the resulting negative charge. In ad- 
dition, the double bond must be the most 
electrophilic functionality in the monomer. 
Some vinyl monomers which can polymer- 
ize anionically are listed in Eq. (8) in their 

havior of SCLCPs no longer depends on the 
addition or subtraction of another repeat 
unit. Additional comparisons should then be 
made only between samples whose thermo- 
tropic behavior is independent of molecular 
weight. In addition, living polymerizations 
with fast and quantitative initiation can be 
used to minimize the effect of polydisper- 
sity, although it is questionable as to wheth- 
er or not polydispersity has any effect on the 
thermotropic behavior of SCLCPs [22, 231. 
Living chain ends are also required for pre- 
paring block copolymers by sequential 
monomer addition, and are convenient for 
preparing statistical copolymers whose 
composition depends on conversion. If the 
copolymerization is living, copolymers 
with compositions equal to that of the initial 
monomer feed are guaranteed by complete 
comonomer conversion. Thus far, anionic, 
cationic, metalloporphyrin, and ring-open- 
ing metathesis polymerizations have been 
used to prepare SCLCPs in a controlled 
manner. 

order of reactivity, which corresponds to the 
electron-withdrawing ability of their sub- 
stituents. However, the reactivity of the 
growing carbanions (and enolate anions) 
follows the opposite order shown above, 
which the most stable carbanions being the 
least reactive [5 ,  6, 241. 

The choice of initiator is very important 
for a controlled anionic polymerization. The 
initiator will be nucleophilic enough to in- 
itiate polymerization if the pK, of the con- 
jugate acid is similar to or greater than that 
of the propagating anion [25] .  However, the 
initiator should not be so reactive that it 
causes side reactions. Common solvents for 
anionic polymerizations include hydrocar- 
bons and ethers. Protonic solvents, dis- 
solved oxygen, and carbon dioxide result in 
either transfer or termination in most anion- 
ic polymerizations, depending on the nucle- 
ophilicity of the anion generated, and are 
therefore not used. Halogenated solvents al- 
so terminate anionic polymerizations and 
should be avoided. 
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l/n (-R-. Mt') 
n 

Scheme 2 

In contrast to radical polymerizations in which there is only one type of propagating spe- 
cies, ionic polymerizations may involve several active species, each with different reactiv- 
ities and/or lifetimes. As outlined in Scheme 2, ionic polymerizations may potentially in- 
volve equilibria between covalent dormant species, contact ion pairs, aggregates, solvent 
separated ion pairs, and free ions. Although ion pairs involving alkali metal countercations 
can not collapse to form covalent species, group transfer polymerization apparently oper- 
ates by this mechanism. In anionic polymerizations, free ions are much more reactive than 
ion pairs (k;=  105k;), although the dissociation constants are quite small (K,= lo-') [ 5 ] .  
The equilibria between these different species in anionic polymerizations of nonpolar 
alkenes are dynamic enough relative to the rate of propagation to generate monomodal and 
narrow molecular weight distributions [26, 271. 

Although anionic polymerizations of nonpolar monomers such as styrene and 
budadiene are the most inherently living polymerizations available [5 ,  61, only one meso- 
genic styrene has been polymerized by an anionic mechanism [28]. As shown 

- " B u t C H 2 - C H b  (9) 
"BuLi, THF 

X CH2=CH 

W O ( C H 3 d H  CH3-~i-O-~i-(CH2hO \ \ O(CH;),H CH3-~-O-S;i-(CH2h0 
0 FH3 8 y H 3  

a 3  CH3 --o-o- CH3 a 3  

in Eq. (9), 4-{ 3-[3-((4'-n-butoxy-(4"-phenyl)phenoxy)propyl)tetramethyldisiloxanyl]sty- 
rene was polymerized using n-BuLi as the initiator in THF (unreported temperature) in or- 
der to determine the effect of a siloxane spacer. In this case, the polymerizations were not 
well-controlled, with degrees of polymerization much higher than that calculated from 
[M],/[I], despite the low conversions (62-80% yield); pdi =1.2- 1.6. However, the degree 
of polymerization increased steadily as [M],/[I], increased. 

With the previous exception [28], only mesogenic methacrylates have been used in an at- 
tempt to prepare well-defined SCLCPs directly by an anionic addition mechanism. In this 
case, the most troublesome side reactions to avoid are intermolecular (Eq. lo), and intra- 

4 !I YH3 - R-C-C=CH, + R'O-,Li+ 

( ? I3  
R = initiator fragment or -C$-C- 

I 
C02R 
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molecular (Eq. 1 l ) ,  termination by nucle- 
ophilic attack at the carbonyl group of the 
monomer or polymeric repeat unit to pro- 
duce unreactive alkoxide anions [29]; other 
electrophilic functionalities within the me- 
sogen are also susceptible to nucleophilic 
attack. This is minimized in the initiation 
step by using a bulky initiator such as 1,l-  
diphenylhexyl lithium at low temperature 
(-78 “C). Low temperature and more polar 
solvents such as THF also minimize nucle- 
ophilic attack by the relatively hindered en- 
olate anion during propagation [30]. 

In addition, the propagating ion pairs and 
free ions of these polar monomers may ex- 
change slowly relative to propagation to 
produce polymers with multimodal molec- 
ular weight distributions [3  1 - 341. For ex- 
ample, anionic polymerization of t-butyl- 
methacrylate results in broad (pdi =2.00- 
2.72) and multimodal molecular weight dis- 
tributions when performed in a mixture 
of toluene and THF at -78 “C using 1, l -  
diphenylhexyl lithium as the initiator [3S]. 
However, narrow and unimodal molecular 
weight distributions are produced in either 
pure THF or pure toluene, in which propa- 
gation apparently occurs exclusively by free 
ions or ion pairs, respectively. Although 1 , l -  
diphenyl-3-methylpentyl lithium and 1 , l -  
diphenylhexyl lithium initiated polymeriza- 
tions of methyl methacrylate in THF at 
-78 “C effectively yield ‘living’ polymers 

with narrow molecular weight distributions 
(pdi = 1.1 S ) ,  addition of lithium chloride de- 
creases the rate of polymerization and nar- 
rows the polydispersity to 1.09 [36]. These 
conditions are also effective at controlling 
the anionic polymerization of t-butyl acry- 
late [37]. As outlined in Scheme 3 ,  lithium 
chloride narrows the polydispersity by shift- 
ing the equilibrium to LiCl adducts, there- 
by breaking up less reactive aggregates of 
the propagating polymer and shifting the 
equilibrium from free ions to ion pairs [38]. 

In addition to determining the effect of 
molecular weight on the thermotropic be- 
havior of SCLCPs, ‘living’ anionic poly- 
merizations have been used extensively to 
study the effect of tacticity. Although to- 
luene is generally used as the nonpolar sol- 
vent in anionic polymerizations of meth- 
acrylates to promote association and isotac- 
tic placement [39, 401 it is a poor solvent for 
mesogenic methacrylates and/or the cor- 
responding polymers. This results in only 
low yields of low molecular weight poly- 
mers with insufficient levels of isotacticity. 
Highly isotactic poly { 6-[ { 4’-[4”-[(S)-2”’- 
methylbutoxy]phenyl]phenoxy } hexyl meth- 
acrylate} and poly { [4-(4’-methoxypheny1)- 
phenoxyl-n-alkyl methacrylate } s (n  = 2 - 6) 
were instead obtained in chloroform at -20 
to -30°C using t-BuMgBr as the initiator 
(Table l ) ,  although termination evidently 
broadened the polydispersity to 1.54 - 3.06 
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Table 1. Anionic polymerizations of n-[4’-(4”-methoxyphenyl)phenoxy]alkyl methacrylates (n  = 2-6). 

Initiating system Solvent Temp. (“C) [MI, GPC a Tacticity Ref. - 

pdi 
[I], 

DP” 

t-BuMgBr/Et,O CHC1, -30 to -20 10 13-39 1.54-3.06 (mm)=0.90-0.93 [42] 
20 24-68 2.35- 14.0 (mm)=0.90-0.96 [42] 

t-BuMgBrlEt,O THF -78 to -60 10 14-21 1.23-2.27 (rr)=O.79-0.81 [42] 
20 19-33 1.23-1.57 (rr)=0.79-0.85 [42] 

CH, Ph THF -40 11 13b 1.13 ( Y T )  = 0.80 [44] 
I I 22 23 1.26 (rr)=O.80 [44] 

CH,CH,CHCH,C-, Li+ 
I 

3 LiCl Ph 

a Relative to polystyrene standards. 
Relative to PMMA standards. 

at [M],/[I],= 10, and to pdi=2.35- 14.0 at 
[M],/[I],=20 [41, 421. Termination of the 
propagating chains is also demonstrated by 
the lower conversions at higher attempted 
degrees of polymerization, whereas partial 
consumption of the initiator is demonstrat- 
ed by the much higher degrees of polymer- 
ization obtained relative to the theoretical 
values, even at these low polymer yields. 

Table 1 demonstrates that t-BuMgBr in- 
itiated polymerizations in THF at -60 to -78 
“C are more controlled, yielding polymers 
with narrower polydispersities [41, 421. 
These conditions involve freely propagat- 
ing chains and therefore result in syndiotac- 
tic polymers at low temperature [43]. Al- 
though ‘living’ polymethacrylates with the 
highest syndiotacticities [ (TT)  = 0.92 - 0.961 
have been achieved using t-BuMgBrl(n- 
C,H,,),Al (1 : 3) in toluene at -78 “C [40], 
these conditions have not been applied to 
mesogenic methacrylates, probably because 
of the corresponding polymers limited sol- 
ubility in toluene. Instead, the initiating 
system developed by TeyssiC [36] of 

l,l-dipheny1-3-methylpentyl lithium in 
THF in the presence of at least three equiv- 
alents of LiCl has been used most success- 
fully for preparing well-defined syndiotac- 
tic poly { n-[4’-(4”-methoxyphenyl)phenox- 
yllalkyl methacrylate} s with narrow molec- 
ular weight distributions (pdi = 1.05 - 1.46) 
(Table 1) [44]. Although the polymers pre- 
cipitated during the polymerization at 
-78 “C, Fig. 3 demonstrates that the poly- 
merization is controlled and transfer is not 
detectable at -40 “C. However, the poly- 
mers precipitate during the polymerization 
when [M],/[I],>40, even at -40 “C, result- 
ing in bimodal molecular weight distribu- 
tions. 

In the absence of LiC1, 1,l-diphenyl-3- 
methylpentyl lithium initiated polymeriza- 
tions of 6-[4’-(4”-methoxyphenoxycarbo- 
nyl)phenoxy]hexyl methacrylate [45] and 
4- [4’-(4’’-methoxyphenylazo)phenoxy] bu- 
tyl methacrylate [46] in THF at -70°C 
yielded polymers (Scheme 4) with pdi = 
1.09 - 1.3 1 and molecular weights close to 
the theoretical values up to [M],/[I],=50. 
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Scheme 4 

In the latter case, the (co)polymerization 
was improved by adding a trace amount of 
triisobutylaluminium to the monomer solu- 
tion in order to remove any residual water 

SCLCPs have also been prepared by 
group transfer polymerization (GTP) of 
mesogenic methacrylates are room tem- 
perature [47,48]. The livingness of the nu- 
cleophilic catalyzed GTP was originally 
attributed to a new mechanism (Eq. 12), in- 

~461. 

volving a (symmetry-forbidden [49, 501) 
eight-member cyclic transition state in 
which the trialkylsilyl group is transferred 
from the growing chain end to the incoming 
monomer [5  11. 

Alternatively, GTP may be an anionic 
polymerization in which a small concentra- 
tion of enolate anions are in dynamic equi- 
librium with dormant silyl ketene acetal 
chain ends (Scheme 5 ) .  This dynamic equi- 
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MF: , .  , .  
Scheme 5 

librium between a small concentration of 
enolate anions and a high concentration of 
dormant chain ends would reduce the life- 
time of the active enolate anions, thereby ac- 
counting for the reduced rate [52, 531 of 
polymerization compared to classic anionic 
polymerizations of methacrylates. This shift 
in the equilibrium to only one type of active 
species would also account for the narrow- 
er polydispersities. Since the countercations 
are bulky tris(dimethy1amino)sulfonium 
[51] or tetrabutylammonium [54] ions, the 
active species would be free ions stabilized 
by solvent, which are less reactive towards 
intramolecular backbiting (Eq. 1 1). 

Most experimental results indicate that 
GTP is a classic anionic polymerization op- 
erating by reversible termination (dissocia- 
tive mechanism) [55,  561, and/or degenera- 
tive transfer 157, 581. For example, termi- 
nation occurs once monomer is consumed 
by backbiting at the pen-penultimate carbo- 
nyl to generate cyclic Pketoester endgroups 
as in classic anionic polymerizations (Eq. 
11) [59]. Acids with pK, < 18 also terminate 
‘group transfer’ polymerizations, whereas 

so similar to those in anionic copolymeriza- 
tions [55 ,  61, 621 rather than r l = r 2 = 1  as 
expected for an associative mechanism. 
However, the most compelling evidence 
supporting an anionic mechanism is that the 
stereochemistry resulting from group trans- 
fer polymerizations is nearly identical to 
that of an anionic polymerization involving 
freely propagating enolate anions [55,  63, 
641. That is, the polymers are not highly iso- 
tactic as expected for the coordinated chain 
ends of an associative mechanism. Instead, 
freely propagating chains favor syndiotac- 
tic placement, especially at low tempera- 
ture. In addition, ‘H-NMR experiments re- 
cently demonstrated that the silyl end 
groups of two different living polymeth- 
acrylates exchange in the presence of 
tris(dimethy1amino)sulfonium bifluoride 

6-[4’-(4”-Methoxyphenoxycarbony1)- 
phenoxylhexyl methacrylate was first poly- 
merized by GTP using 1 -methoxy-l-(tri- 
methylsiloxy)-2-methyl- 1 -propene as the 
initiator and tris(dimethy1amino)sulfonium 
bifluoride as the catalyst in THF at room 
temperature (Eq. 13) 1471. 

1651. 

acids with pK, = 18 - 25 act as chain trans- 
fer agents 1601. The reactivity ratios in GTP 
copolymerizations of methacrylates are al- 

Although the polymer yield was high, the 
polymerization was not well-controlled, ap- 
parently due to termination at the phenyl 
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benzoate carbonyl group of the mesogen, resulting in broader molecular weight distribu- 
tions (pdi = 1.64- 1.77) and molecular weights substantially different than that calculated 
by [M],/[I],. As stated previously, molecular weights closer to the theoretical values were 
obtained by anionic polymerization of this monomer up to [M],/[I],=50 using the bulky 
anionic initiator, l,l-diphenyl-3-methylpentyl lithium, at low temperature (-70 “ C )  in THF 
[45]. However, the molecular weight distribution was still higher than desired 
(pdi = 1.19- 1.31). 

Relatively controlled ‘group transfer’ polymerizations are possible when the monomer 
lacks a phenylbenzoate group (Eq. 14). Poly[6-(4’-methoxy-4”-a-methylstilbeneoxy)hexyl 

methacrylate] was prepared using 1-methoxy- 1 -(trimethylsiloxy)-2-methyl- 1 -propene as 
the initiator and tris(dimethy1amino)sulfonium bifluoride as the catalyst in THF at room 
temperature (DPn=2.8-28, pdi=1.09- 1.36) [48]. 

2.2 Polymerizations with Metalloporphyrins 

Aluminum porphyrins initiate controlled ring-opening polymerizations of oxiranes [67 - 691 
p-lactones [70-721, 6-valerolactone [74], &-caprolactone [74] and D-lactide [75], as well 
as controlled addition polymerizations of methacrylates [76] and methacrylonitrile [77] 
(Eq. 15). As shown in Eq. (16), propagation occurs by a coordinative anionic mechanism 

R = -H, -CH3, -CH2CH3, CH2C1, - C % m 3  
R = -H. CH, 

Ph 
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Ph 

Ph 

Ph 

with insertion of the monomer into the aluminum-axial ligand bond of (5,10,15,20-tetra- 
pheny1porphinato)aluminum derivatives [ (TPP)AlCI, (TPP)AlMe, (TPP)AlOMe] to gener- 
ate an aluminum alkoxide (oxiranes [69], 6-valerolactone [73], &-caprolactone [78], D-lac- 
tide [75]), aluminum carboxylate (p-lactones) [7 11 or aluminum enolate (methacrylates) 
[76] as the growing species. Inoue coined the term ‘immortal’ [79] to describe these poly- 
merizations because the active chain ends are not ‘killed’ by proton sources. For example, 
the oxirane polymerizations undergo rapid and reversible exchange with alcohols such as 
methanol, hydroxyethyl methacrylate and polyethylene glycol (Eq. 17) [78 - 8 11; lactone 

chain ends exchange rapidly with carboxyl- 
ic acids [81]. In this case, the degree of poly- 
merization corresponds to the molar ratio of 
reacted monomer to the sum of the initial 
concentrations of initiator and proton source 
(A[M]/[TPP-AlX] + [ROH],). Since the re- 
versible termination is rapid compared to 
propagation (k,lk,= 10) [81], the polydis- 
persity of the resulting polymers remains 
narrow at pdi = 1.1. 

Although the aluminum porphyrin in- 
itiated polymerizations take days or weeks 
to go to complete monomer conversion in 
the presence of a proton source, their rate is 
increased substantially by adding a sterical- 
ly hindered Lewis acid such as methylalu- 

minum bis(2,6-di-t-butyl-4-methylpheno- 
late) [82]. In contrast to the oxirane and 
p-lactone polymerizations, E-caprolactone 
and 2,2-dimethyltrimethylene carbonate are 
polymerized by methylaluminum bis(2,6- 
diphenylphenolate) in the absence of an 
aluminum porphyrin; these polymerizations 
are relatively rapid and controlled in the 
presence of i-propanol or methanol [83]. 

In contrast to the heterocyclic polymer- 
izations, (TPP)AlCI does not initiate poly- 
merization of methacrylates [76] and me- 
thacrylonitrile [77], whereas (TPP)AlMe 
initiation requires irradiation by visible 
light. These extremely slow polymeriza- 
tions are also accelerated by addition of 
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bulky Lewis acids such as methylaluminum 
bis(2,6-di-t-butylphenolate) [77, 84 - 861 
triphenylphosphine [86], or organoboron 
[87] compounds such as triphenylboron or 
tris(pentafluoropheny1)boron [88]. These 
Lewis acids accelerate the polymerization 
by coordinating to the monomer’s carbonyl 
group, thereby increasing the olefin’s elec- 
trophilicity. In addition, light is not needed 
to polymerize methacrylates if more nucle- 
ophilic thiolatealuminum porphyrins such 
as propylthio- and phenylthio(5,10,15,20- 
tetrapheny1porphinato)aluminum [(TPP)- 
AlSPr, (TPP)AlSPh] are used, preferably in 
the presence of methylaluminum bis(2,6- 
di-t-butyl-4-methylphenolate) [89]. In all 
cases, the molecular weight is determined 
by the ratio of the concentrations of reacted 

monomer to initiator up to at least 
[M],/[I],= 300, and the polydispersity is 
narrow at pdi = 1.05 - 1.2. 

Photoirradiated (TPP)AlMe was used 
to polymerize 6-[4’-(4”-methoxyphenoxy- 
carbony1)phenoxyl hexyl methacry late [90], 
6- [4’-(4”-n-butoxyphenoxycarbonyl)phen- 
oxylhexyl methacrylate [91] and 6-[4’-(4”- 
c yanophenox ycarbon y1)phenoxy ] hexyl 
methacrylate [92] in order to determine the 
effect of molecular weight and tacticity [(YY) 
=: 0.751. Although ‘high speed’ conditions 
[84 - 891 were not used, the polymerizations 
reached 76- 92% conversion in 10 h to pro- 
duce polymers with the expected molecular 
weight (DP, < 35) and pdi = 1.09 - 1.35. In 
contrast, that of 6-[4’-(4”-cyanophenyla- 
zo)phenoxy]hexyl methacrylate (Eq. 18) 

(18) 
FH3 

F=O 2) MeOH f.‘=O 

CH3 
I 

X CHz’F m)me’ hv+ M e t C H 2 - C t H  
cH2c12.25 ‘C I ”  

- N-@N o(CHd60-(=+!+N - O C N  
O(cHd6 0-y. 

required 70 h to reach 90% conversion [90]. Nevertheless, methylaluminum bis(2,4-di-t- 
butylphenolate) accelerated polymerization of only the first three monomers to achieve 
SO-95% conversion in 15 min following its addition (Eq. 19), but terminated polymeriza- 

tion of 6-[4’-(4”-cyanophenylazo)phenoxy]hexyl methacry late [90]. 
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2.3 Cationic Polymerizations of Olefins 

Alkenes polymerize cationically by electrophilic addition of the monomer to a growing car- 
benium ion [8]. Therefore, the monomer must be nucleophilic and capable of 
stabilizing the resulting positive charge. In addition, the double bond must be the most nu- 
cleophilic functionality in the monomer. Some vinyl monomers which polymerize cationic- 
ally are listed in Eq. (20) in their order of reactivity, which corresponds to the electron-do- 

7H3 ,CH3 
C%=FH > C H ~ = ~ H  > CH2= > CH2=C > CH?=CH C%=C, > =/= (20) a OR 6 s s  / CH3 

\ \ 

ocH3 

nating ability of their substituents. Sufficiently nucleophilic alkenes such as vinyl ethers, 
styrenes and isobutylene polymerize cationically to generate stabilized carbenium ions as 
the propagating species. However, the reactivity of the growing carbenium ions follows 
the opposite order shown above, with the most stable carbenium ions being the least reac- 
tive. 

Initiators include strong protonic acids and the electrophilic species generated by reac- 
tion of a Lewis acid with water, an alcohol, ester or alkyl halide (Scheme 6). In this case, 
initiation occurs by electrophilic addition of the vinyl monomer to the proton or carbenium 
ion, which may be accompanied by reversible or irreversible collapse of the ion pair (Eq. 21). 

As demonstrated by the styrene polymerization in Scheme 7, propagation occurs in carbo- 
cationic polymerizations by electrophilic addition of the vinyl monomer to a growing car- 
benium ion. The resulting carbenium ions are very reactive and therefore difficult to con- 
trol, with rate constants of propagation kp = lo4- lo6 1 (mo1s)-'. In addition, a significant 
amount of the positive charge is distributed over the P-H atoms, making them prone to ab- 
straction by either monomer (ktr,M) or counteranion (ktr). Chain transfer by P-proton elmi- 
nation from the propagating carbenium ions is the most common and detrimental side reac- 
tion in cationic polymerizations of alkenes. The first requirement for a controlled cationic 
polymerization is therefore to use only components which are nonbasic in order to reduce 
the possiblity of transfer by P-proton elimination. In the case of styrene polymerizations, 

Scheme 6 Scheme 7 
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transfer also occurs by intramolecular Frie- 
del -Crafts cyclization (k , )  to form poly- 
mers with indanyl end groups, especially at 
high conversion. 

However, due to their higher activation 
energies compared to propagation, these 
chain transfer reactions can be suppressed 
by polymerizing at lower temperatures in 
hydrocarbon and chlorinated solvents [93]; 
nitro solvents are also used. Protonic sol- 
vents and amines which result in either 
transfer or termination should be avoided. 
In the absence of impurities and/or termi- 
nating agents, termination generally occurs 
in cationic polymerizations by unimolecu- 
lar collapse of the ion pair (Q. However, 
termination may be reversible depending on 
the nature of the ligand. For example, an- 
ions containing chloride and bromide li- 
gands such as SnCl;, SbCl;, SnBr;, BCI, 
and BBr, usually decompose reversibly. 
Reversible systems which exchange fast in 
comparison to propagation provide ‘living’ 
systems with narrow molecular weight dis- 
tributions. 

Cationic polymerizations often involve 
both contact ion pairs and free ions as the 
propagating species (Scheme 8); solvent- 
separated ion pairs have not been identified 

Scheme 8 

spectroscopically. Propagation via covalent 
species has also been proposed for many of 
the new living carbocationic systems [94]. 
However, ions have been detected indirect- 
ly using optically active compounds and/or 
by various salt, substituent and solvent ef- 
fects [8], and more directly by ‘H-NMR of 
exchange reactions in polymerizations and 
model systems [95 -991. Although the reac- 
tions of these ion pairs and free ions are sim- 
ilar ( k ; = k i )  [ 100- 1021, theirdifferent life- 
times lead to high polydispersities [ 10, 1031. 

In order to achieve more controlled cat- 
ionic polymerization conditions, the overall 
rate of polymerization must be decreased, 
thereby increasing the time available for 
functionalizing the chain ends. This has 
been accomplished by decreasing the sta- 
tionary concentrations of active carbenium 
ions by shifting the equilibrium to dormant 
species. Since most cationic polymeriza- 
tions involve an equilibrium between cova- 
lent adducts and ionic species, the equilib- 
rium can be shifted from free ions to dor- 
mant covalent species by adding a salt 
with a common counteranion [104]. Alter- 
natively, the carbenium ions can be deacti- 
vated with nucleophiles, such as phosphines 
[ 1051, hindered amines [ 1061 dialkyl sul- 
fides [ 107, 1081, ethers [ 1091, sulfoxides 
[110],esters[111],andamides[112] togen- 
erate dormant onium ions (Scheme 9). The 
rapid dynamic exchange between active and 
dormant species, and the trapping of free 
carbenium ions with salts or nucleophiles al- 
so decreases the polydispersities (pdi < l .2). 

Scheme 9 
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Table 2. Relative rates of initiation in cationic polymerizations initiated by covalent initiators in the presence of 
a Lewis acid catalyst [ I  131. 

Initiator Fast initiation Similar initiation and Slow initiation 
propagation rates 

CH3TH-X 

Table 3. Examples of 'living' cationic polymerizations of alkenes. 

S P e  Polymerization system Solvent Temperature ("C) Ref. 

HA 

HA or RXILA 

HI, C&=qH 

HI, I,, CH,=CH n-hexane 
I 
0-i-Bu 

HA or RX LAINCX- CH3-CH-Cl, SnC14, BbN+,Ct, C H ~ = ~  CH2CIZ - 15 ~ 1 9 1  I I 

HA/Nu CF,SO,H, SMe,, CH2=CH CHIC12 - 15 [I071 
I 
0-i-Bu 

The choice of initiator is also very impor- 
tant for a controlled cationic polymerization 
since initiation is often not quantitative in 
classic systems. Covalent initiators will be 
reactive enough to initiate polymerization if 

the initiator ionizes faster than the (dor- 
mant) propagating chain ends. Many of the 
new 'living' systems therefore use initiators 
with better leaving groups and tertiary ver- 
sus secondary active centers. The emerging 
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relative rates of initiation that are summar- 
ized in Table 2 correlate with the order of 
monomer reactivity listed in Eq. (20); com- 
pletion of the table should therefore be ob- 
vious. Nevertheless, the new ‘living’ sys- 
tems also use a much higher concentration 
of these well-defined initiators. This results 
in lower molecular weight polymers than in 
classic systems, which makes transfer less 
easily detected [114], and decreases the 
probability of spontaneous coinitiation with 
adventitious moisture. 

Examples of the different types of ‘living’ 
cationic polymerization systems are listed 
in Table 3. All involve relatively fast initi- 
ation and optimal equilibria between a low 
concentration of active carbenium ions and 
a high concentration of dormant species 
(Scheme 9). Only hydroiodic acid initiated 
polymerizations of N-vinyl carbazol are 
controlled in the absence of a Lewis acid ac- 
tivator or a nulceophilic deactivator [ 1151. 

polymerization of isobutylene [ 1 171 to pro- 
duce polymers with - C1 terminated chains 
since boron has a greater affinity for acetate 
ligands than for chlorine [118]. The BCI, 
system therefore has the added advantage 
that the initiator with an acetate leaving 
group is more easily ionized than the prop- 
agating chain with a chlorine leaving group. 
[ 1 181 Table 3 also provides two examples in 
which it is necessary to add a common ion 
salt [ 1 191 or a nucleophile [ 1071 to decrease 
the concentration of carbenium ions. 

Although many controlled cationic poly- 
merizations that have been developed [ 1201, 
only mesogenic vinyl ethers have been used 
in an attempt to prepare well-defined 
SCLCPs by a cationic addition mechanism 
[ 1211. Nevertheless, these polymerizations 
(and copolymerizations) provide the most 
complete series of SCLCPs with the widest 
range of structural variables. As shown in 
Eq. (22), most of these monomers, includ- 

1) lOMe$i - H+CH~-CH+OCH~ 
P 

fiC-i-OH + x CHFCH 
I CHzCh. 0 ‘C I x  

0 OR 2) MeOH OR 

p 7% 7 7% 
R = -F R = CqCHZCH-CHEt , -O&XHZCH-CHEt * *  * *  

In contrast, all other adducts generated by ing n-[(4’-(4”-cyanophenyl)phenoxy)alkyll- 
addition of HI to the monomer’s double vinyl ethers (Dp,= 2.1 -32, pdi = 1.02- 
bond require activation with a Lewis acid 1.54) [122- 1271, 2-[(4’-biphenylox~)- 
suchas I, [ I  161. Similarly, cumyl acetatere- ethYllvinYl ether (Dp,= 3.8-22, Pdi= 
quires activation by a Lewis acid to initiate 1.07 - 1.11 1 [1281, n-[(4’-(s(-)-2-methyl- 
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Figure 4. Degree of polymerization (0 )  and polydispersity (0) resulting from cationic polymerizations 
of (a) 5-[(4’-(4”-cyanophenyl)phenoxy)pentyl]vinyl ether [ 125, 1261 and (b) 8-[(4’-(2R,3S)-2-fluoro-3-methyl- 
pentyloxycarbonyl)-3’-fluorophenyl-4”-phenoxy)octyl]vinyl ether [ 1391 initiated by triflic acid in CH,Cl, at 0 “C 
in the presence of dimethyl sulfide. 

Scheme 10 

1 -butoxy)-4”-a-methylstilbeneoxy)alkyl] - 
vinyl ethers (DPn=4-24, pdi= 1.07- 1.12) 
[ 1291, 1 1-[(4’-cyano-4”-a-cyanostilbene)- 
oxy)alkyl]vinyl ethers (DP, = 4- 30, pdi = 
1.05 - 1.09) [ 1301, n-[(4’-(S-(-)-2-methyl- 
1 -butoxy)phenyl-4”-phenoxy)alkyl]vinyl 
ethers (DP,=4-26, pdi= 1.04-1.10) [131, 
1321, n-[(4’-(2S,3S)-(+)-2-chloro-3-meth- 
ylpentyloxycarbonyl)phenyl-4”-phenoxy)- 
alkyllvinyl ethers (DP,=4-21, pdi= 1.07- 

ro-3-methylpentyloxycarbonyl)phenyl-4”- 
phenoxy)alkyl]vinyl ethers (DP, = 3.4 - 
16, pdi= 1.05- 1.20) [135, 1361, n-[(4’- 
(2R(2S),3S),3S)-2-fluoro-3-methylpenta- 
no ate ) p h e n y 1 - 4”- p h e n ox y ) a 1 k y 1 ] v in y 1 
ethers (DPn=3.5-15, pdi=1.04-1.20) 

1.16) [133, 1341, n-[(4’-(2R(2S),35’)-2-fl~o- 

[ 1371, n-[(4’-(2R,3S)-2-fluoro-3-methyl- 
pentanoate)-3’-fluorophenyl-4”-phenoxy)- 
alkyllvinyl ethers (DP, = 4.0- 16, pdi = 1.06 
- 1.13) [138], n-[(4’-(2R,3S)-2-fluoro-3- 
methylpentyloxycarbonyl)-3’-fluorophe- 
nyl-4”-phenoxy)alkyl]vinyl ethers (DP, = 
4.5-27, pdi= 1.08-1.22) [139], 8-[(4’- 
(2R(2S))-2-chloro-4-methylpentyloxycar- 
bony 1 ) p h e n y 1 - 4”- p h e n o x y ) o c t y 1 ] v i n y 1 
ethers (DP, = 3.9 - 15, pdi = 1.12- 1.22) 
[ 1401, 8-[(4’-(2R(2S))-2-fluoro-4-methyl- 
pentyloxycarbonyl)phenyl-4”-phenoxy)oc- 
tyllvinyl ethers (DP, = 4.1 - 16, pdi = 1.1 1 - 
1.33) [ 1411, and 4-{ 2-[4’-( 1 1  -vinyloxyun- 
decyloxy)biphenyl-4-yl]ethyl]benzo- 15- 
crown-5 (DPn=6- 19) [142], werepolymer- 
ized using triflic acid as the initiator and 
dimethyl sulfide as a deactivator in CH,Cl, 
at 0 “C. 

Although Webster et al. found that triflic 
acid/dimethyl sulfide initiated polymeriza- 
tions of i-butylvinyl ether are not living at 
0 “C in CH,Cl, [ 1071, plots of the degree of 
polymerization against [M],/[I], demon- 
strate that transfer is usually not detectable 
at the molecular weights attempted in these 
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polymerizations (e. g. Fig. 4 a); the polydis- 
persities are generally narrow at pdi= 1.1. 
Exceptions ( e . g .  Fig. 4b) occur when the 
monomers are not sufficiently pure [ 135 - 
1411. 

The CF,SO,H/SMe, initiating system has 
also been used to cyclopolymerize 11-[(4’- 
cyanophenyl-4”-phenoxy)alkyl]undecanyl- 
3,4-bis(ethenyloxyethoxy)benzoate to form 
SCLCPs with crown ethers in the polymer 
backbone, although the polymerization is 
accompanied by termination [ 1431. Poly- 
merization of the chiral vinyl ethers shown 
in Scheme 10 were reported to give only ol- 
igomers with DP, = 5 under the same condi- 

tions, except with an unreported [M],/[I], 
[ 1441. However, this is apparently due to the 
use of impure monomers, reagents and/or 
reaction conditions, since similar function- 
al groups were tolerated in previously poly- 
merized monomers (Eq. 22). That is, cation- 
ic polymerizations tolerate cyano groups, 
phenyl benzoates, olefins, crown ethers and 
chiral centers with alkyl, chloro or fluoro 
substituents. However, they do not tolerate 
azobenzene groups [ 1441. 

Percec et al. have demonstrated by ID 
and 2D ‘H-NMR (COSY) that chain 
ends due to transfer by P-H elimination 
(Scheme 7) or termination by alkyl abstrac- 
tion (Eq. 23) are absent or barely detectable, 

(23) 
8 8 

mCH2-CH-CH2- CH ___f -2-CH-CHrC-H + R-O-i-CF3 

0 I 
I a+,,,, R 9 

A J  
9 
R 

respectively, for poly { 1 1-[(4’-cyanophenyl-4”-phenoxy)undecyl]vinyl ether} s with 
DP, I 30 [ 1451. The ability to endcap growing polymers of 3-[(4’-(4’’-cyanophenyl)phen- 
oxy)propyl]vinyl ether with 2-hydroxyethyl methacrylate (Eq. 24), 10-undecene-1-01 and 

2- [2’-(2”-allyloxyethoxy)ethoxy]ethanol also demonstrates that transfer and termination are 
negligible at low degrees of polymerization (DPn=5 -7) [ 1461. 
As shown in Eq. (25), well-defined poly{ 2-[(4’-biphenyloxy]ethyl]vinyl ether}s 

(DP, = 22 - 50, pdi = 1.2) [ 1471 poly { 2-[(4’-n-alkoxyphenyI-4’’-phenoxy)ethyl]vinyl ether}s 
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(DP,=7.0-24, pdi= 1.02- 1.4) [147, 1481 
p o 1 y { 2 - [ ( 4’- c y an o p h e n y 1 - 4”- p h e n o x y ) - 
ethyllvinyl ether}s (DP, = 4.9 - 28, 
pdi=1.04-1.2) [149], and poly(4- 
(2’-vinyloxyethyl)-4”-phenylbenzoate } s 
(DP, = 18 - 32, pdi = 1.2- 1.3) [ 1471 were 
prepared using HI as the initiator and either 
I, or ZnI, as the catalyst in CH,Cl, at -5 “C. 
{ 6- [(4’-n-Butoxyphenyl-4”-benzoate)hex- 
yllvinyl ether (DP,=7.6-38, pdi= 1.10- 
1.15) was polymerized similarly using 
HUI,, except that toluene was used as the 
solvent at -40°C [150]. Low molecular 
weight oligo(viny1 ether)s (DP,= 10- 19, 
pdi = 1.07 - 1.22) containing olefinic, nitro 
and cyano groups were also prepared using 
residual H,O in CH2C1, as the initiator and 
AlC1,Et as catalyst in presence of dimethyl 
sulfide at 0°C [151, 1521. 

2.4 Ring-Opening 
Metathesis Polymerizations 

As outlined in Scheme 11, cycloolefins 
polymerize by ring-opening metathesis 
polymerization (ROMP) via a [2 + 21 cyclo- 
addition with a propagating metallaolefin to 
form a metallocyclobutane intermediate, 
which then ring opens to regenerate a met- 
allaolefin at the terminus of the growing 
chain [7, 153, 1541. The overall ring-open- 
ing of the cyclic monomer therefore occurs 
by cleavage of the double bond. Since poly- 
mers with narrow molecular weight distri- 
butions are only obtained if propagation is 
irreversible (k,, > kd), only highly strained 
cyclobutene derivatives and derivatives of 
the bicyclo[2.2.l]hept-2-ene ring system, in- 
cluding norbornenes, norbornadienes, ”-ox- 
anorbornenes and 7-oxanorbornadienes, are 
candidates for controlled ROMP (Eq. 26). 

Classic initiating systems for ROMP in- 
volve a transition metal such as WCl,, 
WOCl,, or MoCl,, combined with an alkyl 
metal such as n-BuLi or a Lewis acid such 
as AlEtCl,, SnMe,, or SnPh,. These sys- 
tems generate low concentrations of un- 
stable metallaolefin complexes which de- 
compose during the polymerization [7]. In 
contrast, polymers with stable propagating 
chain ends are generated using well-defined 
initiators containing either a metallacyclo- 
butane or a metallaolefin stabilizing by bulky 
ligands such as tricyclohexylphosphine, ter- 
tiary alkoxide groups and arylimido ligands 
with bulky isopropyl substituents at the 
ortho positions [7, 55-1631. Most of the 
initiators which produce well-defined poly- 
mers are either ruthenium(I1) complexes 
[161-1631, or high oxidation state com- 
plexes of titanium, tungsten or molybdenum 
(Table 4) [7, 155- 1601. However, the 
active chain ends and initiators containing 
titana- [ 1551 and tantallacyclobutanes [ 1561 
rapidly decompose once monomer is con- 
sumed at the temperatures (50-75°C) re- 
quired to open the metallocyclobutane in 
chain growth. In contrast, the coordinative- 
ly unsaturated molybdenum and tungsten 
alkylidene initiators are stable for weeks in 
an inert atmosphere [7, 164- 1671, whereas 
the RuCl,(CHCH = CPh,)(PR,), complexes 
are moderately stable in air and are even 
tolerant of water in an inert atmosphere 
[ 16 1, 1621. However, RuCl,(CHAr)(PPh,), 
complexes decompose in solution via bimo- 
lecular reactions [ 1681. 

In addition to preventing spontaneous ter- 
mination, increased stability of the metal 
center also minimizes chain transfer and 
other termination reactions. The elementary 
reactions outlined in Scheme 11 demon- 
strate that each repeat unit of the polymer 
contains a double bond which may partici- 
pate in secondary metathesis reactions. 
Therefore, the most troublesome chain 
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Propagation LxM- LR ‘b L x M W  
n 

n W  

Transfer I 

Scheme 11 

Table 4. Metathesis of cis-pentene in toluene or benzene at 25 “C. 

Catalyst Turnovers per second Ref. 

1.7~10’ 
4 .1~10’  
7 . 2 ~  
6.1x10-, 
1 . 4 ~ 1 0 - ~  
5.5xlo-4 
= 2 x  10-5 

0 

transfer reaction to eliminate from ring- olefin (or metallacyclobutane). Intermolec- 
opening metathesis polymerizations is ular chain transfer to polymer results in 
chain transfer to polymer. Intramolecular randomization of the chain lengths and 
chain transfer to polymer results in macro- broadening of the molecular weight distri- 
cycle formation with elimination of a short- bution to the most probable distribution 
er linear chain endcapped with the metalla- (pdi = 2). 



144 I11 Molecular Engineering of Side Chain Liquid Crystalline Polymers 

Secondary metathesis is prevented by us- 
ing initiators which do not metathesize 
internal olefins. That is, if the metallaolefin 
or metallacyclobutane complex is reactive 
enough to metathesize an internal olefin, it 
is generally too reactive to obtain a living 
polymerization. As shown in Table 4, the re- 
actions and selectivities of the commonly 
used initiators correlate with their rates of 
metathesis of cis-2-pentene. In general, the 
reactivity increases and selectivity decreas- 
es with increasing electrophilicity of the 
metal center. This is determined by both the 
metal itself and the electronegativity of the 
li gands . For example, W (CH- t-Bu)( N-2,6- 
C6H3-i-Pr2)[OCMe(CF,),], metathesizes 
cis-2-pentene at over 17 turnovers per sec- 
ond in toluene at 25 "C, and therefore does 
not produce a well-defined polynorbornene 
[ 1641. In contrast, Mo(CH-t-Bu)(N-2,6- 
C&,-i-Pr,)(Ot-BU), metathesizes cis-2- 
pentene at only = 2  x 1 0 - ~  turnovers per 
second at 25 "C and is therefore much more 
selective at producing well-defined poly- 
norbornene [ 1661. 

These transfer reactions can also be min- 
imized by working with bicyclic monomers 
such as norbornene derivatives, which gen- 
erate polymers whose double bonds are ster- 
ically hindered and therefore resistant to 
secondary metathesis [ 1531. Polymeriza- 
tions of cyclobutene monomers are less con- 
trolled than norbornene polymerizations be- 
cause the double bonds in the resulting poly- 
mers are highly susceptible to secondary 
metathesis reactions. However, well-de- 
fined polymers of cyclobutene [169, 1701 
and methylcyclobutene [171, 1721 are ob- 
tained by adding a Lewis base (PR,) to 
W(CH-t-Bu)(N-2,6-C6H,-i-Pr2)(O-t-Bu,> 
initiated polymerizations, thereby decreas- 
ing the reactivity of the initiator and grow- 
ing chain ends and increasing the rate of 
initiation relative to that of propagation. In 
addition, 3,3- [ 1731 and 3,4-disubstituted 

[ 174, 1751 cyclobutenes generate polymers 
with sterically hindered double bonds, and 
are therefore polymerized in a controlled 
manner using Mo(CH-t-Bu)(N-2,6-C6H,-i- 
Pr,) ( 0-t-B u), without an additive . 

Molecular oxygen and sometimes the car- 
bony1 groups of aldehydes, ketones, esters, 
and amides terminate the active metallaole- 
fin chain ends of all but the new ruthenium 
initiators. For example, reaction of the 
growing chain with molecular oxygen gen- 
erators a metal oxide and an aldehyde ter- 
minated polymer (Scheme 11). The result- 
ing aldehyde chain end can then react with 
the active end of another polymer chain to 
generate a second molecule of the metal ox- 
ide and a polymer of higher molecular 
weight [176, 177). Since the rate of reaction 
with molecular oxygen is slower than the 
rate of propagation in polymerizations us- 
ing the molybdenum and tungsten alkyli- 
dene initiators, it occurs at the end of the 
polymerization, resulting in a double mo- 
lecular weight fraction [176, 1771. 

Of the molybdenum and tungsten alkyli- 
dene initiators shown in Table 4, Mo(CH-t- 
Bu)(N-2,6-C6H3-i-Prz)(O-t-Bu), is the least 
reactive and therefore the most selective in- 
itiator for ROMP. Its polymerizations are 
endcapped with benzaldehyde, pivaldehyde 
and acetone (benzophenone is less efficient) 
[7], although it tolerates a variety of non- 
protonic functional groups, including ace- 
tate, cyano, ethers, esters, phenyl benzoates, 
N-substituted imides and trifluoromethyl 
groups in both the monomer [175, 177- 
1821 and endcapping [ 1831 agent. With the 
exception of cyano groups [ 1841, rutheni- 
um(I1) complexes tolerate the same groups, 
as well as alcohols, aldehydes, and ketones 
[ 1621. These polymerizations are terminat- 
ed with ethyl vinyl ether. 

The final requirement for a controlled 
ring-opening metathesis polymerization is 
that the rate of initiation be greater than or 
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Table 5. Relative rates of initiation and propagation in ring-opening metathe- 
sis polymerizations of norbornene in C6D6 at 17-22 "C. 

Initiator k , l k ,  Ref. 

RuCl,(CHCH = CPh2)(PPh,)? 

Mo(CH-t-Bu)(N-2,6-C6H,-i-Pr,)( 0-t-Bu), 

RUCl,(CH-p-C6H,X)(PPh,), 
x = - C l  
X=-NO, 
X =-NMe, 
X=-OCH, 
X=-CH, 
X=-F 
X=-H 

0.006 

0.083 

1.2 
2.3 
2.6 
2.6 
2.9 
4.8 
9.0 

equal to that of propagation. As shown in Table 5 for the most selective initiators, only the 
RuCl,(CHAr)(PPh,), complexes initiate norbornene polymerizations faster than propaga- 
tion occurs, thereby producing polymers with very narrow molecular weight distributions 
(pdi = 1.04- 1.10) [ 1851. Although one would expect the rate of initiation to be highest with 
benzylidenes substituted with electron-withdrawing groups (most electrophilic metal cen- 
ter), the electronic effect of the alkylidene substituents is obviously minor. The aryl alkyli- 
dene is therefore evidently less sterically demanding than the insertion product (Eq. 27). In 
contrast, the low initiation rates of the ruthenium diphenylvinyl alkylidenes produce poly- 

norbornenes with polydispersities of approximately 1.25 1851, although the diphenylvinyl 
alkylidene appears to be less sterically demanding than the cyclopentylidene insertion prod- 
uct (Eq. 28). Its lower reactivity was attributed to conjugation [185]. The rate constant of 

initiation using Mo(CH-~-BU)(N-~,~-C,H~-~-P~,)(O-~-BU)~ is also slightly less than that 
of propagation, producing polynorbornenes with pdi < 1.10 [ 1861. This is apparently be- 
cause the neopentylidene ligand with a tertiary carbon j3 to the metal is more sterically de- 
manding than the insertion products, which contain secondary carbons j3 to the metal 
(Eq. 29). 
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With one exception [ 1871, only mesogen- 
ic norbornenes have been used to prepare 
well-defined SCLCPs by a ring-opening 
metathesis mechanism. Norbornene mono- 
mers containing terminally attached p-me- 
thoxybiphenyl[22, 188 - 1901 andp-cyano- 
biphenyl [ 189 - 19 11 mesogens were poly- 
merized using Mo(CH-t-Bu)(N-2,6-C6H3- 
i-Pr,)(O-t-Bu), as the initiator in order to 
determine the effect of molecular weight, 
polydispersity, flexible spacer length and 
mesogen density on the thermotropic behav- 
ior or SCLCPs with polynorbornene back- 
bones (Eqs. 30 and 31). As shown in Fig. 

tion varied from 6 to 151, with polydisper- 
sities of 1.05- 1.28 [22, 1881. Polymeriza- 
tions of 5- { [n-[4’-(4”-methoxyphenyl)phen- 
oxy]alkyl]methyleneoxy } bicyclo[2.2.1] - 
hept-2-enes (DP, = 9 - 342, pdi = 1.15 - 
1.19) [ 1891 and 5- { [n-[4’-(4”-cyanophe- 
nyl)phenoxy] alkyllcarbonyl } bicyclo[ 2.2.1 I - 
hept-2-ene (DP, = 7 - 290, pdi = 1.08 - 1.27) 
[189] yielded similar results. The higher 
polydispersities were usually the result of a 
minor amount of a double molecular weight 
fraction in addition to the expected molec- 
ular weight due to insufficient degassing of 
molecular oxygen. 

R = -C@(CHz)II 0-R - - R = -OCH, -CN 

5 (a) using a 5-{ [n[4’-(4”-methoxyphenyl)- Higher polydispersities were obtained 
phenoxy]alkyl]carbonyl } bicycle[ 2.2.11 - in Mo(CH-t-Bu)(N-2,6-C6H3-i-Pr,)(O-t- 
hept-2-ene as an example, the GPC-deter- Bu), and Mo(CH-t-Bu)(N-2,6-C6H,-i- 
mined number average degree of polymer- Pr,)(OCH,(CF,),), initiated polymeriza- 
ization (relative to polystyrene) agrees well tions of (+)-endo,exo-5,6-di { [n-[4’-(4”- 
with the initial ratio of monomer to initia- cyanophenyl)phenoxy]alkyl]carbonyl } bi- 
tor. In this case, the degree of polymeriza- cyclo[2.2.1]hept-2-ene (pdi = 1.2 1 - 1.60) 
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Figure 5. Degree of polymerization (0) and polydispersity (0) resulting from ring-opening metathesis polymer- 
izations of (a) 5-( [6’-[4”-(4”’-methoxyphenyl)phenoxy]hexyl]carbonyl) bicyclo[2.2.1 Ihept-2-ene [22]  and 
(b) 5-[[[2’,5’-bis[(4”-methoxybenzoyl)oxy]benzyi]oxy~carbonyl~bicyclo[2.2.l~hept-2-ene [I821 initiated by 
Mo(CH-t-Bu)(N-2,6-C,H,-i-Pr2)(O-t-Bu), or Mo(CHCMe,Ph)(N-2,6-C6H,-i-Pr2)(O-t-Bu),, respectively, in 
THF at 25 “C. 

[ 19 11 and (+)-endo,exo-5,6-di{ [n-[4’-(4”- 
methoxyphenyl)phenoxy]alkyl]carbonyl } - 
bicyclo[2.2.1]hept-2-ene (pdi= 1.20-2.75) 
[190], respectively, due to oxygen and 
monomer impurities (Eq. 31). The degrees 
of polymerization (DP, = 41 - 266) were 
substantially different from the attempted 
ratio of monomer to iniator ([M],/[I],= 
IOO), which were attributed to difficulties in 
actually controlling this ratio. Surprisingly, 
the ‘absolute’ molecular weights deter- 
mined using a GPC with a viscometry de- 
tector and a universal calibration curve were 
even higher, with degrees of polymerization 
(DP, = 87 - 372) approximately twice those 
calculated relative to polystyrene [ 1911. 

Several polynorborenes with laterally at- 
tached mesogens have also been prepared 
using Mo(CHCMe2Ph)(N-2,6-C,H,-i- 
Pr,)(O-t-Bu), as the initiator in order to de- 
termine the effect of molecular weight 

[ 1821, the effect of the length of the n-alk- 
oxy substitutent [182, 192- 1971 as well as 
to design polymers with SmC mesophases 
by proper choice of the mesogen [192, 193, 
196, 1971 and to test various concepts for 
inducing smectic layering in nematic liquid 
crystals (Scheme 12) [192- 1951. In partic- 
ular, polymerizations of both 5 4  [2’,5’- 
b i s [ ( 4”- n - a 1 k o x y b e n z o y 1 )ox y ] be n z y 1 ] - 
oxy]carbonyl]bicyclo[2.2. I jhept-2-enes 
(DP,  = 5.1 - 168, pdi = 1.12 - 1.27) and 5,s- 
bis[ (4’-n-alkoxybenzoyl)oxy]- 1,2,3,4-tetra- 
hydronaphthalene (DP, = 40 - 101, pdi = 
1.06- 1.21) are fairly well controlled as 
demonstrated by the similar degrees of poly- 
merization and [M],/[I], (Fig. 5 b), and by 
the polymers’ narrow polydispersities 
[182]. Polymerization of 5-{ [[2’,5’,-bis[2- 
( 3 ”- f 1 u o r o - 4”- n - a 1 ko x y p h e n y 1 ) e t h y n y 11 - 
benzyl]oxy]carbonyl } bicyclo[2.2.1 Ihept- 
2-enes also results in the expected molecu- 
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F 

Scheme 12 

lar weights (DP,=39-76, pdi= 1.09-1.29) 
at [M],/[I],-50) [196, 1971. In this case, 
higher polydispersities result when the 
monomers are viscous oils which can not be 
purified by recrystallization. 5-  { [ [2',5'- 
b i s [ ( 4"- n - ( ( p e r f 1 u or o a 1 k y 1) a I k o x y ) b en - 
zoyl)oxy]benzyl]oxy]carbonyl} bicy- 
clo[2.2.l]hept-2-enes were also polymer- 
ized by ROMP, although it was necessary to 
use higher temperatures (40 "C) in order to 
prevent the polymer from precipitating out 
of solution during the polymerization; this 

broadens the polydispersity to pdi - 1.5 
[195]. 

Both norbornene and butene monomers 
containing terminally attached p-nitrostil- 
bene mesogens were recently polymerized 
using RuCl,(CHPh)(PPh,), as the initiator 
in order to determine the effect of molecu- 
lar weight and flexibility of the polymer 
backbone on their thermotropic behaviour 
(Scheme 13) [187]. Although the polydis- 
persities are quite narrow (pdi = 1.07- 1.1 1), 
Fig. 6 a shows that the molecular weight re- 
sulting from polymerizations of 5-[n-[4'- 
(4"-nitrostilbeneoxy)alkyl]carbonyl } bicy- 
cl0[2.2.1]hept-2-enes (DP, = 15 -47) using 
RuCl,(CHPh)(PPh,), as the initiator may be 
slightly less controlled than those using 
M o (CHCMe,R) (N-2,6- C 6H ,- i- Pr,) ( 0- t- 
Bu), to polymerize norbornene monomers, 
although nitro groups do react slowly with 
the latter initiator [ 1831. That is, Fig. 5 dem- 
onstrates that the number average degree of 
polymerization of mesogenic polynorbor- 
nenes determined relative to polystyrene 
standards generally match [M],/[I], quite 
closely. In contrast to the 5-{ [n-[4'-(4"-ni- 
trostilbeneoxy)octyl] alkyl]carbonyl]bicy- 
clo[2.2.l]hept-2-enes, Fig. 6 b shows that 
polymerization of the corresponding cyclo- 
butene monomers yield polymers with de- 

Scheme 13 
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Figure 6 .  Degree of polymerization (0) and polydispersity (0) resulting from ring-opening metathesis polymer- 
izations of (a) 5- [ [8’-[4”-(4’”-nitrostilbeneoxy)octyl]carbony~)bicyclo[2.2. Ilhept-2-ene and (b) poly[3-((8’-(4”- 
(4’”-nitrostilbeneoxy)octyl)carbonyl)methyleneoxy)methyl]cyclobutene] initiated by RuCI,(CHPh)(PPh,), in 
CH,Cl, at 25 and 45 “C, respectively [187]. 

grees of polymerizations which are two to 
six times higher than [M],/[I], (DP,= 30- 
72, pdi = 1.1 1 - 1.38). 

Mo(CHCMe2Ph)(N-2,6-C,H,-iPr,)(O-t- 
Bu2) has also been used to prepare low mo- 
lar mass liquid crystalline polyenes [ 1981. 

2.5 Polymer Analogous 
Reactions on Well-Defined 
Precursor Polymers 

In order to synthesize homopolymers by 
polymer analogous reactions, the reaction 
must go to 100% conversion. Hydrosila- 
tions of mesogenic olefins are the most com- 
mon polymer analogous reactions used to 
prepare SCLCPs [199]. However, the pre- 
cursor poly(methy1 si1oxane)s are generally 
not prepared by living polymerizations, nor 
do the hydrosilations readily go to comple- 

tion. Only recently has a communication ap- 
peared describing a well-defined side-chain 
liquid crystalline polysiloxane [200]. As 
shown in Scheme 14, the precursor polysi- 
loxane (DP, - [M],/[I],, pdi < 1.2) was pre- 
pared by anionic ring-opening polymeriza- 
tion of pentamethylvinylcyclotrisiloxane 
using lithium trimethylsilanolate as the in- 
itiator in THF at 0 “C, followed by termina- 
tion with t-butyldimethylsilyl chloride. 
The resulting poly(dimethylsi1oxane-m- 
methylvinylsiloxane) was functionalized 
by hydrosilation of the vinyl groups with 
the monoadduct of a mesogenic olefin and 
1,1,3,3-tetramethylsiloxane. The thermo- 
tropic behavior of these (co)polymers has 
not been reported yet. 

Polybutadiene was the first well-defined 
polymer used in a polymer analogous reac- 
tion to synthesize SCLCPs [201-2031, pri- 
marily for comparison to the corresponding 
block copolymers discussed in Sec. 4.1.1 of 
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this chapter. As shown in Scheme 15, buta- 
diene was polymerized by a living anionic 
mechanism using s-butyl lithium as the in- 
itiator in THF at -78 “C to produce poly( 1,2- 

\ /=  

M~Si- - t tO-S~O-Si fOSiMer’Bu FH3 FH3 

‘3 ) CH3 

CH3 CH3 
CH3-qi-O-(i-(CH>,O-CN 

Scheme 14 

butadiene) (DP,,= 1.1 x lo3, pdi= 1.10). Po- 
ly[((2-cholesteryloxycarbonyloxy)ethyl)- 
ethylene] [201] (pdi= 1.13), poly{ [4-(4’- 
methoxypheny1azo)(2”,3”,4”,6”-D4)pheny1 
glutaratelethylene} [202] (pdi = 1.15) and 
poly { [4-(4’-methoxyphenylcarbony1)phe- 
nyl glutaratelethylene} [203] were then pre- 
pared by hydroboration of the remaining 
double bonds with 9-borabicyclo[3.3.1]- 
nonane (9-BBN), followed by oxidation and 
formylation or esterification with the corre- 
sponding mesogenic chloroformate or acid 
chloride. Another cholesterol-containing 
polymer, poly[(2-cholesteryloxycarbonyl- 
oxy)ethyl methacrylate], was prepared by 
anionic polymerization of a protected hy- 
droxyethyl methacrylate for comparison to 
the corresponding diblock and triblock 
copolymers (Sec. 4.1.1) [204-2101. As 
shown in Scheme 16, 2-(trimethylsi1oxy)- 
ethyl methacrylate was polymerized in THF 

Scheme 15 
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1 pyr, 20 ‘C. 20 h 

Scheme 16 

DMSO. CsOH.Bu~z+Bi,  100-120 ‘C 

Scheme 17 

at -78 “C using l,l-dipheny1-3-methylpen- 
tyl lithium as the initiator, which was gen- 
erated in situ by reacting s-butyl lithium 
with 1, l-diphenylethylene. The trimethyl- 
silyl protecting group was removed when 
the polymer was quenched and precipitated 
in acidic methanol. The resulting poly(2-hy- 
droxyethyl methacrylate) block was then 
quantitatively functionalized with choleste- 
rylchloroformate. Although the molecular 
weight distribution of poly[(2-trimethylsil- 
oxy)ethyl methacrylate] is reported to be 
broad (pdi = 1.30) when polymerized under 

these conditions and narrow (pdi = 1 .OS) 
when polymerized in the presence of 
10 equivalents of LiCl [211], the molec- 
ular weight distribution of the final 
poly[(2-cholesteryloxycarbonyloxy)ethyl 
methacrylate]~ prepared in these studies 
varied from pdi = 1 .O - 1.2 when DP, < 1.59 
[204, 2081, and pdi=1.90 when DPn=461 
[208]. 

In contrast to the direct cationic polymer- 
izations of mesogenic vinyl ethers discussed 
in Sec. 2.3 of this chapter, poly { n-[(4’-cya- 
nophenyl-4”-phenoxy)alkyl]vinyl ether}s 
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Figure 7. Degree of polymerization (0, .) and polydispersity (0, 0) of the precursor polymer resulting from the 
cationic polymerization of 6-chlorohexylvinyl ether (0, 0) initialed by HIII, in toluene at -40 “C, and of the fi- 
nal poly [ 6-[(4’-n-ethoxy-4”-azobenzene)hexyl]vinyl ether) s prepared by polymer analogous reactions (W, 0) 

[214]. 

can also be prepared by (quantitative) ether- 
ification of poly [n-(chloroalky1)vinyl etherls 
as shown in Scheme 17 [212, 2131, with re- 
portedly no change in the polydispersity 
(pdi = 1.1 - 1.3) and only the expected in- 
crease in molecular weight. However, the 
more complete set of data plotted in Fig. 7 
shows that the degrees of polymerization of 
poly { 6-[4’-(4’’-ethoxyphenylazo)phenoxy- 
hexyllvinyl ether} s and their precursor poly- 
mers are lower than expected from [M],/[I], 
[214]. In this case, the extent of grafting was 
less than quantitative of 80-97%. 

SCLCPs have also been prepared by 
alkylation and/or quaternization of linear 
poly(ethy1ene imine)s [215, 2161 and po- 
ly(4-vinylpyridine)~ [217 - 2231 with meso- 
genic alkyl halides or carboxylic acids. Al- 
though these precursor polymers can be pre- 
pared by controlled cationic [224] and an- 
ionic [225, 2261 polymerizations, respec- 
tively, ‘living’ polymerizations were either 
not used to prepare the SCLCPs, or the mo- 

lecular weight and polydispersity data were 
not reported for the precursor polymers and 
the resulting SCLCPs. These systems are 
therefore not discussed here. 

3 Structure/Property 
Correlations Determined 
using ‘Living’ 
Polymerizations 

3.1 The Effect 
of Molecular Weight 

The most basic and fundamental struc- 
ture/property question that must be an- 
swered with any new system, especially one 
prepared by a living polymerization, is the 
molecular weight or degree of polymeriza- 
tion at which its thermotropic behavior no 



3 S tructure/Property Correlations Determined using ‘Living’ Polymerizations 153 

longer depends on the addition or subtrac- 
tion of another repeat unit. (However, the 
isotropization enthalpy of SCLCPs is essen- 
tially molecular weight independent.) Com- 
parisons of additional structural variables 
can then be made between samples whose 
thermotropic behavior is independent of 
molecular weight. 

The thermal transitions of liquid crystal- 
line polymethacrylates reach their limiting 
values at less than 50 repeat units. For 
example, Fig. 8 shows that the glass and 
nematic - isotropic transition temperatures 
of syndiotactic [(rr)=0.70-0.771 poly{ 6- 
[ 4’- ( 4”- met h o x y p h e n o x y c arb o n y 1) p h e n - 
oxylhexyl methacrylate} prepared by con- 
trolled anionic polymerization levels off at 
approximately 35 repeat units [45]. This is 
in contrast to the corresponding polymers 
prepared by radical polymerizations, which 
have transition temperatures that are sub- 
stantially higher and level off at approx- 
mately 25 repeat units [45], in addition to 
having different end groups and perhaps 
branched architectures, the radically pre- 
pared polymers are also less syndiotactic 
[ ( rr )  =0.40-0.661. However, Fig. 8 also 
plots the transition temperature(s) as a func- 
tion of the inverse degree of polymerization 
in order to calculate the transition tempera- 
tures of an infinite molecular weight poly- 
mer from the intercepts. Although the tran- 
sition temperatures plateau as a function of 
the degree of polymerization, they do not 
correspond to the transitions of an infinite 
molecular weight polymer, which is similar 
to that of the radically prepared polymers. 
Nevertheless, the rapid increase in transi- 
tion temperatures upon going from DP, = 20 
to DPn=30 indicate that this discrepancy 
may be due simply to errors in the calculat- 
ed molecular weights of the low molecular 
weight polymers, and therefore to an inac- 
curately high (absolute) slope used for the 
extrapolation. 

- 
DP,- 
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100 
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Figure 8. Dependence of the glass (0.0) and nemat- 
ic - isotropic (D, 0) phase transition temperatures of 
syndiotactic [(rr)=O.70-0.77] poly( 6-[4’-(4”-me- 
thoxyphenoxycarbonyl)phenoxy]hexyl rnethacry late ) 
as a function of the number average degree of poly- 
merization (0, D) and the inverse number average de- 
gree of polymerization (0, 0) [45]. Infinite molecular 
weight transitions: G 44 N 105 I. 

The G- SmA-N-I transition tempera- 
tures of syndiotactic poly { 6-[4’-(4”-n-bu- 
toxyphenoxycarbonyl)phenoxyl)phenoxy]- 
hexyl methacrylate} prepared by aluminum 
porphyrin initiated polymerizations also 
level off at approximately 25 repeat units 
[9 I]. Similarly, the glass and nematic - iso- 
tropic transition temperatures of poly[6-(4’- 
met h o x y - 4”- a - met h y 1 s t i 1 be n e o x y )he x y 1 
methacrylate] prepared by group transfer 
polymerization become independent of mo- 
lecular weight at approximately 20 repeat 
units [48]. Both polymethacrylates reach the 
same transition temperatures as the corre- 
sponding polymers prepared by radical 
polymerizations, which have nearly identi- 
cal tacticities. 
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Figure 9. Dependence of the glass (0 ,  0) and nematic-isotropic (w, 0) phase transition temperatures 
of (a) poly{ 5-( [6’-[4”-(4’”-methoxyphenyl)phenoxy]hexyl~carbonyl}bicyclo[2.2.l]hept-2-ene) [22] and (b) 
poly{ 5-[[[2’,5’-bis[(4”-methoxybenzoyl)oxy]benzyl]oxy~carbonyl~bicyclo[2.2.l]hept-2-ene} [ 1821 as a func- 
tion of the number average degree of polymerization (0, w) and the inverse number average degree of polymer- 
ization (0, 0). Infinite molecular weight transitions: (a) G 41 N 95 I; (b) G 99 N 167 I. 

The thermotropic behavior of liquid crys- 
talline polynorbornenes also reach their lim- 
iting values at 50 repeat units or less [22, 
182, 188-1901. For example, Fig. 9 dem- 
onstrates that the glass and nematic-iso- 
tropic transitions of both terminally and lat- 
erally attached systems level off at 25-50 
repeat units, and correspond to the transi- 
tion temperatures of the infinite molecular 
weight polymers. The same is true of the 
crystalline melting and smectic-isotropic 
transition temperatures of poly { (+)-endo, 
exo - 5,6 - di { [ n - [ 4’- (4”- met hox yp h e n y 1 ) - 
phenoxy] hexyllcarbonyl } bic yclo[ 2.2.1 ] - 
hept-2-ene) [190]. 

Although most well-defined SCLCPs 
have been prepared by cationic polymeriza- 

tions of mesogenic vinyl ethers, most of 
these studies did not prepare polymers of 
high enough molecular weight to prove that 
the transition temperatures had leveled off. 
For example, the highest molecular weight 
poly { 6- [(4’-cyanophenyl-4”-phenoxy)hex- 
yllvinyl ether] prepared by direct cationic 
polymerization contains approximately 30 
repeat units [124]. Figure 10 compares the 
thermotropic behavior of these poly(viny1 
ether)s to the same polymers prepared by 
polymer analogous [212, 2131 reactions. 
The higher molecular weight polymers pre- 
pared by polymer analogous reactions con- 
firm that the glass and isotropization transi- 
tions saturate at approximately 30 repeat 
units, although the SmC-SmA transition 
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Figure 10. Dependence of the transition temperatures 
from the glass (0, O), SmC (+, O),  SmA (m, 0) and 
nematic (A, A) phases of poly { 6-[(4’-cyanophenyl-4”- 
phenoxy)hexyl]vinyl ether) prepared by direct cation- 
ic polymerization (0, +, W) [ 1241 and by polymer anal- 
ogous reactions (0, 0, 0) [212,213] as a function of 
the GPC-determined degree of polymerization. Infi- 
nite molecular weight transitions: G 3 1 SmC 8 1 SmA 
122 1. 

has not leveled off yet. Similarly, the crys- 
talline - nematic and nematic - isotropic 
transitions of poly { 6-[4’-(4’’-ethoxyphenyl- 
azo)phenoxyhexyl]vinyl ether} prepared by 
polymer analogous reactions reach their 
limiting values at 27 repeat units [211]. 

The systems shown in Fig. 8 and 9 dis- 
play very simple thermotropic behavior, 
with the same phase sequence observed at 
all molecular weights. However, Fig. 10 ex- 
emplifies systems in which the number and 
type of mesophases vary as a function of 
molecular weight. This is simply due to the 
phases having different dependencies on 
molecular weight. That is, the slope of the 
glass transition versus degree of poly- 
merization of poly { 6-[(4’-cyanophenyl-4’’- 

v 
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155 

1 

Figure 11. Dependence of the transition temperatures 
from the crystalline (+, 0) and SmA (m, 0) phases of 
syndiotactic [ (rr)  = 0.801 poly( n-[4-(4’-methoxyphe- 
ny1)phenoxylhexyl methacrylate] as a function of the 
number average degree of polymerization (+, W) and 
the inverse number average degree of polymerization 
(0, 0) [441. Infinite molecular weight transitions: K 
122 SmA 138 I. 

phenoxy)hexyl]vinyl ether} is less than that 
of the SmC - SmA transition; the SmC mes- 
ophase is therefore observed only at higher 
molecular weights, whereas a nematic mes- 
ophase is observed only at very low molec- 
ular weights. Figure 1 1  shows a second ex- 
ample in which the SmA-I transition tem- 
perature of syndiotactic poly { n-[4-(4’-me- 
thoxyphenyl)phenoxy]hexyl methacrylate } 
increases and levels off an approximately 30 
repeat units, whereas the crystalline melting 
temperature is relatively constant [44]. In 
this case, the lowest molecular weight oli- 
gomer melts directly to the isotropic state. 
The crystalline melting of isotactic poly { n- 
[4’-(4”-methoxypheny1)phenoxy } hexyloxy 
methacrylate} fractionated into samples 
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with DP,= 16- 133 (pdi = 1.16- 1.24) is al- 
so essentially constant (3.4 “C variation) 

As explained by Percec and Keller [227], 
the temperature range of at least the highest 
temperature mesophase therefore increases 
with increasing polymer molecular weight 
due to the greater dependence of isotropiza- 
tion on the degree of polymerization com- 
pared to crystalline melting and the glass 
transition. This is due to a greater decrease 
in entropy and increase in free energy of the 
isotropic liquid with increasing molecular 
weight compared to that of the more ordered 
phases. 

[421. 

3.2 The Effect 
of the Mesogen 

The extensive literature on low molar mass 
liquid crystals demonstrates that specific 
mesogens (specific chemical structures) 
tend to form specific mesophases, which 
vary somewhat with the length of the flex- 
ible substituent. We therefore expect that the 
type of mesogen, including the terminal 
substituent(s) and the length of the spacer 
should be the primary factors determining 
the specific mesophase(s) exhibited by a 
given SCLCP. The nature of the polymer 

Table 6. Thermotropic behavior of 4-n-alkoxy-4’-cyanobiphenyls [228], poly( n-[(4’-(4”-cyanophenyl)phen- 
oxy)alkyl]vinyl etherls (DP,= 17-32, pdi= 1.09- 1.21) [122- 127, 212, 2131, n-[(4’-(4”-cyanophenyl)phen- 
oxy)alkyl]vinyl ethers [ 122- 1271 and a-ethoxy-w-(4-n-alkoxy-4’-cyanobiphenyl)s [ 122- 1271. 

n Thermotropic behavior ( “ C )  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

K 104 
K 102 
K 71 
K 78 
K 53 
K 58 
K 54 
K 54 
K 65 
K 61 
K 71 
K 69 

(N 86) I 
(N 91) I 
(N 64) I 
(N 76) I 
N 6 8 I  
N 76 I 
N 7 5  I 

SmA 67 N 80 I 
SmA 76 N 80 I 

N 84 I 
N 87 I 

SmA 89 I 

CH2=CH--O-(CH&3 

K 118 I 
K 79 I 
K 73 N 77 1 
K 54 (N 39) I 
K 65 (N 60) I 
K 59 (N 54) I 
K 54 N 7 1  I 
K 63 (N 59) I 
K 65 N 70 I 
K 71 (SmA 61 N 71) I 

G 81x86 
G 64x68 
G 47x58 

G 38 
G 29 
G 21 
G 23 
G 14 
G 17 
G 21 

I 
N 1041 
N 88 I 

N 115 I N,, 69 SmA 104 
SmC 67 SmA 125 I 

SmA 139 I 
SmC 67 SmA 155 I 

SmA 152 I 
I 
I 

K 56 (SmC 49) SmA 156 
K 66 (SmC 52) SmA 165 

K 69 
K 65 
K 65 
K 54 
K 65 
K 56 
K 63 
K 75 
K 69 
K 69 

I 
I 

(N 33) I 
(N 35) I 
(N 60) I 
(N 5 5 )  I 

(SmA 58 N 61) I 
(SmA 41 N S O )  I 
(SmA 65) I 
SmA 60 I 
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Figure 12. Transition temperatures observed on heating 4-n-alkoxy-4’-cyanobiphenyls [228], poly (n-[(4’-(4”- 
cyanophenyl)phenoxy)alkyl]vinyl etherls (DPn=17-32, pdi= 1.09- 1.21) [122- 127, 212, 2131, n-[(4’-(4”-cya- 
nophenyl)phenoxy)alkyl]vinyl ethers [ 122- 1271 and cx-ethoxy-w-(4-n-alkoxy-4’-cyanobiphenyl)s [ 122- 1271 
from the glassy (o), crystalline (O), SmC (+), SmA (I) and nematic (A) states. 

backbone, tacticity, polydispersity, etc. 
should then be secondary factors in enhanc- 
ing, altering, or disrupting the natural order- 
ing of the mesogenic side chains. 

If the mesogen and the length of the spac- 
er are the primary factors determining the 
specific mesophase(s) exhibited by a given 
SCLCP, then its thermotropic behavior 
should be predictable by comparison to an 
appropriate model compound. Three pos- 
sibilities for an appropriate model com- 
pound are shown in Table 6 and Fig. 12 us- 
ing poly { n-[(4’-(4’’-cyanophenyl)phenoxy)- 

alkyllvinyl ether)s [122- 127, 212, 2131 as 
an example. Not surprisingly, the monomers 
themselves, which contain olefin endgroups 
that are very different from the chemical 
structure of the polymer backbone, are the 
least appropriate model compounds for 
poly { n-[(4’-(4’’-cyanophenyl)phenoxy)al- 
kyllvinyl ether}s. That is, the polymer ex- 
hibits enantiotropic nematic mesophases at 
spacer lengths of n = 3 - 5 and enantiotropic 
SmA mesophases at spacer lengths of 
n = 5 - 12. In addition, enantiotropic and 
monotropic SmC mesophases are some- 
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times observed, as well as a higher ordered 
phase. In contrast, the monomer forms a 
SmA mesophase only at n = 11, which is 
monotropic; the nematic mesophases ob- 
served at n = 4 - 1 1 are also primarily mono- 
tropic. 

The more obvious choice for a model 
compound corresponds to exactly one re- 
peat unit of the polymer. The a-ethoxy-w- 
(4-n-alkoxy-4’-cyanobiphenyl)s exhibit ne- 
matic mesophases at n=4-9 and SmA me- 
sophases at n = 8 - 11, and therefore match 
the thermotropic behavior of the polymer 
better than the vinyl ether monomer. How- 
ever the SmA mesophase is enantiotropic 
only at n = 11, and the nematic mesophase 
is monotropic at all of these spacer lengths. 
Compounds which take into account only 
the mesogen and spacer are also good, if not 
better, models of the polymers. In contrast 
to the ethyl ethers, all of the SmA and most 
of the nematic mesophases are enantiotrop- 
ic, which means that the melting tempera- 
ture mimics the relative temperature of 
the glass transition of the polymer backbone 
better. However, the nematic mesophase 
still appears at n = 6 - 1 1, and the SmA mes- 
ophase doen’t appear at n=5-7, 10, 11. 

Nevertheless, the poly(viny1 ether)s and all 
of these model compounds demonstrate that 
liquid crystals based on cyanobiphenyl me- 
sogens tend to form nematic and SmA me- 
sophases. 

Model compounds which take into ac- 
count only the mesogen and spacer also 
mimic the thermotropic behavior of lateral- 
ly attached SCLCPs well. For example, Ta- 
ble 7 demonstrates that both 2,5-bis[(4’-n- 
alkoxybenzoyl)oxy]toluenes [228] and all 
corresponding SCLCPs, such as polynorbor- 
nenes [ 1821, laterally attached through a one 
carbon spacer with 2,5-bis[(4’-n-alkoxy- 
benzyoyl)oxy]benzene mesogens exhibit 
only nematic mesophases. (However, Sec. 5 
of this chapter will demonstrate that smec- 
tic layering can be induced in these SCLCPs 
and their low molar mass analogs by termi- 
nating the mesogen’s n-alkoxy substituents 
with immiscible fluorocarbon segments 

In order to determine whether or not the 
alkyl substituent is necessary for low molar 
mass liquid crystals to mimic the thermo- 
tropic behavior of laterally attached 
SCLCPs, both 1,4-bis[(3’-fluoro-4’-n-alk- 
oxyphenyl)ethynyl]benzenes [ 193, 1961 

[193-1951). 

Table 7. Thermotropic behavior of 2,5-bis[(4’-n-alkoxybenzoyl)oxy]toluenes [228] and poly[ 5-[[[2’,5’-bis[(4”- 
methoxybenzoyl)oxy]benzyl]oxy]carbonyl]bicyclo[2.2.1]hept-2-ene)s (DP, =23- 100, pdi= 1.12- 1.24) [ 1821. 

n Thermotropic behavior (“C) 

K 166 N 252 I 
K 187 N 248 I 
K 138 N 209 I 
K 115 N 206 I 
K 90 N 178 I 
K 88 N 173 I 

G 98 N 164 I 
G 92 N 172 I 
G 83 N 140 I 
G 73 N 138 I 
G 60 N 123 I 
G 56 N 126 I 
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Figure 13. Transition temperatures of 1,4-bis[(3’-fluoro-4’-n-alkoxyphenyl)ethynyl]benzenes [ 193, 1961, 1,4- 
bis[(3’-fluoro-4’-n-aIkoxyphenyl)ethynyl]toluenes [ 1961 and poly [ 5-( [[2’,5’-bis[2-(3”-fluoro-4”-n-alkoxyphe- 
nyl)ethynyl]benzyl]oxy]carbonyl]bicyclo[2.2.l]hept-2-ene]s (DP, = 31 -59, pdi = 1.09- 1.60) [ 1971; from the 
glassy (O) ,  crystalline (0). SmE (A), SmC (+) and nematic (A) states as a function of the length of the n-alkoxy 
substituents. 

and 1,4-bis[( 3’-fluoro-4’-n-alkoxyphenyl)- 
ethylnyl]toluenes [ 1961 were synthesized 
and their thermotropic behavior compared 
to that of poly { 5-(  [[2’,5’,-bis[2-(3”-fluoro- 
4”- n - a 1 k o x y p h e n y 1 ) e t h y n y 1 ] b en z y 1 ] - 
oxylcarbonyl } -bicyclo[2.2. IIhept-2-ene) s 
[197]. As shown in Fig. 13, the 1,4-bis[(3’- 
fluoro-4’-n-alkoxyphenyl)ethynyl] ben- 
zenes exhibit a SmE-SmC-N-I phase se- 
quence when n = 6- 12. In contrast, the poly- 
mers exhibit a nematic mesophase, and 
those with n = 3 - 12 slowly organize into a 
crystalline phase which occurs over an ex- 
tremely narrow temperature range. The 1,4- 
bis[ (3’-fluoro-4’-n-alkoxyphenyl)ethynyl]- 
benzenes are therefore not appropriate mod- 
el compounds for these polynorbornenes, 
evidently because they do not take the 
benzylic spacer into account. In contrast, the 
corresponding 1,4-bis [ (3’-fluoro-4’-n-alk- 
oxyphenyl)ethynyl]toluenes mimic the 
polynorborne’s thermotropic behavior quite 

well. For example, Fig. 13 demonstrates 
that only a nematic mesophase is observed 
at most substituent lengths, in addition to a 
monotropic or an enantiotropic SmC meso- 
phase when n=9- 12. 

Further comparisons to appropriate mod- 
el compounds and the effect of increased 
mesogen density are discussed in the next 
sections. 

3.3 The Effect of the Spacer 

Increasing the spacer length has much the 
same effect on the thermotropic behavior of 
SCLCPs as increasing the length of the flex- 
ible substituent has on that of low molar 
mass liquid crystals. That is, it destabilizes 
some phases and stabilizes others. For ex- 
ample, just as increasing the length of the 
flexible substituent depresses the melting 



160 I11 Molecular Engineering of Side Chain Liquid Crystalline Polymers 

YR 
:::I 140 

80 
60 
40 
20 
0- 
0 2 4 6 8 1012 

+CH2-iH+ 

OR 

1 0 

I 

- 
2 4 6 8 1012 
- 
0 2 4 6 8 1 0 1 2  

n n n 

Figure 14. Transition temperatures of poly [ (+)-endo,exo-5,6-di( [n-[4’-(4”-cyanophenyl)phenoxy]alkyl]carbo- 
nyl]bicyclo[2.2.l]hept-2-ene)s (DP,=41-266, pdi= 1.21 - 1.60) [191], poly( 5-(  [n-[4’-(4”-cyanophenyl)phen- 
oxy~alkyl]carbonyl)bicyclo[2.2.l]hept-2-ene]s (DPn=43-290,pdi= 1.08- 1.27) [189] andpoly(n-[(4’-(4”-cya- 
nophenyl)phenoxy)alkyl]vinyl ethers (DP,= 17-32, pdi= 1.09- 1.21) 1122- 127, 212, 2131 as a function of the 
number of methylenic units in their n-alkyl spacers; from the glassy (O) ,  crystalline (O), SmC (+), SmA (m) and 
nematic (A) states. 

point of low molar mass liquid crystals, in- 
creasing the spacer length depresses the 
glass transition of SCLCPs, and conse- 
quently often uncovers mesophase(s) that 
are not observed without a spacer. There- 
fore, many of the first SCLCPs synthesized 
with the mesogen directly attached to the 
polymer backbone did not exhibit liquid 
crystallinity [2]. It was only after Finkel- 
mann, Ringsdorf and Wendorff introduced 
the spacer concept in 1978 [229], that 
SCLCPs were synthesized routinely. Rath- 
er than simply suppressing the glass transi- 
tion and/or crystalline melting, they attrib- 
uted the spacer concept to a decoupling of 
the motions of the mesogens, which want to 
order anisotropically, from that of the poly- 
mer backbone, which tends to adopt a ran- 
dom coil conformation. However, neutron 
scattering experiments have demonstrated 
that the polymer backbone is deformed in 
both nematic and smectic mesophases, and 
that it is therefore impossible to complete- 
ly decouple its motions from those of the 

mesogens to which it is chemically linked 
[230]. 

In spite of the number of well-defined 
SCLCPs described in Sec. 2 of this chapter, 
only a few poly(viny1 ether)s and polynor- 
bornenes have been synthesized with a com- 
plete and homologous set of spacer lengths. 
Figure 14 plots the phase diagrams of three 
polymers with terminally attached 4-(4’- 
cyanopheny1)phenoxy mesogens as a func- 
tion of the spacer length: Fig. 15 plots the 
corresponding phase diagrams of three 
polymers terminally attached with 4-(4’- 
methoxypheny1)phenoxy mesogens. Both 
figures demonstrate that the glass transition 
decreases as the length of the spacer increas- 
es. This is due to decreased packing density, 
and is often referred to as internal plasticiza- 
tion. 

The temperature of crystalline melting of 
tactic SCLCPs also decreases as the spacer 
length increases (Fig. 15), albeit in an odd- 
even alternation as in low molar mass liq- 
uid crystals as a function of the length of the 
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Figure 15. Transition temperatures of (presumably) isotactic poly ((&)-endo,exo-5,6-di ([n-[4’-(4”-methoxyphe- 
nyl)phenoxy]alkyl]carbonyl)bicyclo[2.2. Ilhept-2-ene)s (DP,=30- 173, pdi= 1.20-2.75) [190], poIy(5-[ [n- 
[4’-(4”-methoxyphenyI)phenoxy]alkyl]carbonyl}bicyclo[2.2.l]hept-2-ene)s (DP,=72- 151, pdi = 1.05 - 1.28) 
[22, 1881 and syndiotactic [(rr)=0.79-0.86] poly( n-[4’-(4”-methoxyphenyl)phenoxy]alkyl methacry1ate)s 
(DP,= 19-33, pdi= 1.14-2.08) [42, 441 as a function of the number of methylenic units in their n-alkyl spac- 
er; from the glassy ( O ) ,  crystalline (O), SmA (B) and nematic (A) states. 

flexible substituent. However, without ad- 
ditional order within the polymer backbone 
itself due to high tacticity (Sec. 3.4 and 3.5 
of this chapter), the mesogenic side chains 
are generally not able to crystallize until the 
spacer is sufficiently long. Therefore, both 
poly [n- [(4’-(4”-cyanopheny1)phenoxy)al- 
kyllvinyl ethers [122-1271 (Fig. 14) and 
poly { 5-  { [n-[4’-(4”-methoxyphenyl)phen- 
oxy]alkyl]carbonyl ] bicyclo[2.2.l]-hept-2- 
ene)s [I881 (Fig. 15) undergo side chain 
crystallization only when n 2 10, or when 
polymers with singly shorter spacers are of 
low molecular weight. 

Depending on the specific mesogen, the 
nematic mesophase of low molar mass liq- 
uid crystals is generally destabilized by in- 
creasing substituent length, whereas smec- 
tic mesophases tend to be stabilized [228]. 
That is, long alkyl or alkoxy substituents fa- 
vor smectic mesophases, whereas short sub- 
stituents favor nematic mesophases. Figures 
14 and 15 confirm that long spacers also 
favor smectic mesophases, and that short 

spacers favor nematic mesophases. These 
plots also seem to confirm that the transi- 
tion temperature of nematic disordering de- 
creases slightly with increasing spacer 
length in SCLCPs, whereas that of the SmA 
mesophase tends to increase, with at least a 
slight odd-even alternation. Nevertheless, 
since the glass transition temperature de- 
creases more rapidly than isotropization 
with increasing spacer length, the tempera- 
ture window over which these mesophase(s) 
are observed increases. 

Figure 16 shows the change in enthalpy 
and entropy as a function of the length of 
the spacer for the three polymer series plot- 
ted in Fig. 14. It demonstrates that both the 
change in enthalpy and entropy of isotrop- 
ization from the nematic and sA mesophas- 
es increase linearly with increasing spacer 
length. Although such increases in AHi and 
ASi have been attributed to more efficient 
decoupling of the mesogen from the poly- 
mer backbone and therefore to increased or- 
der [231], it simply corresponds to a con- 
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Figure 16. Change in enthalpy and entropy of isotropization from the nematic (A) and SmA (0) mesophases of 
poly { (+)-endo,exo-5,6-di{ [n-[4’-(4”-cyanophenyl)phenoxy]alkyl]carbonyl] bicyclo-[2.2.1]hept-2-ene ] s 
(NBE2-CN, DP,=41-266, pdi= 1.21 - 1.60) 11911; from the nematic (Y) mesophase of poly{4-{ [n-[4’-(4”-cya- 
nophenyl)phenoxy]alkyl]carbonyl]bicyclo[2.2.1]hept-2-ene]s (NBEl.CN, DP,=43-290, pdi= 1.08- 1.27) 
[189]; and from the nematic (A) and SmA (m) mesophases of poly{ n-[(4’-(4”-cyanophenyl)henoxy)alkyl]vinyl 
ethers (VE-CN, DP,= 17-32, pdi=1.09-1.21) [122-1271 as a function of the number of methylenic units in 
their n-alkyl spacers. 
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Figure 17. Normalized [232] change in enthalpy and entropy of isotropization from the nematic (A) and SmA 
(n) mesophases of poly { (+)-endo,exo-5,6,di{ [n-[4’-(4”-cyanophenyl)phenoxy]alkyl]carbonyl ]-bicyclo[2.2.1]- 
hept-2-ene)s (NBE2-CN, DPn=41-266, pdi= 1.21 - 1.60) [191]; from the nematic (V) mesophase of poly(5- 
{ [n-[4’-(4”-cyanophenyl)phenoxy]alkyl]carbonyl] bicyclo[2.2.l]hept-2-ene]s (NBE1-CN, DP,,=43 -290, 
pdi= 1.08- 1.27) [ 1891; from the nematic (A) and SmA (M) mesophases of poly{n-[(4’-(4”-cyanophenyl)phen- 
oxy)alkyl]vinyl ethers (VE-CN, DP,= 17-32, pdi= 1.09-1.21) [122- 1271; from the SmA (0) mesophase of 
poly { (+)-endo,exo-5,6-di { [n-[4’-(4”-methoxyphenyl)phenoxy]alkyl]carbonyl] bicyclo[2.2.1]hept-2-ene ] s 
(NBE2-OMe, DPn=30- 173, pdi = 1.20-2.75) [190]; and from the nematic (0 )  and SmA (+) mesophases of po- 
ly { 5- { [n-[4’-(4”-methoxyphenyI)phenoxy]alkyl]carbonyl] bicyclo[2.2.l]hept-2-ene ] s (NBE1-OMe, DP,, = 72 - 15 l ,  
pdi= 1.05- 1.28) [22, 1881 as a function of the number of methylenic units in their n-alkyl spacers. 

stant increase in AHi and ASi per methylen- slope of these lines (AAHi/-CH2- and 
ic unit, and therefore to the disordering of -AASi/-CH2-) are nearly equivalent for 
an additional -CH2- unit of the spacer. The both nematic and smectic disordering, re- 
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Table 8. Normalized [232] changes in enthalpy and entropy of isotropization per methylenic unit in the spacer 
of poly { (+)-endo,exo-5,6-di { [n-[4’-(4”-cyanophenyl)phenoxy]alkyl]carbonyl] bicyclo[2.2.l]hept-2-ene] s 
(NBE2-CN) [ 1911, poIy(5- { [n-[4’-(4”-cyanophenyl)phenoxy]alkyl]carbonyl} bicyclo[2.2. IIhept-2-ene)s 
(NBE1-CN) [189], poly{ n-[(4’-(4”-cyanophenyl)phenoxy)alkyl]vinyl ethers (VE-CN) [ 122- 1271, poly( (k)- 

endo,exo-5,6-di { [n-[4’-(4”-methoxyphenyl)phenoxy]alkyl]carbonyl}bicyclo[2.2. I lhept-2-ene)s (NBE2-MeO) 
11901, and poly( 5 - {  [n-[4’-(4”-methoxyphenyl)phenoxylalkyl]carbonyl] bicyclo[2.2.l]hept-2-ene]s (NBEI - 
MeO) [22, 1881. 

SCLCP 

NBE2 - CN 
NBEI -CN 
VE - CN 
NBE2 - M e 0  
NBE I - M e 0  

Mean 

AAHi/-CHz- (kJlmru) 

Nematic Smectic A 

AAS,/-CHz- (J/K mru) 

Nematic Smectic A 

0.044 0.28 
0.05 1 - 

0.058 0.28 
- 0.32 

0.038 - 

0.048 ?0.008 0.29+0.02 

0.12 0.70 
0.14 - 

0.14 0.62 
- 0.76 

0.1 1 - 

0.13 k0.02 0.69 k0.06 

spectively, of poly { (+)-endo,exo-5,6-di ( [n- 
[4’-(4’’-cyanophenyl)phenoxy]alkyl]carbo- 
nyl}bicyclo[2.2.l]hept-2-ene} and poly{ n- 
[(4’-(4’’-cyanophenyl)phenoxy)alkyl]vinyl 
ether, and are half those values of poly { 5-  
{ [n-[4’-(4’’-cyanophenyl)phenoxy]al- 
kyllcarbonyl } bicyclo[2.2.l]hept-2-ene} 
since the latter has half as many mesogenic 
side chains. Therefore, if the mesogen den- 
sity is taken into account for the four amor- 
phous polymer series plotted in Figs. 14 and 
15 12321, AAHi/-CH,- and AASi/-CH2- 
are equivalent for the same mesophase 
(Fig. 17 and Table S), regardless of the type 
of polymer [poly(vinyl ether), mono- and 
di-substituted polynorbornene] and regard- 
less of the mesogen [4-(4’-cyanopheny1)- 
phenoxy and 4-(4’-methoxypheny1)phen- 
oxy mesogens]. 

As expected, Figs. 16 and 17 and Table 8 
also demonstrate that the enthalpy and en- 
tropy of isotropization from the more or- 
dered smectic mesophase is higher than 
those from the nematic phase. This discon- 
tinuity and/or change in the slope with a 
change in the type of mesophase can there- 
fore be used as additional confirmation that 
a phase change has occurred with the addi- 

tion or subtraction of one methylenic unit in 
the spacer of a homologous series. 

The effect of varying the nature of the 
spacer from hydrocarbon to siloxane is start- 
ing to be investigated using living polymer- 
izations [28]. However, these polymers 
have not been characterized yet. 

3.4 
of the Polymer Backbone 

The Effect of the Nature 

Since the effect of the nature of the polymer 
backbone has not been studied extensively 
using well-defined polymers, it is worth 
summarizing the observations from less 
controlled systems based on comparisons of 
poly(phosphazene), poly(methylsiloxane), 
poly(viny1 ether), poly(acrylate), poly(me- 
thacrylate), pol y(chloroacrylate), and poly- 
styrene backbones [233-2411. In general, 
the mesogen is more ‘decoupled’ from the 
polymer backbone as the latter’s flexibility 
increases. This is because the dynamics of 
ordering increase with increasing flexibil- 
ity, which increases the ability of the meso- 
genic side-chains to form more ordered 
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mesophases and/or crystallize. (The relative 
dynamics of these SCLCPs correlate direct- 
ly with the speed with which they form 
identifiable microscopic textures between 
crossed polarizers [235]). In addition, the 
side chains are able to crystallize at shorter 
spacer lengths as the polymer flexibility in- 
creases [236-2381. Therefore, SCLCPs 
with extremely flexible backbones may 
form only a monotropic or virtual meso- 
phase, whereas an analogous polymer with 
a more rigid backbone is more likely to form 
an enantiotropic mesophase. However, as 
the flexibility of the backbone increases, the 
glass transition temperature usually de- 
creases, whereas that of (melting and) iso- 
tropization typically increase. Additional 
mesophases may therefore be revealed if the 
glass transition is low enough, and if the 
mesophase is thermodynamically stable rel- 
ative to the crystalline phase. 

Secondary structural variables, including 
the nature of the polymer backbone, will 
only be elucidated by synthesizing complete 
and homologous series of well-defined 
polymers. As discussed previously, only a 
few of the poly(viny1 ether)s, polynorbor- 
nenes and polymethacrylates contain both 
identical mesogens and spacers. These 
systems confirm the above trends. For 
example, when (4’-n-butoxyphenoxycarbo- 
ny1)phenoxy mesogens are attached to poly- 
methacrylate and poly(viny1 ether) back- 

bones through an n-hexyl spacer, the more 
flexible poly(viny1 ether) forms a highly 
ordered SmF or SmI mesophase with no 
evidence of a glass transition (Table 9). In 
contrast, the less flexible polymethacrylate 
is glassy. Otherwise, both have nearly iden- 
tical mesophases and transition tempera- 
tures, except poly { 6-[(4’-n-butoxyphenyl- 
4”-benzoate)hexyl]vinyl ether} forms a 
SmC mesophase (X-ray evidence) in addi- 
tion to the nematic mesophase, whereas 
poly { 6-[4’-(4”-n-butoxyphenoxycarbo- 
nyl)phenoxy] hexyl methacry late } reported- 
ly forms a SmA mesophase in the same 
temperature range. 

Comparison of the phase diagrams plot- 
ted in Fig. 14 of poly{5-{ [n-[4’-4”-cyano- 
phenyl)phenoxy]alkyl]carbonyl } bicy- 
clo[2.2.1]hept-2-ene}s [ 1891 and poly{n- 
[ (4’-(4”-cyanophenyl)phenoxy)alkyl]vinyl 
ethers [122- 127, 212, 2131 which contain 
a single mesogen per repeat unit demon- 
strates that the glass transition temperature 
decreases as the flexibility of the polymer 
backbone increases from polynorbornene to 
poly(viny1 ether), whereas the isotropiza- 
tion temperature increases. In addition to re- 
vealing additional mesophases at lower 
temperatures, this increase in polymer flex- 
ibility enables the poly(viny1 ether)s to form 
more ordered mesophases. That is, poly{ 5- 
{ [ n - [ 4 ’ - ( 4 ”- c y an o p h e n y 1 ) p he n o x y ] a 1 - 
kyllcarbonyl ] bicyclo[2.2.1] -hept-2-ene} 

Table 9. Comparison of the thermotropic behavior of poly { 6-[4’-(4”-n-butoxyphenoxycarbonyl)phenoxy]hexy1 
methacrylate] and poly [ 6-[(4’-n-butoxyphenyI-4”-benzoate)hexyl]vinyl ether]. 

Polymer backbone DP,, pdi Thermotropic behavior (“C) Ref. 

Methacry late 19 1.13 G 38 SmA 104 N 110 I [911 
Vinyl ether 38 1.15 S 47 SmC 106 N 1 1 1  I [1501 
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exhibits only a nematic mesophase at all 
spacer lengths, whereas the corresponding 
poly(viny1 ether) exhibits SmA and SmC 
mesophases with increasing spacer lengths, 
and also undergoes side-chain crystalliza- 
tion at spacer lengths of 10- 11 carbons, (at 
which point the SmC mesophases becomes 
monotropic). 

When the polynorbornene is substituted 
with two mesogens rather than one, the 
internal mobility of the chain should not 
change, although its overall flexibility and 
free volume should decrease. As shown in 
Fig. 14, doubling the mesogen density has 
very little effect on the glass transition, but 
causes an increase in the temperature of 
isotropization, especially at longer spacer 
lengths. Increasing the mesogen density al- 
so enables the mesogens to form smectic 
layers when the spacer length reaches eight 
carbon atoms, which is typical of SCLCPs 
terminally attached with cyano-substituted 
mesogens [2]. 

Since the glass transition of a polymer is 
determined not only by the polymer flexibil- 
ity, but also by the packing density (free vol- 
ume), the interactions between chains and 
the chain length, it is difficult to assess the 
relative flexibility of two polymers from the 
glass transition alone. Therefore, it is not 
immediately obvious from the glass transi- 
tions of syndiotactic poly(methy1 methacry- 
late) (105 “C) and polynorbornene (43 “C) 
which of the two backbones are more flex- 
ible. That is, although polynorbornene has 
the lower T g ,  the double bonds and cyclo- 
pentane ring along the backbone should be 
more constrained than the single bonds 
along a polymethacrylate backbone. 

The phase diagrams of syndiotactic 
[(YY) =0.79-0.861 poly{ n-[4’-(4”-methoxy- 
phenyl)phenoxy]phenoxy]alkyl methacry- 
late [42, 441, poly{ 5-{ [4’-(4”-methoxy- 
pheny1)phenox y] -alkyl] carbonyl } bicy- 
cl0[2.2.l]hept-2-ene [22, 1881 and poly 

{ (+)-endo,exo-5,6-di { [n-[4’-(4”-methoxy- 
pheny1)phenoxyl alkyl]carbonyl ] bicy- 
cl0[2.2.l]hept-2-ene} [ I901 were plotted in 
Fig. 15. Assuming that the polynorbornene 
backbone is more rigid than the polymeth- 
acrylate backbone, increasing the backbone 
flexibility increases the ability of the side 
chains to form more ordered mesophases 
and crystallize at shorter spacer lengths as 
expected. However, the more ordered side- 
chains of the poly { n-[4’-(4”-methoxyphe- 
ny1)phenoxylalkyl methacrylates may also 
be due to their high tacticity as discussed in 
Sec. 3.5 of this chapter. 

Increasing the mesogen density from one 
to two mesogenic groups per repeat unit of 
the polynorbornene backbone again allows 
the side chains to organize into smectic 
layers. However, in this case, Mo(CH-t- 
Bu)(N-2,6-C6H,-i-Pr2)(OCH,(CF3),), was 
used as the initiator to polymerize the 
(k)-endo,exo-5,6-di{ [n-[4’-(4”-methoxy- 
phenyl)phenoxy]alkyl]carbonyl } b i -  
cyclo[2.2.1]hept-2-enes instead of Mo(CH- 
t-B~)(N-2,6-C,H~-i-Pr,)(o-t-Bu)~ [ 1901; 
MO(CH-~-B~)(N-~,~-C,H,-~-P~~)(OCH,(CF~)~)~ 
polymerizes (+)-endo,exo-5,6-[disubstitut- 
ed]bicyclo[2.2.1]hept-2-enes to produce 
isotactic polymers with approximately 85% 
cis double bonds, whereas the correspond- 
ing Mo(CH-t-Bu)(N-2,6-C6H,-i-Pr,)(O-t- 
Bu), polymerizations produce atactic poly- 
mers with approximately 95% trans double 
bonds [242]. Therefore, the poly { (*)-en- 
do,exo-5,6-di { [n- [4’-(4”-methoxyphenyl)- 
phenoxy]alkyl]carbonyl } bicyclo[2.2.1]- 
hept-2-ene}s shown in Fig. 15 are presum- 
ably highly isotactic and able to undergo 
side-chain crystallization, in contrast to 
the atactic poly { (+)-endo,exo-5,6-di ( [n- 
[4'-(4"-cyanophenyl)phenoxy ]alkyl]carbo- 
nyl}bicyclo[2.2.1 1hept-2-ene) s presented 
in Fig. 14. Although a more ordered meso- 
phase is formed by the more tactic polymers, 
the increased ability of the side chains to 
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Figure 18. Transition temperatures from the glass (O) ,  crystalline (0), nematic (A) and smectic (w) phases of po- 
ly( 5-1 [n-[4”-(4’”-nitrostilbeneoxy)alkyl]carbonyl] bicyclo[2.2.l]hept-2-ene]s (DP,,= 27-42, pdi = l .08- l .  l l )  
[187], 4-n-alkoxy-4’-nitro(stilbene) (2281 and poly[3-[((n-(4’-(4”-nitrostilbeneoxy)alkyl)carbonyl)methylene- 
oxy)methyl]cyclobutene)s (DP,,=61-72, pdi= 1.14-1.16) [187] as a function of the number of methylenic car- 
bons in their n-alkyl spacers. 

crystallize also results in much narrower 
temperature ranges over which the liquid 
crystalline phase is observed. 

A final example demonstrating that more 
ordered phases are possible when more flex- 
ible polymer backbones are used is shown 
in Fig. 18. Although this is not a complete 
series with consecutive spacer lengths, it 
does demonstrate that the more flexible 
polybutadiene backbone allows n-[4’-(4”- 
nitrostilbeneoxy)alkyl] side chains with 
6- 12 carbons in the spacer to organize into 
smectic layers, whereas the corresponding 
polynorbornenes exhibit only nematic me- 
sophases [ 1871. This is especially interest- 
ing since the corresponding low molar mass 
liquid crystals transform from a monotrop- 
ic nematic phase when the alkoxy substi- 
tuent contains six carbons, to an enantio- 
tropic smectic and nematic sequence at 7 - 8 
carbons, and finally to only enantiotropic 
smectic at ten carbons [228]. The corre- 

sponding polymers with less than six car- 
bons in the spacer (as well as the rest of the 
series) should therefore by synthesized and 
characterized to determine to what extent 
the polymer backbone overrides the natural 
ordering tendency of the side chains. 

As discussed in Sec. 3.3 of this chapter, 
the change in enthalpy and entropy of iso- 
tropization increases linearly with increas- 
ing spacer length. The slopes of these lines 
(AAHi/-CH2-- and AASi/-CH2-) therefore 
correspond to the disordering of one meth- 
ylenic unit of the spacer, and are evidently 
equivalent for a given mesophase if they are 
normalized [232] over the mesogen density. 
This is true regardless of the type of poly- 
mer [polynorbornene or poly(viny1 ether)] 
and regardless of the mesogen (p-cyano- 
biphenyl or p-methoxybiphenyl). Since the 
slope of the normalized changes in enthal- 
py and entropy of isotropization are equiv- 
alent for a specific mesophase, the degree 
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Table 10. Changes in enthalpy and entropy of isotropization of poly ((+)-endo-exo-5,6-di ( [n-[4’-(4”-cyanophe- 
nyl)phenoxy]alkyllcarbonyl} bicyclo[2.2.1 lhept-2-ene } s  (NBE2 - CN) [ 19 11, poly( 5-1 [n-[4’-(4”-cyanophenyl)- 
phenoxy]alkyl]carbonyl }bicyclo[2.2.llhetp-2-ene)s (NBEl -CN) [ 1891, poly( n-[(4’-(4”-cyanophenyl)phen- 
oxy)alkyl]vinyl ethers (VE-CN) [122- 1271. 

SCLCP n AH, (kJ/mru) AS, (J/K mru) Ti (“C) Mesophase 

NBE2 - CN 4 0.492 1.27 114 Nematic 
NBEl -CN 4 0.312 0.830 103 
VE - CN 4 0.03 14 0.0870 104 
NBE2 - CN 5 0.596 1.56 110 
NBEl -CN 5 0.322 0.884 91 
VE-CN 5 0.262 0.675 115 

NBE2-CN 9 1.58 4.05 116 Smectic A 
VE - CN 9 1.26 2.96 152 

NBE2 - CN 10 2.00 5.17 1 15 
VE - CN 10 1.63 1.70 156 

NBE2 - CN 11 2.53 6.46 118 
VE - CN 11 1.61 1.68 165 

of order of at least the spacer, and presum- 
ably the mesogen, within a specific meso- 
phase must be equivalent for the five tron scattering experiments [230]. 
polymer series summarized in Fig. 17 and 
Table 8. However, the different absolute 

constrained (anisotropic) within the meso- 
phase, as was recently demonstrated by neu- 

values (e. g. the intercepts) of these lines in- 
dicate that the disordering of the spacer is 3.5 The Effect Of Tacticity 
not independent of the rest of the polymer, 
and instead varies with the polymer back- 
bone to which it is chemically linked. 

The data in Table 10 demonstrates that for 
a constant spacer length and mesophase, 
both the change in enthalpy and entropy of 
isotropization decrease as the flexibility of 
the polymer backbone increases from poly- 
norbornene to poly(viny1 ether). However, 
the change in entropy decreases more rap- 
idly than the change in enthalpy, and the 
isotropization temperature (Ti = AHi/ASi) 
therefore increases with increasing flexibil- 
ity. Since lower entropies of fusion are as- 
sociated with more rigid structures, the low- 
er entropy of isotropization of poly(viny1 
ether)s is obviously not due to a lack of in- 
herent flexibility of its polymer backbone, 
but rather to the more flexible backbone 
being more ordered and therefore more 

The effects of tacticity were first observed 
and discussed in 1981 [243-2451. Howev- 
er, relatively little effort has been made in 
examining the effect of tacticity on well-de- 
fined SCLCPs prepared through living poly- 
merizations. Although these limited results 
are contradictory, we believe that trends are 
emerging which indicate that high tacticity 
in SCLCPs will cause either of two effects. 
In most systems, the high tacticity evident- 
ly places the mesogenic side groups in the 
proper configuration to crystallize and/or 
form more orderes mesophases. However, if 
the mesogenic groups are not in the proper 
configuration to form ordered phases, the 
primary effect of increasing the tacticity is 
to decrease the flexibility of the polymer 
backbone relative to that of the atactic poly- 
mer. 
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Table 11. Comparison of the thermotropic behavior of isotactic and syndiotdctic poly (n-[4’-(4”-methoxyphe- 
nyl)phenoxy]alkyl methacry late) s. 

n GPC % Phase transitions (“C) Ref. 

DP, pdi (mm) (mr) ( r r )  

2 
2 

3 
3 

4 
4 

5 
5 

6 
6 
6 

37 2.35 
23 1.43 

68 2.80 
33 2.08 

24 3.22 
26 1.23 

36 14.0 
19 1.57 

20 2.21 
28 1.41 
33 1.14 

94 6 
2 19 

97 3 
5 12 

95 4 
2 12 

96 3 
2 18 

90 9 
1 14 
- - 

0 
79 

0 
83 

1 
86 

1 
80 

1 
85 

= 80 

K 193 I 
K 142 I 

K 147 I 
K 1831 

K 141 I 
K 133 SmA 145 I 

K I45 I 
K 160 SmA 167 I 

K 1361 
K 116 SmA 131 I 
K 122 SmA 135 I 

Discussion of the effect of the polymer 
backbone in Sec. 3.4 of this chapter already 
provided examples of highly isotactic po- 
ly { (k)-endo,exo-5,6-di{ [n-[4’-(4”-methox- 
yphenyl)phenoxy]alkyl]carbonyl } bicy- 
clo[2.2.l]hept-2-ene}s [190] and syndio- 
tactic poly { n-[4’-(4”-methoxyphenyl)phen- 
oxylalkoxy methacry1ate)s [42,44] which 
crystallize and form more ordered meso- 
phases than those of the corresponding atac- 
tic polymers (Fig. 15). Although more flex- 
ible backbones are more able to achieve the 
conformation necessary to order, the side 
chains are evidently already attached to the 
polymer backbone of these tactic polymers 
with the proper configuration to order, 
which obviates the need to distort their con- 
formation for such purposes. 

As discussed in Sec. 2.1 of this chapter, 
isotactic poly { n-[4’-(4”-methoxyphenyl)- 
phenoxylalkyl methacrylate} s have also 
been prepared, although the isotactic poly- 
merizations are much less controlled than 
the syndiotactic polymerizations [42, 441. 

The thermotropic behavior of both the 
isotactic and syndiotactic poly { n-[4’-(4”- 
methoxyphenyl)phenoxy]alkyl methacry- 
late}s is summarized in Table 11. All of 
the tactic polymers crystallize. With the 
exception of poly { 2-[4’-(4”-methoxyphe- 
ny1)phenoxylethyl methacrylate} ( n  = 2), 
the melting temperature of the isotactic 
polymers is almost independent of the 
spacer length. In contrast, the syndiotactic 
polymers melt with a large odd-even alter- 
nation. However, only the syndiotactic 
polymers with at least four carbons in the 
spacer exhibit an enantiotropic smectic 
mesophase, which occurs over only a very 
narrow temperature range. The greater or- 
der of the isotactic polymers is evidently due 
to the greater segmental mobility of isotac- 
tic versus syndiotactic polymethacrylate 
backbones [246, 2471. 

Surprisingly, the mesogenic groups of 
syndiotactic [ ( rr )  =0.70-0.781 poly{ 6-[4’- 
(4”-methoxyphenoxycarbonyl)phenoxy] - 
hexyl met ha cry late}^ are not in the proper 
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Table 12. Comparison of the thermotropic behavior of poly { 6-[4’-(4”-methoxyphenoxycarbonyl)phenoxy]hex- 
yl methacrylate} with different tacticities. 

~ ~~ 

Polymerization GPC C/c Phase transitions (“C) Ref. 
mechanism 

UPn pdi (mm) ( m r )  ( r r )  

Radical 48 1.51 
84 3.65 
290 3.10 
953 1.23 

GTP 42 1.71 
Anionic 31 1.24 
(TPP)AIMe ’‘ 21 1.31 
(TPP)AIMe-ALC’ 30 1.43 

- 41 59 
1 34 65 
- 34 66 
- - - 

- 44 so 
~ 28 12 
- 28 72 
- 22 78 

G 39 SmA 72 N 107 I 
G40N 1071 
G 3 8 N 1 1 2 I  

G 41 SmA 72 N 11 1 I 
G 42 N 107 I 
G 39 N 82 I 

G 38 SmA 64 N 105 1 
G 4 0 N  1071 

‘’ Methyl(5, 10,15,20-tetraphenylporphinato)aluminum. ’ Methyl(5,10, 15,2O-tetraphenylporphinato)aluminum and methylaluminum bis(2,4-di-r-butylphenolate). 

configuration to crystallize [45, 901, and the 
primary effect is therefore that of decreased 
flexibility compared to the atactic polymer. 
As discussed in subsection 3.4, more rigid 
backbones suppress side-chain crystalliza- 
tion and the formation of more ordered me- 
sophases. In addition, the glass transition 
temperature increases whereas that of iso- 
tropization tends to decrease. 

However, as shown in Table 12, the glass 
transition temperature of poly ( 6-[4’-(4”- 
methoxyphenoxycarbon y1)phenox y] hex yl 
methacrylate} is essentially independent of 
tacticity. With the exception of the polymer 
prepared by anionic polymerization [45], 
the nematic -isotropic transition also ap- 
pears to be independent of tacticity. How- 
ever, as demonstrated by the data in Fig. 8, 
the extrapolated transition temperatures 
(G 44 N 105 I) of an infinite molecular 
weight polymer prepared by anionic poly- 
merization are nearly identical to those of 
the rest of the polymers presented in Ta- 
ble 12. 

Although the more ordered SmA meso- 
phase is not detected in two of the three more 
syndiotactic poly { 6-14’-(4”-methoxyphen- 
oxycarbonyl)phenoxy] hexyl methacry- 
late)s, it is also not detected in some of the 
less tactic polymers prepared by free radi- 
cal and group transfer polymerizations. 
These results are therefore inconclusive as 
to whether or not increasing syndiotacticity 
and decreasing flexibility suppresses the 
formation of the more ordered SmA meso- 
phase in poly { 6-[4’-(4”-methoxyphenoxy- 
carbonyl)phenoxy]hexyl methacry late } s. 

3.6 The Effect 
of Polydispersity 

One of the most fundamental questions still 
open regarding the structure/property rela- 
tionships of SCLCPs is the effect of poly- 
dispersity. In some cases, the temperature 
and nature of the mesophase(s) depend not 
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only on the degree of polymerization, but 
also on the molecular weight distribution 
[147- 149, 2121. For example, the sc meso- 
phase of the broad polydispersity (pdi = 1.9) 
poly { 6-[ (4’-cyanopheny1-4’’-phenoxy)hex- 
yllvinyl ether] prepared by direct polymer- 
ization was not detected by DSC, although 
it was readily apparent in samples prepared 
by polymer analogous reactions (pdi = 1.2) 
[212]. 

However, broad polydispersity is gener- 
ally believed to manifest itself in broad 
phase transitions. In contrast to low molar 
mass liquid crystals (LMMLCs) which 
undergo phase transitions over a few de- 
grees, SCLCPs often exhibit extremely 
broad transitions. This wide (and even split 
[249, 2501) biphasic region, in which a mes- 
ophase coexists with either the isotropic 
melt or another mesophase [25 11, is evident- 
ly due to the fact that polymers are polydis- 
perse. For example, fractionated samples of 
poly { 6-[(4’-cyanophenyl-4”-phenoxy)un- 
decyllacrylate) undergo (SmC- SmA, SmA 
-I) transition over a narrower temperature 
range (15 - 25 “C) than the original polymer 
(40 “C) prepared by free radical polymeriza- 
tion [252]. (Unfortunately, the actual molec- 
ular weight and polydispersity were not de- 
termined for any of the samples.) 

In contrast, the transitions of most well- 
defined SCLCPs prepared by controlled 
polymerizations are relatively narrow. The 
effect of polydispersity was therefore 
investigated by blending well-defined 
(pdi < 1.28) poly{ 5- { [6’-[4”-(4’”-methoxy- 
pheny1)phenoxyl alkyl]carbonyl} bicy- 
cl0[2.2.1]hept-2-ene}s of varying molecu- 
lar weights (DPn=5, 10, 15, 20, 50, 100) to 
create polydisperse samples (pdi = 2.50- 
4.78) [22]. In this case, both monodisperse 
samples and multimodal blends underwent 
the nematic -isotropic transition over a nar- 
row temperature range. Polydispersity also 
had no effect on the temperatures of transi- 

tions, which were determined simply by the 
number average degree of polymerization. 

Since polydispersity created by blending 
linear polymers has no effect on the thermo- 
tropic behavior of polynorbornenes [22], 
whereas fractionation of polyacrylates pre- 
pared by radical polymerization results in 
narrower biphasic regions [252], we must 
consider what the various sources of poly- 
dispersity are. Most SCLCPs are still pre- 
pared by free radical polymerizations. Since 
mesogenic monomers are highly function- 
alized with a number of sites which can 
cause chain transfer, their free radical poly- 
merizations should result in chain branch- 
ing and broad polydispersity at high 
monomer conversion. In addition, entangle- 
ments are trapped in high molecular weight 
polymers. 

Therefore, the broad phase transitions of 
SCLCPs may be caused by the immiscibil- 
ity of a mixture of molecular architectures 
resulting from chain branching at the end of 
the polymerization [23], and/or by entangle- 
ments; only chain branching increases the 
molecular weight distribution. This argu- 
ment is supported by recent theoretical and 
experimental studies of polyethylene. That 
is, while polydisperse blends of linear poly- 
ethylene are homogeneous [253], blends of 
linear and branched polyethylene phase seg- 
regate [254 -2581 with the immiscibility in- 
creasing as the branch content of the two 
components becomes more dissimilar [259, 
2601. In addition, entropic corrections to the 
Flory - Huggins theory predict that mixtures 
of linear polymer and low concentrations of 
branched polymer will phase separate [26 11. 
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4 Chain 
Copolymerizations 

Polymers which contain more than one type 
of monomeric repeat unit are called copoly- 
mers. By copolymerizing two or more 
monomers in varying ratios and arrange- 
ments, polymeric products with an almost 
limitless variety of properties can be ob- 
tained [3]. As shown in Scheme 18, there 
are four basic types of copolymers as de- 
fined by the distribution of, for example, co- 
monomers A and B. While the properties 
of a random copolymer are intermediate 
between those of the two homopolymers, 
block and graft copolymers exhibit the prop- 
erties of both homopolymers. The proper- 
ties of an alternating copolymer are usually 
unique. 

The first three types of copolymers can 
be prepared by polymerizing a mixture of 
the two monomers simultaneously. In this 
case, the distribution of comonomers is de- 
termined by their relative concentrations 
and reactivity ratios. The reactivity ratios 
( r l ,  r2,  etc.) are the ratios of the rate con- 
stants of homopropagation and cross-prop- 
agation (Eq. 32). 

q = - ,  r 2 = -  

Using the terminal model of copolymeriza- 
tion, there are four possibilities for propa- 
gation (Scheme 19). 

(32) kl 1 k22 

kl2 k2 1 

Scheme 19 

If there are only two active sites (MT and 
M;) whose concentration are at steady 
state and if monomer is consumed entirely 
by propagation, the molar ratio of the 
two monomer units in the polymer 
(d[M,]/d[M,]) is defined by Eq. (33), in 
which [M,] and [M2] are the concentrations 
of the two monomers in the polymer feed. 

Random copolymers in which the co- 
monomer distribution follows Bernoullian 
or zero-order statistics are formed by ideal 
copolymerizations in which r1 r2 = 1. How- 
ever, a truly random distribution of the two 
units results only if the Bernoullian distri- 
bution is symmetric (i. e. when r1 = r2 = 1). 
In this case, the two monomers have equal 
probability of reacting with a given active 
center, regardless of the monomer it is de- 
rived from, and the copolymer composition 
equals the comonomer feed composition at 
all conversions. Random copolymers are 
generally formed by radical copolymeriza- 
tions, whereas ionic copolymerizations tend 
to favor propagation of one of the comono- 

RANDOM poly(A-ran-B) AABAABBBABBAAABABAABB 

ALTERNATING poly(A-alt-B) ABABABABABABABABABABA 
BLOCK poly(A-Mock-B) AAAAAAAAAAABBBBBBBBBB 

G W  poly(A-groff-ft-B) A A A A A A A A A A A A A A A A A A A A  
m g m g  m m 

m m 
m m m  m m  

Scheme 18 
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mers much more than the other, yielding 
blocky sequences of that comonomer. That 
is, it is usually difficult to copolymerize 
monomers by an ionic mechanism due to 
large differences in their reactivity ratios: 
r l  % 1, r,41. Alternating copolymers result 
when both reactivity ratios are close to zero 
due to little tendency of either monomer to 
homopolymerize ( r ,  = rz= 0). 

Block copolymers containing long blocks 
of each homopolymer in a diblock, triblock, 
or multiblock sequence are formed by si- 
multaneous polymerization of the two co- 
monomers only when r1  S- 1 and r2% 1. How- 
ever, block copolymers are more effective- 
ly prepared by either sequential monomer 
addition in living polymerizations, or by 
coupling two or more telechelic homopoly- 
mers subsequent to their homopolymeriza- 
tion. Alternatively, if the two monomers do 
not polymerize by the same mechanism, a 
block copolymer can still be formed by se- 
quential monomer addition if the active site 
of the first block is transformed to a reac- 
tive center capable of initiating polymeriza- 
tion of the second monomer. 

Living polymerizations have been used to 
prepare copolymers based on either two 
mesogenic monomers, or one mesogenic 
monomer and one nonmesogenic monomer, 
with the comonomers distributed either sta- 
tistically or in blocks or grafts. 

4.1 Block Copolymers 

Block and graft copolymers based on two or 
more incompatible polymer segments phase 
separate and self-assemble into spatially pe- 
riodic structure when the product (xN) of 
the Flory - Huggins interaction parameter 
and the total number of statistical segments 
in the copolymer exceeds a critical value 
[25, 262, 2631. Since the incompatible 

I 

I I I I 

0 0.2 0.4 0.6 0.8 

Weight fraction of PS 

Figure 19. Morphology of poly(styrene-block-buta- 
diene) as a function of molecular weight and compo- 
sition [25] .  

blocks are chemically linked to each other, 
macroscopic phase separation is prevented, 
and phase separation is instead limited to the 
microscopic level. The resulting morpholo- 
gy minimizes the free energy of the system 
by minimizing unfavorable contacts and the 
interfacial curvature energy, while max- 
imizing the conformational entropy and 
maintaining a uniform segment density 
throughout the phase [262 - 2661. The 
geometry and size of the microdomains are 
therefore determined not only by the degree 
of incompatibility x N ,  but also by the vol- 
ume fraction (@A, #B) of the different blocks, 
the block length(s), the total molecular 
weight, the conformational asymmetry and 
fluctuations [262-2711. 

An isothermal morphology diagram of 
poly(styrene-block-butadiene) is shown in 
Fig. 19 as a function of molecular weight 
and copolymer composition; the classic 
morphologies include spherical microdom- 
ains (O<#A<0.15) packed in a body-cen- 
tered cubic lattice, hexagonally packed 
cylindrical microdomains (0.15 I qA<O.3), 
and alternating lamellae of approximately 
symmetric diblocks (0.3 I $ ~ ~ < 0 . 5 ) .  Sever- 
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a1 new morphologies and thermotropic tran- 
sitions were discovered by blending diblock 
copolymers with homopolymer 1272 - 2781 
or diblock [279, 2801 copolymer, and by 
varying temperature 1281, 2821 or hydro- 
static pressure [283] in order to change x at 
a fixed composition. Although the first non- 
classic morphology was characterized as 
an ordered bicontinuous double diamond 
phase 1284-2891, it has since been identi- 
fied as a gyroid bicontinuous cubic phase 
[278, 2901, which is apparently unstable 
[291]. Linear ABA triblock (25, 267-2701, 
diblock star [289, 2921 and cyclic diblock 
[293] copolymers generally form the same 
morphologies as diblock copolymers of the 
same composition. However, a new tricon- 
tinous cubic structure was recently discov- 
ered in miktoarm star copolymers [294] and 
ABC triblock [295 - 2971 copolymers; ABC 
triblock copolymers also form spheres and 
cylinders at lamellae interfaces [298 -3011. 

Block copolymers containing a side- 
chain liquid crystalline segment are being 
synthesized in order to answer structure/ 
property questions, and to create new mate- 
rials that combine the anisotropic ordering 
of liquid crystals with the mechanical prop- 
erties of block copolymers. For example, in 
contrast to block copolymers which have 
more uniform mechanical properties, even 
main-chain liquid crystalline polymers are 
notorious for lacking strength in the direc- 
tion transverse to chain extension. Self-sup- 
ported liquid crystalline materials should al- 
so be possible by synthesizing liquid crys- 
talline thermoplastic elastomers, in which 
the ABA triblock copolymer contains a liq- 
uid crystalline B block with hard segments 
as the A blocks. 

However, understanding the thermody- 
namics of phase separation in liquid crystal- 
line block copolymers is in its infancy. The 
morphology of such block copolymers will 
be influenced by the competition between 

microphase separation of the chemically- 
different blocks and anisotropic ordering of 
the liquid crystalline block(s). This may re- 
sult in unique morphologies, such as those 
recently observed with rod-coil diblock 
copolymers of poly(styrene-hlock-hexyl 
isocyanate) [302, 3031. This microphase 
separation may also influence the equilibri- 
um packing of the mesogens, and therefore 
the onset, nature and stability of the meso- 
phase(s), especially at the interface and 
especially at curved surfaces. 

The molecular weight, block lengths and 
volume fraction of each block are three fac- 
tors controlling the morphology of block 
copolymers. In addition, phase separation 
should be most discrete with the narrowest 
interfacial areas when the block lengths are 
monodisperse [25]. Block copolymers are 
therefore generally synthesized using living 
polymerizations which readily control both 
the molecular weight and result in copolym- 
ers with narrow polydispersity. Conversely, 
the ability to form well-defined block co- 
polymers by sequential monomer addition 
provides further evidence that a polymeriza- 
tion and its propagating chain ends are 
living. All of the ‘living’ polymerization 
mechanisms used to prepare well-defined 
SCLCPs have been used to prepare block 
copolymers containing a liquid crystalline 
block, and all of the well-defined side-chain 
liquid crystalline block copolymers have 
been prepared by sequential monomer addi- 
tion. In this case, the liquid crystalline 
monomer is either polymerized directly or 
the mesogen is introduced in a polymer anal- 
ogous reaction. When the liquid crystalline 
block is generated by a polymer analogous 
reaction, well-defined blocks require quan- 
titative functionalization. 



4.1.1 Anionic and Group 
Transfer Copolymerizations 

In order to prepare block copolymers by se- 
quential monomer addition, the crossover 
reaction must be efficient. The order of 
monomer addition is therefore extremely 
important in anionic polymerizations, since 
the propagating anion of the first block must 
be nucleophilic enough to initiate polymer- 
ization of the second monomer. Since the re- 
activity of the propagating anion correlates 
with the pK, of its conjugate acid, any 
monomer listed in Table 13 (such as sty- 
rene) will polymerize any monomer listed 

Table 13. Monomer and propagating anion’s reactiv- 
ity in anionic polymerizations. 

Monomer PKa Ref. 

Styrenes 41 -42 WI 
Dienes 43 ~ 2 5 1  

Methacrylic esters 27 - 28 [251 
Acrylonitrile 32 1251 

Oxiranes 16-18 1251 
Thiiranes 12- 13 [251 
Siloxanes 10- 14 1251 
Cyanoacrylates 11-13 1251 
Nitroalkanes 10- 14 [251 

2-Vinyl pyridine 29 [304] 

4-Vinyl pyridine 26 I3041 
Vinyl ketones 19 [=I 

Lactones 4-5 P S I  
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Scheme 20 

- ? 
-CH2- .Mt+ + y CH,=C 

I 
ms--H3 

more reactive 
6 

more reactive 
propagating species monomer 

. .  . ,  . ,  . ,  ., , .  , .  -.v 
F”J 

-CH2-(3,Mt+ + y CHz=CH 
I .- *. 

CqCH3 0 
less reactive less reactive 
propagating species monomer 

below it (such as methyl methacrylate) with 
a similar or lower pK, [25]. As outlined in 
Scheme 20, this means that the more reac- 
tive propagating species is used to polymer- 
ize the more reactive monomer, whereas the 
less reactive propagating species can not in- 
itiate polymerization of the less reactive 
monomer. 

Block copolymers of butadiene and sty- 
rene are therefore readily synthesized an- 
ionically, with either of the two monomers 
polymerized first. Precursor copolymers of 
poly(styrene-block-butadiene) have been 
used to prepare well-defined liquid crystal- 
line block copolymers by the same polymer 
analogous reaction described in Sec. 2.5 of 
this chapter (Scheme 21) [201-2031. Fol- 
lowing anionic polymerization by sequen- 
tial monomer addition, the polymer analo- 
gous reactions of the cholesterol (PS- 
PBCh) [201] and azobenzene (PS-PBAz) 
[203] derivatives were essentially quantita- 
tive, while that of the phenyl benzoate (PS - 
PBBz) block went to up to 94% conversion 
[202]. The polydispersities of the liquid 
crystalline copolymers (pdi = 1.13 - 1.23) 
were nearly as narrow as those of their 
precursor copolymers (pdi = 1.08 - I .2 1, 
Mn=8.09-9.2~104) [201, 2031. 

The ability of butadiene anions to initiate 
styrene polymerization, and vice versa, is 

No Reaction 
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0-25 T 
ClCOR 1 

Scheme 21 

Scheme 22 

demonstrated by the synthesis of triblock 
poly( styrene-block-butadiene-block-sty- 
rene) by three sequential monomer addi- 
tions, which was then used to synthesize the 
liquid crystalline triblock copolymer shown 
in Scheme 22. 

Similarly, diblock copolymers involving 
two (or more) methacrylate monomers can 
generally by polymerized in the order which 
is most convenient since the two propagat- 
ing anions should have similar pK,s.  For 
example, diblock copolymers of methyl 
methacrylate and 4-[4'-(4"-methoxyphenyl- 
azo)phenoxy]butyl methacrylate (PMMA - 
PMAzM) were synthesized by polymeriz- 
ing the mesogenic block first (Scheme 23) 

Although block copolmers of methyl me- 
thacrylate and 6-(4'-(4"-methoxypheny1)- 

1461. 

phenoxy)hexyl methacrylate have been syn- 
thesized by group transfer polymerization 
(Scheme 24) [30.5], they havenot beenchar- 
acterized. This same block copolymers has 
also been synthesized by coupling acyl chlo- 
ride endcapped polystyrene with hydrazide 
endcapped poly { 6-[4'-(4"-methoxyphe- 
ny1)phenoxylhexyl methacry late] [306]. 
However, the two coupled homopolymers 
were prepared by radical polymerizations, 
and the resulting block copolymers are 
therefore not monodisperse in either block 
length or molecular weight. 

In contrast to block copolymers of two 
methacrylates, block copolymers of a me- 
thacrylate and styrene can only be prepared 
anionically by polymerizing styrene first. 
As shown in Scheme 2.5, well-defined (pdi = 
1.03 - 1.1 1) diblock copolymers of styrene 
and 6- [4'-(4"-Methoxyphenyl)phenoxy ] hex- 
yl methacrylate (PS - PMPPHM) were syn- 
thesized directly by sequential anionic poly- 
merization of styrene and then the meth- 
acrylate in THF at -78 "C using s-butyl lithi- 
um as the initiator [44]. The reactivity of the 
growing polystyrene anions were reduced 
by reaction with 1, l-diphenylethylene be- 
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Scheme 23 

Scheme 24 

fore polymerizing (6-[4'-(4"-methoxyphe- 
ny1)phenoxylhexyl methacrylate at -40 "C 
in the presence of lithium chloride. Diblock 
copolymers of styrene and 4-[4'(4"-meth- 
oxypheny1azo)phenoxylbutyl methacrylate 
(PS - PMAzM) were prepared similarly 
(Scheme 25), except that the methacrylate 
block was polymerized at -70 "C without 
adding lithium chloride [46]. 

Poly[styrene-block-2-(cholesteryloxy- 
carbony1oxy)ethyl methacrylate] (PS - 
PChEMA) copolymers and similar diblock 
copolymers with amorphous butadiene 
(PB -PChEMA) [204] and n-butylmeth- 
acrylate (PBMA-PChEMA) [204, 2101 
blocks were synthesized by a route analo- 
gous to that shown in Scheme 16, except 
that the nonmesogenic block was polymer- 
ized first. For example, styrene was poly- 
merized first in THF at -78°C using s- 
BuLi as the initiator (Scheme 26). Diblock 

PS - PChEMA copolymers were generated 
by reacting the growing polystyrene anions 
with 1, l-diphenylethylene before polymer- 
izing 2-(trimethylsi1oxy)ethyl methacry- 
late, following by deprotection and reaction 
of the poly(2-hydroxyethyl methacrylate) 
block with cholesterylchloroformate. The 
molecular weights of the diblock copoly- 
mers corresponded to DP,= [MI],+ [M2I0/ 
[I],; the polydispersities of PB-PChEMA 
(pdi = 1.3) [204], PBMA-PChEMA (pdi = 
1.2) [204] and PS-PChEMA (pdi = 1.02- 
1.18 [205, 207, 2091 were generally very 
narrow. 

Since triblock copolymers can not be syn- 
thesized anionically by a third monomer ad- 
dition of styrene to the growing methacry- 
late anion, PS-PChEMA-PS triblock co- 
polymers were generated by coupling the 
living diblock copolymers with terepthaloyl 
chloride before quenching/deprotection 
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PSI-PMF’PHM 

(Scheme 26). Alternatively, triblock 
PChEMA - PS - PChEMA copolymers can 
be prepared using a difunctional initiator as 
shown in Scheme 27. All of the triblockPS - 
PChEMA-PS (pdi= 1.07- 1.25) [209] and 
PChEMA-PS-PChEMA (pdi= 1.01 - 
1.47) [206, 207, 2091 copolymers are also 
well-defined in terms of molecular weight 
and polydispersity. Although only 70- 88% 
of the 2-hydroxyethyl methacrylate groups 
were initially functionalized with cholester- 
ylcarbonate [204], complete conversion 
was subsequently achieved using 100% ex- 
cess cholesterylchloroformate and longer 
reaction times of up to 4 days [208]. 

4.1.2 Cationic Copolymerizations 

As in anionic copolymerizations, the order 
of monomer addition is extremely important 
in achieving efficient crossover reactions in 
cationic copolymerizations. However, in 
contrast to anionic polymerizations the most 
efficient crossover reaction is not achieved 
by reacting the more reactive monomer with 
the more reactive propagating species. In- 
stead, initiation of the second monomer is 
apparently fast and quantitative if the most 
reactive monomer is polymerized first. As 
demonstrated by the examples in Scheme 
28, this generates the more easily ionized 
covalent chain end, which therefore corre- 
sponds to the efficiency of covalent initia- 
tors discussed in Sec. 2.3 of this chapter and 
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Scheme 26 

outlined in Table 2. However, since the op- 
timum polymerization conditions generally 
vary with each monomer, the temperature 
and catalyst type and concentration may 
have to be adjusted accordingly with each 
monomer addition. For example, Scheme 28 
shows that fairly well-defined (pdi = 1.33) 
diblock copolymers of styrene (45 repeat 
units) and methyl vinyl ether (20 repeat 
units) are obtained when the vinyl ether is 
polymerized first, although the second stage 
polymerization requires higher temperature 
and a higher concentration of the Lewis ac- 
id in conjunction with a common ion salt 
[307]. The synthesis of block copolymers 
of styrene - 2-chloroethyl vinyl ether [307], 
p-methoxystyrene - i-butyl vinyl ether 
[308], p-methoxystyrene - methyl vinyl 
ether [308], p-t-butoxystyrene - i-butyl 
vinyl ether [309], and p-methylstyrene - 
i-butyl vinyl ether [309] also require poly- 

w ( tH2)zO-C-0 

merization of the most reactive monomer 
first. The opposite order of first stage poly- 
merization of the less reactive monomer 
generally produces a mixture of the block 
copolymer and the homopolymer of the sec- 
ond monomer [ 307 - 3 1 11. 

Monomer pairs of similar reactivity, such 
as p-t-butoxystyrene - p-methoxystyrene 
[309], and a-methylstyrene - 2-chloroethyl 
vinyl ether [3 101 can be polymerized start- 
ing from either monomer. However, even 
monomer pairs with similar stabilities and 
reactivities have an optimum order of addi- 
tion. For example, Scheme 29 shows that 
the molecular weight distribution of triblock 
copolymers of styrene (50-56 repeat units) 
andp-methylstyrene (60- 62 repeat units) is 
narrower when p-methylstyrene is polymer- 
ized first (using a difunctional initiator) 
[3 121, thereby generating a more easily ion- 
ized macroinitiator. 
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PChEMA-PSt-PChEMA b- 
Scheme 27 

more easily less reactive less reactive 
ionized adduct propagating species monomer 

less easily more reactive more reactive 
ionized adduct propagating species monomer 

Scheme 28 

Nevertheless, efficient crossover reac- 
tions can be achieved even when the second 
monomer is more reactive than the first 
monomer by endcapping the first block with 

a more easily ionized, but nonpolymerizable 
monomer. As outlined in Scheme 30, Faust 
et al. prepared well-defined (pdi< 1.1) di- 
block and triblock copolymers of isobuty- 
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Sncb 

CH3 
more reactive less easily ionized more reactive 

adduct propagating species monomer 

Scheme 29 

less easily 
ionized adduct 

more easily 
ionized adduct 

11 2 TiCb 

Scheme 30 

lene and a-methylstyrene (or other styrene 
derivatives) with 100% crossover efficien- 
cies by reacting the first block with 1,l-di- 
phenylethylene before adding a-methylsty- 
rene [313-3151. In this case, it is also 
necessary to deactivate the first Lewis acid 
(TiC1,) by adding titanium(1V) isopropox- 
ide or butoxide, and to add a second Lewis 
acid (SnBr,) [3 151. Diblock copolymers 
(pdi < 1.1) of isobutylene and methyl vinyl 
ether were prepared similarly [316]. 

Therefore, techniques are emerging for 
generating well-defined block copolymers 
by sequential monomer addition in cationic 
polymerizations of vastly different vinyl 
monomers. However, side-chain liquid 

crystalline block copolymers have only 
been prepared by sequential monomer addi- 
tion of two vinyl ethers of approximately the 
same reactivity. Both diblock copolymers of 
(perfluoroocty1)ethyl vinyl ether and n-[(4'- 
( 4 "- c y an o p h e n y 1) p h e n ox y ) a 1 k y 1 ] v i n y 1 
ethers (PR,-PCNVEn) or 2-[(4'-biphenyl- 
oxy)ethyl]vinyl ether (PR,-PbiPHVE2) 
were prepared by polymerizing the meso- 
genic block first using triflic acid as the 
initiator and dimethyl sulfide as a deactiva- 
tor in CH,Cl, at 0 "C, followed by addition 
of the less soluble fluorocarbon monomer 
(Scheme 3 1) [3 171. Somewhat well-defined 
(pdi = 1.30- 1.40) diblock copolymers of 
6-[4'-(4"-n-(S)-2-methylbutyl vinyl ether 
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R = C N :  PRf-pCNvEa 
R = -H: PRf-PbiPHvEl 

Scheme 31 

(PMBVE-PBPBVE) were also prepared 
by polmerizing the mesogenic block first, 
except that HI was used as the initiator and 
I, as the catalyst in toluene at -4O”C, fol- 
lowed by addition of the nonmesogenic 
monomer (Scheme 32) [150]. Although a 
minor amount of homopolymer was ob- 
tained from the second stage polymeriza- 
tion, this was removed by selective extrac- 
tion. 

4.1.3 Copolymerizations 
with Metalloporphyrins 

Aluminum porphyrins have been used to 
prepare block copolymers by sequential 
monomer addition of two oxiranes [68, 
3 181, of two p-lactones [3 191, of a p-lactone 
and an oxirane [319], of ethylene oxide and 
E-caprolactone [74] of propylene oxide and 
D-lactide [75], and of two methacrylates 
[76]. In the one example involving mono- 
mer pairs (Elactone and oxirane) which 
generate two different types of propagating 
species, the p-lactone had to be polymerized 

first since the resulting aluminum carboxy- 
late was able to initiate polymerization of 
the oxiranes, whereas aluminum alkoxides 
were unable to initiate polymerization of 
p-lactone [ 3  191. Metalloporphyrins have 
also been useful in preparing liquid crys- 
talline block copolymers of methyl meth- 
acrylate and either 6-[4’-(4”-n-butoxyphe- 
noxycarbonyl)phenoxy]hexyl methacrylate 
(PMMA-PMOB) [90, 9 11 or 6-[4’-(4”-cya- 
nophenylazo)phenoxy]hexyl methacrylate 
(PMMA-PMAC) [90] with narrow poly- 
dispersity (pdi = 1.14 - 1.19) and the expect- 
ed molecular weight using methyl(5,10,15, 
20-tetrapheny1porphinato)aluminum as the 
initiator (Scheme 33). 

4.1.4 Ring-Opening Metathesis 
Copolymerizations 

Well-defined diblock and triblock copoly- 
mers (pdi = 1.08 - 1.14) were first prepared 
by ring-opening metathesis polymerization 
by sequential monomer addition of norbor- 
nene, dicyclopentadiene and benzonorbor- 
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Scheme 34 

nadienes using the bis(q5-cyclopentadien- 
y1)titanacyclobutane derivative of 3,3-di- 
methylcyclopropene as the initiator [320, 
3211. Norbornenes and norbornadienes 
have also been sequentially polymerized us- 
ing M(CHCMe2R)(N-2,6-C,H,-i-Pr,)(O-t- 
Bu),(M = Mo, W; R = -CH,, -Ph) as the 
initiator (pdi = 1.05- 1.12, up to 488 repeat 

units per block) [7, 186, 322-3341, as have 
norbornenes and cyclobutane derivatives 
(pdi = 1.04- 1.23, up to 200 repeat units per 
block) [335-3391. In these systems, revers- 
ing the order of monomer addition has no 
effect on the copolymerization. More re- 
cently, block copolymers of norbornenes 
and 7-oxanorbornenes (pdi = 1.21 - 1.26, up 
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Scheme 35 

to 292 repeat units per block) [340], and of 
an oxanorbornadiene and a functionalized 
norbornene (pdi = 1.32) [341] were prepared 
using RuCI,(CHCH = CPh2)(PR3), and 
RuCl,(CHPh)(PPh,),, respectively, as the 
initiator. Triblock copolymers of 7-oxa- 
norbornenes have also been prepared 
using a difunctional (PCy3),C1,RuCH-Ph- 
CH,RuCI,(PCy,), initiator (pdi = 1.11 - 1.26, 
up to 200 repeat units per block) [342]. 

However, only Mo(CH-t-Bu)(N-2,6- 
C6H3-i-Pr2)(O-t-Bu), has been used to 
prepare well-defined, liquid crystalline 
block copolymers. As shown in Schemes 34 
and 35, the nonmesogenic monomer was 
polymerized first in THF at 25”C, fol- 
lowed by addition of 5-{ [n-[4’-(4”-methox- 
yphenyl)phenoxy]alkyl]carbonyl } bicy- 
cl0[2.2.l]hept-2-ene (n  = 3: PNBE3; n = 6: 
PNBE6), to produce diblock copolymers 
(pdi = 1.06- 1.25) with norbornene (PNBE), 
methyltetracyclodecene (PMTD) and 5-  
(cyano)bicyclo[2.2.l]hept-2-ene (PNBECN) 
[343]. 

4.1.5 Morphology and 
Thermotropic Behavior of 
Side-Chain Liquid Crystalline 
Block Copolymers 

The amorphous segment of microphase- 
separated amorphous/liquid crystalline 
block copolymers may influence the order- 
ing of the mesogens at the interface, as well 
as the size and discreteness of that interface. 
Living copolymerizations are therefore be- 
ing used to determine the effect of the mor- 
phology and domain size on the thermotrop- 
ic behavior of side-chain liquid crystalline 
block copolymers. 

As summarized in Table 14, block copol- 
ymers of methyl methacrylate and 6-[4’-(4”- 
n-butoxyphenoxycarbonyl)phenoxy] hexyl 
methacrylate (PMMA-PMOB) [90, 911 or 
6- [4’-(4”-cyanophenylazo)phenoxy]hexyl 
methacrylate (PMMA - PMAC) [90] dem- 
onstrate that liquid crystalline block copol- 
ymers behave similarly to standard block 
copolymers. That is, entry 1 shows that 
short blocks are miscible, such that this 
PMMA-PMOB copolymer exhibits a 
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Table 14. Phase behavior of block copolymers of methyl methacrylate and 6-[4’-(4”-n-butoxyphenoxycarbo- 
nyl)phenoxy]hexyl methacrylate (PMMA - PMOB) [90,9 11 and 6-14’-(4‘-cyanophenylazo)phenoxy]hexyl 
methacrylate (PMMA-PMAC) [90] (Scheme 33). 

Entry Copolymer Block length Wt. ratio Thermotropic behavior (“C) Ref. 

PMMA LC PMMAILC 

1 56 13 50/50 G75I ~ 9 0 1  

4 PMMA-PMAC 28 8 51/49 G 44 G 92 I ~901 

2 PMMA- PMOB 109 12 67/33 G 4 0 G  1081 1911 
3 109 24 50150 G 42 G 100 SmAlN 100 I [91] 

Table 15. Phase behavior of block copolymers of 6-[4’-(4”-n-butoxyphenoxycarbonyl)phenoxy]hexyl vinyl ether 
with i-butyl vinyl ether (P-i-BVE-PBPBVE) or (S)-2-methylbutyl vinyl ether (PMBVE-PBPBVE) (Scheme 32) 
[150]. 

Entry Copolymer (Theoretical) (Actual) Thermotropic behavior (“C)“ AH,,,,h 

block length wt. ratio mi,homo 

non-LC LC non-LCILC 
~~ 

1 2 10 3/97 s 28 SmC 87 N 97 I 1.1 
2 P-i-BVE- PBPVE 3 10 8/92 s 24 SmC 83 N 93 I 1.1 
3 10 10 10190 s 25 SmC 83 N 94 I 0.99 
4 25 10 25/75 s 29 K 43 SmC 83 N 93 I 0.85 

5 PMBVE-PBPBVE 10 10 21 I79 K 27 Sm 33 SmC 60 N 70 I nr 
6 25 10 32/68 K 20 Sm 28 I nr 

a PBPBVE homopolymer DP, = 10: Sm 31 SmC 92 N 102 I [ 1501; PBPBVE homopolymer DP,, = 38: Sm 47 SmC 

’ nr =not reported. 
106N 111 1[150].P-i-BVE~T,-20”C[344]~T,110”C[345]~T~165”C[346]. 

single glass transition at a temperature in- 
termediate between that of poly(methy1 
methacrylate) (105 “C)  and poly{ 6-[4’-(4”- 
n-butoxyphenoxycarbonyl)phenoxy] hexyl 
methacrylate} (G 38 SmA 104 N 110 I); in- 
creasing the poly(methy1 methacrylate) 
block length causes it to phase separate (en- 
try 2). In addition, the mesogenic block must 
be sufficiently long for it to organize aniso- 
tropically (entry 3). The final entry demon- 
strates that poly(methy1 methacrylate) and 
poly [ 6-[4’-(4’’-cyanophenylazo)phenoxy] 
hexyl methacrylate} (G 47 SmA 154 I) are 
evidently more incompatible than PMMA - 
PMOB since phase separation occurs at 
lower block lengths, although the mesogen- 
ic block length is still not long enough to ex- 
hibit liquid crystallinity. (The morphology 

of these block copolymers was not deter- 
mined.) 

In contrast, block copolymers of 6-[4’- 
(4”-n-butoxyphenoxycarbonyl)phenoxy]- 
hexyl vinyl ether and i-butyl vinyl ether 
(P-i-BVE - PBPBVE) or (S)-2-methylbutyl 
vinyl ether (PMBVE-PBPBVE) exhibit 
liquid crystallinity even at very short block 
lengths (Table 15). However, the weight 
fraction of the liquid crystalline segment is 
68-98%, which should correspond to cyl- 
inders or spheres of the nonmesogenic block 
in a matrix of poly{ 6-[4’-(4’’-n-butoxyphe- 
noxycarbonyl)phenoxy]hexyl vinyl ether } . 
Without microscopic or X-ray evidence, 
it is also not clear from the data presented 
in Table 15 whether microphase separation 
occurs, especially at block lengths of two to 
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Table 16. Phase behavior of block copolymers of (perfluoroocty1)ethyl vinyl ether and n-[(4’-(4”-cyanophe- 
nyl)phenoxy)alkyl]vinyl ethers (PR, -PCNVEn) or 2-((4’-biphenyloxy)ethylJvinyl ether (PR, -PbiPHVE2) 
(Scheme 3 1) [3 171. 

Thermotropic behavior (“C) ’* A HI, co 

AHi, homo 

Copolymer Block Wt. 
length ratio 

~~ 

PR, LC PR,/LC Copolymer Poly (LC) b 

PRf-PCNVE2 7 14 45/55 K -6 K 22 G 75 X 83 1.C 250 dec G 78 X 86 I 0.61 
PR,-PCNVE3 8 15 54/46 K -12 K 15 G 60 X 64 N 97 LC 250 dec G 60 X 64 N 98 I 0.43 
PR,-PCNVEY 5 16 32/68 K-7 G 12 K 23 SmC 41 SmA 140 I G 14 SmA 142 I 0.81 
PRf-PCNVElI 5 14 31/69 G 10 K 54 K 64 SmA 146 I G 17 K 66 SmA 155 I 0.95 

PR,-PbiPHVE2 6 13 44/56 K 30 K 66 LC 250 dec G 59 K 70 I 0.79 

PR, homopolymer: K 23 Sm 41 I [347]; X=unidentified phase, LC=unidentified liquid crystalline phase, 

Of comparable molecular weight of the liquid crystalline block length. 
dec =decomposes. 

three repeat units of the non-mesogenic 
poly(viny1 ether). That is, transitions due to 
poly(i-butyl vinyl ether) are not observed in 
the first three entries, and all of the transi- 
tion temperatures of the poly { 6-[(4’-n-but- 
oxyphenyl-4”-benzoate)hexyl]vinyl ether} 
segment are depressed relative to those of 
the homopolymer. The transition tempera- 
tures are even further depressed in those 
block copolymers (entries 4-6) which 
exhibit a crystalline melting, presumably 
due to the nonmesogenic, semi-crystalline 
block. The fact that this transition (43 “C) is 
substantially depressed relative to that of 
poly(i-butyl vinyl ether) (1 10°C [345]- 165 
[346] “C depending on tacticity) further in- 
dicates that some mixing of the blocks oc- 
curs. 

Microphase separation does occur at 
shorter block lengths when the two blocks 
are highly immiscible, such as with hy- 
drocarbon and fluorocarbon blocks. For 
example, all of the diblock copolymers 
of (perfluoroocty1)ethyl vinyl ether and 
n-[  (4’-cyanophenyl-4”-phenoxy)alkyllvi- 
nyl ethers (PR,-PCNVE,,) or 2-[(4’-biphe- 
nyloxy)ethyl]vinyl ether (PR,-PbiPHVE2) 
listed in Table 16 exhibit the phases charac- 
teristic of both of the corresponding homo- 

polymers. However, the three copolymers 
with the shortest spacers reportedly remain 
in an ordered state above temperatures cor- 
responding to isotropization of the homo- 
polymers. 

Table 17 presents the thermotropic be- 
havior of diblock copolymers of 5-{ [n-[4’- 
(4”- met h o x p h en y 1 ) p h e n o x y ] a 1 k y 1 ] car b o - 
nyl] bicyclo[2.2. Ilhept-2-ene (n = 3: PNBE3; 
n = 6: PNBE6) with norbornene (PNBE), 
methyltetracyclodecene (PMTD) and 5- 
(cyano)bicyclo[2.2.l]hept-2-ene (PNBECN) 
with at least 50 wt% liquid crystalline 
blocks of 20 or 50 repeat units 13431. With 
the exception of 45/55 wt% PNBECN- 
PNBE3, all of the diblock copolymers ex- 
hibit enantiotropic nematic mesophases and 
undergo phase transitions at approximately 
the same temperatures as the two corre- 
sponding homopolymers, although both 
glass transitions are not always detectable 
when they either occur in the same temper- 
ature region, or when the corresponding 
block is present as a low weight fraction of 
the copolymer. The ability of the mesogen 
to pack into microphase separated liquid 
crystalline regions is therefore independent 
of the identity of the amorphous block in 
these systems. 



186 111 Molecular Engineering of Side Chain Liquid Crystalline Polymers 

Table 17. Phase behavior of polynorbornene block copolymers (Schemes 34 and 35) [343]. 

Copolymer Block length Wt. ratio Thermotropic behavior ("C) A H 1 , C O  

AHi, homo 
Amorph. LC AmorphILC Copolymer Poly(amorph) Poly(LC) 

PNBE- PNBE3 

PNBECN- PNBE3 

PNBE - PNBE3 

PNBECN-PNBE3 

PNB E - PNB E6 

PMTD - PNBE6 

PNBECN-PNBE6 

PNBE - PNBE6 

PMTD - PNBE6 

PNBECN - PNBE6 

300 
100 

180 

100 
50 

180 
89 
36 

300 
100 

100 

180 

100 
56 

100 

180 
89 
36 

20 48/52 
20 22/78 

20 45/55 

50 11/89 
50 6/94 

50 27/73 
50 13/87 
50 919 1 

20 40160 
20 18/82 

20 46/54 

20 40160 

50 919 1 
50 5/95 

50 27/73 

50 23/77 
50 15/85 
50 7/93 

G 44 G 58 N 84 I 
G 39 G 55 N 92 I 

G 1121 

G 39 G 59 N 86 I 
G 36 G 60 N 87 I 

G 6 7 N 8 8 G 1 1 9 I  
G 63 N 82 I 
G 63 N 82 I 

G 42 N 97 I 
G 38 N 94 I 

G 41 N 85 G 208 I 

G 40 N 87 G 112 I 

G 3 8 N 9 1  I 
G 38 N 93 I 

G 41 N 92 G 207 I 

G 4 3 N 9 3 G 1 1 4 I  
G 4 3 N 9 1  I 
G 4 5 N 9 1 I  

G 4 3 I  

G 1161 

G43 I 

G 1161 

G 43 I 

G 214 I 

G 1161 

G43 I 

G 214 I 

G 1161 

* 
G 5 7 N 7 9 I  0.65 

0.97 
0.90 

* 
0.49 
0.40 

G 61 N 86 I 

* 
0.75 

* G 35 N 87 1 
* 

0.97 
0.93 

G 4 2 N 9 3  I 0.60 

0.60 
0.82 
0.81 

* Transition too broad to accurately calculate enthalpy. 

Table 18. Phase behavior of polystyrene block copolymers (Schemes 21,22, 25). 

Copolymer Block length Wt. ratio Thermotropic behavior ("C) * AH,,co Ref. 
~ 

AHi,homo 
St LC PSILC Copolymer Pol y(LC) 

____________ 

PS-PBCh 692 165 48/52 G 98 S 203 I G 75 S 206 I 0.38 [201] 
PS-PBBz 725 183 50150 G 27 SmC 58 N 101 I G 24 SmC 60 N 101 I 0.30 [202] 
PS-PBBt-PS 306 313 11/89 G 20 N 88 I G 18 N 53 I 1.29 [202] 

180 41 55/45 G 90 K 104 SmA 132 I 0.71 [44] 
PS-PMPPHM 144 41 50150 G 92 K 105 SmA 133 I K 121 SmA 135 I 0.69 1441 

103 49 37/63 G 91 K106 SmA 135 I 0.77 1441 

* Amorphous PS: Tg= 85 "C. 

Well-defined PS -PBCh [201], PS -PBBz 
[202] andPS-PBAz [203] (Scheme 21) di- 
block copolymers with extremely long liq- 
uid crystalline block lengths ( lo2 repeat 
units) form distinct lamellae typical of 
50:50 wt% block copolymers, although the 
glass transitions of both blocks are not al- 
ways detected due to either their similar 

temperatures or masking by a liquid crystal- 
line transition; the morphology of the PS- 
PBBz- PS triblock copolymer (Scheme 22) 
has not been determined. As summarized in 
Table 18, the diblock copolymers form the 
same phases at the same temperatures as the 
corresponding homopolymers. 
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Figure 20. Thermotropic behavior of poly[4-[4’-(4”-methoxyphenylazo)phenoxy]butyl methacrylate} (0, A), 
poly((methy1 methacrylate)-block-[4-[4’-(4”-methoxyphenylazo)phenoxy]buty~ methacrylate]] (0, A) 
(Scheme 23) and poly ( styr~ne-block-[4-[4’-(4”-metho~yphenylazo)phenoxy]buty~ methacrylate] } (0, 7 )  

(Scheme 25) as a function of the number of repeat units in the liquid crystalline block 1461. 

The same is true of diblock copoly- 
mers of styrene and 6-14’-(4”-methoxy- 
phenyl)phenoxy]hexyl methacrylate (PS - 
PMPPHM) with at least 45 wt% liquid crys- 
talline blocks of 40-50 repeat units 
(Table 18) [44]. That is, the glass transition 
of polystyrene and the SmA to isotropic 
transition of poly[6-[4’-(4”-methoxyphe- 
nyl)phenoxy]hexyl methacrylate} occur at 
essentially the same temperatures in the co- 
polymers. However, the crystalline melting 
of the liquid crystalline block is depressed 
in the blockcopolymers, which broadens the 
temperature range of the SmA mesophase. 
All of the diblock copolymers form well-de- 
fined lamellae, although the layer spacings 
of the mesogens in the diblock copolymers 
are slightly lower than that in the homopoly- 
mer. In addition, the lamellae orient perpen- 
dicular to the interface of the two blocks in 

the copolymer and therefore perpendicular 
to the fiber axis, in contrast to the orienta- 
tion in the homopolymers. 

Although the temperatures of the transi- 
tions of the liquid crystalline block gener- 
ally match those of the corresponding ho- 
mopolymer, the transition temperatures 
may be molecular weight dependent. For 
example, Figure 20 demonstrates that the 
glass and nematic - isotropic transition tem- 
peratures of poly { 4-[4’-(4”-methoxyphenyl- 
azo)phenoxy]butyl methacrylate} level off 
at approximately 100 repeat units [46]. 
In addition, the isotropization temperature 
of its diblock copolymers with styrene 
(PS -PMAzM) and methyl methacrylate 
(PMMA - PMAzM) follow approximately 
the same dependence on the block length 
of the liquid crystalline block, although 
the polystyrene (19-365) and poly(methy1 
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Figure 21. Thermotropic behavior of poly( 2-(choles- 
tery1oxycarbonyloxy)ethyl methacrylate] (0, a), and 
diblock(PS-PChEMA) [208, 2091 (0, .)and triblock 
[PChEMA-PS-PChEMA [208] (A,  A) and PS- 
PChEMA-PS [209] (V, r)] copolymers of 2-(choles- 
teryloxycarbony1oxy)ethyl methacrylate and styrene 
(Schemes 26 and 27) as a function of the number of 
repeat units in the liquid crystalline block. 

methacrylate) (30-529) block lengths vary 
widely; the glass transition temperatures of 
the block copolymers are much more scat- 
tered. 

In contrast, the data in Table 17 demon- 
strates that the nematic - isotropic tempera- 
ture of polynorbornene copolymers with 
either 20 or 50 repeat units in the liquid crys- 
talline block are more similar to the higher 
molecular weight homopolymer than to 
that with 20 repeat units. This trend is 
demonstrated more conclusively by the di- 
block (PS-PChEMA) [208, 2091 and tri- 
block (PChEMA-PS -PChEMA [208] and 
PS - PChEMA - PS [209]) copolymers of 
2-(cholesteryloxycarbonyloxy)ethyl meth- 

acrylate and styrene. Although the exact 
temperatures vary greatly, Fig. 21 shows 
that the glass and smectic A-isotropic tran- 
sition temperatures vary much less as a 
function of the length of the liquid crystal- 
line block, and are essentially independent 
of the type of block copolymer and the mor- 
phology. 

Studies of the copolymers discussed so 
far have therefore demonstrated that theme- 
sogens within the liquid crystalline segment 
of block copolymers can organize aniso- 
tropically, and that the same mesophase is 
generally formed by both the homopoly- 
mer and copolymers containing at least 
50 wt% of the liquid crystalline block. How- 
ever, systematic studies of diblock (PS- 
PChEMA) and triblock (PS - PChEMA - 
PS, PChEMA-PS -PChEMA) copolymers 
of styrene and (2-cholesteryloxycarbonyl- 
oxy)ethyl methacrylate have demonstrated 
that this varies with lower weight or volume 
fractions of the liquid crystalline block 
[204- 2091. Most importantly, the morphol- 
ogy and thermotropic behavior of the di- 
block (PS-PChEMA) [208, 2091 and tri- 
block (PChEMA-PS-PChEMA [208] and 
PS - PChEMA - PS [209]) copolymers of 
2-(cholesteryloxycarbonyloxy)ethyl meth- 
acrylate and styrene are identical when the 
volume fraction of the blocks are equal, 
which is consistent with the behavior of 
amorphous AB and ABA block copolymers 
[25, 267 - 2701. This is true regardless of the 
length of the individual blocks. That is, the 
extent of immiscibility of all of the block 
copolymers is above the critical value 
( zN>xNoDT) ,  and the order - disorder tran- 
sition (ODT) is not observed in any of the 
copolymers studies. As summarized in 
Fig. 22, those samples with volume frac- 
tions of polystyrene 0 <$ps < 0.7 exhibit the 
classic morphologies of polystyrene spheres 
or rods embedded in a smectic A matrix of 
poly[2-cholesterylformyl)ethyl methacry- 
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Figure 22. Morphology of AB diblock (0, a, 0, V) and ABA and BAB triblock (0, A, ., 7 )  copolymers of sty- 
rene and 2-(cholesteryloxycarbonyloxy)ethyl methacrylate (Schemes 26 and 27): PS spheres in a SmA PChE- 
MA matrix (0, 0);  PS rods in a SmA PChEMA matrix (A, A); alternating lamellae of PS and smectic A PChE- 
MA (0, m); nematic PChEMA spheres in a PS matrix (0 ,  V) [208, 2091. 

late], and alternating lamellae of polysty- 
rene and poly[2-(cholesterylformyl)ethyl 
methacrylate] (SmA). However, the phase 
diagram is asymmetric about #ps = 0.5. 
Such asymmetry is observed in amorphous 
block copolymers when the conformational 
and volume-filling characteristics of the two 
blocks are different [263, 3481. The extreme 
asymmetry of the phase diagram shown in 
Fig. 22 is therefore consistent with the con- 
formational asymmetry of arnorphous/side- 
chain liquid crystalline block copolymers. 

In contrast to samples with #ps<0.7, 
those with ePs > 0.7 exhibit only a spherical 
morphology of nematic poly[2-(choleste- 
rylformy1)ethyl methacrylate] spheres in a 
polystyrene matrix, with no occurrence of 
PChEMA rods in a polystyrene matrix. As 
proposed by the researchers, both the cur- 
vature of the interface and the small size of 
the spheres ( 1  7 nm) evidently prevent the 
liquid crystalline block from organizing into 
its equilibrium smectic A structure, which 
has a layer distance of 4.5 nm. That is, the 
equilibrium packing of the mesogens is con- 
strained in the microphase separated re- 

gions, which results in further asymmetry in 
the phase diagram. However, no new mor- 
phologies are observed. Diblock PBMA - 
PChEMA copolymers exhibit a very simi- 
lar, asymmetric phase diagram, which lacks 
the morphology of PChEMA rods in the 
amorphous matrix; PChEMA is also nemat- 
ic in the PChEMA sphere morphology 
[210]. 

The last structure/property relationship to 
be studied in side-chain liquid crystalline 
block copolymers is the change in enthalpy 
of the liquid crystalline transitions per mol 
mesogenic repeat unit. Tables 14- 18 list 
the relative changes in enthalpy of isotrop- 
ization for the copolymers and correspond- 
ing liquid crystalline homopolymers when- 
ever possible. As shown, the change in en- 
thalpy is often depressed relative to that of 
the homopolymer, although higher percent- 
ages seem to be obtained when the block 
copolymer contains a greater fraction of the 
liquid crystalline block. Nevertheless, it is 
just as often close to loo%, as in po- 
ly ( (methyl methacry late)-bZock-4-[4'-(4"- 
methoxyphenylazo)phenoxy]butyl methac- 
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rylate} (75 - 120%; Scheme 23) and po- 
ly { styrene-block-4-[4’-(4”-methoxyphenyl- 
azo)phenoxy]butyl methacrylate} ( 100 - 
110%; Scheme 25) [461. 

The relative decrease in enthalpy should 
represent the extent of disorder at the inter- 
face of the two blocks, and has actually been 
directly correlated to the thickness of the 
interphase. That is, the AH of isotropization 
of lamellar PS-PChEMA (Scheme 26) 
containing q+,ChEMA= 0.56 is 8 1.4% of that 
of the homopolymer, indicating that the 
interphase should be approximately 18.6% 
of the liquid crystalline lamellae (12.5 nm). 
The calculated value of 2.3 nm corresponds 
very well to that measured by TEM follow- 
ing preferential staining of the interphase 
[207]. Nevertheless, variations in the extent 
of disorder at the interface as measured 
by decreased enthalpies of transitions may 
be due to variations in sample preparation 
and thermal history. For example, Gronski 
et al.’s 2H-NMR experiments on deuterated 
PS-PBAz (Scheme 21) indicate that the 
disordered interphase present in powder 
samples is eliminated when the samples are 
oriented by shear for extensive time in the 
nematic mesophase [203]. 

4.2 Graft Copolymers 

Although copolymers with equivalent com- 
positions but different molecular architec- 

tures generally form the same morphology, 
the temperature of the order-disorder tran- 
sition (TODT) varies [349]. This is because 
the critical value of x N ,  in which x is in- 
versely proportional to temperature, varies 
with molecular architecture. For example, 
when @A = 0.5 weak segregation theory cal- 
culates (in the absence of fluctuation cor- 
rections) that ordering occurs when 
x N 2  10.5 for linear diblock copolymers 
[264], x N 2  11 for graft copolymers (de- 
pending on the number of grafts) [350, 35 11, 
and x N 2  18 for linear triblock copolymers 
(Eq. 34) [352]. Therefore, graft copolymers 

(XN)ODT, blend < (XN)ODT,diblock 

< (XN)ODT,graft < (XN)ODT,triblock (34) 

are more likely to remain homogeneous at 
a given temperature than the corresponding 
diblock copolymers. 

In addition, both the shape and distribu- 
tion of the domains of the minor phase in 
the matrix of the major phase of graft co- 
polymers is more irregular than the spatial- 
ly periodic structures of block copolymers 
[353]. This is probably due to the greater 
limitations to phase separation due to the 
greater number of connections between the 
two blocks, as well as to the generally ran- 
dom distribution of grafts along the length 
of the main-chain block. 

As shown in Eq. ( 3 9 ,  graft copolymers 
containing a mesogenic monomer have been 
synthesized by free radical copolymer- 
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Table 19. Phase behavior of poly { 6-[4’-(4”-cyanophenoxycarbonyl)phenoxy]hexyl methacry late - graft - methyl 
met ha cry late]^, Eq. (35) [354, 3551. 

Entry (Number average) Wt. ratiob Thermotropic Weighted 
block length” behavior (“C)“ average“ 

PMMA LC PMMAILC T, (“C) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

73 
73 
73 
73 
73 
73 
28 
59 
85 
127 

35 
37 
48 
88 
74 
50 
76 
64 
71 
53 

55/45 
55/45 
5914 1 
63/37 
67/33 
74/26 
57/43 
64/36 
70130 
75/25 

G 46 SmA, N 114 1 
G 56 SmA, N 112 I 
G 58 SmA, N 106 I 
G 56 SmA, N 98 I 

G 103 I 
G91 I 
G 54 I 
G 74 I 
G 1051 
G 113 I 

87 
87 
89 
92 
94 
98 
77 
88 
97 
101 

a Calculated assuming pdi of LC main chain is equivalent to pdi of copolymer. 
Calculated using weight average molecular weight of graft and LC main chain relative to PMMA standards. 

. I  PMMA graft: yg=94- 117 ‘C depending on -block 
oxylhexyl methacrylate]: C 54 SmA 104 N 110 I [354] 

length; poly { 6-[4’-(4”-cyanophenoxycarbonyl)phen- 

ization of styryl-terminated poly(methy1 
methacrylate) and 6-[4’-(4”-cyanophenoxy- 
carbonyl)phenoxyl]hexyl methacrylate [354, 
3551. In this case, the block length of the 
graft is nearly monodisperse (DP, = 28 - 
127, pdi 5 1 .lo). However, the copolymers 
are not well-defined in molecular weight 
(pdi= 2.21 -4.00) since a living mechanism 
was not used for the copolymerization. 
More importantly, the distance between 
grafts along the backbone is not uniform. 
Nevertheless, the copolymers contain near- 
ly the same ratio of the comonomers as was 
present in the feed, with total molecular 
weights up to M, = 2.5 x lo5. 

Table 19 presents the thermotropic be- 
havior of these graft copolymers with vary- 
ing compositions and graft lengths. Only the 
first four entries are microphase separated 
with the mesogenic block organized aniso- 
tropically. In these cases, the glass transi- 
tion of the PMMA block overlaps the 
SmA -N - I transitions. All other entries ex- 
hibit a single glass transition. However, on- 
ly entries 6 and 8 appear to form a homog- 

enous solution with a glass transition corre- 
sponding to the weighted average of the two 
blocks. The glass transition of the other 
entries seems to correspond to either the 
PMMA graft (entries 5 ,  9, 10) or the meso- 
genic main-chain (entry 7). The Tg of the 
mesogenic main-chain is apparently not de- 
tected in entries 5, 9, and 10 because of its 
low weight fraction, whereas the Tg of 
PMMA is not detected in the sample in 
which it is present in the lowest weight frac- 
tion (entry 7). (The actual morphology and 
therefore confirmation of phase separation 
by these graft copolymers has not been de- 
termined.) 

Comparison of the data in Tables 14 and 
19 of graft and block copolymers, respec- 
tively, based on methyl methacrylate and a 
mesogenic methacrylate confirm that block 
copolymers phase separate more easily than 
graft copolymers. Although not exactly 
comparable due to the different mesogenic 
methacrylates, the block copolymers phase 
separate at shorter block lengths than the 
graft copolymers. In addition, the distribu- 
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tion of amorphous grafts along the meso- 
genic block disrupts the ability of the meso- 
gens to organize anisotropically much more 
than the single connection in diblock co- 
polymers. 

4.3 Statistical Binary 
Copolymers 

As discussed in the beginning of Sec. 4 
of this chapter, a truly random distribution 
of two comonomers is achieved only in 
an azeotropic copolymerization in which 
Y, = r2 = I .  In this case, the two monomers 
have equal probability of reacting with a 
given active center, regardless of the 
monomer it is derived from, and the copol- 
ymer composition equals the comonomer 
feed composition at all conversions. There- 
fore, if the copolymerization also follows as 
‘living’ mechanism all of the copolymer 
chains will have approximately the same 
chain length and the same random distribu- 
tion of comonomer units. If r1 #r,# 1, not 
only will the comonomers not be randomly 
distributed along the copolymer chain, but 
the comonomer feed and therefore the co- 
polymer composition will also change as a 
function of conversion, resulting in a mix- 
ture of chemically heterogeneous chains. 

With one exception [90], side-chain liq- 
uid crystalline binary copolymers have on- 
ly been prepared by a ‘living’ mechanism 
using cationic polymerizations of vinyl 
ether comonomers (Eq. 36). However, these 

nonmesogenic vinyl ethers or vinyl ethers 
containing other biphenyl mesogens. The 
reactivity ratios of the two comonomers 
have not been determined in any of these 
systems. Nevertheless, the reactivity of a 
given functional group is independent of a 
second functional group if they are separat- 
ed by at least three methylenic carbons 
[356] .  Therefore, the reactivity ratio of a 
given mesogenic monomer should be iden- 
tical to that of the corresponding n-alkyl 
substituted ( n  2 3) monomer with an identi- 
cal polymerizable group if the n-alkyl spac- 
er also contains at least three carbons. Sim- 
ilarly, the reactivity ratio of a mesogenic 
monomer should be independent of the 
length of the n-alkyl spacer if it contains at 
least three carbons. 

If a mesogenic monomer is copolymer- 
ized with a nonmesogenic monomer, the 
mesophase is observed above a minimum 
concentration of the mesogenic monomer. 
For example, neither poly( (methyl meth- 
acrylate)-co-[6-[4’-(4”-cyanophenylazo)- 
phenoxylhexyl methacrylate] ] (DP,= 35, 
pdi = 1.35) nor poly { (methyl methacrylate)- 
co-[6-[4’-(4”-n-butoxyphenoxycarbonyl)- 
phenoxylhexyl methacrylate] } (DP, = 69, 
pdi = 1.12) (Scheme 36) prepared by metal- 
loporphyrin-initiated copolymerizations 
and containing 18-20 mol% of the meso- 
genic monomer exhibit the SmA mesophase 
of the corresponding SCLCPs [90]. 

However, the SmA mesophase of po- 
ly{ [n-butyl vinyl ether]-co-[ll-[(4’-cyano- 
phenyl-4”-phenoxy)undecyl]vinyl ether] } 
is retained at compositions containing at 

9 H f C H 2 - C H G C H 2 - C H  OCH3 (36) -b 
AR OR 

1) CF3SqH. 10 M q S  
x CH+H + y CH,=CH 

I I CH2Cl3 0 ‘C 
OR’ 2)MeOH 

I 
OR 

copolymers are based on biphenyl-meso- 
genic monomers with a variety of substitu- 
ents which are copolymerized with either 

least 20 mol% of the mesogenic monomer 
(Fig. 23); the crystaIlinephase is suppressed 
at much lower concentrations of the non- 
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Figure 23. Phase transition temperatures from the glass (a), crystalline (0) and SmA (m) phases ofpoly( (n-bu- 
tyl vinyl ether)-co-[ 11-[(4’-(4”-cyanophenyl)phenoxy)undecyl]vinyl ether]] (DP,= 17-22, pdi = 1.07- 1.15) 
[357],  and the corresponding changes in enthalpy of isotropization; first heat. 

mesogenic units [357]. Figure 23 also dem- 
onstrates that all of the transition tempera- 
tures decrease as the amount of n-butyl vi- 
nyl ether in the copolymer increases, with 
the change in enthalpy of isotropization de- 
creasing accordingly. In this case [357, 
3581, the glass transition decreases as the 
copolymer becomes more like poly(n-butyl 
vinyl ether) due to its lower Tg (-55°C at 
high molecular weight) [344]. 

Therefore, copolymerization of a meso- 
genic monomer with a nonmesogenic 
monomer whose homopolymer has a lower 
glass transition temperature can be used to 
both eliminate side-chain crystallization 
and to depress the glass transition tempera- 

ture of the corresponding SCLCP. If the 
glass transition and/or more ordered phases 
are depressed, additional mesophases may 
be revealed [357]. However, the biphasic re- 
gion or temperature range over which the 
phase transitions occur increases as the con- 
centration of the nonmesogenic unit in- 
creases [357]. The thickness of the SmA 
layers in similar copolymers with i-butyl vi- 
nyl ether increases as the concentration of 
i-butyl vinyl ether increases, and apparent- 
ly changes from interdigitated bilayer to 
(noninterdigitated) bilayer packing [359]. 

In contrast, poly{ [n-butyl vinyl ether]- 
c o - [ 2 - [ ( 4’- c y an o p h e n y 1 - 4”- p h e n o x y ) - 
ethyllvinyl ether]} must contain at least 
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Figure 24. Dependence of the phase transition temperatures from the glass (e), crystalline (O), unidentified 
smectic (O), S m C *  (+), SmA (W) and N (A) phases of (a) poly{ { 3-[(4’-(4”-cyanophenyl)phenoxy)propyl]vinyl 
ether)-co-{ S-[(4’-(4”-cyanophenyl)phenoxy)pentyl]vinyl ether}} (DP,,= 16-21, pdi= 1.09- 1.25) [364]; and (h) 
poly [ { 8-[(4’-(2R,3S)-2-fluoro-3-methylpentyloxycarbonyl)-3’-flnorophenyl-4’’-phenoxy)octyl]vinyl ether] -co- 
{ 1 l-[(4’-(2R,3S)-2-fluoro-3-methylpentyloxycarhonyl)-3’-fluorophenyl-4’’-phenoxy)undecy~]viny~ ether) ] 
(DPn=9-15, pdi= 1.09- 1.22) [139]; first heat. 

60 mol% of the mesogenic monomer to ex- 
hibit a SmC mesophase [357]. Similar co- 
polymers (Scheme 37) containing polymer- 
izable methacrylate pendant groups and at 
least 40-60% of the mesogenic monomer 
can be subsequently crosslinked to generate 
networks which exhibit the SmA or SmC* 
mesophase of the corresponding homopoly- 
mer [360-3621. In addition, the crystalline 
and/or more ordered smectic mesophases of 
these homopolymers are eliminated when 
the networks contain 10 - 30% of the cross- 
linkable methacry late monomer; less 2-vin- 

yloxyethyloxy methacry late is required to 
eliminate the ordered phases than 1 1 -vinyl- 
oxyundecanyloxy methacrylate. 

Several vinyl ether comonomers based on 
the same biphenyl mesogen with different 
spacers and/or different substituents were 
also copolymerized using the same condi- 
tions (Eq. 36). All of the copolymerizations 
were assumed to be azetropic ( r ,  = r2 = l),  
and most were based on copolymer pairs 
containing at least three carbons in the 
spacer. Although the copolymers prepared 
by cationic polymerizations were not of 
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Figure 25. Dependence of the phase transition temperatures from the crystalline (0), unidentified smectic (0) 
and SmC* (*) phases of (a) blends of poly[ [ 8-[(4‘-(2R)-2-fluoro-4-rnethylpentyloxycarbonyI)phenyI-4”-phen- 
oxy)octyl]vinyl ether] (DP, = 16.3, pdi = 1.14) and poly ( [ 8-[(4’-(2S)-2-fluoro-4-methylpentyloxycarbonyl)phenyl- 
4”-phenoxy)octyl]vinyl ether] (DP,= 15.2, pdi = 1.14); and (b) poly ( [ 8-[(4’-(2R)-2-fluoro-4-methyIpentyloxy- 
carbonyl)phenyl-4”-phenoxy)octyl]vinyl ether] -co- [ { 8 4  (4’-(2S)-2-fluoro-4-rnethylpentyloxycarbonyl)phenyi- 
4”-phenoxy)octyl]vinyl ether) (DP,= 12.5- 12.9, pdi= 1.13- 1.16) [141]; second heat. 

high enough molecular weight for their 
transitions to be independent of molecular 
weight [363], they were compared to homo- 
polymers of the same degree of polymeriza- 
tion. 

If the copolymer is based on monomers 
whose homopolymers exhibit identical me- 
sophases, its phase diagram follows ideal 
solution behavior with a continuous, linear 
or slightly curved dependence of the transi- 
tion temperature and enthalpy of at least the 
highest temperature mesophase on copoly- 
mercomposition [132,134,136- 140,3641. 
For example, Fig. 24 a demonstrates that the 
two structural units of poly{ { 3-[(4’-(4”-cya- 
nophenyl)phenoxy)propyl]vinyl ether }-co- 
{ 5-[(4’-(4”-cyanophenyl)phenoxy)pentyl] 
vinyl ether} } are isomorphic within the ne- 
matic mesophase, although they are not iso- 

morphic within the smectic mesophases 
[364]. 

Similarly, the two structural units of 
poly { { 8-[(4’-(2R,3S)-2-fluoro-3-methyl- 
pent y 1 ox y c arb o n y 1) - 3 I -  f 1 u o r o p h e n y I - 4”- 
phenoxy)octyl]vinyl ether} -co- { 1 1 -[(4’- 
(2R,3S)-2-fluoro-3-methylpentyloxycarbo- 
n y 1 ) - 3 I -  f 1 u o r o p h e n y 1 - 4”- p h e n o x y ) u n d e - 
cyllvinyl ether} } are isomorphic within 
both the SmC* and SmA mesophases, but 
not the more ordered phases (Fig. 24b) 
[ 1391. Therefore, copolymerization can be 
used to eliminate the crystalline and/or more 
ordered smectic phases of the correspond- 
ing homopolymer( s). 

The isotropization temperature shows a 
slightly positive deviation from the additive 
values if the hetero-monomer interactions 
are stronger than the homo-monomer inter- 
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Figure 26. Dependence of the phase transition temperatures from the glass (O), crystalline ( O ) ,  unidentified 
smectic (O), SmC (+), SmA (m) and nematic (A) phases of  (a) poly ( { 3-[(4’-(4”-cyanophenyl)phenoxy)prpyI]vi- 
nyl ether]-co-{ 11-[(4’-(4”-cyanophenyl)phenoxy)undecylJvinyI ether))  (DP,= 17-21, pdi= 1.07- 1.12) 13641; 
and (b) poly { (2-[(4’-(4”-cyanophenyl)phenoxy)ethyl]vinyl ether] -co- [ 8-[(4’-(4”-cyanopheny1)phenoxy)oc- 
tyllvinyl ether)]  (DPn=9-11, pdi=l. l0-1.17) [125, 3661; first heat. 

actions [ 141, 3651 as shown by the copoly- 
mers and blends of homopolymers of 8-[(4’- 
(2R)-2-fluoro-4-methylpentyloxycarbo- 
nyl)phenyl-4”-phenoxy)octyl]vinyl ethers 
and 8-[(4’-(2S)-2-fluoro-4-methylpentyl- 
oxycarbonyl)phenyl-4”-phenoxy)octyl]vi- 
nyl ethers based on biphenyl mesogens with 
diastereomeric substituents (Fig. 25). How- 
ever, this positive deviation decreases with 
increasing molecular weight [ 1411, and will 
apparently vanish as the thermotropic be- 
havior becomes independent of molecular 
weight (see Sec. 3.1 of this chapter). In con- 
trast, the crystalline melting of such systems 
shows a negative deviation from ideal solu- 
tion behavior due to the different physical 
properties of diastereomers 1136, 137, 
1411. 

If the copolymer is based on structural 
units which are not isomorphic, their respec- 

tive mesophases are not exhibited over the 
entire composition (Fig. 26) [ 125, 133, 135, 
364-3671 and intermediate compositions 
may exhibit an entirely different [366] phase 
(Fig. 26 b), or the corresponding chiral mes- 
ophase [365] if the comonomer is chiral 
[368]. The transition temperature and en- 
thalpy of at least the highest temperature 
mesophase generally also follow a continu- 
ous, slightly curved dependence on copoly- 
mer composition. Several of the copolymer 
pairs exhibit a reentrant nematic mesophase 
at a composition close to that which exhib- 
its both mesophases of the corresponding 
two homopolymers [ 125, 364, 366, 3671. 

Copolymerizations and the resulting 
phase diagrams can therefore be used to con- 
firm or disprove the tentative assignment of 
a given mesophase. 
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Table 20. Thermotropic behavior of 2,s-bis { [4’-n-(perfluoroalkyl)alkoxy- 
benzoyl]oxy)toluenes [ 1951. 

n m Phase transitions (“C) 

4 6 K 106 SmC 205 SmA 214 I 
5 6 K 101 SmC 197 SmA 207 I 
6 6 K 99 SmC 197 SmA 203 I 
8 6 K 102 SmC 189 SmA I92 1 

4 7 K 124 SmC 215 SmA 222 I 
5 7 K 119 SmC 208 SmA 216 1 
6 7 K 129 SmC 206 SmA 212 1 
8 7 K 120 SmC 197 SmA 200 I 

4 8 K 130 SmC 218 SmA 226 I 
S 8 K 122 SmC 214 SmA 221 I 
6 8 K 130 SmC 21 1 SmA 217 I 
8 8 K 124 SmC 201 SmA 205 I 

5 Other Factors 
Controlling the 
Thermotropic Behavior 
of SCLCPs as Studied 
using Living Polymeriza- 
tions: Induction of 
Smectic Layering using 
Immiscible Components 

Although liquid crystals were discovered in 
1888 [369], chemical concepts are only now 
being developed for converting the type of 
mesophase exhibited by a given chemical 
structure. Compounds which normally form 
only nematic mesophases can be forced to 
order into smectic layers by incorporating 
immiscible fluorocarbon units into their hy- 
drocarbon chemical structure. Comparison 
of the data in Tables 7, 20 and 21 demon- 
strate that smectic layering is induced not 
only in low molar mass liquid crystals, but 

also in the corresponding side-chain liquid 
crystalline polynorbornenes with laterally 
attached mesogens. The latter architecture 
is the most convincing system possible for 
demonstrating this concept since lateral at- 
tachment of the mesogens to a polymer 
backbone had previously precluded smectic 
layering [ 182, 370-3741. 

6 TheFuture 

Additional well-defined side-chain liquid 
crystalline polymers should be synthesized 
by controlled polymerizations of mesogen- 
ic acrylates (anionic or free radical polymer- 
izations), styrenes (anionic, cationic or free 
radical), vinyl pyridines (anionic), various 
heterocyclic monomers (anionic, cationic 
and metalloporphyrin-initiated), cyclobu- 
tenes (ROMP), and 7-oxanorbornenes and 
7-oxanorbornadienes (ROMP). Ideally, the 
kinetics of these ‘living’ polymerizations 
will be determined by measuring the indi- 
vidual rate constants for termination and 
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Table 21. Thermotropic behavior of poly [ 5-[[[2’,5’-bis[(4”-n-((perfluoro- 
alkyl)alkoxy)benzoyl)oxy]benzyl]oxy]carbonyl]bicyclo[2.2.1 l-hept-2- 
ene)s [195]. v F0 

n rn Phase transitions (“C) 
- 

4 
5 
6 
8 

4 
5 
6 
8 

4 
5 
6 
8 

~ 

6 
6 
6 
6 

7 
7 
7 
7 

8 
8 
8 
8 

G 106 SmC 227 SmA 234 I 
G 96 SmC 228 SmA 231 I 
G 90 SmC 216 SmA 223 I 
G 77 SmC 213 SmA 216 I 
G 90 SmC 24 SmA 251 I 

G 96 SmC 239 SmA 248 I 
G 93 SmC 230 SmA 236 I 
G 97 SmC 228 SmA 232 I 
G 93 SmC 251 SmA 264 I 
G 93 SmC 258 SmA 262 I 
G 98 SmC 250 SmA 261 1 
G 98 SmC 231 SmA 234 I 

transfer, or at least the ratios of kp/k, ,  and 
k,/k,. In addition, future studies should at- 
tempt to detect termination by plotting 
ln[M],/[M] vs. time in addition to plots 
of molecular weight vs. conversion or 
[M],/[I], to detect transfer. 

In addition to conclusively establishing 
the molecular weight dependence of their 
thermal transitions, these new SCLCPs will 
confirm or modify the structure/property 
correlations that have emerged thus far by 
synthesizing and studying only SCLCPs 
with a complete and homologous set of 
spacer lengths. In particular, the effect of 
tacticity should be studied using more con- 
trolled polymerization systems, rather than 
only those generated by anionic polymer- 
izations. The effect of polydispersity and/or 
mixtures of immiscible molecular architec- 
tures and chain entanglements should also 
be determined, perhaps by comparing 
SCLCPs prepared by controlled radical 

polymerizations with those first prepared by 
classic radical polymerizations. 

The range of well-defined block and graft 
copolymers containing at least one meso- 
genic block should also be expanded in or- 
der to elucidate the thermodynamics of 
phase separation, and perhaps, to discover 
new morphologies. (Living polymeriza- 
tions should be used to synthesize both the 
macromonomers and the graft copolymers.) 
This will require better characterization of 
their thermotropic behavior and resulting 
morphologies. For example, overlapping 
transitions and glass transitions should be 
determined by dynamic mechanical analy- 
sis and/or dynamic DSC when necessary. 
The mechanical properties of these copoly- 
mers should also be determined in order to 
establish whether or not they behave as ther- 
moplastic elastomers and if their transverse 
strength is greater than that of the corre- 
sponding homopolymers. 
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We expect that the range of well-defined 
statistical copolymers will also increase, 
primarily to manipulate the phases formed 
and the transition temperatures of the cor- 
responding homopolymers. 
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Chapter IV 
Behavior and Properties of Side Group 
Thermotropic Liquid Crystal Polymers 

Jean-Claude Dubois, Pierre Le Barny, Moniyue Mauzac, and Claudine Noel 

1 Introduction 

Side chain liquid crystal polymers (SCLCP) 
are formed by attaching rigid units to a flex- 
ible chain, as illustrated schematically in 
Fig. 1. Decoupling of the side group by in- 
serting a flexible spacer allows the main 
chain to accommodate the anisotropic ar- 
rangement of the mesogenic side groups and 
the polymer may exhibit liquid crystal prop- 
erties. Thus, side group (or side chain) LCPs 
are reminescent of low molecular weight 
LCs, and their properties are characterized 
by a combination of LC specific and poly- 
mer specific properties. The former include 
the formation of any of the different types 
of mesophases. A polymer specific proper- 
ty of importance in SCLCPs is the forma- 

Mesogenic unit I- 
\ T 

Figure 1. General structure of a side-chain LC homo- 
polymer. 

tion of a glass on cooling because of partial 
decoupling of the flexible backbone from 
the side chain. The glass transition temper- 
ature Tg is partly determined by the chemi- 
cal constitution of the backbone and in most 
cases the LC order may be frozen in to yield 
an anisotropic glass with unique optical 
properties, e.g. nonlinear optically active 
side groups can be attached, oriented, and 
frozen under an electric field. These impor- 
tant electrooptical properties are described 
in the Sec. 4 of this Chapter. 

Many reviews [ 1-31 of SCLCPs describe 
the structure of the backbone (main chain), 
the spacer (flexible linkage), and the side 
group (mesogenic unit) of the SCLCP. For 
example, the most widely used backbones 
include polyacrylates or polymethacrylates, 
polysiloxanes, and polyphosphazenes; po- 
ly-a-chloroacrylates, itaconates, and ethy- 
lene oxides have also been reported. 

Typical spacer groups consist of 3 - 12 
methylene units. However, oxyalkyl and 
ester spacer groups are sometimes used to 
enhance the degree of decoupling through a 
more flexible spacer. The pendant rigid 
group is chosen from those that constitute 
the LMWLCs, including biphenyl, phenyl 
benzoates, and benzolaniline, also includ- 
ing disc-like moieties such as substituted tri- 
phenylene. Combinations of a rigid main 
chain polymer and a lateral side group have 
also been described. 

Crosslinking through the side group leads 
to elastomeric LCPs with interesting prop- 
erties due to the coupling of the elastic prop- 

Handbook ofLiquid Crystals 
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erties and mesomorphic behavior. This is 
studied in Sec. 3 of this Chapter, essential- 
ly in terms of mechanical and electrome- 
chanical properties. 

Chemical modification of the polymer 
structure allows the obtention of nematic 
and smectic phases [4, 51. If the side group 
and/or the chain are chiral, then cholesteric 
or chiral smectic C (SmC) phases can be ob- 
tained. These can also be obtained by mix- 
ing a chiral compound with the SCLCP. 
SmC* SCLCPs are of particular interest and 
their behavior is described in Sec. 2 of this 
Chapter. 

2 Ferroelectric 
Liquid Crystal Polymers' 
Behavior 

2.1 Chemical Structures 
of SmC* Liquid Crystal 
Polymers 

Since the synthesis of the first chiral smec- 
tic C side chain LCP by Shibaev et al. [6], 
chemists over the last ten years have con- 
siderably extended that field. Now, the 
SmC* mesophase can be exhibited by a va- 
riety of polymeric materials including: ho- 
mopolymers, copolymers and terpolymers, 
oligomers, combined polymers, and cross- 
linked polymers. 

This synthesis work was not only aimed 
at obtaining a better knowledge of the struc- 
ture-properties relationships, but also at de- 
signing either polymers with reduced vis- 
cosity and improved response time, suitable 
for display applications, or polymers bear- 
ing in their side chains an electron donor-Il 
system-electron acceptor moiety for second 
order nonlinear optics. 

2.1.1 Homopolymers 

The general structure of a homopolymer is 
shown in Fig. 1. Most of the SmC* LCPs 
synthesized so far are derived from polyac- 
rylate, polymethacrylate, or polymethylsi- 
loxane backbones. Some polyoxyethylenes 
[7] as well as some polyvinylethers [8] have 
also been prepared. The mesogenic core 
structures, the tails, and the spacers gener- 
ally used to obtain SmC* LCPs are respec- 
tively summarized in Figs. 2-4. 

The optically active center essential for 
obtaining the SmC* phase is generally 
placed at the tail of the side chain, but it can 
also be part of the flexible spacer. An SmC* 
LCP, having the chiral centers located both 
in the spacer and in the tail, has been report- 
ed [21,52,53]. Another way of introducing 
chirality into LCPs is their mixing with chi- 
ral dopants [54]. This approach has been 
used by Ido et al. for getting more suitable 
materials (mainly in terms of response 
times) for display applications compared 
with pure SmC* LCPs [24]. Finally, an ex- 
ample of an SmC* LCP where the chirality 
is located in the polymer backbone instead 
of the side chain has been found [55,56]. It 
is a polytartrate derivative, as shown in 
Fig. 5. 

2.1.2 Copolymers 
and Terpolymers 

SmC* LCPs can retain their mesomorphic 
properties when their side chains are dilut- 
ed by functional groups like dyes [57], 
crosslinkable moieties [20],  or NLO chro- 

Figure 2. Mesogenic cores used to obtain SmC* 
LCPs. The molecular formulas have been displayed 
so that the spacers are linked to the left side of the 
cores, the tails being linked to their right side. 
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Two rings systems 

Three rings systems 

-o+cm *ooc - 
[39] [23] [401 (411 [421 



210 IV Behavior and Properties of Side Group Thermotropic Liquid Crystal Polymers 

* 
-CH -C,H, 

I 
CH, 

* /CH3 

-CH-COO -CH 

CH, I ‘CH3 

* * *  
-CH-C.& -CH -CH -C,H, 

CN I ‘ O /  

* * 
-CH-C,H13 -CH -C6Hi3 

I 
CHF2 

[471 [471 

I 
CF2CF3 

H 
I 

-‘H-c6H13 &$ - ooc \c 
3 Figure 3. Examples of 

chiral units making up the 
SmC* LCPs’ tails. 

I 
CF, 

[481 [471 1491 [211 1221 

A c h d  spacer 

-(CH&,- with n = 2-11 

f 0-CH, -CH2 with n = 1-3 

Dimesogenic achiral spacer 

COO -(CHd,, - 
/ 

‘COO -(CH2)ll - 
-(CH&-CH [sol 

Chiral space1 

1 * 
-(CH,), - CH - -(CHZ)Iz-CH - 

I I 
CH3 

[211 

[511 P I 1  

Figure 4. Examples of achirdl and chiral spacers. 

o=c I-\ 

O=C 

Figure 5. Chemical structure of SmC* polytartrate. 

mophores [23], thus giving rise to copoly- 
mers or terpolymers with additional proper- 
ties (Fig. 6). 

Another interest in copolymers or ter- 
polymers lies in the possibility of obtaining 
SmC* LCPs with a reduced viscosity. This 
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S: LCPs functionalized with a dye 

Crosslinkable S', LCP 
d l - x  

I 
0 

a,-.% - - 0 * 
CH3-S I - (CHi)30CH2CH0 * WcN 

I + a 3  

X G s;. L 

0.1 * 26.6 * 147.3 * 
0.2 * 22.6 * 137.6 * 
0.4 * 15.9 * 138.8 * 
0.6 * 11.3 * 113.1 * 

0.95 * 22 * * 
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Figure 6. Examples 
of functionalized 
SmC* LCPs; 
S;: SmC; S,: SmX; 
S,: SmA. 
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CH,- Si -C,H,, 
I 

CH3- Si -CH3 
I 

C 58 S,' 139 L 

Figure 7. Example of 'diluted' SmC* LCP. 

is achieved by putting nonmesogenic side 
chains in place of mesogenic ones [37, 40, 
44, 501 (Fig. 7). 

Recently, microphase separation has been 
obtained with new SmC* ABA triblock co- 
polymers containing crystalline polytetra- 
hydrofuran (A) and chiral side chain LC (B) 
blocks [ 101. 

2.1.3 Oligomers 

Oligomers can be regarded as a class of ma- 
terials combining the reduced viscosity of 
low molecular weight SmC* liquid crystals 
with the existence of the glassy state at room 

temperature of LCP. This newly studied 
class of SmC* material allows a better align- 
ment of the mesophases and hence makes 
their characterization and their use as elec- 
trooptic or NLO materials easier. Up to now, 
only cyclic [39, 431 and linear [9] oligosi- 
loxanes have been published. 

2.1.4 Combined Polymers 

Combined SmC* LCPs were particularly 
studied in the late 1980s, mainly by the 
Mainz group [58 - 6 1 1. They all derive from 
a substituted polymalonate obtained by 
step-growth polymerization (Fig. 8). The 
occurrence of SmC* with broad temperature 
ranges was quite easily obtained with this 
class of compound. It seems that combined 
polymers are still prepared to obtain SmC* 
elastomers [62]. 

2.2 Phase Behavior 

2.2.1 Means of Investigation 

Basically, as for LMWLCs, structure deter- 
mination of the LCPs is based on thermal 

X,,Xz=none,  -N=N- -N=N- 
I 
0 

1 

R* = -CH, -CH --C,n, -CH, --*CH -CH, -En -c,H,, 
CH3 CI CH3 

Figure 8. The general formula of 
combined SmC* LCPs. 
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analysis, optical microscopy, and X-ray 
measurements. However, LCPs having a 
higher viscosity and higher transition tem- 
peratures are more difficult to study than 
LMWLCs. Due to the molar mass distribu- 
tion, the phase transitions are broadened 
and, because of the high viscosity, the tex- 
tures are very often noncharacteristic or 
poorly defined. 

On the other hand, it has been shown on 
LMWLCs that the well-known SmC, where 
the molecules are tilted with respect to the 
layer normal, is no longer the only possibil- 
ity to obtain a fluid biaxial phase [63]. As a 
consequence, a strict determination of the 
chiral smectic phase structure requires not 
only a careful analysis of the X-ray dia- 
grams obtained on powder as well as on 
aligned samples, but also a study of the elec- 
trooptic response, which allows discrimina- 
tion between the ferroelectric, the antiferro- 
electric, and the ferrielectric behavior. 

2.2.2 Chemical Structure-Phase 
Behavior Relationships 

When we want to establish detailed chemi- 
cal structure-phase behavior relationships, 
we have to take into account many parame- 
ters, including: 

the nature of the polymer backbone, 
the nature and the length of the spacer, 
the way the spacer is linked to the meso- 
genic core (ether, ester), 
the structure of the mesogenic group (2 
or 3 ring system, possible existence of 
linking groups and/or bulky lateral sub- 
stituents), 
the way the tail is linked to the mesogen- 
ic core, 
the nature and the length of the tail, 
the number and position of the chiral cen- 
ters, and 

- the strength of the dipole near the chiral 
centers. 

Due to the limited experimental data report- 
ed in the literature, only some general ten- 
dencies can be drawn: 

Below the SmC* phase, a more ordered 
one (generally nonidentified) is often en- 
countered (it is then called SmX). 
Occurrence of the N* phase above the 
SmC* phase is rare. The phase sequence 
SmC*-SmA is the most probable. 
The spacer must be long enough to allow 
the SmC* to appear [13]. 

0 Increasing the flexibility of the polymer 
backbone enhances the decoupling of the 
motions of the side and main chains and 
therefore tends to give rise to a higher 
thermal stability of the mesophases in- 
cluding the SmC* phase. 

The last two trends are well exemplified by 
a comparison of the mesomorphic proper- 
ties of two series of polysiloxanes and poly- 
methacrylates having the same side chains. 
Polysiloxane 111-2 exhibits a stable SmC* 
over a temperature range as wide as 239 "C, 
including room temperature 136,381 (Tables 
1 and 2). 

2.2.3 Influence of the Molecular 
Weight 

The molecular weight and the molecular 
weight dispersity of the LCPs were not re- 
garded as relevant parameters in the mid 
1980s. Later, only the molecular weights of 
the studied polymers were reported in the 
literature, sometimes without any specifica- 
tion concerning the type of average (fi, or 
in). Now, in almost all the papers dealing 
with SmC* LCPs, the average molecular 
weight and the dispersity are specified. 
However, all the molecular weights are 
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Table 1. Phase transitions for polymers I and 11. 

COO -(CHZ),,- R 

Polymer Phase transitions Polymer Phase transitions 

G 2 5 S m A  117L 11-3 G 33 SmB 84 SmA 196 L 
G 25 SmA 117 L 

G 22 SmB 95 SmA 212 L 
G 16 SmB 120 SmC* 116 SmA 244 L 
G 20 SmB 109 SmC* 143 SmA 218 L 

1-3 
1-4 
1-5 
1-6 
1-1 1 

11-6 
11- 11 

G 31 SmB 131 SmA 181 L 
G 30.5 K 101 SmC* 132 SmA 197 L 

Table 2. Phase transitions for polymers I11 and IV. 

Y3 CH, 

<CHI -1 j- 'V-n 

CO (OCHzCHz) ,,- R 

~~ ______ ~ 

Polymer Phase transitions Polymer Phase transitions 

111- 1 G 35.3 SmC* 159.4 L 
111-2 G -11.2 SmC* 208.2 SmA 211.8 L IV-2 G 17.8 SmA 130.6 L 
111-3 G-25.1 SmC* 168 SmA 190.3 L IV-3 G -7.7 SmC* 120 SmA 154.8 L 

G 9.8 SmC* 215.2 SmA 234.6 L IV- 1 

measured by GPC, using polystyrene as a 
standard, and hence, systematic errors due 
to the size of the side chains (which are 
usually >3 nm) can occur. This problem is 
strongly marked when the molecular weight 
of the polymers is very low, since its back- 
bone becomes smaller than the side chains. 

The influence of the molecular weight on 
the mesomorphic properties of SmC* poly- 
mers has been studied for a few examples 
[ 18, 34, 64, 651. It turns out that the transi- 
tion temperatures increase with the molec- 
ular weight, and in one case, a different 
phase succession occurs (Table 3). 

2.2.4 Influence of the Dilution 
of the Mesogenic Groups 

Most applications of the ferroelectric LCPs 
require an SmC* polymer having a low 
viscosity at room temperature. In this re- 
gard, copolysiloxanes derived from poly- 
(methylhydrogen-co-dimethyl)-siloxane, 
in which only part of the monomer units 
is functionalized with mesogenic groups, 
seem very promising. Although the stabil- 
ity of the SmC* phase decreases, the expect- 
ed lowering of the glass transition tempera- 
ture and of the viscosity are clearly observed 
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Table 3. Phase transitions for V- 11 polymers as a function of their molecular weight. 

CH3 

Polymers M, (g/mol) M, IM, Phase transitions 

v-11-1 15000 1.5 G 43 SmB, 89 SmCT,x 133 SmCT,y 144 L 
v-11-2 38 000 2.44 G 40 SmF; 84 U, 123 SmC:,, 141 SmCT 158 L 
V-11-3 240 000 3.07 G 40 SmF, 88 SmC; 142 SmCT,x 160 SmCf,, 166 L 

[31, 401. Mesomorphic properties are still 
recorded at mesogenic contents as low as 
17%. This behavior is attributed to the mi- 
crophase separation between the siloxane 
backbone and the mesogenic side chains due 
to immiscibility (see Fig. 9). 

The addition of dimethylsiloxane units 
(dilution) leads to a further swelling of the 
polysiloxane sublayer without disturbing 
the preferential interactions between the 
mesogenic side chains too much, thus re- 
taining the mesomorphic properties. 

A variant of this approach is to prepare 
‘dimesogenic’ polysiloxanes, in which two 
mesogens are linked to the same monomer- 
ic unit via a spacer (Fig. lo). 

Compared to the corresponding mono- 
mesogenic copolysiloxane, the dimesogen- 
ic copolysiloxane depicted in Fig. 10 has 
nearly the same SmC*-SmA and SmA-iso- 
tropic transition temperature. However, due 
to an increase of the local concentration of 
mesogens, the more ordered smectic phase 
SmX occurs at a higher temperature. 

2.2.5 Occurrence of Unusual 
Mesophases in Chiral Side Chain 
Polymers 

A complex SmC* polymorphism has re- 
cently been found in a polyacrylate fam- 

smectic sublayer 
of mesogens 

sublayer of 
siloxane chains 

Figure 9. Microphase sep- 
arated structure of a diluted 
polysiloxane in the SmC* 
phase according to 1401. 
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&0.27 0 I 
/ Coo -(CH,)i,O ~ o w & + H c 6 H 1 3  

CH,-Si-(CH,),-CH X173 0 

& 

‘COO - (CH2)110 ~ m Q ~ & 6 ~ 1 3  CH3 

NO2 
Figure 10. Structure of the first 
synthesized SmC* dimesogenic 
pol y siloxane. 

I 
CH,-Si-CH, 

G 20Sx 62 S,‘ 99 SA 141 L 

ily containing an (K)-4”-( 1 -methylheptyl- 
oxy)-4’-biphenylyloxycarbonyl-4-phenoxy 
moiety in its side chain [45, 46, 641. The 
mesomorphic properties of these polymers 

A proposed explanation of this unusual 
behavior, which has not yet been observed 
with the low molecular weight SmC* liquid 
crystals, involves: 

are reported in Table 4. 
Some of the polymers studied show two 

SmC* phases of similar structure (identi- 
cal X-ray pattern), but differ in their switch- 
ing properties (smcT,x, SmCT,y, SmC;,,, 
SmCg,,). In the high temperature phase, fer- 
roelectric switching can be observed and 
spontaneous polarization can be measured 
by polarization reversal. In the SmC; type 
phase, the situation is more complicated, 
since the behavior depends on the spacer 
length. When n=6 or 11, no ferroelectric 
switching can be detected, whereas ferro- 
electric switching is observed in electric 
fields higher than 25 V pm-’ for n = 8. In the 
SmCT,x phase of polymer V-11-2, electro- 
clinic switching is observed. 

- the broken tilt cone symmetry (due to the 
polymer backbone), 

- the existence of conformational interac- 
tion between the side chains and the poly- 
mer backbone, leading to more or less fa- 
vorable states, and 

- a certain long range orientational corre- 
lation between different polymer chains. 

In addition to these SmC; and SmC; 
phases, two new phases, called U1 and U, 
by the authors, are also shown in the poly- 
mer V series (Tables 3 and 4). A careful 
X-ray analysis [46] has shown that U, and 
U, phases have a chevron-like ordering 
where the bilayers made of side-chain pairs 
are broken by periodic wall defects. More 

Table 4. Molecular weights and phase transitions for polyacrylates V-n. 

Polymer n M, (g/mol) MJM, Phase transitions 

v-2 2 117000 2.19 G 74 U, 192 SmC; 214 SmA, 277 L 
V-6 6 83 000 2.12 G 56 SmF; 80 SmCT,x 148 SmC;,, 197 SmA, 216 L 
v- 8 8 68 000 1.12 G 45 SmF; 59 SmC;., 131 SrnC;., 167 L 
v-11-2 1 1  38 000 2.44 G 40 SmFT 84 U, SmCT,x 141 SmC*,,, 158 L 
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precisely, the U2 phase is a 2-dimensional 
fluid phase in which the mesogenic side 
chains are tilted with respect to the normal 
layer. Nevertheless, the U, phase is not of 
exactly the same nature as the SmC* en- 
countered in polar low molecular weight 
SmC* liquid crystals [66]. As a matter of 
fact, when chirality is left aside, the U, 
phase belongs to the 3-dimensional space 
group Cmm2, whereas the traditional SmC* 
has the 3-dimensional space group P2lm. 
The structure of the U1 phase is more com- 
plicated; U I  seems to be a 3-dimensional 
phase of rather low symmetry (space group 
P2),  where a helical superstructure is very 
unlikely to be present. 

2.3 Ferroelectric 
Properties of SmC* Polymers 

The molecular origin of ferroelectricity in 
FLCs is attributed to a pronounced aniso- 
tropy of the angular orientations of the lat- 
eral dipole moments, induced by the tilt of 
the molecular long axes with respect to the 
normal of the smectic layers. This is sup- 
ported by the results of broadband dielectric 
spectroscopy performed on a low molecu- 

lar weight SmC* liquid crystal and a FLCP 
with a similar structure [67]. As a matter of 
fact, in the frequency range between lo6 Hz 
and lo9 Hz, one dielectric relaxation, called 
the prelaxation, occurs. This process, which 
is a local relaxation (characterized by a 
weak dielectric strength) with an Arrhenius- 
like temperature dependence, does not show 
any discontinuity in its temperature depen- 
dence or its relaxation time distribution at 
the SmA-SmC* phase transition. This be- 
havior is consistent with a librational mo- 
tion (hindered rotation) instead of a slowing 
down of the rotatory movement of the me- 
sogen around its long axis at the SmA- 
SmC* transition, as was previously be- 
lieved. 

The only symmetry element existing in a 
monolayer of the SmC* phase is a two-fold 
axis of rotation C, which is parallel to the 
layer planes [68]. Thus a nonvanishing com- 
ponent of the polarization vector P, exists in 
the direction of the C, axis (Fig. 1 I a). 

Two directions are possible for the spon- 
taneous polarization to act along. Accord- 
ing to the convention of Clark and Lager- 
wall [69], the polarization is positive [P, (+)] 
when P,, z and n form a right-handed 
system, and negative [P,  (-)I when Ps, z, and 
n form a left-handed system (Fig. l l b ) .  

PI > 0 P , <  0 / 
A - -  
P, = PI (k An)  

Figure 11. (a) C2 symmetry 
operation applied to a single 
SmC* layer, and (b) sign 

(b) convention for P,. 
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However, due to the helical structure of the 
SmC* mesophase, no net spontaneous po- 
larization results. Macroscopic nonvanish- 
ing polarization is only obtained when the 
helix is unwound. This requirement has 
been a severe limitation for the determina- 
tion of P,, and we had to wait until 1988 for 
the first observation of ferroelectric switch- 
ing in a side chain SmC* LCP [65]. Even 
now, the measurement of P, remains deli- 
cate and its reliability is directly connected 
to the quality of the uniform alignment 
achieved. 

2.3.1 Uniform Alignment 

The general procedure for generating uni- 
form alignment is as follows: the sample 
under study is sandwiched between two IT0  
glass plates which are coated with poly- 
imide or nylon and rubbed to favor a planar 
alignment. Very often, the test cells are filled 
with the polymer in an isotropic state, by 
capillary forces. Good planar alignment is 
achieved by repeated heating and cooling of 
the sample from the SmA (or isotropic) to 
the SmC* phase while applying an AC 
electric field of low frequency (several 
hertz). Sometimes the polymeric film is 
sheared in the SmC* phase to promote the 
expected alignment. The cell gaps are gen- 
erally in the range of a few micrometers [2]. 

2.3.2 Experimental Methods 
for Measuring the Spontaneous 
Polarization 

Several methods exist for measuring the 
magnitude of the spontaneous polarization 
[70], but the most widely used is certainly 
the electric reversal of the polarization ob- 
tained when a triangular voltage is applied 
to the cell. The polarization current is mea- 

sured as a voltage drop across a series resis- 
tance of several kiloohms. This technique 
requires the applied voltage be sufficiently 
high and its frequency sufficiently low (low- 
er than the inverse of the response time of 
the FLCP) in order to obtain saturation of 
the measured value of P,. On the other hand, 
the presence of ionic impurities in the FLCP 
may disturb and even prevent the P, mea- 
surement. Finally, because of the anchoring 
effect of the alignment layers, the P, value 
is underestimated when the cell thickness is 
insufficient [ 141. 

2.3.3 Spontaneous Polarization 
Behavior of FLCPs 
(Ferroelectric Liquid Crystal 
Polymers) 

Ferroelectric LCPs obey the general rules 
known for low molecular weight SmC* liq- 
uid crystals, namely, that the larger the 
transverse dipole and the smaller its dis- 
tance from the chiral center, the higher the 
spontaneous polarization P,. Due to a slight 
increase in the rotational hindrance of the 
mesogens around their long axes as a result 
of their link to the polymer backbone, the 
values of the spontaneous polarization for 
the FLCPs tend to be higher when compared 
to the corresponding low molecular weight 
SmC* liquid crystals [45]. The reported val- 
ue of Ps=420 nC/cm2 (at T= 151 "C) for 
polymer VI (Fig. 12) is very likely the high- 
est value so far achieved with FLCPs [42]. 

The influence of the polymer molecular 
weight on the spontaneous polarization has 
been studied for a polyacrylate [21] as well 
as for a polysiloxane series [ 181. The con- 
clusions are somewhat different. Polyacry- 
lates V- 11 (Table 3) show a decrease of their 
spontaneous polarization as their molecular 
weight increases (Fig. 13 a), whereas poly- 
siloxanes VII (Table 5 )  exhibit a little de- 
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loxane VI having a very high P, [42]; K: Cr. 
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Figure 13. (a) Temperature 
dependence of the spontane- 
ous polarization for samples 
of polyacrylates V- 1 1 of dif- 
ferent molecular weight [211. 
(b) Temperature dependence 
of P, of polysiloxanes VII 
[18]. OM,=49300; 
0 M, = 12 700; A M, = 8000; 
A 2, = 5600. 

pendence of their P, on molecular weight 
(Fig. 13b). A possible explanation of these 
results could lie in the difference of the vis- 
cosity of the samples, leading to some dif- 
ferences in the quality of the obtained uni- 
form alignment required to measure the P,. 

Further investigations seem necessary to 
clarify this point. 

Study of the variation of the spacer length 
in polyacrylates V-n has shown that the 
spontaneous polarization increases when 
the spacer is shortened [21]. This could be 
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Table 5. Molecular weights and phase transitions for polysiloxanes VII. 

a 3  

Polymer M, (g/mol) M, llGn Transition temperatures ("c) 

VII- 1 5 600 1.08 G 42 a SmC* 90 SmA 11 0 L 
VII-2 8 000 1.16 G 30 SmC* 89 SmA 120 L 
VII-3 12700 1.19 G 30 SmC* 86 SmA 122 L 
VII-4 49 300 1.82 G 50 SmC* 88 SmA 132 L 

a SmX-SmC* transition temperature, SmX: high order smectic phase. 

consistent with a decrease of the side chains 
mobility. 

The introduction of a second chiral cen- 
ter of the same absolute configuration R into 
the spacer of polymer V-1 1 causes an im- 
portant shift of the SmC* phase of about 
75 "C to lower temperatures and a decrease 
by half of the spontaneous polarization (Fig. 
14). To prove whether there is an effect of 
partial compensation between the two 
asymmetric centers, with respect to the po- 
larization, the configuration of the chiral 
center in the spacer was changed from R to 
S. It turned out that the ferroelectric proper- 
ties were completely lost [21]. 

Cooling down from the SmC* to a more 
ordered phase should lead to an increase of 

/r 
CH, 

(VIII) 

the spontaneous polarization. This behavior 
has not been observed in several homopoly- 
mers [64, 651 (Fig. 13) nor in mixtures of a 
racemic SmC polyacrylate with a chiral low 
molecular weight dopant 1541. The record- 
ed decrease in P, could be due to an increase 
of the stiffness of the polymer. 

The phenomenon of sign reversal of Ps ,  
which has already been demonstrated by 
Goodby et al. in a low molecular weight 
SmC* liquid crystal 1711, can also occur in 
an SmC* polymer 1211. Polymer IX is the 
first example of an FLCP having such a be- 
havior (Fig. 15). This phenomenon is attrib- 
uted to a temperature-dependent equilibrium 
between different conformers of the chiral 
side chains, which have opposite sign of P,. 

4- 
CH2 

I 
CH -COO(CH,),$H -$HCH,O 

Y 
R.T. Sx 57 S,' or S,' 122 S,' 175 L 

Figure 14. FLC polymer VIII with two 
remote asymmetric carbons in its side 
chain; S,*: SmI*. 

Figure 15. FLC polyacrylate exhibit- 
ing a sign reversal of P,  phenomenon at 
around 132°C; S*,: SmF*. 



2 Ferroelectric Liquid Crystal Polymers' Behavior 22 1 

180 , , , , , , .  . , , .  3 . .  I . .  , , I " .  I " I .  

=c* S A *  
A A  

135 - ' & A  

A A A  

0 3 5 v w m  ..>AA 
00'. 

A 15-20Vwlpm 0 4  
b 2 90 - - 

?\ nu 

0 3, 
45 - 0 1  

O A  
o b  
o A  

Q AA 0 ~ ~ ~ ~ ~ ~ ~ ~ ' ~ ~ ~ ~ ~ ' ~ " ~ ~ ~ ~ ~ ' ~ ~  " '  

Concerning the 'diluted' polysiloxanes, it 
appears that the spontaneous polarization is 
not directly proportional to the chiral meso- 
gen content in one case [31] or to the vol- 
ume percentage of mesogen in another case 
[40]. The same tendency is also observed in 
mixtures of the racemic polyacrylate X with 
a chiral dopant (Fig. 16) [54]. 

Finally, close to the SmC*-SmA transi- 
tion, a voltage dependence of the spontane- 
ous polarization has been observed for the 

Figure 17. Temperature depen- 
dence of the spontaneous polariza- 

diluted polysiloxane XI [40]. For small 
electric fields (3-5 V,, pm-'), P, goes to 
zero at the ferro-to-para electric transition 
temperature, as expected. But, at higher ap- 
plied fields (15-20 V,, pm-l), a spontane- 
ous polarization can also be measured well 
above the phase transition in the SmA phase 
(Fig. 17). 

Two interpretations of this effect are 
suggested by the authors: either a shift in 
the phase transition temperatures to higher 

6 -- 

5-- 

Figure 16. Dependence of the 
maximum of the P, of binary mix- 
tures of X and D- 1 .  

0 I 2  3 4 5 0 7 8 0 1 0 1 1 I Z  1 3 1 4  I5 
molX 

0 I 2  3 4 5 0 7 8 0 1 0 1 1 I Z  1 3 1 4  I5 
molX 
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temperatures (phase induction), or a combi- 
nation of the electroclinic and the cone 
switching mechanisms allowing the obser- 
vation of P,. 

2.3.4 Tilt Angle 
and Spontaneous Polarization 

The absolute values of the spontaneous po- 
larization P, and the tilt angle 8 as a func- 
tion of temperature are well fitted to the fol- 
lowing power law equations 

( 1 )  

(2) 

Up to now, a' and a" have only been deter- 
mined for the two polysiloxanes XI1 and 
XIII, whose structures are depicted in 
Fig. 18 [12, 141. 

As shown in Table 6, a' and a" are re- 
spectively of the same order of magnitude 
for polymers XI1 and XIII. It has to be point- 
ed out that in the case of low molecular 
weight SmC* liquid crystals, both d and d' 

8 = 8,(T, - T)" 

P, = Po(Tc - T)"" 

Sx 68 S G  88 S ,  156 L 

A'.' 

4 

0 

I 

A' 

- SI-CH, O(m 

0 
- S I - ( C H ~ ) ~ ~ O  I W O O C Y P . , . .  * *  

4 CI CH, 

Sx29 S,' 61 S, 89 L 

Figure 18. Structures of polymers XI1 and XIII. 

up Thermotropic Liquid Crystal Polymers 

are found to be significantly lower than 0.5 
[72, 731. 

With a' being different from a" for both 
polymers XI1 and XIII, the relationship 
between P, and 8 is nonlinear. Such behav- 
ior is typical of ferroelectric liquid crystal 
materials with high P,, and can be explained 
on the basis of the generalized Landau mod- 
el for the free energy density. A complete 
treatment is available for polymers XI1 and 
XI11 and the different calculated coeffi- 
cients. 

Depending on the T,-T value, two dif- 
ferent approximate linear relationships 
between P, and 8 can be derived. When T is 
close to T, 

D 
S - & C  
8 

when T 4 T C  

( 3 )  

(4) 

where L? and C are respectively the coeffi- 
cients of biquadratic and piezoelectric 
coupling between P, and 8, E is the high 
frequency permittivity (here, E = 2.7 x 
10" C2 N rnp2), and 17 is a coefficient in- 
troduced to stabilize the system. L2 and C 
have been found to be significantly lower 
for copolymer XI11 than for homopolymer 
XI1 (Table 6). 

Table 6. Exponents of the power law equations fit- 
ting the tilt angle and the spontaneous polarization of 
polysiloxanes XI1 and XIII, as well as their piezoelec- 
tric ( C )  and biquadratic (Q) coefficients. 

Polymer a' a" C(V/m) 52(m/F) 

XI1 0.35 0.5 6 . 5 ~ 1 0 ~  5 . 3 ~ 1 0 "  
XI11 0.35 0.48 3 . 6 ~ 1 0 ~  2 .0~10"  
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2.4 Electrooptic Behavior 

Knowledge of the electrooptic behavior of 
the FLCPs is of the utmost importance for 
display device applications. One relevant 
parameter in this respect is the response 
time. As for the spontaneous polarization, 
the determination of the response time re- 
quires a uniformly aligned sample. The test 
cell is placed between crossed polarizers so 
that one tilt direction is parallel to the direc- 
tion of one polarizer. The electrooptic effect 
is achieved by applying an external electric 
field across the cell, which switches the side 
chains from one tilt direction to the other as 
the field is reversed. A photodiode measures 
the attenuation of a laser beam when the cell 
is switched between the two states. Gener- 
ally, the electrooptical response time is de- 
fined as the time corresponding to a change 
in the light intensity from 10 to 90% when 
the polarity of the applied field is reversed 

Several switching processes have been 
( t  10-90). 

identified for FLCPs: 

- ferroelectric switching, corresponding to 
the rotation of the side chains around the 
cone angle (the Goldstone mode), 

- electroclinic switching, where a change 
of tilt angle 8 is observed (the soft mode), 
and 

- antiferroelectric switching. 

2.4.1 Ferroelectric Switching 

Ferroelectric switching is the most likely 
process encountered in FLCPs. A solution 
of the equation of motion of the SmC* direc- 
tor, when the dielectric anisotropy is sup- 
posed to be negligible, leads to the introduc- 
tion of a switching time z which is related 
to the rotational viscosity y and the sponta- 
neous polarization P, by the following rela- 

tion [74] 

I, 

where E is the external electric field. 
As there is no appropriate method to 

measure directly the rotational viscosity of 
ferroelectric liquid crystals, y is generally 
deduced from the electrooptic response time 
measurements [ 12, 18,441. The relationship 
between t,Op,, and z is not straightforward 
and requires the use of a theoretical model 
for the optical transmission based on the 
'bookshelf geometry' briefly summarized 
in the following. 

The transmission T of the SmC* cell 
placed between crossed polarizers is given as 

I T = ~~ = sin2 [ 2 ( 0  - 8)]  sin2 
l o  

where 0 is the angle between the polarizer 
and the layer normal and 8 is the apparent 
tilt angle expressed by (see Fig. 19) 

(7) 8 = tan-' (tan o0 cos cp) 

by 

An is the effective optical anisotropy, given 

(8) ne no 
no ~ _ _ _ _ _ _  An = 

where Cp is the angle between the light ray 
direction and the director 

(no sin2 ~p + n, cos2 ~ p > " . ~  

cos Cp = sin 8, sin cp (9) 

T is related to z through the azimuthal 
angle cp 

where cpo=cp(t=O) and cp, 8 and Cp are time- 
dependent. 

Fitting the experimental optical response 
and Eq. (6) allows the determination of cpo 
and the rotational viscosity yprovided P, is 
known. 
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tz 

I If Am'yser I Smectic layer 1 

I 'sidec~ham 

I 

d 
Using this approach, Endo et al. [18] 

established that the rotational viscosity of 
the SmC* polysiloxanes VII (Table 5 )  was 
approximately proportional to the second 
power of M, at 60 "C 

Y = mi,' (1 1) 

Typical response times of SmC* FLCPs are 
of the order of a few milliseconds to a few 
hundred milliseconds, depending (through 
the viscosity) on the temperature, the chem- 
ical nature of the polymer backbone, and 
the molecular weight of the polymer. The 
switching time z increases with the molec- 
ular weight and decreases as the tempera- 
ture increases. On the other hand, the re- 
sponse time measured at the same reduced 

Figure 19. Definition of the different 
angular parameters involved in ferro- 
electric switching. 

temperature decreases with the flexibility of 
the polymer backbone in the order 

Ypolysiloxane < Ypolyoxyethylene < Ypolyacrylate r7i 
Fast switching times are also observed when 
the spacer length increases, thus decreasing 
the mesogen-backbone coupling [ 3  1,751. 

Practical applications of FLCPs require 
the retention of fast response times at room 
temperature. Attempts to reduce the re- 
sponse time by increasing the spontaneous 
polarization failed, since introduction of 
strong lateral dipole moments in the side 
chains increases not only P, but also the vis- 
cosity, the overall result being an increase 
in z. Hence the following materials have 
been developed to reduce the viscosity of 
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the FLCPs: 'diluted' polysiloxanes [40,75], 
binary mixtures of FLCPs and low molecu- 
lar weight liquid crystals [3 I], binary mix- 
tures of SmC LCPs and chiral dopants [24], 
and SmC* oligosiloxanes [39]. 

Response times as short as 400 ps at 
130 "C (7.5 Vpp/pm) have been obtained 
with an oligosiloxane [39] and, on the other 
hand, a mixture of diluted polysiloxane with 
a low molecular weight liquid crystal has led 
to a response time of 0.5 ms at 40°C [31]. 

2.4.2 Electroclinic Switching 

The electroclinic effect is an induced mo- 
lecular tilt observed in the chiral orthogonal 
smectic phases, such as the smectic A* 
phase, when an electric field is applied along 
the smectic layers [76]. The induced molec- 
ular tilt 8 is a linear function of the applied 
field E and gives rise to an induced polariza- 
tion Pi 

where p is a structure coefficient, a is the 
first constant in the Landau free energy ex- 
pansion, and T, is the SmX-SmA* transi- 
tion temperature. 

In the linear regime, the electroclinic ef- 
fect is characterized by a fast field-indepen- 
dent response time z given by 

with y0 being the soft mode viscosity. 
Electroclinic behavior has been recog- 

nized in few SmA* LCPs [77] and response 
times in the sub-millisecond range have 
been observed. But, surprisingly, the 
SmCT,x phase of polyacrylate V-1 I exhibits 
an electroclinic switching process with a 
short response time (200 ps) that is changed 
into a ferroelectric one as the temperature is 
raised. Moreover, the electroclinic-ferro- 
electric transition is shifted towards lower 
temperatures when the voltage is increased 
(Fig. 20). 

SmC* polyacrylate XIV, having a chiral 
center in its spacer (Fig. 21), also shows, at 

12 
t . 2.5 V / p r n  

A 5.0 V / p m  

0 7.5 V / p m  

10.0 V / p m  "electroclinic" 

9 
ferroelectric 

Figure 20. Switching behavior of poly- O k  152 144 * 156 158 160 162 164 ' 
Temperature ["C] acrylate V- I I .  

-fCH2 -CH -f 
t 

~ c m ~ m l o H z l  Figure 21. Structure of polyacrylate 
XIV. 

I 
COO -(CHz),CHCOO 

I 
CH3 
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first, electroclinic switching between 70 and 
95 "C, but as the temperature increases 
above 95 "C, the switching depends on the 
applied voltage. At low voltage (E=7 V/pm), 
an electroclinic process takes place, whilst 
at higher voltages (E=lS V/pm), mixed 
switching is observed. Finally, at high volt- 
ages ( E  =25 V/pm), ferroelectric switching 
results. Up to now, this behavior has not 
been explained. 

- 

- 
- 
- 
- 

2.4.3 Antiferroelectric Switching 

Antiferroelectricity [49, 77-79] was ob- 
served in FLCPs only two years after its dis- 

covery in low molecular weight SmC* liq- 
uid crystals [SO]. Figure 22 shows the chem- 
ical structure of the tristable FLCPs that 
have been studied up to now. 

The apparent tilt angle of polymer XVI 
as a function of the applied voltage is de- 
picted in Fig. 23. 

The main features of the antiferroelectric 
switching in FLCPs are: a third state, which 
shows an apparent tilt angle of zero, a less 
marked threshold between the three states 
when compared to the low molecular weight 
antiferroelectric liquid crystals, a hardly ob- 
served hysteresis, and an anomalous behav- 
ior of the spontaneous polarization with 
temperature (Fig. 24), which is not encoun- 

Figure 22. Structures of LCPs 
exhibiting three states switching 
(XV-XVII). 



2 Ferroelectric Liquid Crystal Polymers' Behavior 227 

40 SO 60 i o  80 90 

Temperature [ OC I 

tered in low molecular weight antiferro- 
electric liquid crystals. The existence of a 
threshold for switching between the antifer- 
roelectric and the ferroelectric states could 
be of interest in display device applications. 

2.4.4 Broadband Dielectric 
Spectroscopy 

Additional information on ferroelectric and 
electroclinic switching can be obtained with 
broadband dielectric spectroscopy. It ap- 
pears that the molecular dynamics of FLCPs 
are comparable to those of low molecular 
weight compounds [67]. However, the ex- 
perimental observations are made more dif- 
ficult for FLCPs than for low molecular 
weight SmC* liquid crystals due to the con- 
ductivity contribution which takes place at 
frequencies below lo4 Hz and to the diffi- 
culty to get a macroscopically well-aligned 
sample. 

Nevertheless, several authors, in study- 
ing SmC* polyacrylates [22] or SmC* poly- 
siloxanes [ 14,41,67], have observed the two 
expected collective relaxations in ferroelec- 
tric liquid crystals, namely the Goldstone 
mode and the soft mode. These two relaxa- 
tions occur at frequencies lower than 1 O6 Hz. 

'0' Figure 24. Spontaneous polarization ver- 
sus temperature for polymer XVI. 

2.5 Potential Applications 
of FLCPs 

Chapter V of this Handbook is entirely de- 
voted to the potential applications of the side 
chain liquid crystal polymers, but it is inter- 
esting to mention here the main areas where 
FLCPs could play a role. As far as we know, 
the following applications can be consid- 
ered for SmC* LCPs: nonlinear optics, pyro- 
electric detectors, and display devices. 

2.5.1 Nonlinear Optics (NLO) 

Several FLCPs have been designed for NLO 
[16, 23, 431. Very low efficiency has been 
obtained. This point is discussed in Sec. 4. 

2.5.2 Pyroelectric Detectors 

There is a real need for efficient pyroelectric 
materials for uncooled infrared detectors. 
At the moment, low-cost infrared cameras 
are made with poly(viny1idene fluoride-co- 
trifluoroethylene) [ P(VF,-TrFE)] as the py- 
roelectric material. To take the place of 
P(VF,-TrFE), FLCPs have to exhibit a bet- 
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ter figure of merit than P(VF,-TrFE). The 
relevant figure of merit for this application 
being 

P (14) ~- -~ , E tg6 

withp the pyroelectric coefficient, E the per- 
mittivity, and tg6 the loss angle. 

Comparison of P(VF,-TrFE) with poly- 
mer XI1 [12] (Fig. 25), which is an FLCP 
having one of the best pyroelectric coeffi- 
cients, is made in Table 7. It turns out that 
the figure of merit of polymer XI1 is an or- 
der of magnitude lower than that of P(VF2- 
TrFE). Three improvements are necessary 
to FLCPs to compete with P(VF2-TrFe), 
namely: 

- to have an SmC* phase at room temper- 

- to have a lower loss angle, 
ature, 

- and to exhibit a higher pyroelectric coef- 
ficient. 

At the moment, the two first requirements 
seem possible to meet, but the last one is still 
questionable. 

2.5.3 Display devices 

This is certainly the most advanced poten- 
tial application of FLCPs. Taking advantage 
of the processability of FLC polymers, 
Idemitsu Kosan Co. has fabricated a large- 
area, static-driven display (12 x 100 cm) 
and a dynamically driven simple matrix 
display (13 x37 cm) [7, 191. The perfor- 
mance of these two demonstrators is sum- 
marized in Table 8. The electrooptic mate- 
rial used was plasticized polyoxyethylene 
XVIII (Fig. 26). 

20 
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2 
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temperature (OC) 

Figure 25. Evolution of the pyroelectric co- 
efficient of polymer XI1 with temperature. 

Table 7. Comparison of the pyroelectric coefficient and the figure of 
merit for copo(VF2-TrF) and polymer XII. 

Polymer p (nC/cm2 K) E tg 6 PI(& tg6)".s 
~~ 

Copo(VF,-TrFe) a 5 7 0.02 13.36 
XI1 ' 5 60' 0.2 1.44 

~ ~~~~~ 

"At room temperature; 'at T=70"C; 'value deduced from [12]. 



3 Side Chain Liquid Crystalline Networks and Mechanical Properties 229 

Table 8. Characteristics of Idemitsu’s demonstrators. 

Driving type Static Dynamic 

Size (cm) 12x100 12x37 images. 
Pixels 96x288 
Pulse width (ms) a 5 3 
Applied voltage (V) + 20 +30 

(LR) I 0  70 

results are very promising and we can ex- 
pect in the very near future the advent of 
large flexible displays with subsecond rate 

Viewing angle (deg.) 3 Side Chain Liquid 

a Room temperature. Mechanical Properties 
(UD) 60 60 Crystalline Networks and 

A - 
(XVIII)  I 

CH3 

Figure 26. Structure of polyoxyethylene XVIII used 
by Idemitsu to make their demonstrators. 

The displays were fabricated in three 
steps: first the FLCP was deposited onto an 
IT0 coated polymeric substrate, then the 
counter electrode (another ITO-coated sub- 
strate) was put onto the FLCP film, and the 
formed sandwich was laminated. Finally, 
the laminated three-layer film was treated 
by a bending process to obtain the required 
alignment of the side chains (Fig. 27). These 

Crosslinking liquid crystalline polymers 
yield materials with exceptional properties 
due to the coupling between elastic proper- 
ties and mesomorphous behavior. These 
compounds, especially the mesogenic elas- 
tomers, have attracted considerable atten- 
tion in recent years. Like conventional 
elastomers, they can sustain very large de- 
formations causing molecular extension and 
orientation, but they can also exhibit spon- 
taneous distortions, some memory effects, 
an unusual mechanical response, and cou- 
pling between mechanical, optical and 
electric fields. 

3.1 Theoretical Approaches 

3.1.1 Landau-de Gennes 
(b) Description of Nematic Elastomers 

De Gennes [ 8 1, 821 first suggested that re- 
markable effects, such as mechanical criti- 
cal points, shifts in the phase transition tem- 
perature, jumps in the stress-strain relation, 
and a spontaneous shape change, would take 
place in nematic elastomers. His proposal 
was based on symmetry arguments indepen- 

M FLCP 

1 
plastic sunstrate 

dent of any microscopic consideration. 
Figure 27. Fabrication of the FLCP display device. 
(a) An FLCP-coated substrate is laminated with an- 
other IT0 oolvmeric substrate. (b) The laminated 

According to this model, the free energy 
expansion, in the case of uniaxial nematic 

1 ,  \ I  

sandwich is bent on a temperature controlled roll. order and incompressible strain of the sam- 
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ple, takes the form [81-831 

F ( S , e )  = Fo(S) - U S e  + 1/2Ee2 - oe (15) 

where S is the order parameter, e the defor- 
mation, E the elastic modulus, and o the 
stress (force per unit area). F,(S) represents 
the nematic energy in the absence of any 
network effect and - U s e  the coupling of 
strain to nematic order. 

Without mechanical stress (o=O), spon- 
taneous deformation must occur in the ne- 
matic phase because of the linear coupling 
between S and e .  Minimizing F with re- 
spect to e gives the equilibrium value of 
em = U S / E .  Inserting this value and the form 
for F,, the above equation takes the follow- 
ing form 

AS2 BS3 CS2 u2 s2 F ( S ,  em) = ~~ + -~ + -~ + .. . - __ 
2 3 4 2 E  

With an applied stress, an additional defor- 
mation arises and the minimum condition 
yields the strain e,=(o+ U S ) / E .  Neglect- 
ing terms in 02, the shift in F away from F, 
becomes 

The formalism of the influence of the me- 
chanical field on S is similar to the one found 
with an electric or a magnetic field [84]. 
Principal results include a shift in the tran- 
sition temperature [83] and the occurrence 
of a mechanical critical point. Experimen- 
tal verification [85] is found by plotting the 
order parameter as a function of tempera- 
ture for different nominal stresses. 

3.1.2 Models for Nematic 
Rubber Elasticity 

Modifications of the conventional Gaussian 
elastomer theory were proposed that include 
short range nematic interactions. These an- 

isotropic interactions cause a change in the 
chain conformation, and hence increase the 
chain radius of gyration [86-881. 

The elastic free energy is written as a 
function of the probability, P(R) ,  of finding 
two crosslinks separated by a vector R.  If 
the chains are crosslinked in the isotropic 
state, the probability Po, corresponding to 
the undistorted R,, is an isotropic Gaussian. 
In the nematic phase, the system is not able 
to adopt its natural dimensions and under- 
goes a bulk deformation A assumed to be 
affine ( R  =AR,).  The additional elastic free 
energy of a strand with length R is given by 

F,,=-k,T(lnP(R))P, (18) 

If lI1 and 1, are the effective step lengths 
(monomer length) for the random walks par- 
allel and perpendicular to the ordering di- 
rection (in the isotropic phase lI1 = I,= lo), 
respectively, and under the assumption that 
the deformation occurs without a change of 
volume, the following relation is obtained 
for the elastic component of the free energy 
in the nematic phase 

Warner et al. [88, 891 give a full description 
of the free energy and recover, by minimiza- 
tion, the spontaneous strain and the mechan- 
ical critical point. They also show that, if the 
network is crosslinked in the nematic phase, 
a memory of.the nematic state is chemical- 
ly locked. This causes a rise in the nemat- 
ic-isotropic phase transition temperature 
compared with the uncrosslinked equiva- 
lent. After crosslinking in the isotropic state, 
the transition temperature (on the contrary) 
is lowered. 

The same idea of nematic interactions fa- 
voring the distortion of the chains is also the 
basis of phenomenological descriptions. 
Jarry and Monnerie [86] and Deloche and 
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Samulski [90, 911 described these interac- 
tions in the mean field approximation by an 
additional intermolecular potential from the 
classical theory of rubber elasticity. A sim- 
ilar expression is proposed for the elastic 
free energy. 

3.2 Characterization 
of Networks 

3.2.1 General Features 

Liquid-crystalline networks can be obtained 
in several ways, either from an isotropic 
middle or from materials in which the mes- 
ogenic groups were first macroscopically 
aligned prior to the final crosslinking (see 
Chap. V of this Volume). The latter net- 
works should keep a complete memory of 
the original orientation and recover it even 
after been held well above the clearing tem- 
perature for extended periods [92, 931. 

As long as the crosslinking density is low, 
the liquid-crystalline phases of the corre- 
sponding uncrosslinked polymer are re- 
tained for the networks [94-971, with the 
same structure and without large shifts of 
the transition temperatures (see Chap. V of 
this Volume). As the crosslinking density in- 
creases, the smectic phases should disap- 
pear (Table 9) for the benefit of a less-or- 
dered nematic state [98]; then all the liquid- 
crystalline phases should be destroyed for 
the most crosslinked networks, at least for 
materials crosslinked in an isotropic state 
[99-1011. Degert et al. [9S] pointed out 
that this evolution in the mesophase stabil- 
ity also depends on the nature (mesogenic 
or aliphatic) of the crosslinks. 

Table 9. Phase transition as a function of the cross- 
linking density xa. 

9 

Phase transition temperature ("C) 

x I % ]  SmA N L 

0 149 0 

5 9.5 128 0 

10 127 
15 116 0 

a Molar %, determined from the conditions of synthe- 
sis. 

3.2.2 Effective Crosslinking 
Density 

In order to compare theories with experi- 
ments, the number of effective crosslinks 
should be determined. Actually, this para- 
meter cannot easily be analyzed, because in 
any one elastomer, the ratio of linkages that 
do not contribute to an infinite network is 
difficult to evaluate. In addition, mesogen- 
ic groups induce sterical hindrance, which 
should modify the chemical reactivity of the 
netpoints as well as the theories referring to 
ideal rubbers that are used for the determi- 
nation of the effective crosslinking density. 
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Spectroscopic techniques (for example, 
infrared or solid-state I3C NMR) [102, 1031 
allow control, with more or less accuracy, 
of the chemical crosslinking reaction. 
Greater efficiency of the crosslinking pro- 
cess for materials crosslinked in the isotrop- 
ic phase over those crosslinked in a meso- 
phase was reported [ 101, 1031, particularly 
in the case of a smectic phase. This fact can 
be related to the lack of spacially available 
sites for crosslinking in the mesophase. Fur- 
thermore, the efficiency increases with the 
length of crosslinking agent [ 1031, which 
confirms that spacial considerations are im- 
portant in the crosslinking process. 

The effective crosslinking density, i.e., 
the ratio of linkages taking part in the real- 
ization of a network of ‘infinite’ molecular 
weight, is strongly dependent on the con- 
ditions of the crosslinking reaction. When 
the reaction is performed in bulk (isotropic 
or anisotropic state), sterical hindrances 
play an important role. When the crosslink- 
ing reaction takes place in solution, Degert 
et al. showed that the polymer concentration 
has a major effect [98]: due to the short 
length of the backbone (degree of polymer- 
ization generally around 100 or 200), com- 
plete gel formation needs high concentra- 
tions of the polymer in the solvent (see Ta- 
ble lo). At low concentrations, intrachain 
linkages are favored to the detriment of 
intermolecular reactions, and the proportion 
of the former compared with the latter can 
become very large. Under the concentration 
corresponding to the gel point, the forma- 
tion of an ‘infinite’ network is not achieved, 
even if the potential branching points are 
much more than two per chain. Consequent- 
ly, in this case, the samples either remain 
soluble or contain extractibles or exhibit 
abnormal high degree of swelling [98, 1001. 
These networks should display nonrever- 
sible behavior when they are stretched 
[122]. 

Table 10. Characteristics of a crosslinked polymer 
synthesized at various concentrations in the solvent 
1981. 

? 

+Q I 

? 
CHs 

Polymer concentration Consis- Weight 
in the reaction bath tency of swelling 

the final ratio in 
mmoles of Weight product toluenea 
units/cm3 % k0.3 
of toluene 

0.24 8 soluble 
0.87 23.5 gel 4.4 
1.2 29 gel 4.0 
1.6 35 gel 3.6 
1.8 37.5 gel 3.6 

a Weight ratio of the swollen network to the dry net- 
work. 

Swelling experiments and stress-strain 
measurements are widely used to estimate 
the crosslinking density in liquid-crystalline 
networks [IOl, 106-1081. For ideal rubbers 
with tetrafunctional crosslinks, these tech- 
niques allow the evaluation of the number 
average molecular weight between cross- 
links M ,  [104, 1051. 

From swelling experiments, Flory theory 
gives, for high degrees of swelling and poly- 
mer chains that are long compared to M,, the 
following relation (neglecting the weight of 
the linkages) 

(20) 
1 513 M ,  = d V(0.5 - X ) -  9 
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where d is the density of the network in the 
unswollen state, V the molar volume of the 
swelling solvent, and q the ratio of the vol- 
umes of the equilibrium swollen network 
and of the unswollen network. The Flory- 
Huggins X parameter can be obtained from 
the second virial coefficient (from light- 
scattering experiments, for example). 

This theory refers to ideal rubbers. The 
additional entropic component, introduced 
by the presence of the mesogenic cores [91], 
is not taken into account, and so the abso- 
lute values of M ,  are not relevant. 

From mechanical measurements, classi- 
cal rubber elasticity theory gives, for low 
uniaxial deformations and polymer chains 
that are long compared to M,, the following 
relation [ 1041 

I/ e t 

Cross - link unit b/(a+b) mol % 

b CH2 = CH - GO,. CH2. CH2. &C. CH = CHP 

Figure 28. Elastic modulus of liquid crystalline net- 
works obtained from the polymerization of monomers 
a and b as the function of the composition. The solid 
line corresponds to the value predicted by Eq. (21) 
[991. 

where R is the universal gas constant, o the 
stress, T the absolute temperature, and A the 
deformation (d=I/ lo ,  I and I, being the 
lengths of the sample after and before de- 
formation, respectively). 

As above, this relation, predicted for per- 
fectly formed networks, is not absolutely 
convenient for mesomorphous elastomers, 

Table 11. Average molecular weight M," of the net- 
work subchains in two networks '. 

a : x : y : z =  0.96 : 0 : 0.04 

b : x :  y : z= 0.94 : 0.02 : 0.04 

Net- Mc Mc Mc 
work theo- value from value from 

retical swelling mechanical 
value experiment experiment 

a 18 300 118000 70 000 
b 18 300 86 000 48 000 

a In g/mol; [ 1071. 
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even in the isotropic state. Moreover, net- 
works should not be too highly crosslinked 
if a connection with a Gaussian description 
is to be sought [83]: If the subchains be- 
tween links are too short, then they are not 
flexible enough to be treated by a classical 
theory. Actually, significant deviations 
from linearity for aversus the crosslink den- 
sity (estimated from the conditions of syn- 
thesis) (Fig. 28) were found [99]. 

Due to the imperfections of the theoreti- 
cal approaches, the value of M ,  obtained 
from swelling and mechanical experiments 
widely differ from one another (Tables 11 
and 12) and from the values determined ei- 
ther by the conditions of synthesis or by 
spectroscopy [ 106-1081. 

On the other hand, the proportion of per- 
manent entanglements cannot be estimated. 
The degree of polymerization above which 
entanglements should appear is unknown 
for side chain liquid crystal polymers and, 
because of the coupling of mesomorphous 
order, the entanglement slippage has to 
be regarded as dependent on the direction 
1951. 

Lastly, the question of homogeneity in the 
liquid-crystalline networks remains open. 
The distribution of the linkages in these ma- 
terials, which are obtained in bulk or in con- 
centrated solution, would be worth further 
investigation, especially when the nature of 
the crosslinking agent is essentially incom- 
patible with the liquid-crystalline organiza- 
tion. Some neutron investigations of net- 
works swollen with deuterated solvent are 
in progress on different types of elastomers, 
differing from one another in the nature of 
crosslinks and in the conditions of synthe- 
sis [ 1091. These studies would help, as was 
done for another network [ 1 lo], to analyze 
the microstructure of liquid-crystalline net- 
works. 

3.3 Mechanical Field 
Effects on Liquid-Crystalline 
Networks 

In the isotropic state, as in classical net- 
works, the elastic behavior is governed by 

Table 12. Crosslinking density (cd) of various elastomers (in % repeat units) a , b  

CHZ = C*COz-(CH2)2 - 0 -@OZ+CN I 

CHz=C*COz-(CH2)3 -0 G C O z G C N  11 

CHz = Clt-COz -(CHz)z -OH 111 

cd theoretical cd from cd from cd from Tg ("C)" TNI ("C) 
value I11 (%) IR analysis modulus swelling 

[Eq. (2111 [Eq. (2011 

4.1 1.27 k0.13 3.4k0.8 67 100 
3.9 1.40k0.13 3.8k1.0 67 99 
3.8 1.47k0.30 3.3k0.5 71 100 
3.9 1.46k0.13 4.8k1.2 72 99 
4.2 1.30k0.13 3.3 k0.8 77 102 
5 .O 1.40k0.13 3.9k0.8 82 102 

a [ 1081; bnetworks synthesized with variable proportions of I and 11; 111 = 6%; Tg: glass transition temperature; 
T ~ ~ :  nematic-isotropic transition. 
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the conformational properties of the net- 
work chains. The presence of the mesogen- 
ic groups should only modify the entropy of 
the system, and hence the extensibility of 
the polymer subchains. 

In liquid-crystalline phases, the introduc- 
tion of liquid-crystalline order is the deci- 
sive factor in the elastic response. The 
coupling between mechanical properties 
and mesomorphous order is the main theme 
of this chapter (for more details, see Chap. V 
of this Volume). 

3.3.1 Response of the Network 
as a Function of the Stress 

The potential of the mesogenic units for 
alignment has a marked effect on the stress- 
strain behavior [ 8 5 ,  1 1  1 ,  1 121. Consider a 
uniaxial stress applied to a liquid-crystalline 
network synthesized in an isotropic state; this 
means without any macroscopic orientation. 

At low strains, the induced strain in- 
creases linearly with the stress (Fig. 29). 
The polydomain structure remains stable 
and the X-ray pattern resembles that for 
powder samples. 

Above a strain threshold, macroscopic 
orientation of the mesogens parallel or per- 
pendicular to the direction of the stress re- 
sults, as evidenced by X-ray analysis or IR 
dichroism measurements (see Sec. 3.3.3). 
Depending on the topology of the network 
and on the mesogenic units, the polydo- 
main-monodomain transition is more or 
less sharp, and therefore the threshold de- 
formation is more or less observable [108]. 
During this orientation, a remarkable 
change in the dimensions of the sample 
spontaneously occurs, which depends on the 
orientation of the mesogens with respect to 
the stress axis (for the example shown in 
Fig. 29, the mesogens are in line with the 
elongation stress axis). 
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Figure 29. Nominal stress 0, versus strain ( L = / / l o )  
for the nematic elastomer shown in [ 8 5 ] .  

At higher stresses, a linear relationship 
between the stress and the strain is regained. 
The sample is uniformly aligned and the or- 
ientation process no longer takes place. 
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3.3.2 
of the 

Thermal Evolution 
Elastic Modulus 

The rheological properties of liquid-crystal- 
line elastomers strongly depend on the mes- 
omorphous order [95, 98, 102, 113-1181, 
even for strains that are too small to induce 
macroscopic orientation of the mesogens 
(strain amplitude <lo%). This is mirrored 
by the thermal evolution of the storage 
modulus (Fig. 30), defined for very small 

strains. (Fig. 30 shows the change in the 
shear modulus [ 1 181; the compression mod- 
ulus evolution is similar [98, 101, 1151.) At 
the glass transition, the elastic modulus 
falls, as is usual for amorphous rubbery ma- 
terials. Then the modulus decreases slight- 
ly until the isotropic state is reacted. The 
smectic A-nematic phase transition in- 
duces a drop in the modulus at low frequen- 
cies [98, 101, 116, 1181. This phenomenon 
is less and less visible on increasing the fre- 

Tg: glass transition temperature; TNA: smecticA - nematic 

transition; Tm: nematic - isotropic transition 

W(a+b) = 5% I 

frequencies of the dynamic shear elastic 
modulus G in an elastomer exhibiting a 
smectic phase and a nematic phase [118]. CH3 
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quency, which means that the effects asso- 
ciated with this transition have long charac- 
teristic times. 

Samples that only possess a nematic 
phase exhibit, at low frequency, a sharper 
decrease of the modulus than the smectic 
networks [98, 1131. So the resistance to the 
deformation appears higher in the layered 
phase than in a nematic one. Apart from the 
type of mesophase, the modulus values and 
their thermal evolutions depend on the 
chemical nature of the backbone polymer 
and on the coupling with the mesogenic 
groups. Different structural parameters play 
a role in this last point, such as the cross- 
linking density [ 10 1 ], the proportion of mes- 
ogenic moieties [ 1 181, and the spacer length 
[ 1 151. A wider range of materials should in- 
duce a more accurate description of these 
different effects and thus should help the 
theoretical analysis. 

Anisotropic mechanical properties are 
exhibited by ordered, highly crosslinked 
polymers obtained by bulk polymerization 
of oriented monomers [117, 1191. These 
networks show a high degree of ordering 
and behave anisotropically in a number of 
physical properties, such as the refractive 
index, the thermal expansion coefficient, 
and the modulus of elasticity. Figure 31 
shows the tensile moduli in the two major 
directions for uniaxially oriented sample, 
and also for an isotropic sample. As can be 
observed, the modulus in the direction of 
molecular orientation is much higher than 
in the perpendicular direction. 

3.3.3 Mechanical Orientability 
of the Mesogens 

The mechanical orientability is the most 
prominent property of liquid-crystalline 
elastomers. Above a threshold stress (Sec. 
3.3.1), small strains (about 20%-40%) are 

enough for the reversible formation of a 
macroscopically oriented sample [99, 107, 
120-1251. This orientation is achieved 
under equilibrium conditions; it is not nec- 
essary to freeze-in an orientation induced by 
flow, as in uncrosslinked polymer. For most 
applications, liquid-crystalline phases must 
be aligned. Mesomorphous networks thus 
offer a simple way to do this under equilib- 
rium conditions. 

The strain-induced orientation is ana- 
lyzed with the help of birefringence mea- 
surements [ 107, l 15, 120, 1231 (realized in 
the isotropic state, close to the transition), 
measurements of the IR dichroism [124, 
1261, and X-ray experiments [93, 108, 120, 
122, 1251. It was observed that the orien- 
tational order parameter, labeled P2 on 
Fig. 32, obtained from X-ray experiments 
[122], quickly increases with strain at the 
beginning, then saturates at a P2 value of 
about 0.4-0.6 for a sample synthesized in 
an isotropic state [99, 107, 121, 1221. On 
condition that they were realized above the 
gel point [122], the networks display repro- 
ducible and reversible behavior indepen- 
dent of the sample history. 

The mechanical orientability of the mes- 
ogenic groups in networks is connected with 
the anisotropic conformation that the poly- 
mer adopts in the mesophase. It is clear from 
small-angle neutron scattering or X-ray 
studies of side chain liquid crystal polymers 
[ 127- 13 11 that the backbone indeed exhib- 
its some ordering as a consequence of the 
orientation of the mesogenic groups. This 
ordering is much larger for polymers hav- 
ing smectic phases than for those with ne- 
matic ones. In elastomers, the previous ef- 
fect leads, as theoretically described, to a 
coupling between the stress-induced direc- 
tions of the polymer chains and the meso- 
genic groups. The direction of orientation of 
the mesogenic groups versus the axis of the 
stress comes from the preferred position of 
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Figure 31. Tensile mod- 
ulus E at 1 Hz for a net- 
work oriented during the 
synthesis: - molecules 
oriented in the direction of 
the strain; -. - .  - molecules 
perpendicular to the strain; 
---- isotropic [109]. 

P2 
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Figure 32. Orientational order parameter, P2, versus 
strain (k=Ul,,) in the smectic A phase at room tem- 
perature for the sample represented in Fig. 3 11221. 

the backbone in an oriented liquid crystal- 
line polymer. 

For networks that exhibit a smectic phase, 
mechanical elongation always causes orien- 
tation of the director perpendicular to the 
axis of the stress [122, 1251, as shown on 
Fig. 33. The mesogenic groups therefore be- 
come perpendicular to the polymer main 
chain if we make the reasonable assumption 
that the polymer chain is extended preferen- 
tially in the extension direction. Such an ar- 
rangement allows the polymer backbone to 
occupy the space between the layers. 

For samples that only show a nematic 
phase, both parallel and perpendicular 
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Figure 33. Schematic representation of the orienta- 
tion of the mesogens in a deformed network as a func- 
tion of the elongation axis and of the nature of the mes- 
ophase. 

alignments of the mesogenic units with re- 
spect to the stress direction (Fig. 33) have 
been observed [107, 108, 111, 120-122, 
1251. These results confirm the approach 
described by Warner [83] and Wang and 
Warner [132], in that a variety of types of 
nematic phases can exist dependent on the 
coupling between the side chain and the 
backbone. Hence the orientation (parallel or 
perpendicular versus the direction of the 
deformation) of the mesogens in a deformed 
nematic network depends on several factors, 
such as the nature of the polymer backbone 
[loo, 112, 1251 or the spacer length [108, 
1201. 

If a smectic phase exists at lower tem- 
peratures, a smectic-like short-range order 
should also influence the orientation in the 
nematic phase and should induce a perpen- 
dicular alignment of the mesogens [ 1221. On 
the other hand, when the linkages them- 
selves are mesogenic, the behavior becomes 
more complicated, because the stress could 
align these mesogenic linkages in its direc- 
tion and perhaps the whole nematic field too 
in a uniform way, whatever the relative nat- 
ural orientation of the side chains and back- 
bones is. Degert et al. [122] observed the 
two opposite orientations in two nematic 
elastomers that only differ from one another 

in the nature (aliphatic or mesogenic) of the 
crosslinking agent. 

For an experimental check-up of the theo- 
retical considerations about liquid-crystal- 
line elastomers in a mechanical field, Fin- 
kelmann and coworkers [ 107, 1231 studied, 
in nematic networks, the evolution of the or- 
der parameter and of the transition temper- 
ature as a function of the stress. The ob- 
served results are in full agreement with the 
predictions of the Landau-de Gennes theo- 
ry, since an increasing clearing temperature 
as well as an increasing order parameter are 
observed with increasing stress. From their 
results, it was possible to estimate the cross- 
coupling coefficient U (see Sec. 3.1.1) be- 
tween the order parameter and the strain of 
a nematic elastomer [ 1231. 

On the other hand, from random copol- 
ymers formed by units leading to opposite 
arrangements in the nematic phase, Guo 
et al. [lo81 recently proposed a molecular 
analysis of the coupling between the side 
groups and backbone in nematic polymers 
or in nematic elastomers. Using a main-field 
model derived from the description of War- 
ner [83], they gave a quantitative estimation 
of the relative intensity of the two compo- 
nents of the coupling defined as ‘nematic- 
like interactions’ between the side chain and 
the polymer chain (inducing a parallel or- 
ientation), and as ‘chemical hinge effects’ 
(forcing, for example, the mesogens to lie 
perpendicular to the backbone). 

Networks realized in a mesophase exhib- 
it specific behavior: It was found that cross- 
linking in a liquid-crystalline phase results 
in an increase in the stability of this phase 
[92, 103, 1331, which is in agreement with 
the theoretical predictions (Sec. 3. I .2). This 
stabilization was noted as considerably 
greater in the case of a smectic phase than 
for a nematic one 11031. Coupling between 
mesogenic order and the main chain results 
in a preferred conformation arrangement of 
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the polymer in the mesophase (parallel or 
perpendicular with locally aligned meso- 
gens). In a layered phase, these constraints 
are more drastic than in a nematic phase. So 
the enhanced stability of the mesophase, 
with regard to networks prepared in an iso- 
tropic state, arises from the additional elas- 
tic energy required, at the phase transition, 
to distort the network from its initial cross- 
linked state to an isotropic coil, which is 
more costly energetically in the presence of 
a smectic phase than in the presence of a ne- 
matic state. In addition to these considera- 
tions, Kupfer and Finkelmann [ 1261 intro- 
duced in this analysis the influence of the 
orientational distribution of the crosslinks. 

When the liquid-crystalline phase is or- 
dered (for example, by applying a magnet- 
ic field on the monomer or the intermediate 
polymer [93,119], or by applying a mechan- 
ical stress on a ‘soft’ intermediate elastomer 
[92]) prior to the final crosslinking, the 
polymer chain exhibits macroscopic align- 
ment which is locked-in by the crosslinking 
process. Any deviation away from this con- 
figuration involves a distortion of the net- 
work for which the required energy depends 
on the temperature and on the crosslinking 
density. The so-synthesized elastomers 
show very good orientation of the mesogen- 
ic groups expressed by a high transparency, 
and a remarkable memory of the original di- 
rector orientation [92,93,119]. They recov- 
er this orientation in the liquid-crystalline 
state, with the same order parameter, even 
after being heated for a long time in the iso- 
tropic state [93]. On the other hand, Kupfer 
and Finkelmann [92] showed, in the case of 
mechanically oriented networks obtained 
by a two-step crosslinking process, that 
these anisotropic networks are susceptible 
to a reorientation process by mechanical 
stress. The efficiency of this reorientation of 
the mesogenic groups depends on the rela- 
tive directions and intensities of the orien- 

tation and reorientation mechanical fields. 
In the same way, Hikmet and Higgins [ 1341 
proved that, in lightly crosslinked materials, 
the mesogenic groups could be reoriented in 
the presence of electric fields, reverting 
back to the initial orientation on removal of 
the field at a rate comparable with those ob- 
served in the monomeric state. 

The coupling of network elasticity to the 
liquid-crystalline phase thus induces unusu- 
al behavior, such as mechanically created 
optical properties or temperature-induced 
memory. 

3.3.4 Electromechanical 
Properties 

The properties described in the previous 
section apply to networks exhibiting helical 
structures. This type of mesophase is ob- 
tained by introducing side mesogenic sub- 
stituents with chiral end groups on the 
backbone [94, 138-141, 145-1471, or by 
doping an achiral network with a chiral 
molecule [ 144,1451. As a result of the inter- 
action between orientational (liquid-crys- 
talline) and translational (network) degrees 
of freedom, these noncentrosymmetric sys- 
tems exhibit rich electromechanical effects, 
such as piezoelectricity. 

As was previously described for achiral 
elastomers, in chiral networks, the meso- 
genic groups can be mechanically oriented 
up to a ‘threshold deformation’, which de- 
fines the deformation needed by the sample 
in order to obtain a macroscopically aligned 
system [ 1401. As a consequence, above this 
threshold the helical axis becomes aligned 
in a direction that depends on the orienta- 
tion of the mesogenic units versus the strain. 
For fairly large elongations (several hun- 
dred percent), it has been shown that it is 
possible to untwist reversibly the helical 
superstructure and thus to transform the chi- 
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ral structure into the corresponding achiral 
structure [ 138- 1391. 

Theoretical investigations by Brand [ I351 
and Brand and Pleiner [ 1361 predicted that a 
monodomain liquid-crystalline elastomer 
exhibiting a cholesteric or a chiral smectic 
C phase should display piezoelectric prop- 
erties due to a modification of the pitch of 
the helix under strain. So, a piezoelectric 
voltage should be observed across the sam- 
ple when a mechanical field is applied par- 
allel to the helicoidal axis. In this descrip- 
tion, the crosslinking density is supposed to 
be weak enough to allow the motion of the 
director, and deformations of the sample 
(compression, elongation, etc.) are assumed 
to be much smaller than those that should 
lead to a suppression of the helix. The 
possibility of a piezoelectric effect do not 
only concern cholesteric and chiral smectic 
C phases, but was also theoretically outlined 
for more exotic chiral layered systems such 
as chiral smectic A mesophases [137]. 

Preceding the reports on elastomers, 
piezoelectricity in chiral smectic C phases 
of low-molar weight molecules or of poly- 
mers has usually been observed. The special 
property is that the system possesses mac- 
roscopic electrical polarization without an 
external field, so it is classified as ferro- 
electric. 

Experimentally, piezoelectricity in chol- 
esteric and chiral smectic C phases was 
reported for liquid-crystalline networks 
1140-1471. Multidomain lightly cross- 
linked systems were synthesized, then the 
orientation is obtained by mechanical strain 
[140] or by poling [147]. In other samples 
this orientation is performed prior to the 
crosslinking process [ 144, 1461. Macro- 
scopically oriented samples were subjected 
to either a static or a periodically varying 
strain. Open circuit voltages across the sam- 
ples were measured that are linear functions 
of the applied strain 1140-142, 144, 1451. 

The sign and magnitude of the piezoelectric 
constant were largely dependent on the 
direction of the applied strain 11441. In the 
direction parallel to the helical axis, where 
the effect is maximum, the piezoelectric con- 
stant was found to be about 2.5-5 pC N-' 
[ 144, 146, 1471, depending on the nature of 
the sample. The piezosignal does not van- 
ish after annealing at temperatures that are 
even much higher than the Curie point, and 
invariably reappears on cooling by a mem- 
ory effect for one polar state [ 146, 1471. 

In their theoretical study, Brand [ 1351 and 
Brand and Pleiner [ 1361 discussed the oth- 
er electromechanical effects that should oc- 
cur in chiral elastomers, such as electrostric- 
tion, flexoelectricity, and pyroelectricity. 
Pyroelectricity and its analogs, which are 
closely related to piezoelectricity, should be 
present in these systems and have been re- 
ported in chiral smectic C elastomers [ 1471. 
On the other hand, the above-mentioned lin- 
ear relation between the piezoelectric volt- 
age and the intensity of the compression in 
both cholesteric and chiral smectic C elas- 
tomers implies that the electrostrictive con- 
tribution is fairly weak. In addition, Meier 
and Finkelmann [145] showed that chang- 
ing the handedness of the cholesteric helix 
changes the sign of the voltage, which 
proves that flexoelectricity is negligible 
[135, 1361. In fact, it seems that in  perfect 
alignment (i.e., a cholesteric or chiral smec- 
tic monodomain with its helical axis exact- 
ly parallel to the compression axis), a qua- 
si-pure piezoelectrical effect is observed. In 
the case of nonperfect alignment, however, 
any applied stress can also bend the layers 
and gives rise to flexoelectric contributions. 
Lastly, for smallest compressions in choles- 
teric phases, the question of possible elec- 
troclinic-like effects remains open [ 1361; in- 
itially, cholesteric domains with different 
orientations of the helix exist in the sample, 
and the compression could first induce a re- 
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orientation of these domains without any 
compression of the layers. After a quasi- 
monodomain is reached, the piezoelectric 
effect should start. 

From these theoretical and experimental 
works, it emerges that both chiral smectic C 
and cholesteric elastomers are piezoelectric 
and can lead to a piezoelectric voltage com- 
parable to that of classical piezoelectric 
crystals, such as quartz. Thus they can be 
used potentially as piezoelectric elements, 
which can be produced in any shape needed. 

4 Nonlinear Optical 
Properties 

4.1 Introduction 

Asymmetric charge-transfer organic mole- 
cules containing charge correlated n elec- 
trons have shown nonlinear coefficients 
larger than those found in organic crystals 
[148, 1491. Especially in the case of fre- 
quency doubling, organic materials ap- 
peared to be more effective than the tradi- 
tional inorganic crystals, owing to the pure- 
ly electronic character of the nonlinear ef- 
fects in organic materials, permitting size- 
able effects in the optical frequency range. 
However, organic crystals are difficult to 
grow and not easy to process. Polymers are 
increasingly being recognized as the mate- 
rials of the future because of their ability to 
provide thin films of high optical quality and 
excellent mechanical properties, which can 
be produced rapidly at a reduced cost and 
can be applied over very large areas and over 
various substrates. By attaching sufficient 
optically nonlinear chromophores to a poly- 
mer backbone, large nonlinear coefficients 
will be achieved if the material can be prop- 
erly poled by a DC electric field [ 150- 1541. 

This may be accomplished by heating the 
film above the glass transition temperature 
(T,) of the polymer, then cooling the film 
below T, in the presence of the external fied. 
The versatility of synthetic chemistry can 
be used to modify and optimize the molec- 
ular structure in order to maximize the non- 
linear optical (NLO) response and other prop- 
erties (processing, mechanical, optical, etc.). 

Recently, it has been recognized that the 
axial ordering present in nematic and smec- 
tic A polymers can be used to enhance field- 
induced polar ordering by increasing the or- 
ientational distribution function along the 
electric field direction [ 155-1591. Depend- 
ing on the values of the microscopic order 
parameters (P2)  and (P4) ,  the performance 
may be improved by a factor of 1-4 by us- 
ing liquid-crystalline polymers (LCPs) in- 
stead of ordinary amorphous polymers for 
second harmonic generation (SHG). 

This section is devoted to liquid-crystal- 
line polymers that may find applications in 
frequency doubling or in electrooptic mod- 
ulation and in waveguide configuration. The 
structural principles underlying the design 
of LC systems with large second-order non- 
linearity will be reviewed. As new materi- 
als are most easily evaluated by SHG mea- 
surements, the theoretical basis of the non- 
linearity will be introduced in this context. 
Nevertheless, the material parameters for 
SHG and the electrooptic effect are closely 
related. Electric field induced ordering will 
be treated using theoretical models. 

4.2 Theoretical Approach 

4.2.1 Second Harmonic 
Generation (SHG) 

When a medium is subjected to an external 
field, which may be an externally applied 
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potential, the electric field of a light beam, 
or a combination of these, the polarization 
can be expressed in a power series of the 
field strength E in terms of the dipole ap- 
proximation 

P = Po +x(l). E + x ( ~ )  . E E  

+ x ( ~ )  . E E E  + ... (22) 

where Po is the permanent polarization of 
the medium, x(l) is the linear susceptibility, 
and the higher orderx, are the NLO suscept- 
ibilities. x(l) gives rise to linear optical pro- 
cesses including the propagation of light in 
dielectric media, absorption, and surface re- 
flection. Nonlinear processes arise from the 
higher order terms. The coefficient x(*), re- 
lating the polarization to the square of the 
field strength E is called the second-order 
nonlinear susceptibility of the medium and 
is a third-rank tensor. Its magnitude de- 
scribes the strength of second-order pro- 
cesses. It is worth noting that, because of 
their symmetry properties, odd-ranked ten- 
sors such as x(2) are nonzero only in non- 
centrosymmetric systems. 

The manifestation of NLO behavior can 
easily be seen by substituting a sinusoidal 
field equation into the polarization expan- 
sion equation [Eq. (22)]. This gives 

P = Po + x(') Eo cos(ot - k z )  

+ x(2)  Ei  [I + cos(2ot- 2kz)l 

+ - 1 cos(3ot - 3 k z ) ]  (23) 
4 

where o is the angular frequency and t is 
the time. 

Equation (23) clearly shows the presence 
of new frequency components due to the 
nonlinear polarization. The second-order 
term gives a frequency independent contri- 
bution as well as one at 2 o. The former sug- 

gests that a DC polarization should appear 
in a second-order nonlinear material when 
i t  is appropriately irradiated. This phenom- 
enon is referred to as optical rectification. 
The latter term corresponds to the best 
known and highly utilized effects in NLO, 
i.e., SHG [150, 159, 1601. In this section we 
will illustrate this process in side chain liq- 
uid crystalline polymers with the emphasis 
on identifying and understanding the rele- 
vant physical phenomena that are occurring. 

In analogy to Eq. (22), the polarization 
per molecule can be expanded in terms of 
the molecular nonlinear response in a pow- 
er series of the field strength E 

(24) 
p = P O +  a .  E + p .  E E  + y .  B E E  + ... 
where po is the molecular ground state di- 
pole moment, a the linear polarizability, and 
p and y the two lowest-order molecular 
NLO susceptibilities or hyperpolarizabil- 
ities. Also, here the coefficients a, p, y ,  etc. 
are represented by tensors. Similarly as in 
the macroscopic case, a symmetry con- 
straint exists on the molecular level with re- 
spect to the occurrence of even-order NLO 
effects. For the first hyperpolarizability /3 
not to be equal to zero, no centrosymmetry 
is allowed in the molecule. 

Neglecting dispersion and assuming a 
one-dimensional molecule, where p,,, is the 
only nonvanishing component, the relation- 
ship(s) between macroscopic and molecular 
second-order NLO properties in polymer 
films of C ,  u or 00 mm symmetry reduces to 
the following two relations 

where the indices X ,  Y,  Z denote the labor- 
atory frame (Z  or 3-unit vector along the 
electric poling field) and x y z  the molecular 
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frame ( z  along the permanent dipole mo- 
ment). N is the number density of active 
molecules, F the local field correction fac- 
tor, and 8 the angle between the permanent 
dipole moment and the poling field. The 
expressions in angle brackets describe the 
degree of polar order obtained during the 
poling process. 

4.2.2 Theoretical Models 
for the Electric Field Poling 

In addition to the polar order produced by 
the electric field, Ep, axial order may be 
present due to either intrinsic ordering (e.g., 
in liquid-crystalline polymers) or mechani- 
cally induced ordering (e.g., uniaxial elon- 
gation). For rod-like molecules with domi- 
nant dipole and hyperpolarizability direct- 
ed along the molecular axis, i.e. p, and p,,, 
only, in uniaxial systems, the orientational 
distribution function G (8) can be expanded 
in terms of Legendre polynomials 

n=O L 

where the expansion coefficients (P, (cos 8)) 
= ( P n )  are given by 

K 

(P,) = 2 n  G ( 8 )  P, (case) sin8 d 8  (28) 
0 

These coefficients, known as microscopic 
order parameters in the liquid crystal liter- 
ature, are convenient quantities to define the 
degree of order. The even-order terms give 
the degree of axial ordering. Of these, 

(3cos2 8 - 1) 
2 (P2) = - 

and 

(30) 
( 3 5 ~ 0 s ~  8 - 3 0 ~ 0 s ~  8 + 3) 

8 (P4) = 

are the most used axial order parameters. 
The odd-order terms characterize the field- 
induced polar order. The terms (c0s3 8) and 
(0.5 cos8 sin2@ in Eqs. (25) and (26) are 
linear combinations of ( P I )  and (P3).  

In Boltzmann statistics, the orientational 
distribution function is given by 

U -- 

e k B T  

G(8) = lL -u (31) 

2n e k B T  sin8 d 8  
0 

where k ,  is the Boltzmann constant, T the 
absolute poling temperature, and U the po- 
tential energy of the molecule. 

For the calculation of order parameters, 
four statistical models have been developed: 

The isotropic model [155, 1611 (no in- 
itial axial order, (P2)=0 at Ep=O). 
The Ising model [155, 1611 (perfect ax- 
ial order, (P2)  = 1 without a field). 
The Singer-Kuzyk-Sohn (SKS) model 
[156]. 
The self-consistent Maier-Saupe mod- 
el, as extended by Van der Vorst and 
Picken [157, 1581 (MSVP model). 

The main difference between the four mod- 
els is in the choice of the expression for the 
molecular energy. The dominant energy 
term, taken into account by all four models, 
is the energy of the permanent dipole mo- 
ment po in the electric field E,  

u,,(e) = - p , q  case (32) 

Singer et al. [156] consider the intrinsic 
axial order of a liquid crystalline host, which 
is transferred to NLO guest molecules, with- 
out introducing an extra energy term. The 
MSVP model [ 157, 1581 takes the intrinsic 
mesogenic properties of the NLO molecules 
themselves into account. The tendency of 
such strongly anisotropic, rodlike mole- 
cules to have their long axes in mutually par- 
allel alignment is described by the energy 
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If this tendency is large enough to overcome 
thermal motion, a liquid-crystalline phase 
may result with spontaneous (at E,=O) 
axial order. The expression in the MSVP 
model for U0(@ was used originally by 
Maier and Saupe [162] in their theory for 
the axial order in the nematic phase and for 
the nematic-isotropic phase transition. The 
parameter < scales the magnitude of the mu- 
tual interactions. The Maier-Saupe theory 
predicts that the temperature at which the 
nematic-isotropic transition takes place, T, 
(‘clearing’ temperature in the absence of a 
field), is related to the parameter 5 through 
k,  Tc s 0.22 < [ 1621. The energy term con- 
nected with the linearly induced dipole mo- 
ment in the poling field is taken into account 
only in the MSVP model [157, 1581. 

The expressions for (cos3f3), 
(0.5 cose sin2@, and (P2)  for the various 
models can be found in Table 13. 

4.2.3 The Electrooptic Effect 

(35) 

where no and n, are the ordinary and extra- 
ordinary indices for light polarization per- 
pendicular and parallel to the poling field 
direction (Z  direction), and r I 3  and r33 are 
the electrooptic or Pockels coefficients. The 
susceptibilities x(,) are related to the elec- 
trooptic coefficients by 

(37) 

Combination of Eqs. (25), (26), (36), and 
(37) yields the relations between the elec- 
trooptic coefficients and the molecular pa- 
rameters 

(38) 
2 NFP, , ,  (0.5 cose sin2 _ _  0) 

n0 
4 q 3 = -  ~- 

2 N F P,, ( c0s3 0) 
4 r33 = - - 

ne 
(39) 

The changes in refractive index produced by 
an electric field E are given by 

From Eqs. ( 2 9 ,  (26), (36), and (37) it is 
also seen that the isotropic model predicts 

Table 13. Expressions for (cos ’~ ) ,  (0.5 cost9 sin2@, and (P2)  in the four models. 

Isotropic Ul5 14/15 = u2/1 5 

Ising U 0 1 

SKS u ( 1 /S + 4/7 (P2)  + 8/35 (P4)) 

MSVP No analytical formulae 

u(1/15+ 1/21 (P2)-8 /70(P4))  b 

c 

’‘ u = ~ ~ E , l ( k ,  T )  where po is the ground state permanent dipole moment, E, the poling field strength, and T the 
poling temperature. ’In the SKS model, (P2)  and (P4)  are input parameters which must be determined experi- 
mentally at zero field strength. ‘The MSVP model does not provide analytical expressions. First, a self-consis- 
tent value of (P2) satisfying the Eqs. (28) and ( 3  I )  must be calculated by numerical methods. After substituting 
the (P2)  value obtained in the expressions for U,,(t9), (cos’8) and (0.5 cos8 sin28) can be calculated. 
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~ ~ ~ / r , ~ = 3 ,  if the two refractive indices no 
and n, are equal. 

4.3 Liquid Crystalline 
Systems 

In the early 1980s, Meredith et al. [ 1551 first 
explored the possibility of using SCLCPs as 
NLO media. Since then there has been con- 
siderable interest in polymers of this type. 
The relevance of LCPs is threefold. Firstly, 
the molecular design requirements, which 
will optimize the NLO parameters, are those 
that will lead to straight, rigid molecules and 
thus liquid crystallinity. Secondly, a meso- 
phase is an attractive medium in which 
molecules can be aligned and poled. Third- 
ly, it is relatively easy to quench a polymer 
to a clear glass that is tough and can be 
formed into a film. Academic interest has 
focused largely on: 

- solid solutions of NLO active molecules 
in an LCP host, 

- LC copolymers containing both nemato- 
genic (or smectogenic) and NLO active 
side groups, and 

- SCLCPs wherein the NLO active moie- 
ties possess mesogenic properties them- 
selves. 

4.3.1 Molecular Design 
for High NLO Activity 

The optimization of NLO behavior in or- 
ganics depends on two main factors: the 
design of the active molecular elements 
to maximize the hyperpolarizability, p, and 
the organization of these elements within 
the structure so that their activity is trans- 
mitted in the most efficient manner to the 
material itself. Attention will be focused 

first on the design of the active molecular 
elements. 

The basic principles for designing mate- 
rials for second-order nonlinear processes 
are well understood [152, 163-1671. The 
molecular structure must have a dipole with 
delocalized electron density. The dipole is 
created by substituting electron-donating 
and electron-accepting groups at either end 
of a conjugated length of molecule, which 
serves as an electron conduit between the 
donor and acceptor to allow perturbation of 
the local electron density. The nonlinear ac- 
tivity of the molecular structure, measured 
in terms of the second-order hyperpolariz- 
ability (p)  is determined by the choice of 
donor and acceptor groups and the length of 
the conduit. Higher activity is achieved with 
stronger donors and acceptors and longer 
conduits. 

Examples of the effects of molecular 
structure on the magnitude of p are given in 
Table 14. Molecules 1 and 2 show the result 
of improving the electron donation and 
withdrawal efficiency. As a result of the ex- 
tended conjugation, the biphenyl derivative 
4, and to a greater extent the terphenyl de- 
rivative 5,  are found to give higherp values 
than the benzene analog 1. However, since 
the phenyl rings are able to rotate, breaking 
up the conjugation pathway for electron 
transfer, the biphenyl structure cannot be 
very effective for optical nonlinearity. For a 
given set of donor and acceptor groups, the 
azomethine linkage (molecule 6) twists the 
two phenyl rings with respect to each other, 
while the stilbene linkage (molecule 7) 
ensures planarity, effectively doubling p. It 
is of interest to note that the factors which 
enhance the second order NLO activity of 
the molecules (high axial ratio, planarity, 
charged end groups) are essentially those 
factors that encourage liquid crystallinity in 
low molar mass compounds. 
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Table 14. Molecular structure control of b (from [ 1521 and [ 1631). 

Structure at 1.9 Fm (x I 0-'O esu "1 Molecule number 

1 H,N 0- - No, 5.7 

2 

3 

4 

5 

6 

7 

I 
CN 

21.4 

41.8 

20.1 

SO. 1 

23.4 

60.0 

a 1 0 - ~ e s u = 4 ~ 1 0 - "  m/V. 

4.3.2 NLO Liquid Crystalline 
Systems 

4.3.2.1 Guest-Host Materials 

A possible route for preparing polymeric 
films with large second-order NLO coeffi- 
cients is to remove the orientational averag- 
ing of a dopant molecule with large hyper- 
polarizability (p) by the application of an 
external DC electric field to a softened film. 
This may be accomplished by heating the 
film above the glass transition temperature, 
then cooling the film to ambient temper- 
ature before the electric field is removed, 
thus leaving a noncentrosymmetric medium 
which should have a nonvanishingX(*), pro- 
vided the polymer can permanently prevent 

relaxation of the alignment. The magnitude 
of x(2)  is determined by the degree of polar 
order, the concentration of active molecules, 
and the magnitude of p. 

The fundamental properties of the host 
phase are high transparency, a reasonable Tg 
to minimize diffusion and relaxation from 
poling, high solubility of the guest, and pro- 
cessability without degrading the guest. It 
has been shown theoretically [ 155- 1591 
that substantial improvements in alignment 
along the 2 direction might be anticipated 
in a liquid-crystalline matrix. The first ex- 
ample of this approach was described by 
Meredith et al. [155]. In that study, films 
consisting of p-(dimethylamino)-p'-nitro- 
stilbene 7 dissolved up to 2% by weight in 
a nematic copolymer 9 were solvent cast 
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CH3 CH3 
I 

onto interdigital electrode patterns photo- 
lithographically delineated on glass sub- 
strates. A number of important findings 
were reported in this initial study. First, it 
was shown that polar C,,> symmetry was 
induced along the poling direction, which 
has been verified in many subsequent stud- 
ies, and that homogeneous transverse align- 
ment of the nematic host could be achieved, 
free from domain-induced light scattering 
((P2)=0.3). SHG was used to measure the 
x(*) tensor elements. A comparison with 7 
doped at 2% in poly(methylmethacry1ate) 
showed a large enhancement (- 100-fold) 
in the liquid-crystalline system. This re- 
sult was interpreted as being due to the cor- 
relation between the dopant molecules and 
the principal axis of the nematic LC. Ex- 
cellent agreement was obtained between 
the experimentally measured value of xyi3 
( 3 ~ 1 0 - ~  esu') for E,=1,3 V/pm, t,=6 h, 
and T p =  Tg- 15 "C, and that predicted by a 
simple model based on statistical dipolar 
alignment of the guest in the oriented host. 

The polar alignment that was induced in 
this system was shown to be stable for long 
periods of time. However, several complex- 
ities in the poling process were uncovered 
in this study. It was found that the induced 
SHG dropped precipitously as Tg was ap- 
proached from below. This was speculated 
as being due to the establishment of a mono- 

'Note that lo-.' esu=4xl0-" m/V. 

mer-dimer or higher order aggregate equi- 
librium. 

In addition to this SCLCP host, MCLCPs 
have also been used. Li et al. [ 1681 dissolved 
molecules of an oligomeric fragment of po- 
ly(pphenylenebenzobisthiazo1e) 10, which 
was terminated by opposing nitro and di- 
methylamino groups, in the polymer itself. 
The resultant material has a f 2 )  value of 
6x1OP9 esu. Stupp et al. [169, 1701 carried 
out a careful analysis of the system of Dis- 
perse Red 1 (11) dissolved in a chemically 
aperiodic nematic polymer containing the 
following three structural units (12). 

Electrical poling (EP - 67 kV/cm) of the 
dye-polymer alloys below the melting point 
of the nematic host resulted in strong SH in- 
tensities from an infrared laser pulse pass- 
ing through the medium. Interestingly, a sig- 
nificant increase in the SHG signal was ob- 
served in alloys that had been aligned by an 
external magnetic field prior to poling by 
the electric field.xy?, was tripled in 5 %  dye 
samples when the high molar mass solvent 
was macroscopically ordered ((P2) - 0.6-0.7) 
in the magnetic field (xyi3= 4 . 5 3 ~ 1 0 - ~  esu 
instead of 1.5 1 x lop9 esu). This susceptibil- 
ity enhancement points to coupling between 
polar ordering of dye molecules in the 
electric field and the uniaxial organization 
of the nematic solvent in the magnetic field. 
In the extreme of a macroscopic order pa- 
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rameter approaching 1 .O, the magnetic field 
would produce an ‘Ising’ solution of nemat- 
ic polymer and dye in which external pol- 
ing would simply bias each chromophore’s 
dipole moment parallel rather than antipar- 
allel to the electric field (Fig. 34). Addition- 
al evidence of this coupling is revealed in 
magnetically aligned samples by a more 
rapid rise of the SH intensity with increas- 
ing temperature under the electric field. In- 
deed, this difference supports the premise 
that dye molecules are themselves preor- 
dered in the uniaxial environment of the sol- 
vent, thus facilitating the removal of an in- 
version center by the electric field. It is of 
interest to note that the thermal stability of 
the polar dye network was also greater i n  the 
aligned environment. 

The trade-off between concentration and 
p limits the applicability of guest-host ma- 
terials for useful devices. The higher p 
molecules tend to be larger and less soluble 
in  the hosts. Exceptionally high concentra- 
tions of up to 20 mol% of 4-hydroxy-4’-ni- 
trostilbene (13) have been achieved in the 
polymer 14 without destroying the LC for- 

14 

D Y E  
-+ 

Figure 34. Schematic representation of the Ising so- 
lution of nematic polymer and dye formed in a mag- 
netic field [170]. 

mation [ 17 11. However, limiting values of 
the order of 5-10 wt% are more common. 
In addition, in guest-host materials a plas- 
ticizing effect was often observed, which 
lowered the glass transition temperature. 
More recently, the NLO molecules have 
been incorporated as part of the polymer 
structure. Attaching the NLO groups to the 
polymer reduces their mobility and tenden- 
cy to crystallize or phase-separate at high 
concentrations, and leaves the glass transi- 
tion temperature relatively unaffected. 

4.3.2.2 LC Copolymers Containing 
Both Nematogenic (or Smectogenic) 
and Active Side Groups 

The design requirements for synthesizing 
copolymers containing both nematogenic 
(or smectogenic) and active side groups are 
a stable nematic or smectic phase for align- 
ment and poling, the ability to quench to a 
glass, and long term stability of the glass. 
Suitable structures may be obtained by ap- 
propriately adjusting the flexibility of the 
polymer backbone and the length of the 
flexible spacer. If the mesogenic groups are 
attached directly and rather rigidly to the 
backbone, the dynamics of the backbone 
dominate and no LC phases are formed. If 
the mesogenic groups are appended to the 
backbone by flexible spacers such as 
-(CH&, the mesogenic groups may now 
adopt the anisotropic ordering of an LC 
phase. However, long spacers increase the 
degree of anisotropic LC ordering from ne- 
matic to smectic, favor the tendency of the 
polymer to crystallize, and lower the T g .  
This does not mean that the properties of the 
polymer are uninfluenced by the backbone. 
The broadest range of mesophase thermal 
stability is exhibited by polymers contain- 
ing the most flexible backbone, namely, 
polysiloxanes. However, compared to more 
rigid polymers, polymers containing ex- 
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tremely flexible backbones usually exhibit 
additional mesophases or even side chain 
crystalline phases and have lower Tg values. 
The review in [ 1721 by Percec and Pugh may 
be of value to readers who are interested in 
this subject. Other difficulties which can be 
overcome, but may have been less than ful- 
ly appreciated in the past are: 

Retention of SC precursor in the poly- 
mer. 
The danger of cross-linking involving 
SC substituents such as CN. 
The need to demonstrate that the ratio 
of the mesogenic and active side groups 
is in fact the same as that in the reaction 

Table 15. Typical mesogenic groups. 

mixture. With bulky SCs, this may not 
be so, and side chain ratios can be af- 
fected by reaction conditions. 

Factors (l), (2), and (3) clearly affect 
product reproducibility, which is vital if the 
properties of these polymers are to be cor- 
related with structure and if they are to play 
a role in applications. 

A number of copolymers having nemat- 
ogenic (or smectogenic) and NLO active 
groups have been synthesized [155, 173- 
1811. Table 15 lists a number of chemical 
groups that have been used for their meso- 
genic properties. As can be seen from their 
formulas, highly polar terminal substituents 

Molecule no. Mesogenic group 
- 

16 

17 

19 

Reference 

[I741 

[155, 173, 177, 178, 180, 1811 

[lSS, 1781 

~ 7 5 1  

X = CF3 , CN , OCH3 

[I751 0 
I1 

0 

Y = -Lo-, -0-c- 

[173, 1771 

- 21 

n 

24 
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have been incorporated to allow the pendant 
groups to be aligned by applying an electric 
field. The most common systems so far con- 
sidered are polyacrylates and polymethac- 
rylates with medium-length spacers of two 
to six methylenic units. 

The ability to gain molecular control of 
the LC character through synthesis is clear- 
ly outlined in Table 16 for copolyacrylates 
having the structure 25 [ 1731. 

These copolymers were selected accord- 
ing to the above outlined principles. Phenyl 
ring-CN terminal substituents are known to 
enhance nematic thermal stability, while ter- 
minal CF, groups favor smectic mesophase 
formation. The R2 side groups possess the 
basic structure associated with large hyper- 
polarizability (/?). They contain a strong 
electron accepting group (-NO,) and an 
electron-donating group (X=-0-,>N-) 
linked in a trans-stilbene (Y=-CH=CH-) 
or an azobenzene (Y=-N=N-) fashion. 
As shown in Table 16, up to 50 mol% of 
active R, groups can be incorporated in 
these copolymers without destroying LC 
formation. It should be noted, however, that 
X =-N(CH,)- lowers the LC stability. This 

4." ,? 

I" ,? 

25 

Table 16. Molecular structural control of the LC character" 

Polymer x (mol%) Transition 
temperatures ("C) 

Z Y X Y 

CN 
CN 
CN 
CN 

- 
-0- 

-0- 

-0- 

0 
7.1 

21.3 
50.3 

N 1061 
N 119.8 I 
N 111.41 

SmAd 90 N 107.5 I 

6 
6 
6 

CN 
CN 

6 
6 

-CH = CH- 

-CH = CH- 

12 
34 

N 1101 
N 9 1  I 

-0- 

-0- 

-COO<N - CN 5 -CH = CH- 5.5 N 113 I 

CN 5 -CH = CH- 19.7 

32.1 

2.6 

N 103.5 I 

N 109.5 I 

I 

-C<N- 

-N ( CH3)- 

CN 

CN 

5 

6 

-CH = CH- 

-CH = CH- 

0 SmA, 99 1 
CF, 6 -N ( CH, )- -CH = CH- 3.8 SmA, 87 1 
CF, 6 -0- -N = N- 8.1 SmA, 110 I 

- - - CFS 

a [173]. 
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reflects the fact that the molecular axes of 
the side chains are forced apart by the meth- 
yl group, thus reducing the intermolecular 
forces of attraction. 

Terminal cyano groups are commonly 
used to obtain LCPs with positive dielectric 
anisotropy. However, such highly polar 
groups induce strong antiparallel near- 
neighbor correlations and favor an antipar- 
allel arrangement of the permanent dipoles. 
This results in the formation of antiparallel 
interdigitated dimers [173]. Since these di- 
mers have no net dipole moment, they will 
not contribute any more to the poling pro- 
cess and will thus lead to a reduction in the 
effective number of polable dipoles [ 1821. 
In addition, Dalmolen et al. [ 1831 have given 
some evidence that high dimer fractions may 
affect the order parameters. The introduc- 
tion of a substituent next to the cyano group 
is expected to markedly reduce the tenden- 
cy of compound to form dimers. This is sup- 
ported by data obtained by Le Barny et al. 
[ 1741 for mesogenic group 15 in Table 15. 

Worboys et al. [ l s l ]  reported that the 
preparation and characterization of a num- 
ber of copolyacrylates containing the NLO 
side group, Disperse Red 1 26, which, de- 
pending upon the concentration of active 
groups, exhibited either isotropic or LC char- 
acter. Using a sandwiched electroded struc- 
ture with poling fields of up to 180 V pm-', 
they were able to obtain an electrooptic co- 
efficient reff(= r33 - r13) value of 45 pm/V at 
633 nm. Comparison with isotropic poly- 
mers showed that an enhancement of 2.8 at 
low poling fields and 1.4 at high (>70 V pm-') 
poling fields could be achieved in reff in the 
liquid-crystalline systems. The polar align- 

ment induced in liquid-crystalline materials 
was shown to be stable for long periods of 
time. An initial analysis of the data indicat- 
ed that this class of NLO LCPs could exhib- 
it lifetimes of >5 years with only a 20% de- 
cay in the electrooptic coefficient if used at 
temperatures - 90 "C below Tg . 

In a subsequent study, Koide et al. [176] 
reported on experiments on copolymers 
containing nonmesogenic azo side groups 
having Disperse Red 1 as the NLO compo- 
nent and the mesogenic side groups 22. In 
this example, the films were poled above the 
clearing temperature with fields of up to 
0.125 MV/cm. The ratiox(f:/x?/ was found 
to be significantly greater than the theoret- 
ical value of three predicted for isotropic 
systems, thus confirming that it is possible 
to gain in the net polar ordering by starting 
from a liquid-crystalline system. Using azo 
aromatic groups to provide the long conju- 
gation between the donor and acceptor 
groups, other side chain LC copolymers 
have been synthesized and their NLO prop- 
erties have been tested. Again it has been 
shown that liquid crystallinity enhanced the 
NLO properties upon poling under similar 
conditions. The reader is referred to a recent 
review by Xie et al. [184]. 

Smith and Coles [177] looked at a num- 
ber of liquid-crystalline polymers. The con- 
tact electric field poling method was used to 
achieve noncentrosymmetric ordering of 
the NLO side groups. The materials were or- 
ientationally aligned in an alternating field 
at a temperature just below the transition to 
isotropic liquid. This alignment was stored 
by cooling into the glass phase before ap- 
plying the poling field of 10 kV/cm, at a 
temperature a few degrees above Tg for a pe- 
riod of 24 h. The second order susceptibil- 
ity was typically improved by a factor of 
three by the orientational alignment process 
when compared with the application of the 
poling field to a material with no alignment 
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history. Again the results indicated that the 
liquid crystallinity has some effect on the 
polar ordering, since xy,) < xF;l3 for many 
of the liquid-crystalline materials. 

Recently, workers at the Weizmann Insti- 
tute of Science reported photochromic side 
chain liquid crystal copolymers containing 
spiropyran units 27 [178, 180, 185, 1861. 

-( CH, - CH)= - (CH, - C H ) y  

I I 
C=0 c = o  

I 

I 

I 
d NH 

(CH2)5 

I (CH2)6 

c = o  
I 

I 

R, = CN, OCH, R, = H, NO2 

C=0 c = o  

I 

I 

I 

I 
d NH 

(CH2)5 

I (CH2)6 

I c = o  
I 

I 

R, = CN, OCH, R, = H, NO2 

27 

ence of the field with simultaneous UV ir- 
radiation [ 1801. The investigators demon- 
strated that this procedure provides a means 
of inducing SHG by photochromic spiro- 
pyran-merocyanine conversion, and that 
this effect can be enhanced by blending the 
copolymer with thermochromic quasi-liq- 
uid crystals (QLCs) containing the mero- 
cyanine chromophore as the high p moiety 
(28) [ 1781 or by using the copolymer as host 
for DANS 7 and another related substituted 
stilbene guest molecule (29) [178]. 

They also showed that in these samples 
the SHG via the dominant x'*' component 
parallel to the direction of electric field 
alignment decreases over a time scale of 
several weeks which can be attributed to 
both orientational relaxation and the spon- 
taneous merocyanine fading to the spiropy- 
ran form, which has a much smallerp. Inter- 
estingly, it was found that the polar order- 
ing could be enhanced by reapplying a DC 
electric field to the glassy films parallel to 
the aligning direction at room temperature. 
However, these special poled films exhibit- 
ed asymmetry not only in the poling direc- 
tion, but also perpendicularly to it. This re- 
sulted in more nonLero components of the 
second-order susceptibility tensor than are 
obtained through the usual poling tech- 
niques. The x ' ~ )  component perpendicular 

In this study, after alignment in an electric 
field of ~ 1 0  kVIcm at a temperature above 
Tg but below the clearing point, thin films 
were cooled to room temperature in the pres- 

spiropyrm-form 

11 A 

CH, cn, q% - NO, 

Q1.C 
CH, 

R=CN,0CH3,0C6H13 28 

C H , ~ C O O ~ C H = N ~ ~ ~ ~  / \  29 
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to the poling direction was the strongest. 
This nonlinearity was attributed to mero- 
cyanine aggregates stacked normal to the 
film substrate. The effect could be large, 
for example, a x(*)  of 6 x lo-’ esu/cm3 
(25 pm/Vj was reported for a QLC/LCP 
blend containing 2% by weight of DANS, 
poled at 5x106 V/m, but it was short-lived 
with decay over about one hour. Longer term 
stability was, however, reported in the case 
of the larger substituted stilbene when used 
in a larger concentration of 10% by weight, 
but here the coefficient was 1.1 pm/V for a 
poling field of lo6 V/m [178]. 

Ou et al. [179] reported on the successful 
fabrication of X-deposited multilayer films 
using the Langmuir-Schaefer deposition 
technique [ 1871. They used a polysiloxane 
copolymer containing both a mesogenic and 
an NLO side chain (30). 

sentially those factors that encourage liquid 
crystallinity in low molar mass compounds. 
Therefore considerable effort has been de- 
voted to the synthesis of NLO polymers in 
which the NLO moieties themselves possess 
mesogenic properties. Examples of NLO 
active mesogenic groups are given in Ta- 
ble 17. They are depicted below in a sche- 
matic form along with examples of chemi- 
cal structural subunits where X and W 

-x*Y-z-w 

represent a range of electron-donating 
and electron-withdrawing substituents and 
Y-Z is a conjugated n: electron system with 
Y=-CH=CH-, -N=N-, -CH=N-, and 
Z a substituent selected from 

0 

Both X-ray and NLO studies indicated a 
highly polar noncentrosymmetric structure 
with nearly perpendicular orientation of the 
chromophore with respect to the film plane. 
The investigators found a d,, coefficient of 
5 . 3 ~ 1 0 - ~  esu. All the measurements were 
found to be reproducible over a span of sev- 
eral weeks, indicating a stable structure. 

4.3.2.3 SCLCPs Wherein the NLO 
Active Moieties Possess Mesogenic 
Properties Themselves 

The factors that enhance the second order 
NLO activity of the molecules (high axial 
ratio, planarity, charged end groups) are es- 

30 

where a has small integral value. 
Examples of electron-donating substitu- 

ents are divalent radicals such as -0-, - S - ,  
and -NR’-, where R’ is hydrogen or meth- 
yl. Typical acceptor substituents are -NO,, 
-CN, and -CF,. The majority of SC poly- 
mers with NLO mesogenic groups have the 
donor substituent in the spacer chain and the 
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Table 17. Examples of NLO active mesogenic groups. 

Structure no. NLO active group References 

31 

32 

33 

34 

35 

36 

37 

38 

[171, 177, 182, 189, 191-193, 
19.5, 196, 198-200,2021 

[189, 191-193, 195, 1991 

[177, 189, 1951 

[191, 1921 

[193, 196, 1991 

[1.52, 200, 201,2031 

~2041 

acceptor at the end of the side chain, as in 
compounds 31-37 (Table 17). However, 
Zhao et al. [194] and Bautista et al. [I971 
have prepared a number of SC polyacrylates 
and polysiloxanes with 4-mdimethy lamino)- 
4'-stilbene carboxylic ester mesogens (39 
and 40 in Table 17), which have the donor 
substituent at the end of the side chain and 
the acceptor in the spacer chain. 

There have been two main approaches to- 
ward the synthesis of SCLCPs containing 
NLO mesogenic groups: 

1) Side groups with suitable polymerizable 
functional ends can be synthesized first, 
with subsequent polymerization. 

Free radical polymerization of a vinyl 
monomer, e.g., acrylate, methacrylate, or 
styrene derivative, has been widely used to 
produce NLO single-component SCLCPs. 
This type of monomer is suitable as it is rel- 
atively easy to prepare and the conditions 
for free radical polymerization of acrylates, 
methacrylates, and styrene derivatives have 
been well documented. There are, however, 
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special difficulties associated with the free 
radical polymerization of an interesting 
class of NLO materials, namely, nitroaro- 
matics: the nitroaromatic group is a re- 
tarder of free radical polymerization, inter- 
cepting the propagating radicals by reaction 
on the aromatic ring or on the nitro group 
itself. 

Nitrostilbenes are desirable for NLO, but 
the stilbene unit itself is potentially reactive 
with a free radical center. The presence of 
the Ar-CH=CH-Ar double bond may lead 
to an uncontrolled crosslinking reaction 
leading to a gel [193, 1941. This could pre- 
vent a good polarization of the material. As 
reported by Griffin and Bhatti [196], poly- 
merization of nitroaromatic stilbene meth- 
acrylates in solution under nitrogen using a 
single charge of initiator (AIBN) can pro- 
vide an acceptable route to NLO SCLCPs. 
The analogous polymerization of acrylates 
produces lower yields with crosslinking. 
This difference in the extent of crosslinking 
is attributed to the greater stability of the 
propagating radical from methacrylate 
monomer (tertiary) and its concomitant 
greater selectivity. 

Alternatively, polycondensation appears 
to be a facile synthetic entry into NLO 
polymers having nitroaromatic-containing 
SCLC groups. Griffin et al. [191, 1921 were 
successful in preparing three series of mal- 
onate SCLCPs by using a polycondensation 
route first described by Reck and Ringsdorf 
[206]. This synthetic approach obviates the 
difficulties described above for free radical 
polymerization, as the nitro group is not an 
inhibitor of polycondensations. 

2) The preformed polymer can be reacted 
with the side groups. This has the advantage 
of starting with well-defined polymer pa- 
rameters of the molecular weight and distri- 
bution. However, incomplete reaction of all 
possible sites on the polymer can lead to 
unwanted crosslinking at a later stage of 
processing, unless they are mopped up by a 
more reactive component after the NLO 
group has been attached. 

Bautista et al. [ 1971 used the hydrosily- 
lation reaction to synthesize NLO SCLC 
polysiloxanes. They prepared a homopoly- 
mer from poly(hydrogen methylsiloxane) 
and a copolymer from poly(hydrogen-meth- 
yldimethylsiloxane). However, the higher 
Tg values that are sought for use in NLO 
need the use of a backbone that is inherent- 
ly less flexible than the Si-0 linkage. Sat- 
urated carbon-carbon backbones fulfill this 
requirement, and McCulloch and Bailey 
[ 189, 1951 grafted alkylbromochromophore 
units onto a preformed poly-4-hydroxysty- 
rene polymer. 

It should be noted that SC copolymers 
based on nonmesogenic SCs and NLO mes- 
ogenic SCs offer the opportunity to fine- 
tune the polymer properties by varying the 
ratio of the NLO mesogenic SCs, although 
care must be taken to characterize the prod- 
uct, since the final ratios of the SCs may not 
correspond to the feed concentrations. An 
interesting example is the series of copoly- 
ethers prepared by chemical modification 
of atactic polyepichlorohydrin with the so- 
dium salt of 4-cyano-4’ hydroxybiphenyl 
[ 188, 2071 (45). 

The data in Table 18 show that the ther- 
mal behavior of these copolyethers strong- 

* ~ O - F H - C H  ,+o--cH -cn2k 45 
I DMF. TBAH 

~ O - C H - C H ~  

cn, CI 
I 

CH, CI 
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Table 18. Thermal properties of copolyethers derived from polyepi- 
chlorohydrin [207]. 

X %  0 25.5 40 65 74 83 91 

Ts ("C) -26.5 10 26 66.6 79.5 83 86 
TNI ("C) 105 133.5 143 153.5 

ly depends on the degree of substitution. 
There is a minimum substitution limit of 
approximately 65% necessary for LC for- 
mation. Below this limit, the copolymers all 
resemble typical amorphous copolymers. 
There is a sharp linear increase in the glass 
transition temperature with increasing 
amount of substitution, indicating that the 
bulky side groups cause severe hindrance to 
main chain motions. Once 65% substitution 
is reached, the increase in Tg drastically de- 
celerates and the copolymers exhibit a ne- 
matic phase. The copolyethers with a degree 
of substitution of about 50-60% display no 
liquid crystallinity at rest. However, mis- 
cibility studies demonstrated that they ex- 
hibit a virtual nematic phase, the virtual ne- 
matic-isotropic liquid transition point being 
a few degrees below Tg [208]. 

The backbones that have been most com- 
monly employed are those of the acrylate 
[177, 190, 194, 1961, methacrylate [152, 
171,196,198-200],andsiloxane [152,177, 
1971 types. Polyethers [207-2091. polyes- 
ters [182, 191, 1921, and polystyrenes [177, 
189, 1951 have also been reported. Typical 
spacer groups consist of between 3 and 12 
methylene units. The phase transitions of a 
number of SCLCPs containing NLO meso- 
genic groups are collected in Table 19. Un- 
fortunately, the molecular masses of many 
of these polymers have not been determined, 
and the influence of the polymer structure 
on the phase transitions can not therefore be 
quantitatively discussed. However, the gen- 
eral points to emerge from these data are as 
follows: 

As the spacer length increases so Tg tends 
down wards. 
Any N phases normally arise at shorter 
spacer lengths; longer spacers tend to en- 
courage smectic phases (see 41 PA 2-6; 
42 PMA 3- 12). 
Tg decreases as the backbone flexibility 
increases (see 41 PA 2-41 Psi 3,42 PMA 
5 -42 Psi 5), while AT = T, - Tg increases 
with increasing flexibility. 
The highest clearing temperatures are ob- 
tained with the most flexible backbones 
(42 Psi 5 > 42 PMA 5 ,41  Psi 3 >41 PA 2, 
41 PA6>41 PMA6, 39 PSi11>39 
PA 10). 

Similar trends have been noted in many 
other SCLCP series involving different 
polymer components [ 1721. 

The first question to be decided is wheth- 
er it is possible to polymerize a molecular 
sequence, effectively adding the NLO mes- 
ogenic groups onto a backbone, without de- 
grading the optical and NLO properties of 
the active moiety. 

The UV/visible properties of SCLCPs 
containing NLO mesogenic groups are sim- 
ilar to those of their low molar mass ana- 
logs. In all cases, the chromophore appears 
unchanged by the polymerization. The ab- 
sorption maximum wavelength (A,,,,,) of 
these polymers lies in the range 285- 
420 nm. Polystyrenes [ 189, 1951, polyacry- 
lates [193], and polyesters [191, 1931 based 
on the NLO mesogenic groups 31,32, and 
34 (see Table 17) have similar absorption 
maxima (375-381 nm in THF or CHCI,). 
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Table 19. Thermal behavior of SCLCPs containing NLO mesogenic groups. 
- 

Chromo- Back- +CH& DP M ,  (XIO') Mw (x 10') Tg ("C) Mesophase T, ("C) Ref. 
phore bone a 

31 
31 
31 

31 
31 
31 
31 

31 
31 
31 
31 

32 
32 
32 

32 

32 
32 
32 

34 
34 

36 
36 
36 

38 

39 
39 
39 
39 
39 
39 

39 
40 

41 

41 
41 
41 
41 

41 

42 
42 

PS 
PS 
PS 

PMA 
PMA 
PMA 
PMA 

PEsa 
PEsb 
PEsc 
PEsd 

PS 
PS 
PS 

PMA 

PEsb 
PEsc 
PEsd 

PS 
PS 

PEsb 
PEsc 
PEsd 

PMA 

PA 
PA 
PA 
PA 
PA 
PA 

Psi 
Psi  

PMA 

PA 
PA 
PA 
PA 

Psi 

PMA 
PMA 

6 
8 

10 

6 
6 
6 
6 

1 
6 
6 
6 

6 
8 

10 

6 

6 
6 
6 

6 
8 

6 
6 
6 

6 

10 
2 
4 
6 
8 

10 

11 
11 

6 

2 
4 
5 
6 

3 

3 
5 

250 
250 
250 

250 
250 
250 

250 
250 

13.3 186 
5.7 14.2 
2.8 I 
3.9 9.7 
3.4 9.7 
5.2 10.11 

60 
60 

85 
65 
50 

61 
52 
71 

unspecified 

60 

30 
- 

- 

75 
65 
40 

55 

- 

5 
10 

85 
70 

80 

79 
129 
119 
109 
91 
81 

T,= 167 
T,= I10 

64.4 

84 
42 
35 

SmA 165 [189, 1951 
SmA 159 [189, 1951 
SmA 155 [188, 1951 

Sm? 156 [2001 
SmA 106 [i991 

[i981 
N unspecified [171] 

unspecified 153 

N 
N 

SmA 
Ch 

SmA 
SmA 
SmA 

SmA 

N 
Ch 
Ch 

SmA 
SmA 

SmA 
SmA 
SmA 

? 

unspecified 
unspecified 
unspecified 
unspecified 
unspecified 
unspecified 

N 
SmB 192N 

N 

N 
N 

SmA,j 120 N 

85-90 
106.5 
88.5 
71.5 

118 
119 
101 

116 

62 
52.9 
33.5 

151 
151 

131.2 
71.4 
68.0 

128 
129 
130 
125 
121 
1 I7 

215 
25 8 

115 

113.5 
110 
124.4 I 

32 N,, 80 S&, 124.5 N 132 

30 SmA 145 

85 N I00 
45 N 72 
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Table 19. (continued). 

Chromo- Back- +CH& DP Mn (x10') M, (X I@)  Tg ("C) Mesophase T, ("C) Ref. 
phore bone 

- 

42 
42 
42 
42 

42 
42 
42 
42 

42 

PMA 6 
PMA 8 
PMA I 1  
PMA 12 

PMA 6 
PMA 6 
PMA 6 
PMA 6 

PSI 5 55 

40 
35 
20 
10 

147 51 
771.5 47 
849.8 47 

1241 54 

18 

N 
N 

SmA 
SmA 

Sm 
Sm 
Sm 
Sm 

SmA 

64 [152,201] 
75 [152,201] 
9.5 [152,201] 
80 [152,201] 

165 [152,201] 

CH? 
l 

I I I 
PS: $-CH-CH2 j , PA: -(-CH-CH?+. PMA: (-C-CH& 

O~c'O- 0'"'- 

Psi: j 

Replacement of +- by - 4 3 ( 3 4 )  

shifts A,,,,, to 393-394 nm. Similarly, chang- 

ing X =-0- by X =-COO CN- (38) re- 

sults in a shift of Amax to longer wavelengths 
( ~ 4 1 2  nm) [193]. 

The effect of increasing the length of the 
conjugated linkage between the donor and 
the acceptor is clearly seen from compounds 

42, 31, 32, and 34. A shift of ca. 40 nm to- 
wards longer wavelengths can be realized 
on going from nitrobiphenyl (A,,, z 
338 nm) [201] to nitrostilbene or nitroazo- 
benzene [189, 1911. 

One particular comparison of the mono- 
mer and polymer properties has been done 
by De Martino et al. [201], who measuredp 
solvatochromically for 4-( 12-dodecy1oxy)- 
4'-nitrobiphenyl, its methacrylate, and the 
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polymer. Their results are shown in Table 
20. All the compounds showed an absorp- 
tion band at about 338-340 nm. However, 
a noticeable decrease of /3 was observed 
after polymerization. 

McCulloch and Bailey [ 189, 1951 report- 
ed /3 values for a series of SCLC polymers 
based on apolystyrene backbone (Table 21). 
They showed that both the azo and stilbene 
link units exhibit a greater solvatochromic 
shift than their imine counterpart, which 
manifests itself as a larger hyperpolarizabil- 

Table 20. Comparison of /l values measured for a 
monomer and its polymer ’. 

-&l-CHZ 

CH3 

~~ 

Compound La, (nm) p ( 1  o - ~ O  esu) 

Monomer 340 11 
Polymer 338 8 

a 12011. 

Table 21. Values of am,, and p for polymers of the 
following structure ’. 

f y - c n ,  + 
0 
A B rn Lax (nm) /3(10-30esu)b 

N N 3 378 
CH CH 6 378 
N CH 6 377 
N N 6 378 
CH CH 8 378 
N CH 8 377 
N N 8 378 
CH CH 10 378 
N CH 10 377 
N N 10 378 

31.2 
29.1 
21.6 
28.9 
29.3 
16.0 
28.5 
24.2 
17.2 
23.5 

a [189, 1951. Estimated by a solvatochromic tech- 
nique using the solvent shift between THF and hexane. 

ity. This difference is mainly attributable to 
the two aromatic rings being twisted out of 
plane, thus reducing the 7c-orbital overlap. 
Also, an increase in the length of the flex- 
ible spacer is accompanied by a slight de- 
crease of /3. 

In a subsequent study, Wijekoon et al. 
[ 1991 carried out a careful analysis of a se- 
ries of LC polymethacrylates and corre- 
sponding monomers based on the NLO mes- 
ogenic groups 31,32, and 38. A noticeable 
trend in their results is that, even though the 
hyperpolarizabilities of the monomers and 
the corresponding polymers have similar 
magnitudes, the /3 values obtained for the 
monomers are somewhat higher than those 
for the polymers. This effect may be attrib- 
uted partially to the different local molecu- 
lar environment resulting from the sol- 
vent-solute interaction. Several additional 
interesting effects were noted in this study. 
First, it was observed that for the same do- 
nor-acceptor pair, replacement of an ethy- 
lene linkage -CH=CH- between two aro- 
matic rings by an imine -CH=N- linkage 
is damaging, so reducing the /3 value. This 
is in agreement with the data reported by 
McCulloch and Bailey [189, 1951 and con- 
firms that the extended and planar structure 
of the stilbene moiety is very effective for 
optical nonlinearity. Second, it was found 
that replacement of an ether linkage -0- by 

an amino linkage -N >J-- results 

in an increase inp,  the donor strength of the 
former being inferior to that of the latter. 

It is difficult to compare the second order 
nonlinear response of different materials 
because of its dependence on processing 
and the electrical poling process. Neverthe- 
less, we have collected the SHG values of 
d,, (=xy:/2) tensor components and elec- 
trooptic r33 coefficients for a number of 
SCPs containing NLO mesogenic groups in 
Table 22. 
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Griffin and co-workers developed SCLCPs 
[ 1961 that demonstrate some interesting 
SHG phenomena [211]. They are easily 
poled at room temperature, having a signif- 
icant x(2) in the mesophase. With the poling 
field continuously applied, the x(2) dimin- 
ishes as the temperature increases, going to 
zero at the mesophase-isotropic transition 
(125-145 "C). Upon cooling back into the 
mesophase, the x(2) reappears and grows 
larger as the temperature decreases. That is, 
the x(2) tracks with the orientational order 
parameter of the liquid-crystalline phase. A 
maximum value of d33 of 35 x esu 
(G 14.7 pm/V) is reached at room tempera- 
ture in polymer 38 PA 5 ,  which also shows 
excellent temporal stability of SHG (Fig. 35). 
The preliminary interpretation of this obser- 
vation is that dipoles in the nitroaromatic 
pendant groups that are aligned by the 
electric field can relax back easily in the 
isotropic phase where the pendant rods are 
'loosely' organized. However, they cannot 
relax back in the mesophase with its 'close- 
ly packed' parallel orientation of neighbor- 

1 

0.0 
100  200 300 

TIME (hours) 

Figure 35. Temporal stability of polymer 38 PA5 

ing rods. That is, the motions of the pendant 
NLO dipoles are retarded and x(2) is en- 
hanced significantly. 

Conformation of the better temporal 
stability of SCLCPs compared to that of 
isotropic SCPs that have similar chromo- 
phores has been made by Carr et al. [198]. 
These workers found that the polarization 
of the SCLCP 31 PMA 6 is much more stable 
than that of the isotropic copolymer (31 
PMA 3)0,9-(31 PMA 6)0,1 in spite of the fact 
that the Tg of the latter polymer is about 
117 "C compared with 7 1 "C for the LC ho- 
mopolymer. However, in this work, the bet- 
ter temporal stability of the LC polymer was 
related to the absence of p relaxation, as 
shown by dielectric measurements. 

Quite recently, Gonin et al. [188, 208, 
2121 and Guichard [209] conducted a sys- 
tematic study of factors influencing SH 
efficiency. In this work, SHG was measured 
for five polymers containing the NLO 
mesogenic groups 41: a polyacrylate 41 PA 3, 
a polymethacrylate 41 PMA 3, two copoly- 
ethers derived from polyepichlorohydrin 45 
( x = 0 . 8 )  and 45 (x=0.55) and a copolyether 
46 derived from poly(3,3-bis(chlorometh- 
y1)oxetane). 

Optical texture observations and X-ray 
investigations showed that the polyacrylate 
41 PA 3 and the copolymer 45 (x = 0.8) form 
nematic phases. The polymethacrylate 41 
PMA 3 and the copolyether 45 (x=0.55) dis- 
play no liquid crystallinity at rest, but ex- 
hibit a virtual. isotropic liquid-nematic tran- 
sition a few degrees below Tg,  as evidenced 
by miscibility studies. Copolyether 46 does 
not show any threaded or schlieren texture, 
which would be characteristic of a nematic. 
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CHzCI 
I 4 CH, -7- CH,O 

CH,CI 

(mole ratio x : y : z 0.14 : 0.43 : 0.43) 

The glass transition is associated with weak 
birefringence only. A number of important 
findings were reported in this study. First, it 
was shown that homeotropic alignment of 
the NLO mesogenic groups, free from do- 
main-induced light scattering, could be 
achieved by using the corona poling tech- 
nique. As shown in Fig. 36, the order pa- 
rameter (P2) increases with poling time be- 
fore leveling off. A saturation limit for (P2) 
of about 0.65 was observed for the nematic 
polymers 41 PA3 and 45 (x=0 .8 ) .  It is of 
interest to note that the response times of the 
polymers increased as the flexibility of the 
polymer backbone was increased. Clearly, 
the openness of the polymer structure is an 
important factor governing the axial order. 
The microscopic order parameters (P2) de- 
rived for 41  PMA3 and 45 (x=0.55) were 
smaller (0.4-OS), but larger than those usu- 
ally found for covalently functionalized iso- 
tropic polymers (0.1-0.3) [213], indicating 
that the poling field induced an isotropic/ 
nematic transformation in these polymers, 
which are isotropic at rest but exhibit a vir- 

e 

O 4 I  0 3  / 
O I /  01 
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0 rb 40 30 40 50 60 
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Figure36. Microscopic order parameter (P2) as a 
function of poling time for 41 PA 3. 

46 

~~ 

tual isotropic liquidhematic transition. This 
was predicted by the MSVP model [157- 
1591. 

SHG was used to monitor the polar align- 
ment that was induced in these systems. Val- 
ues of the second-order NLO coefficients 
d,, and d,, are given in Table 23. The sali- 
ent conclusions of the results are as follows: 

The experimental values of d,, are much 
larger than those reported for other ma- 
terials suitable for blue conversion ap- 
plications, like potassium titanyl phos- 
phate, and are approximately equal to 
those determined for lithium niobate 
[153]. 
The thermodynamic model predicts that 
d,, =d,,/3 for a poled isotropic material 
and d,, =0, if the liquid crystallinity of 
the material is accounted for using the Is- 
ing model (Table 13). In agreement with 
these theoretical predictions, the results 
listed in Table 23 show that liquid crys- 
tallinity results in higher anisotropy for 
the x(2) tensor, since d,, is much lower 
than d3,/3 for all the polymers investi- 
gated. 
The observed difference of behavior 
between the polyacrylate 4 1  PA3 and 
the polymethacrylate 41  PMA 3 and the 
two copolyethers 45 ( x = O . 8 )  and 45 
(x=0.55) is probably due to the smaller 
axial ordering induced by the poling field 
in the films prepared from the isotropic 
polymethacrylate 41  PMA 3 and copoly- 
ether 45 (x=0.55), even though these 
polymers undergo an isotropidnematic 
phase transformation during poling. 
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Table 23. NLO coefficients d,, and d,, for 41 PA3,41 PMA3,45 (x=0.8), 45 (x=0.55), and 46". 

41 PA3 51.5 15 57 0.17 9.5 1.2 8k1.5 
60 57 0.57 35.6 2.1 17+3 

45 (x=0.8) 79.5 15 81 0.57 17.8 0.97 15+3 
60 81 0.62 23.4 1.65 14+3 

41 PMA3 97 15 97 0.45 33.5 3.3 10+2 

45 (x=0.55) 56 15 57 0.45 7.9 0.7 11+2 

46 106 30 107 0.19 20 2.4 8+1.5 

a Corona poling, SHG measurements at 1.06 pm 

The values of d33 and r=d33/d31 predicted 
by the different theoretical models and the 
resulting evaluation of SHG enhancement 
with liquid crystalline axial order are given 
in Table 24 for polyacrylate 41 PA 3 and co- 
polyether 45 (x=O.8). The data in Table 24 
confirm that it is possible to gain in net 
polar ordering by starting from a liquid- 
crystalline system. The enhancement of the 
NLO performance with liquid-crystalline 
order is by a factor of 2.3-3.3 in qualitative 
agreement with the SKS [156] and MSVP 
[157-1591 model results. It should be 
noted, however, that the measured order par- 
ameters (PJ are lower than the calculated 

ones, which may be due to the antiparallel 
dipole-dipole correlation evidenced in the 
nematic state by X-ray diffraction. 

Several additional interesting effects 
were noted in this study. First, it was shown 
that the NLO SCLCPs investigated exhibit- 
ed enhanced stability over isotropic poly- 
mers. Second, it was found that the temper- 
ature at which the polymeric films were 
stored below Tg was important in determin- 
ing the rate of degradation of d,, . Excellent 
thermal stability was observed for 46 at 
room temperature, while a decrease in d,, 
was evidenced for 45 ( x = O . 8 ) ,  and, to a 
greater extent, 45 (x=0.55). Sub-T, mobil- 

Table 24. Calculated and experimental values of (P2), (P4) ,  d33, r = d,,/d3 I ,  and A =calculated (or experimen- 
tal) d,,/calculated isotropic d3, . 

Model A 

45 (x=0.8) Isotropic 
SKS 

MSVP 
Ising 

Experimental " 
41 PA3 Isotropic 

SKS 
MSVP 
Ising 

Experimental a 

0 
0.68 
0.77 
1 
0.62 

0 
0.61 
0.75' 
1 
0.57 

0 
0.33 
0.44 
1 

0 
0.26 
0.40' 
1 

10.0 
33.3 
37.0 
50.1 
23.4 

10.7 
32.3 
38.7 
53.2 
35.6 

3 1 
10.8 3.3 
13.0 3.7 
m 5 
14+3 2.34 

3 1 
9.2 3.0 

11.9 3.6 
M 5 
17+3 3.3 

a At 1.064 pm; 
Ep=2.9 MV/cm (f(o)=2). 

calculated with the MSVP model at zero field; calculated with the MSVP model at 
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ity of the polymer chain segments might 
account for these relaxation phenomena. 
However, it was found that the absorption 
spectra of the poled films did not change 
with time, implying that the axial order 
is frozen in the glassy state. It was suggest- 
ed that the 6 relaxation process (reorienta- 
tion of the side chains around the polymer 
backbone) could play a role in the stabil- 
ity of induced polar ordering. It can there- 
fore be concluded that the temporal and 
thermal characteristics of the poling process 
must be well understood and controlled to 
maximize poling-induced nonlinearity and 
stability. 

4.3.2.4 Ferroelectric LC Polymeric 
Systems 

Up to now we have considered the uniaxial 
nematic and smectic A phases. As already 
mentioned, these mesophases are centro- 
symmetric and in order to achieve second 
order NLO effects it is necessary to remove 
this centrosymmetry by inducing a net 
polar ordering through electric field poling. 
A challenge therefore is to modify an other- 
wise centrosymmetric system having a 
large first hyperpolarizability /3 to render 
it capable of exhibiting second-order NLO 
response. Molecular asymmetry imparts 
form chirality to LC phases, which results 
in the formation of helical ordering of the 
constituent molecules of the phase and im- 
poses a reduction in the space symmetry 
[214], which leads to some phases having 
unusual NLO properties. Essentially, this 
section deals with chiral smectic C phases 
that have polar symmetry C2 and possess 
an easily measured macroscopic polariza- 
tion once the helical structure is unwound. 
For low molar mass liquid crystals and 
SCLCPs, the common practice is to apply 
an external electric field or to use surface 
forces. 

Since the early days of ferroelectric low 
molar mass LC research, the exploration of 
the NLO properties of these substances has 
been a topic of interest. For a recent review 
on SHG in ferroelectric LCs, see [215]. Un- 
fortunately, the SHG efficiency of most fer- 
roelectric LCs investigated so far [216- 
2191 is orders of magnitude below that of 
state-of-the-art inorganic crystals, such as 
lithium niobate. The main reason for the low 
electronic NLO activity is that the ferro- 
electric LC compounds and mixtures used 
in these investigations were optimized for 
display applications rather than for NLO 
performance. Quite recently, some research 
groups started the development of ferro- 
electric LC compounds specifically devot- 
ed to NLO applications, and indeed im- 
proved the SHG efficiency by orders of 
magnitude [220-2241. 

In order to create ferroelectric LC mate- 
rials with improved second-order NLO ac- 
tivity, implanting well-known NLO chro- 
mophores into the core of standard ferro- 
electric LC molecules might be considered. 
However, since the direction of dipolar or- 
ientation of the ferroelectric LC molecules 
is parallel to the C2 axis (perpendicular to 
the director), these NLO active molecular 
groups have to be incorporated in such a 
fashion that the direction of maximum sec- 
ond-order polarizability is polarly oriented 
along this axis. This is expected to occur if 
the chromophore is coupled to the chiral 
center of the molecule, because the specif- 
ic nature of the chiral group defines the tilt 
direction and hence the direction of the po- 
lar axis. This requirement is automatically 
fulfilled if the chirality is part of the NLO 
group. If this is not the case, it seems to be 
advantageous to locate the two groups as 
close to each other as possible. 
As already mentioned, NLO chromo- 

phores with large /3 values normally consist 
of a donor and an acceptor group which are 
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linked by a conjugated spacer, often in the 
form of aromatic rings. The direction of 
large second-order polarizability is then 
roughly along the charge-transfer axis. In 
view of the symmetry requirements dis- 
cussed above, the NLO chromophores have 
to be integrated in the ferroelectric LC struc- 
ture with their long axis perpendicular to the 
long axis of the LC molecule. It follows that 
liquid crystallinity can only then be compat- 
ible with such a functionalization if the NLO 
group is sufficiently compact and the rigid 
core of the mesogen sufficiently long. 

On the basis of this design approach, Wal- 
ba et al. [222] succeeded in synthesizing the 
(o-nitroa1koxy)phenyl biphenylcarboxylate 
47 exhibiting a d22=d23 value of 0.6 pm/V 
(de,=0.23 pm/V). 

47 

Quite recently, Schmitt et al. [223] pre- 
sented highly efficient NLO ferroelectric 
LC materials (48) whose SHG properties 
were investigated in 13 pm thin, homeo- 
tropically aligned layers. 

Positioning the chiral center in the alkoxy 
terminal chain adjacent to the nitroaniline 
dipole moment strongly enhances both P, 
and the SHG efficiency, leading to the larg- 
est SHG coefficients (e.g., d22=5 pm V-' 

when R = 4 3 - ( 3 - 0 - C 9  HI9) re- 

ported so far for ferroelectric low molar 
mass LCs. 

In order to achieve amorphous polar sol- 
ids, some research groups have explored 
ferroelectric SCLCPs, and have shown that 
the basic rules governing the relationships 
between molecular structure and macro- 
scopic ferroelectric LC properties are the 
same [225-2281. The main difference be- 
tween low molar mass and polymer ferro- 
electric LCs, however, is the existence of 
stable glassy phases in most of the latter. 

Recently, Wischerhoff et al. [229] report- 
ed the synthesis, the thermal behavior, and 
the ferroelectric properties of liquid-crystal- 
line copolysiloxanes 49 containing chiral 

0 

c=o  
I 

49 

mesogens and NLO chromophores. The in- 
vestigators showed that in all the polymer 
series a noticeable amount of chromophore 
(up to about 30 mol%) could be incorporat- 
ed without losing the chiral smectic C 
phase. However, approaching high chromo- 
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phore contents, a tendency for the copolym- 
ers to form the nonferroelectric smectic A 
phase could be detected. SHG measure- 
ments were performed on thin homeotropi- 
cally aligned polymer films, with the polar 
axis perpendicular to the incoming beam. 
However, in the geometry used, the applied 
electric field was necessarily limited and did 
not allow the helix to untwist completely, 
leading to low SHG efficiency. 

The techniques used to obtain the un- 
twisted SmC* phase structure in low molar 
mass LCs and SCLCPs are limited to thin 
layers. In contrast to this, LC elastomers can 
be macroscopically uniformly oriented by 
mechanical deformations [230], and this or- 
ientation process is not limited to thin sam- 
ples or suitable dielectric anisotropy of the 
material. Furthermore, for LC elastomers 
the oriented structure can be chemically 
locked in by crosslinking, resulting in the 
so-called liquid single crystal elastomers 
12311. 

Quite recently, Finkelmann and co-work- 
ers [232, 2331 showed that an appropriate 
mechanical deformation of an SmC* elas- 
tomer 50 yields a permanent macroscopical- 
ly uniform orientation. This process also un- 
winds the helicoidal superstructure, and ac- 
cordingly, frequency doubling is observed 
where the intensity of the SHG is directly 
related to the perfection of the uniform 
smectic layer orientation. The d22 and 
dZ3 coefficients for a highly oriented 
sample were reported to be 0.1 pm/V and 
0.15 pm/V, respectively. Taking into ac- 
count that only 50% of the mesogenic units 
in the LC elastomer are active groups, these 
values are of the same order as those report- 
ed for low molar mass LCs containing sim- 
ilar chromophores [222]. 

c=o  
I 

6 
I c=o  
I 
0 

I 
FH2 

0 
I 

Q 
0 

$ 0 I 

F=" 

P I 
CH3-CH* 

I cn3- CH * 
C2H.5 I 

C6H13 

50 

4.3.2.5 Rigid Rod-Like Polymers 

Rigid rod-like polymers represent a special 
class whose phase behavior differs distinct- 
ly from that observed in flexible polymers. 
They are able to form LC phases, and high- 
ly ordered structures are generated due to 
their anisotropic molecular shape. In addi- 
tion, they exhibit superior intrinsic mechan- 
ical and electrical properties and have spe- 
cific advantages over polymers with a flex- 
ible backbone, such as high temperature and 
dimensional stability, toughness, high mod- 
ulus, and tensile strength. This unique com- 
bination of profitable properties makes rig- 
id-rod polymers particularly interesting for 
NLO applications. However, investigations 
have been mainly limited to third-order 
NLO properties and applications [234,235]. 

Another concept, in its early stages of ex- 
ploration, for obtaining large values of x(2) 
through the poling process as well as long- 
term stability, is rigid rod-like aromatic 



268 IV Behavior and Properties of Side Group Thermotropic Liquid Crystal Polymers 

polyesters and poly(esteramide)s having 
long alkyl or alkoxy side chains and NLO 
chromophores that are either directly incor- 
porated into the main chain [236, 2371, or 
covalently linked to the backbone 1236, 
238-2411 by flexible spacers. An overview 
including discussions on synthesis and 
properties is given in [242]. 

Three rigid-rod polymers with chromo- 
phores in the main chain (51, 52, and 53) 

to an Arrhenius-like rather than a WLF-like 
behavior. This indicated that the relaxation 
process is based on a local mechanism, 
which is not coupled to a collective motion 
within the main-chain layers. 

A number of rigid rod copolymers, 54 and 
55, with chromophores in the side chains 
were synthesized. According to the X-ray 
diffraction results, these polymers exhibit- 

CN -CN 

were used to cast transparent 
good mechanical and optical 

53 

films with 
properties. 

Well-ordered structures were observed with 
polymer main-chain layers parallel to the 
substrate and side chains, extending normal 
to the layer plane (Fig. 37). One such poly- 
mer (52) exhibited a x$!: value of 15 pm/V 
at 0.632 ym for a poling field of z 4 0  V/pm. 
These new polymers showed promise for 
further development in that the materials 
once poled retained the NLO activity over 
long periods of time (up to 920 h at 100 "C) .  
It was also found that the temperature de- 
pendence of the relaxation times conformed 

51 

52 

Substrate 

W A l k y l  side chain 

b c Donor and acceptor chromophores, respectively 

Figure 37. Suggested structure of polymers 51-53. 

Rigid-rod main chain 
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54 

Q N 

II 

(I 

Q N 

II 

ed a layered structure, the space between the 
layers formed by the main chains being 
filled by the interdigitated side chains 
(Fig. 38). Polymer solutions were spin cast 
into optical quality thin films and the NLO 
properties were measured by the attenuation 
total reflection (ATR) method. For series 54, 
it was found that ~ $ 2  strongly depends on 
the length of the alkyl chains. A maximum 
value ofXyi=11.8 p d V  (at 0.632 pm) was 
obtained for polymer with rn = 5 and n = 7 at 

r : y O / l  n = -  
1 1 0  14 
0.5 10.5 16 
0.3 10.7 16 

55 

the poling field of 40 V/pm. In series 55, the 
second-order susceptibilities ~0 and x?,) 
as well as the piezoelectric coefficient, were 
linearly proportional to the poling voltage 
at a given temperature. The maximum val- 
ues of xy; were 140 (at 0.632 pm) and 
91 pm/V (at 0.685 pm) at a poling field of 
79 V/pm. The thermal relaxation behavior 
investigated at various temperatures dem- 
onstrated the enhanced stability of polymers 
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Figure 38. Suggested structures for (a) polymer 54 
( m  = 2, n = 15) with long side chains and (b) polymers 
54 (m=5 ,n=7andm=2 ,  n=5)  withshortsidcchains. 

55 compared to side chain polymer systems 
with flexible main chains. This enhanced 
stability was ascribed to hindering of the lo- 
cal mobility of the chromophores by the stiff 
main chains and the matrix of long alkoxy 
side groups in which the chromophores are 
tightly embedded. 
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Chapter V 
Physical Properties of Liquid Crystalline Elastomers 

Helmut R. Brand and Heino Finkelmann 

1 Introduction 

In the preceding chapters the synthesis prop- 
erties of linear liquid crystalline polymers 
are described, where different approaches 
exist to obtain the liquid crystalline state: 
rod-like or disc-like mesogenic units are 
either incorporated in the polymer backbone 
or are attached as side groups to the mon- 
omer units of the main chain. Following con- 
ventional synthetic techniques these linear 
polymers can be converted to polymer net- 
works. Compared to low molar mass liquid 
crystals and linear liquid crystalline poly- 
mers, these liquid crystalline elastomers ex- 
hibit exceptional new physical and material 
properties due to the combination and inter- 
action of polymer network elasticity with the 
anisotropic liquid crystalline state. 

In this chapter we review the physical 
properties of liquid crystalline elastomers 
using publications until 1996. For a review 
of the physical properties of strongly cross- 
linked liquid crystalline polymers, which 
give rise to anisotropic nonliquid crystalline 
materials (duromers or anisotropic solids) 
we refer to the recent review by Hikmet and 
Lub [ I ] .  

To organize this chapter efficiently we 
have split it into two sections: the behavior 
near phase transitions and the physical 
properties of the bulk phases. Accordingly, 
subsections contain material on one type of 
phase transition or on the bulk behavior of 
(typically) one specific liquid crystalline 
phase. 

2 Phase Transitions 

2.1 The Nematic-Isotropic 
Phase Transition 

2.1.1 Mechanical Properties 
of Polydomains 

Much of the early physical work on liquid 
crystalline elastomers (LCE) focused on the 
mechanical properties of polydomain sam- 
ples. Gleim and Finkelmann [2] studied the 
length of the sample as a function of tem- 
perature for a number of values of the ap- 
plied load over a large temperature range in- 
cluding the vicinity of the nematic-isotrop- 
ic transition. In addition the temperature 
dependence of the nominal stress was eval- 
uated for constant sample deformation. As 
a result it was found that the length of the 
sample increased when cooling through the 
phase transition indicating an increasing de- 
gree of order in the orientation of the meso- 
gens. 

In the pretransitional region above the 
transition it has been shown that a stress- 
strain relation similar to that of common 
rubbers occurs [3 ] .  From the behavior of 
stress-strain curves just below the phase 
transition, but above the transition to a 
monodomain state it has been demonstrat- 
ed that one can linearly extrapolate to stress 
zero and extract the length I,, of a corre- 
sponding monodomain sample [ 3 ] .  When 
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this length is plotted as a function of reduced 
temperature (Fig. l), one finds a behavior 
that is reminiscent of the temperature behav- 
ior of the order parameter, a feature that will 
be discussed in more detail below. 

The change in length of an elastomer 
under a constant external load has been stud- 
ied in detail in the immediate vicinity of the 
phase transition [4]. In Fig. 2 the strain 

-. 
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5 2 L  " . " " " '  
_J 0.9L 0.96 0.98 1.00 1.02 

Reduced temperature, Tred 

Figure 1. Length 1, of a monodomain elastomer vs. 
the reduced temperature Tred (reproduced with permis- 
sion from [3]). 

Reduced temperature, Tred 

Figure 2. Strain il =L/L,  vs. reduced temperature 
Tred at constant nominal stress (reproduced with per- 
mission from [4]). 

il=L/Lk is plotted as a function of the re- 
duced temperature Tred at constant nominal 
stress 0 , = 2 . 1 1 ~ 1 0 - ~  N mm-2. Here L;  is 
the loaded sample length at Tred = 1.03. 
These results will also be used below to es- 
tablish a close connection between the strain 
tensor and the nematic order parameter. It 
has also been shown that a quadratic stress- 
strain relation yields in the isotropic phase 
above the nematic-isotropic phase transi- 
tion a good description of the data for ele- 
ongations up to at least 60% [4]. 

It has been demonstrated that a uniaxial 
compression of cylindrical samples along 
their axis leads to a reorientation of the mes- 
ogenic groups orthogonal to their orienta- 
tion under strain [5], thus complementing 
experiments done earlier [2]. Furthermore, 
it has been shown that this reorientation of 
the mesogenic side groups takes place when 
compression changes into strain. Measure- 
ments of the length and the diameter of 
cylindrical samples as a function of temper- 
ature were used to determine the linear ex- 
pansion coefficients parallel (PI,) and per- 
pendicular (Pl) to the cylinder axis. It is 
found that both, (PI,) and (PL) peak sharply 
in the vicinity of the nematic-isotropic tran- 
sition (Fig. 3). 

Measurements of the temperature depen- 
dent elongation il over a large temperature 
range including the nematic-isotropic tran- 
sition for fixed load have been reported [6]. 
Depending on the compound studied it was 
found that the elongation either peaks or 
dips at this phase transition [6]. 

Only comparatively few dynamic me- 
chanical measurements in the vicinity of the 
nematic-isotropic transition have been re- 
ported; these include some for side-chain 
liquid crystalline elastomers [7, 81, and 
some for liquid crystalline elastomers with 
mesogenic groups in the main chains and in 
the side-chains (combined LCE) [9]. The 
latter reference describes the evaluation of 
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Figure 3. Linear thermal expansion coefficient as 
a function of the temperature T of a cylindrical net- 
work determined parallel (B,,) and perpendicular (&) 
to the longitudinal axis of the unloaded sample (re- 
produced with permission from [ 5 ] ) .  

the shear storage modulus G' and the shear 
loss modulus G" as a function of tempera- 
ture across various liquid crystalline phase 
transitions including the nematic-isotropic 
transition. It is found that the storage mod- 
ulus always stays higher than the loss mod- 
ulus in the vicinity of the nematic-isotrop- 
ic transition. A torsional oscillator was used 
to measure G' and G" in a side-chain LCE 
and it was found that both, G' and G" show 
a jump at the phase transition and that G" is 
smaller than G' on both sides of the nemat- 
ic-isotropic phase transition [7]. 

Dynamic mechanical and dynamic stress- 
optical measurements have been performed 
on side-chain LCEs with different crosslink- 
ing densities [8]. It was found that the re- 
laxation strengths depend strongly on the 
crosslinking density demonstrating that the 
vicinity of the crosslinking points perturbs 
the liquid crystalline order. In this experi- 
ment the samples were exposed to a time- 
dependent stress ( ~ ( t ) ,  and the time-depen- 
dent responses, that is the time-dependent 
strain ~ ( t )  and the time-dependent birefrin- 
gence An( t ) ,  were measured. The real part 

Temperature, T( "C)  (4 

"*/ D o o o ~ e  

1.0 
t 0 

- \ .  

0.2'io i o  i o  60 yo 8i 
(b) Temper at  ur e , T (  C) 

Figure 4. Temperature dependence of log (E') and 
tan (6) for nematic elastomers measured at 30 Hz (re- 
produced with permission from [S]). 

of the dynamic elastic modulus, E', and 
the loss factor, 6, obtained at a frequency 
f=30 Hz are shown in Fig. 4. From this 
figure it emerges that the dynamic mechan- 
ical properties reveal no special feature 
around the nematic-isotropic transition 
(TNpI =: 60 "C) for the frequency chosen. 

2.1.2 Mechanical Properties 
of Monodomains: 
Liquid Single Crystal Elastomers 

Static mechanical properties in the vicinity 
of the nematic-isotropic transition in liquid 
single crystal elastomers (LSCEs) have 
been investigated [lo, 111. In Fig. 5 the 
deformation LIL, (mon) is plotted as a func- 
tion of the reduced temperature Tred. Here 
L,(mon) denotes the length of the LSCE 
at TN-,, the phase transition temperature of 
the nematic-isotropic phase transition and 
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0.85 0.90 0.95 1.00 
Reduced temperature, Tied 

Figure 5. Deformation (LIL, (mon)) of a LSCE as a 
function of the reduced temperature Tred. L,(mon), 
length of the elastomer at TN-, (reproduced with per- 
mission from [lo]). 

Tred = T/TN-,. The continuous behavior of 
the data in this graph in the vicinity of TN-I, 
as well as the fact that there is a finite de- 
formation above TNpr, reflects the influence 
of the internal field, which is due to the syn- 
thetic process of LSCE described in sec- 
tion 3 of this chapter. In this process the me- 
chanical stress applied during the second 
crosslinking step is frozen in giving rise to 
the internal strain field observed. 

The influence of the crosslinking density 
and annealing temperatures on the physical 

35 50 65 80 95 
Temper at ur e , T(" C )  (a) 

properties of LSCEs has been studied [ 111. 
In Fig. 6 we have plotted the relative 
strength L,/L,,,, where L298 is the length 
of the sample at the reference temperature 
Tref=298 K, as afunction of temperature for 
various annealing temperatures. It can be 
seen from the curve taken at the highest an- 
nealing temperature ( T =  150 "C) that there 
is a much smaller length change in the vi- 
cinity of TNPI for the higher crosslinking 
density reflecting the fact that actually a du- 
romer is investigated. The nematic proper- 
ties of the latter are confined to yielding 
an anisotropic material, which does not 
show, however, the director variability and 
dynamics of the more weakly crosslinked 
LSCE samples. We also note that one can 
infer from the other curves in the same fig- 
ure that the crosslinking process is far from 
completion at lower annealing tempera- 
tures. 

Using X-ray investigations and optical 
measurements the reorientation behavior 
of nematic monodomain samples has been 
studied in detail by Kundler and Finkelmann 
[ 121. This reorientation behavior has been 
modeled using a bifurcation analysis of the 
macroscopic dynamic description by Wei- 

r------ 
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Tem per at  ur e, T(" C )  (b) 

Figure 6. The relative length 
(LT/LZg8)  of elastomers as a 
function of temperature: 
(a) Annealing temperature 
A = 150"C, * = 60 "C, 
(b) annealing temperature 
A =  150°C, + =75 "C, * = 4 0 T  
(reproduced with permission 
from [ I  11). 
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lepp and Brand [13] and, subsequently, by 
Verwey et al. [ 141 using rubber elasticity for 
an anisotropic rubber. 

2.1.3 Optical Properties 
of Polydomains 

The first stress-optical measurements 
above the nematic-isotropic transition have 
been described shortly after the synthesis of 
side-chain LCE [15]. In this publication it 
was demonstrated that the stress-optical 
coefficient shows strong pretransitional 
effects, and that it changes sign when the 
spacer length between the mesogen and the 
polymeric backbone is changed from 3 to 4 
indicating that the mesogenic groups are 
oriented predominantly parallel to the axis 
of deformation in one case and perpendicu- 
lar to this axis in the other. 

Similar results for this stress-optical co- 
efficient were obtained for a different fam- 
ily of LCEs 121. In addition it was shown 
that the birefringence, An,  is linear in the ap- 
plied stress for the range of temperatures in- 
vestigated, a result one would expect on the 
basis of linear stress optics; these results are 
summarized in Fig. 7. 

Early measurements of the IR-dichroism 
in stretched samples of LCEs have been de- 
scribed [ 161. The dependence of the IR di- 
chroism of the CN-stretching mode was 
used to obtain the absorption coefficients 
and to extract the order parameter as a func- 
tion of temperature. However, while these 
measurements yield reliable results inside 
the nematic phase, the sensitivity of this 
method turns out to be not high enough to 
analyze quantitatively the influence of the 
applied stress on the order parameter and on 

Stress-optical experiments on cylindri- 
cal samples under uniaxial compression 
have also been performed IS] .  It was found 
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Figure 7. Birefringence An versus true stress 0 of a 
nematic elastomer for different temperatures above 
clearing temperature T,-, as indicated (reproduced 
with permission from [2]). 

that the stress-optical coefficient behaves 
qualitatively similarly to that in strained 
samples when approaching the nematic- 
isotropic transition. There is, however, one 
important qualitative difference for the cy- 
lindrical samples under uniaxial compres- 
sion: the reorientation of the mesogenic side 
groups is parallel (perpendicular) with re- 
spect to the direction of the mechanical 
force when it is perpendicular (parallel) to 
this direction for strain. These observations 
complement earlier results on the same fam- 
ily of compounds [2]. In addition it has been 
shown, using measurements of the birefrin- 
gence An as a function of temperature, that 
unloaded cylindrical samples behave opti- 
cally like biaxial crystals provided the di- 
rector n of the nematic phase is oriented in 
the plane perpendicular to the cylinder axis 

The results and the analysis of detailed 
stress-optical measurements in the imme- 
diate vicinity of the phase transition have 
been reported [3,4]. In Fig. 8 the reciprocal 

PI .  
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1.0. 

Reduced temperature, Tred 

Figure 8. Reciprocal birefringence An-' vs. reduced 
temperature Tred of a nematic elastomer for different 
loads (* = 1 . 0 ~  lo-', + = 4 . 5 ~  lO-'N mm-') (repro- 
duced with permission from [3]). 

birefringence is plotted as a function of the 
reduced temperature Tred. As one can see 
from this figure the extrapolated intersec- 
tion of the curve through the experimental 
data with the abscissa depends on the ap- 
plied stress. This implies in turn that the hy- 
pothetical second order phase transition 
temperature T* also depends on the applied 
stress as can be seen in Fig. 9. Using IR di- 
chroism measurements in addition below 
TN-I it was shown that an increase in exter- 
nal stress leads to a shift of TN-I to higher 
temperatures, and to an increase in the ne- 
matic order parameter [3]. Both results are 

330 L 
, , .. , ,f , -. , 

w 

, ,. , , , ?. 

1 2 3 L 
Stress,owxlO2(N rnm-') 

3270 

Figure 9. Phase transformation temperature T* vs. 
true stress ow for a nematic elastomer (reproduced 
with permission from [3]). 

in agreement with the Landau model for this 
phase transition by de Gennes [17]. 

Detailed stress-optical measurements 
have been analyzed to yield further infor- 
mation [4]. In Fig. 10 the birefringence (or- 
der parameter) was plotted as a function of 
reduced temperature for several nominal 
stresses on. These results were combined 
with the predictions of the Landau model 
and static stress-strain curves and led to 
a number of interesting consequences. In 
Fig. 11 the shift in the phase transition tem- 
perature is plotted as a function of nominal 
stress and shifts of up to 7.5 K were found; 
compared to maximum displacements by 
electric and magnetic fields of about 5 mK 
in low molecular weight materials. In Fig. 
12 the birefringence An is shown as a func- 
tion of strain k=L/L& at constant nominal 
stress on=2.11 x N mm-'. A strictly 
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Figure 10. On the left side birefringence An and on 
the right side order parameter S vs. Tred = T/TN-,(o=o) 
for different nominal stresses on (reproduced with per- 
mission from [4]). 
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Figure 11. Shift of the phase transformation temper- 
ature AT=TN-I(u)-TN-I(u=O) vs. nominal stress on 
(reproduced with permission from [4]). 
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strain, h 

0‘ 

Figure 12. Birefringence An vs. the strain 1 = L/Lo at 
constant nominal stress on = 2.1 1 x lo-* N mm-* (re- 
produced with permission from [4]). 

linear relation is obtained for temperatures 
in the nematic phase as expected for quan- 
tities that can be used equivalently to char- 
acterize the state of order in a system [4]. 
The observed behavior in the isotropic 
phase can be analyzed using a Landau ener- 
gy expression in the isotropic phase. A lin- 
ear relation holds if the order parameter or 
the birefringence are plotted as a function 
of [(T-T;)]-’ (Fig. 13). This plot has also 
been used to determine the bilinear cross- 
coupling coefficient U between the strain 
and the order parameter in the Landau en- 

ergy. 

N 
0 , 

I / *  

0.5 1.0 1.5 2.0 

& / ( T - T ; )  i n  10’/K 

Figure 13. Birefringence An vs. & / ( T - T , )  at two dif- 
ferent constant stresses (reproduced with permission 
from [4]). 

By making use of the form of the Landau 
energy proposed by de Gennes [ 171, all co- 
efficients in this expression have been eval- 
uated from experimental data [4]. Using 
these data to calculate U,  one obtains a val- 
ue that is considerably smaller than the one 
determined from the linearized analysis out- 
lined above. As has been noted, however, a 
consistent analysis should not only include 
terms quadratic in the strains and bilinear 
coupling terms of the order parameter and 
the strain, but rather also nonlinear effects 
as well as nonlinear coupling terms between 
strain and the nematic order parameter [4]. 

The only existing publication describing 
dynamic optical properties in LCEs in the 
vicinity of the nematic-isotropic transition 
appear to be the measurements of the stress- 
optical coefficient [XI. It is found that there 
are two relaxation frequencies and strengths 
characterizing the dynamic birefringence of 
the LCE samples analyzed in the pretransi- 
tional regime. The authors ascribe the slow 
and fast processes observed to the lateral 
coupling of the spacers to the mesogens re- 
sulting in a difference in the rotational mo- 
bility for the two short axes. In addition they 
find that a higher crosslinking density leads 
to lower relaxation strengths reflecting the 
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Figure 14. Temperature dependence of the relaxa- 
tion frequency, ff,,, (reproduced with permission from 
[Sl). 

perturbations of the nematic order in the vi- 
cinity of the crosslinking points. Both relax- 
ation frequencies show critical behavior and 
it has been pointed out that this is in qual- 
itative agreement with de Gennes' mean 
field analysis [8]. In Fig. 14 we have plot- 
ted the frequency of the fast relaxation pro- 
cess as a function of temperature in the iso- 
tropic phase. As will be discussed in the sub- 
section on modeling the curvature in this 
figure can be interpreted in the framework 
of a mode-coupling theory. 

2.1.4 Optical Properties 
of Monodomains: 
Liquid Single Crystal Elastomers 

Optical techniques to investigate the iso- 
tropic-nematic transition in liquid single 
crystal elastomers have been used [lo, 11, 
181. The nematic order parameter S, (the 
modulus of the order parameter Q , )  has 
been determined by measuring the absor- 
bances All  and A, using the integrated inten- 
sities of the CN absorption band with the in- 
cident light polarized parallel and perpen- 
dicularly to the director of the monodomain 
[lo, 181. The result is plotted in Fig. 15 as 
a function of reduced temperature. It is sim- 
ilar to these obtained for polydomains or- 

dered macroscopically by an external me- 
chanical field (compare the last subsection). 
The behavior in the immediate vicinity of 
the nematic-isotropic transition and, in par- 
ticular, the presence of paranematic order 
above TNPI reflects the influence of the 
internal field of LSCE acquired in their syn- 
thetic process. 

In Fig. 16 we show the nematic order pa- 
rameter S, obtained from the type of IR 
dichroism measurements just described as a 
function of the deformation (LIL, (mon)) of 
the same elastomer, where L,(mon) is the 
length of the LSCE at TNpI. As one can see 

Reduced temperature, Tred 

Figure 15. Nematic order parameter S, vs. reduced 
temperature Tred for a LSCE (reproduced with permis- 
sion from [IS]). 

1.05 1.10 1.15 1.20 
Deformation, L/L, (mon) 

Figure 16. Nematic order parameter S, as function 
of the deformation (LIL, (rnon)). L,(mon), length of 
the LSCE at TN-, (reproduced with permission from 
[lo]). 
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Figure 17. The birefringence, An, as function of tem- 
perature for differently crosslinked networks, * =weak, 
A = strong crosslinking density (reproduced with per- 
mission from [ I  I ] ) .  

from this graph very clearly there is also for 
LSCE a strictly linear relationship between 
the deformation and the degree of nematic 
order underscoring once more the fact that 
the deformation can be used as an order pa- 
rameter for liquid crystalline elastomers. 

The influence of the crosslinking density 
on the birefringence has been studied [ 111. 
For weakly crosslinked materials the results 
obtained coincide with the previous ones 
while for strongly crosslinked liquid crys- 
talline elastomers the birefringence is only 
weakly affected in the vicinity of the phase 
transition as can be seen in Fig. 17. We 
stress, however, that the strongly cross- 
linked LSCE are duromers for which there 
are no independent macroscopic director 
degrees of freedom anymore, which are 
characteristic for the nematic liquid crystal- 
line phase in low molecular weight materi- 
als, in sidechain polymers and in weakly 
crosslinked liquid crystalline elastomers. 

2.1.5 Electric and 
Dielectric Properties 

While the effect of static electric and mag- 
netic fields on the bulk of the nematic phase 

has been investigated previously, such in- 
vestigations, corresponding to the measure- 
ment of electric and magnetic birefringence, 
do not seem to exist in the pretransitional 
region of the nematic-isotropic transition. 
Their effect on equilibrium properties such 
as the transition temperature TN-I can be ex- 
pected to be even smaller than those for low 
molecular weight materials, for which T, 
can be shifted at best by about lop3 K [19], 
since they also involve elastic deformations 
of the network via coupling effects between 
the fluctuations of the nematic order param- 
eter and the network. Concerning the detec- 
tion of fluctuations we note that the mea- 
surement of strain birefringence discussed 
earlier in this section yields much bigger 
effects. We close this short subsection by 
noting that there also appear to be neither 
dielectric nor electric conductivity mea- 
surements in the vicinity of the nematic- 
isotropic transition in liquid crystalline elas- 
tomers. 

2.1.6 NMR Investigations 
of Monodomains 

While there are not many NMR investi- 
gations of the isotropic-nematic transition 
in sidechain liquid crystal elastomers [20, 
211, they turned out to be crucial in answer- 
ing the question whether strained LCEs 
show a first order phase transition with a 
classical two phase region or whether there 
is a continuous change of the local degree 
of nematic order, since one is in a state be- 
yond the critical point. As already men- 
tioned earlier in this section this question 
could not be settled conclusively with the 
mechanical and optical investigations de- 
scribed above. 

In Fig. 18 we show the 2H-NMR spectra 
of both an uncrosslinked linear liquid crys- 
talline polymer and a monodomain elasto- 
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Figure 18. 'H-NMR spectra at different tempera- 
tures: (a) linear polymer; (b) LSCE (reproduced with 
permission from [2O]). 

mer as a function of temperature. Compar- 
ing the two sets of spectra as the tempera- 
ture is varied from a value above to one be- 
low the transition in several steps, one sees 
immediately, that the spectra of the polymer 
show a coexistence of the isotropic peak and 
of the two symmetric nematic peaks over a 
finite temperature range. This behavior is 
qualitatively different from that observed in 
the LSCE, where the peak in the isotropic 
phase is found to split symmetrically when 
passing into the nematic phase. In Fig. 19 
we see that the degree of local nematic or- 
der (which is proportional to the quadrupo- 
lar splitting) shows a jump as a function of 
temperature as well as a two phase coexis- 
tence for the liquid crystalline polymer, 

320 330 340 350 360 370 380 390 

(4 Temperature, J (K )  

z 0.6 
vl 

I I 
320 330 340 350 360 370 380 390 

(b) Temperature, T(K) 

Figure 19. Order parameter as a function of temper- 
ature: (a) linear polymer; (b) LSCE (reproduced with 
permission from [ZO]). 

while the LSCE with its built-in mechani- 
cal field shows a continuous decrease of the 
local degree of order as the temperature is 
increased and no two phase coexistence re- 
gion. It is thus clear, that one is in a situa- 
tion beyond a critical point for the LSCE due 
to the mechanical stress that was applied to 
the LSCE during its synthetic process. 

It should be pointed out that, in addition 
to the built-in mechanical field discussed so 
far, there is also a contribution from finite 
size effects on the nematic-isotropic tran- 
sition in liquid crystalline elastomers due to 
the finite average distance between cross- 
linking points. This question has been dis- 
cussed, and it has been pointed out that 
varying the crosslinking density aids in dis- 
entangling these two different types of ef- 
fects [20-221. 



2 Phase Transitions 287 

1.0 - 

z 
W& 0.8 - 

; 5 0.4 - 

B 

m 
& 
Q) 0.6 - + 

m 

0.2 - 

0.0 

_----------- x x / - -  , , 
X /' 

/ 
/ 

I 
I 

I 

&!+--g _ _ _ _ - _ _ - - - - -  ---0 
/ 
/ 

I 
/ 

I 
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In addition it was also stressed recently 
that one can deduce the degree of alignment 
of the director orientation from NMR mea- 
surements using a quantitative line shape 
analysis [21]. This is brought out in Fig. 20 
where both, the degree of local nematic or- 
der (the order parameter modulus) and the 
degree of alignment of the director orienta- 
tion are plotted as a function of an external- 
ly applied mechanical stress. While the de- 
gree of local nematic order is essentially 
constant as a function of the applied me- 
chanical stress, the degree of alignment of 
the director orientation increases for low 
values of the external stress rather rapidly 
and saturates for higher values. 

2.1.7 Models for the 
Nematic- Isotropic Transition 
for Poly- and Monodomains 

As the experimental investigations have fo- 
cused predominantly on static properties of 
the nematic-isotropic transition, most of the 
theoretical papers have used a Ginzburg- 
Landau description involving an expansion 
in the nematic order parameter to describe 
static properties [4, 17, 22-25]. 

The most important coupling to deforma- 
tions of the network is the one that is linear 
in both the strain of the network and the ne- 
matic order parameter. As has been dis- 
cussed earlier in this section this leads to the 
consequence that the strain tensor can be 
used as an order parameter for the nemat- 
ic-isotropic transition in nematic sidechain 
elastomers, just as the dielectric or the dia- 
magnetic tensor are used as macroscopic or- 
der parameters to characterize this phase 
transition in low molecular weight materi- 
als. But it has also been stressed that non- 
linear elastic effects as well as nonlinear 
coupling terms between the nematic order 
parameter and the strain tensor must be 
taken into account as soon as effects that are 
nonlinear in the nematic order parameter are 
studied [4, 251. So far, no deviation from 
classical mean field behavior concerning 
the critical exponents has been detected in 
the static properties of this transition and 
correspondingly there are no reports as yet 
discussing static critical fluctuations. 

To account for the mechanical reorienta- 
tion properties of monodomains (LSCE), 
which differ depending on whether the 
crosslinking has been done in the nematic 
or the isotropic phase, the concept of frozen 
order has been suggested [22]. The essen- 
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tial idea is to introduce a splitting of the mac- 
roscopic nematic order parameter into two 
contributions, one associated with the vicin- 
ity of the crosslinking points and one with 
the conventional nematic order of the mes- 
ogenic units in the sidechains in the regions 
of the LSCE sufficiently far away from the 
crosslinking points. This decomposition 
turns out to be useful to account for a num- 
ber of static and dynamic experimental re- 
sults of these spatially inhomogeneous 
systems. As the vicinity of the crosslinking 
cannot reorient as easily, the elastic and the 
optic responses to external mechanical 
stress depend on the direction of the applied 
mechanical force as well as on the crosslink- 
ing density used. 

The polydomain-monodomain transi- 
tion in nematic LCE was investigated [26] 
by incorporating a local anchoring interac- 
tion into the Ginzburg-Landau description 
of the nematic-isotropic transition in LCE 
[4, 17, 251. 

Since there are very few dynamic experi- 
mental investigations of pretransitional ef- 
fects [8], not much modeling has been re- 
ported to date either. Based on work for the 
macroscopic dynamics of the nematic-iso- 
tropic transition in sidechain polymers [27 - 
291, it has been suggested [28] that the non- 
meanfield exponent observed in dynamic 
stress-optical experiments [8] can be ac- 
counted for at least qualitatively by the 
mode-coupling model [28, 291. Intuitively 
this qualitatively new dynamic behavior can 
be traced back to static nonlinear coupling 
terms between the nematic order parameter 
and the strain tensor. 

2.1.8 X-ray Investigations 

While there have been numerous X-ray in- 
vestigations of the bulk nematic phase, a 
systematic investigation of the nematic-iso- 

tropic transition (or of any phase transition 
in liquid crystalline elastomers) using X- 
rays does not exist. We note, however, that 
already the second publication describing 
the properties of sidechain liquid crystalline 
elastomers compared X-ray data obtained in 
the isotropic phase above the phase transi- 
tion with those in the nematic phase of a 
stretched elastomer [15]. It was pointed out 
that, in addition to the usual wide angle ha- 
lo associated with short range positional or- 
der in both phases, there is a second halo 
which is associated with the elastomer, since 
it vanished upon swelling in a low molecu- 
lar weight material. A similar cooling pro- 
cedure was used to show that the mean val- 
ue of the angle between the molecular lon- 
gitudinal axis of the mesogenic sidechains 
and the director of the nematic phase is 
strongly reduced as one reduces the temper- 
ature indicating an increasing degree of 
order with decreasing temperature in the 
nematic phase [2]. 

2.2 The Cholesteric- 
Isotropic Phase Transition 

While the first paper on liquid crystalline 
elastomers [30] already reports the detec- 
tion of a cholesteric-isotropic transition us- 
ing differential calorimetry and polarizing 
microscopy, comparatively little work has 
been done to characterize thy physical prop- 
erties in the vicinity of this phase transition 
(compare, however, also the discussion of 
electromechanical effects in the next sec- 
tion) [9, 30, 311. Combined liquid crystal- 
line elastomers have been synthesized and 
various of these materials show a cholester- 
ic-isotropic transition using X-ray scatter- 
ing, polarizing microscopy and differential 
scanning calorimetry [3 11. Dynamic me- 
chanical investigations have been carried 
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out [9] for a number of main-chain liquid 
crystalline elastomers. The measurements 
of the shear storage and the shear modulus 
both reveal an increase in the vicinity of the 
isotropic-cholesteric phase transition. 

2.3 The Smectic A- 
Isotropic Phase Transition 

A SmA-I phase transition has been identi- 
fied in a large number of liquid crystalline 
elastomers using differential scanning cal- 
orimetry, polarizing microscopy, and X-ray 
diffraction, both for side-chain liquid crys- 
talline elastomers [30, 321 and for main- 
chainkombined liquid crystalline elasto- 
mers [31, 331. However, until very recently 
no detailed investigations of physical prop- 
erties in the vicinity of the SmA-I transition 
have been reported 1341. Birefringence 
measurements under a static external me- 
chanical stress were carried out above the 
SmA-I phase transition for a side-chain liq- 
uid crystalline elastomer for a range of val- 
ues of the external stress [34]. The plot of 
the inverse birefringence versus tempera- 
ture (Fig. 21) shows two different regimes 
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connected by a smooth cross-over. Using a 
simple model, it is suggested that these two 
regimes correspond to nematic fluctuations 
(at higher temperatures further above the 
transition) and SmA fluctuations (close to 
the SmA-I transition), respectively. It ap- 
pears that such a cross-over behavior has 
never been seen before for low molecular 
weight and polymeric materials. 

2.4 The Discotic-Isotropic 
Phase Transition 

While there is already a substantial body of 
work on phase transitions in liquid crystal- 
line elastomers composed of rod-like mole- 
cules, much less has been done on colum- 
nar phases typically composed of disk-like 
molecules. In all cases published to date 
[35,36] discotic-isotropic phase transitions 
were found at higher temperatures followed 
by a glass transition at lower temperatures. 
Applying the technique developed by 
Kiipfer and Finkelmann [18], Disch et al. 
[36] were able to produce discotic mono- 
domains as elucidated by X-ray diffraction 
and, in particular, by measuring the thermal 
expansion across the transition for a mono- 
domain and by comparing these results 
with those obtained for a polydomain. As 
expected from the change in the degree of 
macroscopic order (compare the detailed 
discussion for the isotropic-nematic transi- 
tion for poly- versus monodomains), one 
finds a drastic change in length in the vicin- 
ity of the isotropic-discotic transition for 
the monodomain while there is a small and 
very smooth change for the polydomain 
(Fig. 22). 

Figure 21. The inverse of the birefringence plotted 
as function of the temperature for different values of 
the true stress (reproduced with permission from 
W1). 
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2.5 Other Phase 
Transitions in Liquid 
Crystalline Elastomers 

In addition to the phase transitions de- 
scribed so far, a number of other phase 
transitions involving liquid crystalline 
phases has been reported. These include for 
side-chain liquid crystalline elastomers: 
SmC-I [32], N-SmA [6,30], N-SmF [32], 
SmA-SmC [32], SmA-SmB [32] and 
SmC-SmF [32]. Furthermore, a phase tran- 
sition between a SmA phase and a re-entrant 

nematic phase has been described [6]. The 
identification of these phase transitions was 
performed using differential scanning calo- 
rimetry, observations in the polarizing mi- 
croscope, and X-ray scattering. The elonga- 
tion was measured as a function of temper- 
ature for different loads and it was found 
that there appears to be a change in slope 
near the SmA-reentrant nematic phase tran- 
sition [6]. In the field of main-chain and 
combined liquid crystalline elastomers the 
phase transitions observed include: choles- 
teric-SmC* [9,37], N-SmA [9,38], SmA- 
SmC[9,38],N-SmC[39],SmA-SmB[38], 
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cholesteric-SmA [ 3  1 ] and cholesteric- 
SmC* [31]. The detection of all these phase 
transitions was based on polarizing micros- 
copy, X-ray diffraction, and differential 
scanning calorimetry. In addition dynamic 
mechanical measurements were used [9] to 
show that the loss factor peaks below the 
cholesteric-SmC* and the SmA-SmC 
phase transition, respectively. 

Quite recently electromechanical and 
electro-optic effects have been studied in 
some detail for the SmA-SmC* transition 
in sidechain LCE [40]. The authors account 
for their observation using a Landau mod- 
el, which contains an additional elastic en- 
ergy associated with the tilt, when compared 
to the description of low molecular weight 
materi a1 s. 

Generalizing the concept of side-chain 
liquid crystalline elastomers from thermo- 
tropic to lyotropic materials, various phase 
transitions have been observed in lyotropic 
liquid crystalline elastomers. A hexagonal 
to isotropic phase transition was described 
using polarizing microscopy and X-ray dif- 
fraction; in addition stress-strain measure- 
ments in the hexagonal phase demonstrated 
the rubber-like behavior of these lyotropic 
materials [41]. A material showing an iso- 
tropic-lamellar (La) phase transition in an 
elastomer has been examined [42]. The 
phase transition was identified with polar- 
izing microscopy and NMR was used to an- 
alyze the change in the lineshape when one 
is passing from the isotropic into the lamel- 
lar phase in this elastomer. In addition it was 
shown by X-ray diffraction that the liquid 
crystalline phase could be oriented by a uni- 
axial mechanical compression. 

3 Macroscopic 
Properties 

3.1 Nematic Phase 

3.1.1 Mechanical Properties 
of Polydomains 

It has been shown, for a number of fixed 
values of the compression, that the length 
of a cylindrial sample under compression 
shrinks as one cools from the nematic-iso- 
tropic transition temperature towards the 
glass transition [ 5 ] .  Conversely the diame- 
ter of these samples grows throughout the 
nematic temperature range. 

Stress-strain measurements in the ne- 
matic phase showed that above a certain 
threshold stress associated with the poly- 
domain-monodomain transition, a linear 
stress-strain relation results [3]. Extrapo- 
lating these linear curves to zero stress one 
was able to extract the fictitious length 1, of 
a monodomain sample. When this length I, 
was plotted as a function of reduced temper- 
ature, it was found that lo increased in the 
nematic phase similarly to the order param- 
eter. 

The elongation, A, was measured as a 
function of temperature for fixed load for 
various nematic phases as well as for a re- 
entrant nematic phase in sidechain LCEs 
[6]. In the reentrant nematic phase the ob- 
served elongation A increased monotonical- 
ly (by up to 50%) as the temperature was 
decreased from the smectic A-reentrant ne- 
matic phase transition [6]. 

X-ray diffraction measurements have 
been used to extract the orientation param- 
eter ( P 2 )  as a function of the extension ratio 
[43]. ( P 2 )  was found to increase rapidly first 
and then to saturate for higher deformations. 
These studies were generalized by varying 
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the crosslinking density and the length of 
the flexible spacer [44]. It was found that 
the orientation parameter (P2)  is almost the 
same for different spacerlengths. In addition 
it ws shown that (P2)  decreases when the ne- 
matic-isotropic transition is approached 
from well inside the nematic phase. 

Small angle neutron scattering measure- 
ments of the anisotropy of the main chain 
conformation of a side-on sidechain LCE 
under a mechanical stress are described in 
the isotropic and in the nematic phase [45]. 
It is found that a weak anisotropy of the main 
chain conformation exists only in the nemat- 
ic phase and for sufficiently high values of 
the elongation. 

Very recently the first synthesis of a main 
chain LCE has been described [46]. It turns 
out, as was to be expected due to the com- 
pletely different location of the mesogenic 
units, that the stress strain properties of 
these novel materials are rather different 
from what is known from side chain LCEs. 
For example, the main chain LCEs require 
a stretching by a factor of about 5 to get mac- 
roscopic alignment of the director. Such an 
extension is not even an option for side chain 
LCEs, which typically rupture when elon- 
gated by a factor between about 2 and 3. 
Thus in many ways the main chain LCEs 
might resemble more closely a classical rub- 
ber than the sidechain LCEs. 

Laser induced phonon spectroscopy has 
been used to study the ultrasonic properties 
of nematic sidechain LCEs [47, 481. It has 
been shown that both the ultrasonic veloc- 
ity and the attenuation show a strong aniso- 
tropy and it was concluded that the coupling 
between density changes and reorientation- 
a1 motion of the sidechains takes place on a 
time scale of lop7- lop9 s [47]. 

Dynamic measurements of the storage 
(G’) and the loss modulus (G”) in the ne- 
matic phase of a sidechain LCE have been 
described [7]. It was found that throughout 

the nematic phase G’>G” and that both 
were increasing monotonically as the tem- 
perature was lowered towards the glass tran- 
sition. 

3.1.2 Mechanical Properties 
of Monodomains: Liquid Single 
Crystal Elastomers 

Memory effects in LCE have been investi- 
gated [49]. Small monodomain LCE films 
were prepared by aligning the nematic poly- 
mer phase in a magnetic field prior to cross- 
linking. These LCE films preserved their 
original director alignment as well as their 
degree of preferred orientation, even when 
they were held for over two weeks in the iso- 
tropic phase and then cooled back down into 
the nematic phase. The degree of alignment 
was measured by wide angle X-ray scatter- 
ing and was found to show a similar temper- 
ature dependence as in earlier investigations 
by the same group [44]. 

The influence of the spacer length on the 
nature of the coupling between sidechains 
and the elastomeric network has been inves- 
tigated [50]. It turns out that a lengthening 
of the spacer is accompanied by a sign 
change of the coupling between the poly- 
meric backbone and the mesogenic units. In 
addition it emerges from these investiga- 
tions that the magnitude of this coupling de- 
creases with increasing spacerlength, a re- 
sult which is .in agreement with one’s intui- 
tion. 

Strain-induced transitions of the director 
orientation in nematic LCEs were studied 
[51]. These abrupt transitions with a direc- 
tor reorientation of 90” [51] were found to 
have a characteristic threshold strain and 
show qualitative similarities to predictions 
from a model based on rubber elasticity 
[52]. However, it should be noticed that the 
extension ratio was varied by 0.05 at a time 
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and that the actually observed variation of 
the director angle for this step size was 65" 
and not 90", thus rather suggesting a steep, 
but continuous change. Clearly further more 
detailed experiments are necessary to clari- 
fy this point. 

Nematic monodomains have been pre- 
pared using a variant of the method intro- 
duced by Kiipfer and Finkelmann [lo, IS]: 
instead of keeping the stress constant in the 
second crosslinking step the strain was held 
constant in the second crosslinking step 
1.531. As for the case studied by Kiipfer and 
Finkelmann, it is found that the monodo- 
main character is retained after heating the 
sample into the isotropic phase upon return 
into the nematic phase. Stress strain relation 
has been measured for two classes of poly- 
siloxane elastomers. 

Ultrasonic experiments using laser in- 
duced phonon spectroscopy have been per- 
formed in a nematic liquid single crystal 
elastomer [48]. The experiments reveal a 
dispersion step for the speed of sound and a 
strong anisotropy for the acoustic attenua- 
tion constant in the investigated frequency 
range (100 MHz - 1 GHz). These results are 
consistent with a description of LCEs using 
macroscopic dynamics [54-561 and reflect 
a coupling between elastic effects and the 
nematic order parameter as analyzed in de- 
tail previously 1481. 

3.1.3 Linear and 
Nonlinear Optical Properties 
of Polydomains 

It has been shown that changing the length 
of the flexible spacer, m, by one unit can 
change the optical properties of a deformed 
nematic LCE qualitatively 1151. While for 
m =3  the deformed LCE is optically biaxial 
and the mesogenic units are oriented on 
average perpendicularly to the axis of defor- 

mation, for m =4  an optically uniaxial con- 
figuration arises in which the director is 
oriented parallel to the axis of deformation. 
These optical investigations have been com- 
plemented by X-ray investigations leading 
to the same conclusions. Further X-ray in- 
vestigations on a similar family of com- 
pounds also showed the change from uni- 
axial to biaxial behavior as the spacer length 
was changed from m =4  to m = 3 [2]. 

IR-dichroism measurements of the CN- 
stretching mode revealed that the order pa- 
rameter S extracted from the absorption co- 
efficients along and perpendicular to the 
long axis of the molecules has a similar tem- 
perature dependence as in low molecular 
weight materials [16]. 

3.1.4 Linear and 
Nonlinear Optical Properties 
of Monodomains 

The reorientation behavior has been stud- 
ied, which results when a nematic monodo- 
main LCE is exposed to a mechanical field 
perpendicular to the preferred direction of 
the monodomain 1181. For this configura- 
tion the dichroic ratio R =AII/A, of the CN- 
absorption band as well as the external me- 
chanical stress, o,, are plotted versus the 
elongation, LIL,, perpendicular to the di- 
rector axis of the unstrained sample in Fig. 
23. While the dichroic ratio saturates for 
small and large values of the external stress 
with a nearly linear change for intermediate 
values of the mechanical force, the nematic 
order parameter, S, changes from a value of 
S = 0.53 in the unstrained configuration to a 
value of S=0.36 for high values of the ex- 
ternal stress thus indicating that the reorien- 
tation process does not involve all parts of 
the monodomain LCE. 

This last point has been investigated fur- 
ther and monodomain LCEs crosslinked in 
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Figure 23. Dicroic ratio R (*) and nominal external 
stress o,(A) as function of the elongation LIL, of a 
nematic LSCE (reproduced with permission from 
[181). 

the nematic and in the isotropic phase, re- 
spectively, were examined [ lo]. X-ray in- 
vestigations performed for both types of 
samples show that the monodomains go 
for intermediate values of the elongation 
through a state with domains for which the 
director is either ordered by 0 = 4 5 "  or 
0=-45" to the stress axis. While for the ne- 
matic LCE crosslinked in the isotropic 
phase a complete reorientation is achieved, 
this is not the case for the sample crosslinked 
in the nematic phase for which the X-ray 
pattern shows, even for an elongation 
A = 1.6, clearly four distinct maxima. This 
qualitative difference in behavior between 
samples crosslinked in the isotropic and in 
the nematic phase is also clearly brought out 
by measurements of the dichroic ratio. 
While the order parameter S in the reorient- 
ed sample crosslinked in the nematic phase 

is drastically reduced from S =0.5 in the un- 
strained sample to S=0.3,  this reduction is 
not observed for the sample crosslinked in 
the isotropic phase. From these observations 
one concludes that the state of order in the 
vicinity of the crosslinking points also af- 
fects the macroscopic behavior of the ne- 
matic monodomain LCE [lo], a feature that 
has been modeled using a Landau approach 
and the concept of a frozen-in field [22]. 

3.1.5 Effects of Electric 
and Magnetic Fields 

Deformations of nematic elastomers in 
electric fields have been described [44, 57, 
581. Reversible shape variations of a nemat- 
ic sidechain LCE swollen with low molec- 
ular weight (LMW) materials in an electric 
field were reported, provided the elastomer 
is freely suspended [57]. If it is compressed 
between glass slides, no field effect is ob- 
served. Shape changes in mainchain LCEs 
swollen with a LMW material have been in- 
vestigated in an electric field [44]. Similar- 
ly, reversible shape changes were observed 
for freely suspended LCEs on a time scale 
of one second and no shape changes were 
obtained for the unswollen elastomers [57]. 
More recently further experiments of the 
same type were done on swollen sidechain 
LCEs [58]. In addition it was checked that 
there was no response to an electric field if 
both, LMW material and LCE, were in their 
isotropic phase [58]. 

No reports on deformations and shape 
changes of nematic elastomers in external 
magnetic fields appear to exist yet. 

3.1.6 Diffusion Effects 

It has been shown that the diffusion coeffi- 
cient for salicyclic acid in a nematic side- 
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chain LCE can be controlled by varying the 
mass fraction of the mesogens thus demon- 
strating the potential of LCE for pharmaceu- 
tical applications [59]. 

3.1.7 Macroscopic Equations 

Macroscopic properties of nematic elasto- 
mers have been discussed [56, 601. De 
Gennes focused on the static properties, em- 
phasizing especially the importance of 
coupling terms associated with relative ro- 
tations between the network and the direc- 
tor field [60]. The electrohydrodynamics 
of nematic elastomers has been considered 
generalizing earlier work by the same au- 
thors [54,55] on the macroscopic properties 
of nematic sidechain polymers [56]. The 
static considerations of earlier work [60] 
were extended to incorporate electric ef- 
fects; in addition a systematic overview of 
all terms necessary for linear irreversible 
thermodynamics was given [56]. 

3.1.8 Rubber Elasticity 

An extension of rubber elasticity (i.e. of the 
description of large, static and incompres- 
sible deformations) to nematic elastomers 
has been given in a large number of papers 
[52, 61-66]. Abrupt transitions between 
different orientations of the director under 
external mechanical stress have been pre- 
dicted in a model without spatial nonunifor- 
mities in the strain field [52,63]. The effect 
of electric fields on rubber elasticity of ne- 
matics has been incorporated [65]. Finally 
the approach of rubber elasticity was also 
applied recently to smectic A [67] and to 
smectic C* [68] elastomers. Comparisons 
with experiments on smectic elastomers do 
not appear to exist at this time. Recently a 
rather detailed review of the model of an- 

isotropic rubber elasticity has been given by 
Warner and Terentjev [69]. 

3.1.9 X-ray Investigations 

It has been shown using X-ray fiber patterns, 
that a weakly crosslinked sidechain LCE 
can be oriented by an external mechanical 
stress with the polymer chains oriented par- 
allel to the stress axis and the director asso- 
ciated with the mesogenic units perpendic- 
ular to the stress axis [38]. X-ray investi- 
gations also have been done for nematic 
phases of combined elastomers [33]. 

X-ray investigations on strongly stretched 
and rather well-oriented samples using a 
two-dimensional detector have been report- 
ed for a polysiloxane series of LCEs [70]. 

3.2 Cholesteric Phase 

3.2.1 Mechanical Properties 

Static mechanical measurements to evalu- 
ate the stress-strain relationship in choles- 
teric sidechain LCEs have been described 
[71, 721. In [72] it has been found, for ex- 
ample, that for 0.94 <A < 1 (where A = 1 cor- 
responds to the unloaded sample), the nom- 
inal stress on is nearly zero as the polydo- 
main structure must be converted first into 
a monodomain structure. For deformations 
A < 0.94, the nominal stress increases steep- 
ly. Similar results have also been reported 
elsewhere [7 11. The nominal mechanical 
stress as a function of temperature for fixed 
compression has also been studied for chol- 
esteric sidechain elastomers [71]. It turns 
out that the thermoelastic behavior is rath- 
er similar as that of the corresponding ne- 
matic LCE [2, 51. 

The temperature dependence of the recip- 
rocal length 1/Lmon of a macroscopically 
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uniform, oriented cholesteric LCE has been 
measured. Using independent optical mea- 
surements to determine the orientational or- 
der parameter S,  it has been shown [73], that 
S is directly proportional to l/L,,,, similar 
to what has been found for nematic LCE [4], 
thus demonstrating that the deformation can 
also be used as an order parameter in ordered 
samples of cholesteric LCEs. 

The mechanical properties of polydom- 
ains of a main-chain cholesteric LCE, name- 
ly of crosslinked hydroxypropyl cellulose, 
have been studied 1741. The orientation pa- 
rameter (P2),  as extracted from X-ray mea- 
surements at fixed temperature, first in- 
creases as a function of extension ratio and 
then saturates at higher strains. As a func- 
tion of temperature for fixed extension ra- 
tio, (P2)  decreases monotonically. 

It has been shown for cholesteric com- 
bined LCE that polydomain samples can be 
untwisted by a sufficiently large external 
mechanical force leading to a strain of 150% 
[75]. This has been checked by using X-ray 
fiber patterns. The same type of investiga- 
tions has also been applied to other com- 
bined cholesteric LCE [31]. 

Dynamic mechanical measurements of 
the storage modulus G’ and the loss mod- 
ulus G” in polydomain samples of choles- 
teric LCE have been described 191. It turns 
out that G‘> G” throughout the whole chol- 
esteric range and that both G’ and G” in- 
crease when approaching the cholesteric- 
isotropic and cholesteric-chiral SmC* tran- 
sition, respectively, thus indicating the pres- 
ence of substantial pretransitional effects at 
both phase transitions. 

3.2.2 Electromechanical 
Properties 

The electromechanical response in a chol- 
esteric sidechain LCE under an external me- 

chanical force has been studied 17 1,731. For 
sufficiently high values of the mechanical 
compression, needed to achieve a cholester- 
ic monodomain with the helix axis parallel 
to the axis of the cylindrical sample, a 
linear electromechanical effect is found. 
When the temperature-dependent electric 
response is plotted for sufficiently high, but 
fixed compression, the resulting electric 
signal closely resembles the plot of the or- 
ientational order parameter as a function of 
temperature (Fig. 24). 

In addition to the electromechanical ob- 
servations described so far, which have been 
confirmed [73], the dependence on the chol- 
esteric pitch, p ,  has been studied [73]. It is 
found that the electromechanical response 
coefficient is directly proportional to l l p  
and vanishes for a racemic sample. 

Static measurements of the change in 
sample thickness, ALlL, (with Lo the thick- 
ness in the mechanically loaded state, but 
without external electric field), as a function 
of an applied electric field (parallel to the 
helical axis of a cholesteric monodomain 
sample) have been carried out [72]. To elim- 
inate effects that are quadratic in the electric 

I 
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Figure 24. Electromechanical response, U ,  vs. tem- 
perature for a compression of 25% of a cholesteric 
elastomer. 
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Electric field strength, E(Vpm-’) 

field such as the attractive force between the 
plates bounding the sample and electrostric- 
tive effects, the same experiments have 
also been done for the corresponding racem- 
ic compound. When the change in thickness 
of the cholesteric elastomer minus the 
change in thickness of the racemic elasto- 
mer ALIL, is plotted as a function of the 
electric field strength, a linear relationship 
results above a threshold field, Eth (Fig. 25). 

Alternating current measurements were 
used to investigate the electromechanical 
properties in combined photo-crosslinked 
cholesteric LCEs. In a compound showing 
both, a cholesteric and a chiral SmC* phase, 
the electromechanical response in the chol- 
esteric phase was considerably higher. 

Various electromechanical effects in chol- 
esteric and chiral SmC* phases were pre- 
sented including a discussion of how to 
distinguish piezoelectricity from flexoelec- 
tricity and electrostriction [77, 781. It was 
examined for cholesteric structures in gen- 
eral for which structures one can get longi- 
tudinal piezoelectricity [79]. 

1.2 

3.3 

Figure 25. Relative fitted change of sam- 
ple thickness of a cholesteric elastomer 
minus the relative fitted change of sample 
thickness of the racemic elastomer ALIL, 
as function of the electric field strength E 
(reproduced with permission from [72]). 

Smectic A and 
Smectic C Phases 

In contrast to the extensive experimental in- 
vestigations of nematic, cholesteric and chi- 
ral SmC* phases, comparatively little work 
has been done on the characterization of the 
physical properties of SmA and SmC elas- 
tomers. The elongation, A, has been mea- 
sured as a function of temperature for con- 
stant external load for a number of different 
loads in SmA sidechain elastomers [6]. It 
was found that il increases monotonically as 
a function of temperature for a material, 
which has a SmA-I transition. In addition it 
was shown that the elasticity modulus, E, 
decreases monotonically with temperature. 
X-ray investigations on SmA phases in side- 
chain LCE have been performed [70]. It was 
found that for the family of compounds stud- 
ied, the orientation of the mesogenic groups 
was always perpendicular to the direction of 
stretching. 

Second harmonic generation of a poled 
SmA elastomer has been demonstrated [80]. 
A uniform director orientation was achieved 
by a simple mechanical deformation of the 
elastomer, poling was done in an electric 
field and the NLO active chromophores (ni- 
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trogroups) were bounded covalently to the 
network. 

The layer spacing in the SmA and SmC 
phases of combined LCE has been investi- 
gated using X-ray diffraction [53 ] .  The stor- 
age modulus G’ and the loss modulus G” 
have been studied in the SmA and SmC 
phases of combined elastomers and it was 
found that G’> G” throughout the whole 
temperature range of these two smectic 
phases [9]. 

The diffusion of gases through films of 
SmA elastomers has been analyzed [8 1,821. 
It was shown experimentally that the loga- 
rithm of the diffusion coefficient depends 
linearly on inverse temperature throughout 
all SmA phases and that the transport be- 
havior is stress-dependent [8 ll.  The diffu- 
sion of hydrocarbon gases through SmA 
elastomers was studied in detail [82]. It 
turns out that these LCE materials are suit- 
able for the separation of gases due to their 
high selectivity and wide range of perme- 
abilities. 

Physical properties of the higher ordered 
smectic phases SmF, SmI, SmB, SmH etc. 
have not been investigated as yet. 

Various physical properties of the layered 
La-phase in a lyotropic LCE have been stud- 
ied [42]. Using NMR and X-ray investiga- 
tions it was demonstrated that a lamellar 
phase can be oriented macroscopically by 
applying a uniaxial compression to the dis- 
ordered swollen network. 

3.4 Smectic C* Phase 

3.4.1 Mechanical Properties 
of Polydomains 

X-ray investigations were used to study the 
orientation behavior of a sidechain SmC* 
elastomer under mechanical stress [83]. If a 

uniaxial mechanical stress is applied to a 
swollen C* sample after the first crosslink- 
ing step, an X-ray pattern, which shows four 
distinct maxima in the small angle regime 
results (Fig. 26), indicating a layer orienta- 
tion of the layer normal under an angle fa 
to the stress axis. In addition, the azimuth- 
al wide angle intensities indicate an average 
alignment of the long molecular axis of the 
mesogens parallel to the stress axis. Thus, 
while the helical structure is untwisted, a 
monodomain is not obtained when applying 
only a uniaxial external stress. To come 
closer to achieving this goal a second de- 
formation was carried out under an angle 
compared to the previous one in order to lift 
the remaining azimuthal degeneracy. As it 
turns out (Fig. 27) from analyzing the re- 
sulting X-ray pattern, a sample that is orient- 
ed to more than 95% (and thus close to a 
monodomain) results. This technique has 
been discussed and studied in more detail 
[84], where it is also emphasized that the 
samples resulting after the second crosslink- 
ing have macroscopically C,-symmetry and 
thus possess dipolar order giving rise to py- 
roelectricity and piezoelectricity. 

The mechanical behavior of combined 
SmC* polydomain samples was investigat- 

Figure 26. X-ray pattern of a SmC*-elastomer after 
uniaxial deformation in the swollen state (reproduced 
with permission from [83]). 
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Figure 27. X-ray pattern of a SmC*-elastomer after 
second uniaxial deformation (reproduced with per- 
mission from [83]). 

Figure 28. Marker fringe diagram for an 
annealed (A) and a non-annealed SmC*- 

ed for large mechanical deformations [75] .  
To detect the effect of the external stress on 
the helix, X-ray fiber patterns were used. It 
was found that for moderate values of the 
strain which was necessary to orient the fi- 
ber, 250%, the smectic layers were perpen- 
dicular to the fiber axis and the helix was 
still present. At very large values of the 
strain, >400%, however, X-ray data showed 
that the mesogenic groups were oriented on 
average parallel to the fiber axis and that 
thus the helix was unwound and that the 
layers were tilted with respect to the fiber 

axis. This line of investigations was extend- 
ed shortly thereafter to other compounds 
with similar results [37]. 

Dynamic mechanical measurements of 
the storage, G’, and the loss modulus, G”, 
in combined LCE [9] show, that both, G’ and 
G”, fall monotonically as a function of tem- 
perature throughout the entire range of ex- 
istence of the C*-phase and that G’> G” is 
always valid. 

3.4.2 Nonlinear Optical 
Properties 

Using the technique described earlier [83] 
to get samples that are nearly monodomain, 
second harmonic generation has been inves- 
tigated using a Q-switched Nd-YAG laser 
[85 ] .  Since the helix is unwound in these 
samples and since they are close to a mono- 
domain, they are macroscopically of C2- 
symmetry and thus suitable for second har- 
monic generation. In Fig. 28 the intensity of 
the second harmonic signal is plotted as a 
function of the angle around the direction in 
the plane of the film, which is perpendicu- 
lar to the first deformation direction. The re- 
sults of the polarization dependent measure- 
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ments are consistent with overall C,-sym- 
metry. The quality of the orientation was 
checked independently by X-ray measure- 
ments revealing the high degree of orienta- 
tion. In contrast to other polymer networks, 
including centrosymmetric LCE such as ne- 
matic LCE, which require external poling 
fields, the unwound, uniformly oriented 
SmC* LCE has built-in noncentrosymme- 
try and thus possesses an intrinsic macro- 
scopic electric polarization. 

3.4.3 Electromechanical 
Properties of Polydomains 

Alternating current measurements were 
used to investigate the piezoelectric effect 
in combined photocrosslinked SmC* LCEs 
[76]. A linear relationship was obtained for 
the measured piezo voltage as a function of 
the mechanical deformation applied. In ad- 
dition it was found that the measured piezo 
voltage is a monotonically decreasing func- 
tion of temperature for a compound show- 
ing an I-SmC* phase transition. 

Piezoelectric and pyroelectric properties 
of polydomain sidechain LCEs in the chiral 
SmC* phase have been investigated [86]. 
The pyroelectric response was generated 
by heat pulses from a YAG laser. While 
the extracted saturation polarization falls 
monotonically as a function of temperature 
throughout the SmC* phase, the pyroelec- 
tric coefficient, y=aP/aT, goes through 
a maximum several degrees below the 
SmC*-I phase transition temperature. An 
AC piezoelectric effect has been measured 
throughout the entire temperature interval 
of the SmC* phase as well for the unorient- 
ed sample. An additional DC poling field 
led to an increase in the observed piezo- 
response, probably due to a better degree of 
orientation of the macroscopic polarization 
throughout the sample. 

Making use of the technique by Semmler 
and Finkelmann [83, 841 to obtain a highly 
oriented SmC*-LCE film with untwisted 
helix and macroscopic C,-symmetry, Eckert 
et al. [87] investigated piezoelectricity and 
inverse piezoelectricity. They find that in 
these highly oriented and untwisted SmC* 
films a linear behavior results for the charge 
as a function of the applied force as well as 
for the displacement as a function of applied 
AC voltage. 

3.5 Discotic Phases and 
Hexagonal Lyotropic Phases 

There are only two papers describing the 
physical properties of discotic LCEs [35, 
361. X-ray diffraction showed that a narrow- 
er azimuthal intensity distribution can be 
obtained when a second crosslinking step 
is done under an external load reflecting 
a macroscopic alignment parallel to the di- 
rection of the external stress [35]. X-ray 
diffraction experiments on monodomains 
(LSCE) show the occurrence of sharp max- 
ima in the azimuthal distribution. Thermal 
expansion has also been studied for polydo- 
main LCEs and for LSCEs in [ 361. It is found 
that well inside the discotic phase, that is 
sufficiently far below the discotic-isotrop- 
ic transiton, the length parallel to the stress 
axis of both, poly- and monodomain sam- 
ples, increases approximately linearly with 
increasing temperature as expected from the 
isobaric expansion of the network. 

In addition to the stress-strain measure- 
ments already mentioned, the hexagonal lat- 
tice constant was measured in a lyotropic 
LCE as a function of the water concentra- 
tion [41]. Furthermore it was shown, using 
X-ray scattering, that a hexagonal phase can 
be oriented parallel to the preferred direc- 
tion by applying an external mechanical 
field. 
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Chapter VI 
Amphotropic Liquid Crystals 

Dirk Blunk, Klaus Praefcke and Volkmar Vill 

1 Introduction, 
Remarks on History 

Numerous organic compounds exhibit liq- 
uid crystalline properties in the pure state. 
In a defined temperature range between the 
melting and the clearing temperature the or- 
der parameter of such a system is between 
that of true crystals and that of isotropic liq- 
uids. This is what one usually describes with 
the term thermotropic liquid crystal. But 
temperature is not the only term which may 
be variable. The intrinsic property of liquid 
crystals having an order parameter between 
those of real crystals and liquids includes 
the possibility of other ways of creating that 
interesting ‘fourth state of matter’ than just 
by changing the temperature. 

Another possible way of generating this 
intermediate state is by the addition of sol- 
vents in appropriate amounts to convenient 
compounds leading to lyotropic liquid crys- 
tals. Under suitable conditions, especially 
in well defined concentration ranges, the 
molecules tend to organize themselves 
forming aggregates of various well defined 
geometries. These supramolecular assem- 
blies behave as mesogenic units forming 
lyotropic liquid crystalline phases. In this 
type of liquid crystals the concentration 
range in which the system is liquid crystal- 
line can be compared with the temperature 
range between the melting- and the clear- 
ing point of thermotropic liquid crystals; 
however, it must be mentioned here that 

in case of lyotropic liquid crystals the 
temperature is an additional degree of free- 
dom. 

In contrast to the technologically ex- 
tremely important thermotropic mesogens 
known for about 110 years and quickly 
growing in number, lyotropic analogues are 
as yet poorly studied and are much more 
complicated as their mesophase units do not 
consist of single molecules, but are made up 
of more or less flexible and variable aggre- 
gates of molecules in (so far mostly aque- 
ous) solution. 

Hitherto, most solvents used to form 
lyotropic liquid crystals have been polar in 
character. By far the most conventional (and 
also from the biological point of view cer- 
tainly the most important) solvent is water. 
However, other solvents can be used ranging 
from methanol at the polar end of the scale 
up to long chained alkanes on the other, apo- 
lar side of this classification of solvents. 

Chemical compounds are said to act am- 
photropically if they give rise to both kinds 
of liquid crystal formation. Such particular 
compounds show thermotropic liquid crys- 
talline behavior in their pure state on heat- 
ing or the formation of lyotropic mesophas- 
es on the addition of a further component, 
mostly of an inorganic or organic solvent in 
certain amounts. 

Nearly all the compounds of interest for 
this chapter, beside their conventional form 
anisotropy possess general amphiphilic be- 
havior. The hydrophilic (polar) part of a 
molecule, for example a carboxyl group or 
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a multiol substructure, is well segregated 
from the lipophilic (apolar) moiety. 

As will be discussed, three main factors 
of the molecular architecture have a signif- 
icant influence on the thermomesomorphic 
properties of such compounds: 

- the ratio of the space demands of the hy- 
drophilic and the hydrophobic part of a 
molecule, 

- the sterical arrangement of the substitu- 
ents at the hydrophilic headgroup, and 

- geometrical factors such as molecular 
shape or symmetry. 

Beside this, in the recent past some inves- 
tigations on amphotropic materials of non- 
amphiphilic structure were made as well (see 
‘Further Molecular Architectures’ in this 
Chapter). Additionally, it is somewhat diffi- 
cult to draw a sharp separation line between 
amphiphilic and nonamphiphilic com- 
pounds: the ability to act as an amphiphile 
depends mainly on the size and the polarity 
of the hydrophilic and hydrophobic parts of 
a molecule. This ‘internal equilibrium’ can 
be varied in a broad range. Thus, in this chap- 
ter, although mainly directed toward meso- 
gens of the amphiphilic type, some apolar 
mesogens will be discussed as well. 

Due to their importance for life sciences, 
for example the formation of biological 
membranes, and their technical importance 
as surfactants and soaps, potential lyotrop- 
ic properties of amphiphilic compounds are 
much better investigated than other ones of 
different molecular types; the broad field of 
surfactant liquid crystals is discussed in 
Chapter VII of this volume. 

Some reviews focusing on amphotropy 
have been published; they take the develop- 
ment of liquid crystal research in this field 
into account [ 1-12]. With regards to the his- 
tory of amphotropic liquid crystals it seems 
that in 1854 (about 35 years before 0. Leh- 
mann and F. Reinitzer established liquid 

crystallinity as the fourth state of matter) the 
first observation of a liquid crystalline state 
had been described [13, 141 though not 
understood. The magnesium salt of myris- 
tic acid (tetradecanoic acid) is described 
here as ‘... ein lockeres, aus mikroscopi- 
schen Nadeln bestehendes Pulver, welches 
uber 100°C zu einer durchsichtigen, aber 
nicht flussigen Masse wird; noch vor dem 
eigentlichen ZusammenflieBen wird es 
zersetzt’ [ 131. Although this magnesium salt 
is described here as ‘a loose powder’ this 
could be taken as a strong hint towards pos- 
sible liquid crystalline properties. In spite of 
this strong hint, its technological signifi- 
cance (about 20 patents related to this salt 
have been issued since) and also the knowl- 
edge about the liquid crystallinity of other 
magnesium soaps, e.g., magnesium stea- 
rate, that is magnesium octadecanoate, no- 
body has yet investigated the thermotropic 
properties of magnesium myristate more 
thoroughly. Although Muller [ 15, 161 
looked somewhat closer on this historically 
very interesting amphiphile by carrying out 
temperature dependent X-ray measure- 
ments, differential thermal analysis, and 
thermogravimetry, clear statements about 
its thermotropic properties are still missing. 
Looking back to 1854, no planned and de- 
tailed research on self organizing molecules 
was done; at that time, this phenomenon was 
not yet known. Nevertheless, a few scien- 
tists started working on this topic in those 
early times. For example, R. Virchow stud- 
ied biological systems by means of polariz- 
ing microscopy; he observed and described 
myelin figures [ 171, a type of texture of lyo- 
tropic liquid crystals. The phenomena of bi- 
refringence of such myelin structures was 
investigated by Mettenheimer in 1857 [ 181. 
The book by Valentin [ 191 published about 
140 years ago can be considered as an ear- 
ly milestone about investigations of materi- 
als of various kind by this optical method. 
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The connection between observed mye- 
lin figures and mesomorphism was investi- 
gated much later. For instance, Quinke de- 
scribed the formation of myelin figures of 
salts of fatty acids [20]. 

Further milestones in the field of lyotrop- 
ic liquid crystals are investigations of binary 
systems of soaps and detergents with water 
[21] and work on the lyomesomorphism of 
polypeptides and nucleic acids [22]. In 1933 
the first review on lyotropic liquid crystals 
appeared [23]. The author of this review in- 
vestigated the amphotropic properties of 
various compounds. He suggested that in 
amphotropic materials raising the tempera- 
ture or adding a solvent (water) lead to the 
same partial break up of the crystal lattice, 
however, a certain order is maintained. Fur- 
thermore, colloidal solutions showing par- 
tial supramolecular structures are also de- 
scribed here. But, due to different parame- 
ters of order these latter systems differ from 
lyotropic liquid crystals. 

How the lateral alkyl chains are organized 
in the liquid crystal state of matter was al- 
ready a relevant subject of studies starting 
in the early thirties initiating discussions in 
which way alkyl chains are conformed in it 
(e.g., static- or liquid-like all-trans) [24,25]. 

Somewhat later, even biological systems 
were investigated from a liquid crystal re- 
search point of view (e.g., the tobacco-mo- 
saic-virus) [26], see also Chap. VIII of this 
volume. The main progress of lyotropic liq- 
uid crystal research in these times is con- 
nected to works on soap/water mixtures [27, 
281 and the investigation of thermotropic 
mesophases of soaps [29]. The amphotrop- 
ic character of such compounds was also 
studied. In such systems, no continuous 
transitions were observed between thermo- 
tropic and lyotropic mesophases, but always 
biphasic regions could be seen [30, 311. 
Thereafter, the interest in understanding bi- 
ological cell membranes inspired research- 

ers to study watery lipid systems as models 
for such membranes [32]. Here, for the first 
time, the 45 nm reflex from X-ray investi- 
gations was identified to stem from disor- 
dered paraffinic chains. 

Up to this time, research work was char- 
acterized by compiling facts originating 
from investigations of different amphotrop- 
ic liquid crystals, but a systematization of 
research in this field began only in the mid- 
forties [33-351. 

Helpful tools for this structurization of 
liquid crystal research were temperature de- 
pendent X-ray investigations [36] of natu- 
ral and synthetic lipids, and the discovery 
that mesophases may be identified by their 
different textures appearing in the micro- 
scope using crossed polarizers [37]. In the 
decade starting in about 1957 systematic 
screening of the concentration and temper- 
ature dependency of the major lyotropic me- 
sophases was done and models of the mo- 
lecular arrangement in the different phases 
were developed [38-451 (e.g., the so-called 
‘middle’ or ‘neat’ phases [38], the choles- 
teric phase of polypeptides and nucleopep- 
tides [44]). 

During this work Luzzati found hitherto 
unnoticed phases (e.g., the rectangular co- 
lumnar mesophase in the concentration 
range between the so-called ‘neat’ and 
‘middle’ phases [39]). In the year 1958 he 
observed an optically isotropic appearing 
mesophase. Although, he could not clear up 
the structure of this interesting mesophase 
by X-ray experiments in detail, he predict- 
ed a cubic geometry of the lattice of this liq- 
uid crystal phase. The first investigation of 
the inverted hexagonal phasetype in the qua- 
ternary system lecithin, cephalin, phosphat- 
idylinositol and water in 1962 [41] was the 
next milestone in the field of ‘new phases’. 

During the same period Ekwall studied 
the mesophases previously discovered by 
McBain, in order to clear up their molecu- 
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lar architecture. He investigated mainly ter- 
nary systems of soaps, alcohols and water 
[46], describing for instance the coexistence 
of two phases in one area of a mixture of so- 
dium caprylate, decanol and water [471. 

The early sixties were golden times for 
the progress of investigation techniques in 
this field of science: the first NMR studies 
in the anisotropic media of lyotropic liquid 
crystals [48] were done, the introduction of 
the freeze fraction technique for the prepa- 
ration of electron microscopy probes (e.g., 
of cell membranes [49]) and the separation 
of different lyomesophases by centrifuga- 
tion [47] were introduced all between 1960 
and 1962. 

Since the beginning of the 20th century 
the research on liquid crystals has been 
closely connected with molecules of amphi- 
philic character. 

As early as 1910 Vorlander described the 
sodium salt of diphenyl acetic acid as a liq- 
uid crystal [50]. Much later, in 1970, Demus 
characterized its mesophase as being of the 
columnar type, which was the first descrip- 
tion of a columnar arrangement in a thermo- 
tropic liquid crystal [5  I]. 

By 1919 agaric acid was explicitly de- 
scribed to be liquid crystalline [52] and lat- 
er has been characterized as SmA [53]. 

An important example of a thermotropic 
liquid crystal possessing a columnar meso- 
phase is diisobutylsilandiol, which origi- 
nally was reported to possess an unknown 
mesophase [54]; its columnar type was de- 
termined later [55]. 

The interest in mesogens based on carbo- 
hydrates started only recently, although 
since 191 1 several reports on ‘double melt- 
ing points’ of sugar based surfactants are 
documented in the literature. For the first re- 
view on this particular field see [4]. 

Fischer reported in 1911 the double 
melting behavior of hexadecylglucopyran- 
oside [56], two years later Salway verified 

Fischers observations and extended the 
studies to steroidal glycosides [57]. In 1938 
hexadecylglucopyranoside was described 
explicitly as being liquid crystalline [58] 
by Noller and Hori extended this term to 
various other families of glycolipids [59, 
601. At this time Chemical Abstracts refused 
to use the expression ‘liquid crystal’ in their 
abstract about this reference, which may be 
the reason why the work of Hori has not been 
recognized. 

For amphotropic liquid crystals it is ob- 
vious that the so-called surfactants (includ- 
ing for example soaps) are the best investi- 
gated, as documented in two reviews [61, 
621. Therefore, an own chapter of this book 
is dedicated to that field of supramolecular 
chemistry (see Chapter VII of this volume). 
Since the lyotropic properties of this type of 
amphotropic liquid crystals are discussed 
there in detail, we focus now mainly on the 
thermotropic behavior of such compounds. 

Amphotropic behavior can be found for 
a large number of different chemical struc- 
tures. Additional information is given in 
other chapters of this Handbook. Typical 
classes of amphotropic materials are for in- 
stance classical soaps (see lyotropics), tran- 
sition metal soaps (see metallomesogens), 
viologens, quarternary amines and other 
ionic surfactants (see lyotropics), block co- 
polymers (see polymer liquid crystals), cel- 
lulose derivatives (see cellulose liquid crys- 
tals) and partially fluorinated paraffines, 
diols, peptide surfactants, lecithins, lipids, 
alkylated sugars and inositols, naturally oc- 
curring glycosides and silanols, which are 
discussed in this chapter. 

Some other compounds may also have the 
potential to possess amphotropic behavior, 
but because of too high melting points these 
properties can not be observed, for example 
polyamides such as Kevlar show lyotropic 
behavior only, and are not discussed here. 
Furthermore, one has to take into account 
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that many existing chemicals have never 
been tested for amphotropic properties. 

An example for such a compound is sol- 
anin (1, the structure in Fig. 1) which for 
many years has been reported to possess two 
different melting points [63]. Only recently 
was it shown that these two temperatures are 
the melting and clearing points of a smectic 
liquid crystal [64]. 

Other compounds which might possess 
amphotropic behavior, but which have not 
been studied hitherto, can be found within 
tannines, saponines, gangliosides, naturally 
occurring membrane components or bio- 
polymers. Also many synthetic surfactants 
have never been studied for their lyotropic 
and thermotropic liquid crystal properties. 

As a result, not all the compounds dis- 
cussed in the following are already tested 
for both, lyo- and thermomesomorphism. 
Thus, in some cases their amphotropic be- 
havior is not yet proved but nevertheless 
likely. On the other hand, it becomes more 
and more clear that the strong separation of 
both kinds of liquid crystallinity is fading 
[65] .  The amphiphilic/amphotropic com- 
pounds seem to open a view on an uniform 
field of liquid crystals, regarding both lyo- 
and thermotropic behavior of compounds 
together as one intrinsic principle of nature. 

2 

Figure 1. Molecular structure of 
solanin, 1, the poisonous compound 
in green potatoes recently proven to 
exhibit a SmA phase [63, 641. 

Principles of 
Molecular Structures 

Most liquid crystals can be classified as be- 
ing monophilic or amphiphilic in character, 
but the borderline between these extremes 
is not sharp, see Table 1. 

A comparison of the examples selected in 
Fig. 2, see also Table 2, may emphasize this 
difference. While 2 is a classical, monophil- 
ic liquid crystal, 3 with the same rigid core 
has an intramolecular contrast due to the 
perfluoration of one of its chains. This weak 
amphiphilic character leads to a higher 
stability, i.e. to a higher clearing tempera- 
ture of the mesophase (84.5 "C + 134 "C) 
exhibited by this mesogen and to a change 
in phase (nematic to smectic). The same ef- 
fect could be observed for the cholesterol 
derivative 4 which exhibits a SmA phase 
with a clearing temperature above 110 "C 
caused by its amphiphilic character. All the 
other cholesterol derivatives, monophilic in 
character, have only a cholesteric (and thus 
less ordered) mesophase with clearing 
points below 100 "C [69]. 

The thermotropic properties of ampho- 
tropic materials are determined by the equi- 
librium of the hydro- and lipophilic sections 
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Table 1. Comparison of the general properties of monophilic and amphiphilic mesogens. 

Properties Monophilic mesogens Amphiphilic mesogens 

Origin of mesomorphic Molecular shape, Intramolecular contrast, 
behavior space filling phase separation 

Molecular requirements Rod-like or disc-like shape, Geometrically separated, 
rigid central part hydrophilic and lipophilic sections 

Nematic phases 

Polymorphism 

Very common Very seldom, because phase 
separation is not possible here 

Very common, stepwise degradation 
of the order from the crystalline 

to the isotropic phase 

Seldom, normally only the least 
ordered type of a packing 

principle occurs 

Thermotropic behavior Normal Normal 

Lyotropic behavior Rarely observed Normal 

Chiral macroscopic order Common (BP, N*, TGB,) Seldom 

Disordered tilted lamellar Common (SmC) 
phases 

Seldom 

Influence of configuration 

Influence of conformation High Very small 

Determinating, normally only 
one isomer is mesogenic 

Small, normally all isomers show 
comparable mesogenic properties 

Relevance Technical applications Biological systems, membranes, 
(e.g., displays) Langmuir-Blodgett-films 

Table 2. Phase transition temperatures ("C) of three 
mesogens (2-4) different in character (see Fig. 2). 

~ 

Mesogen Cr M Is0 Ref. 

2 57.5 N 84.5 [66] 
3 64 Sm 134 1671 
4 96 SmA 114.2 [68] 

Cr = crystalline, M = mesophase, Is0 = isotropic. 

of their constitute molecules. A simple 
sketch depicting the influence of this equi- 
librium on the types of mesophases devel- 
oped by such substances is shown in Fig. 3; 
this behavior is similar to the concentration 
dependent lyomesomorphic properties of 
surfactants. 

In order to exhibit amphotropic proper- 
ties, liquid crystals require low melting 

points and a suitable polar/apolar ratio of 
their molecular parts. Thus, this group of 
mesogens is a subset of amphiphiles show- 
ing also lyotropic properties. 

In the case of a balanced relation between 
the different molecular parts a SmA phase 
is observed. Excessive space demand of one 
of these parts results in the formation of a 
columnar mesophase or, in extreme situa- 
tions, even in discontinuous cubic meso- 
phases. Bicontinuous cubic mesophases 
may occur in the area between the SmA and 
the columnar regions. 

For pure unbranched paraffins which, of 
course, are monophilic in character, a dense 
packing of the SmB type of phase (rotator 
phase) is observed. 

A pure amphiphilic compound resembles 
a vertical line in the sketch of Fig. 3, thus, 
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normally it only exhibits one mesophase. 
Unusual geometries of the hydrophilic 
headgroup may lead to a deviation from that 
vertical orientation, thus, in exceptions even 

I 

I 

Figure 2. Examples for the influence of differences 
in polarity of the molecular mesogen structures 2-4: 
whereas the monophilic ester 2 forms a nematic mes- 
ophase [66], the related amphiphilic compound 3 is 
smectic [67]; the amphiphilic cholesteryl derivative 4 
exhibits a smectic mesophase on heating [68] in con- 
trast to simple, nonamphiphilic cholesteryl com- 
pounds which are cholesteric [69]. 

polymorphism with two or three different 
mesophases can be observed. 

In case of comparable sizes of the head- 
group and the lipophilic part, more dense 
packings of the molecules in the meso- 
phases may occur leading to higher ordered 
liquid crystals (e.g., to a SmB phase). 

Addition of paraffinic or protic solvents 
shifts the system to the left or right side, re- 
spectively, in the scheme of Fig. 3. Thus, re- 
garding the concentration gradient (a hori- 
zontal line in the sketch) one compound in 
different compositions, in principle, can 
show all the mesophases mentioned there. 

2.1 Simple Amphiphiles 

The term 'simple amphiphile' describes the 
principle of molecular constitution of com- 
pounds which will be discussed in this sec- 
tion. The simplest molecular architecture of 
an amphiphile consists of a hydrophilic 
group connected to a lipophilic substructure 
as shown in Fig. 4. 

'1 Is0 

Alkanes Amphiphile H 2 0  

Figure 3. Sketch of the principal phase behavior of amphiphilic compounds. Usual amphiphiles are represent- 
ed by a vertical line in this scheme; they exhibit only one type of mesophase. Extreme geometries of one of their 
molecular parts or the addition of solvents (linear alkanes or water) may lead to a deviation from the vertical or- 
ientation of that line, thus, amphiphilic compounds in such situations may form various types of liquid crystal 
phases: T =  temperature, SmB phase (rotator phase), Cub,,, and Cub,, =cubic discontinuous or cubic bicontinu- 
ous phases, respectively, Col,, = columnar hexagonal phase, Is0 = isotropic phase. 
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isotropic 
B 

hydrophilic lipophilic 
headgroup tail 

Figure4. Schematic drawing of the structure of a 
monotailed amphiphile. Very often, its polar head con- 
tains several hydroxyl groups whereas the lipophilic 
part, for example, is an alkyl chain. 

hydrophilic 
area 

hydrophobic 
area 

hydrophilic 
area 

Figure 5. Schematic representation of the architec- 
ture of a bilayer SmA phase of intercalated amphiphil- 
ic molecules. 

Amphiphiles of this type, thermotropical- 
ly, form most often layered mesophase 
structures with different arrangements of 
the molecules within their layers. In these 
layers the molecules are arranged in such a 
way that the hydrophilic heads point to- 
wards each other as, similarly, the hydro- 
phobic tails do. This special type of smec- 
tic arrangement is called bizayered because, 
on average, each layer in the direction of the 
layer-normal consists of two molecules. The 
notation of this phase type is often done by 
adding a subscript 2 to the appropriate in- 
dex, that is SmA, for the smectic A bilay- 
ered phase type. A schematic representation 
of such an arrangement is shown in Fig. 5.  

Often, the layer distance in such meso- 
phases is not twice the molecular length but 

Figure 6. The principal phase behavior of mono- 
tailed amphiphiles given by the clearing temperature 
T vs. the chain length n of the lipophilic molecular 
part. With increasing chain length liquid crystallinity 
appears (region A), reaches a maximum stability (pla- 
teau B) ,  and vanishes (region C) in the case of very 
long substituents. 

less. This might be due to a tilt of the mole- 
cules with respect to the layer normal result- 
ing in a SmC type of phase, but the same ef- 
fect may occur because of an interdigitation 
of molecular parts. Such an interdigitation 
is indicated by the subscript d in the index 
of the phase notation, SmA,. With regard 
to amphotropic liquid crystals, this SmA, 
phase is by far the most observed type of 
phase, whereas SmC, SmA, and SmA, phas- 
es are found only rarely. 

For the arrangement of molecules within 
the layers the usual notation is used: in the 
SmA phase the molecules have no two-di- 
mensional order within their layers, in the 
SmB phase the molecules within their layers 
are set in a hexagonal arrangement, charac- 
teristically in the SmC the molecules are tilt- 
ed with respect to the layer normal but pos- 
sess no other degree of order. An interest- 
ing fact is that the smectic phases of such 
amphiphiles are not miscible with the me- 
sophases of the same type of nonamphiphil- 
ic smectic mesogens. 

The general phase behavior of mono-tailed 
amphiphiles is shown in Fig. 6. Starting at a 
certain chain length of the lipophilic part of 
the molecule, a thermotropic smectic phase 
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Figure 7. Phase transition temperatures of the fluor organyl series F(CF,),,(CH,),,H (type 5) over the length of 
their alkyl part [74, 76, 771. 

occurs. With increasing chain length the 
stability of this mesophase enhances rapidly 
(see Fig. 6, region A ) .  The maximum clear- 
ing temperature is observed for a chain length 
appropriate to the size of the hydrophilic 
headgroup (plateau in region B ) ;  for simple 
monotailed monosaccharides the optimum is 
reached with n= 16 (i.e., hexadecyl). Further 
increase of the chain length of the lipophilic 
part leads to a decrease of the clearing tern- 
perature. Thus, the equilibrium between the 
hydrophilic and the lipophilic parts of the 
molecules determines the liquid crystalline 
behavior. Principally, the occurrence of liq- 
uid crystallinity in such amphiphiles can be 
compared to the miscibility gap of, for exam- 
ple, glycerol and alkanes. In the region where 
separation occurs in such two component 
systems, mesomorphic properties are ob- 
served in case of chemically linked multiol- 
alkyl amphiphiles; since they can not separ- 
ate, macroscopically, 'microphase separa- 
tion' takes place leading to the formation of 
liquid crystalline mesophases. 

Lyotropically, several arrangements of 
their supramolecular aggregates (forma- 
tions of layered, columnar and cubic phas- 
es) are observed for the simple amphiphilic 
type of molecules. 

One way of synthesizing a simple aliphat- 
ic carbon compound amphiphilic in charac- 
ter results from the combination of a poly- 
fluorinated alkyl group with a normal alkyl 
chain yielding F(CF,),(CH,),H. Several 
studies on such amphiphiles with perfluoro- 
carbon segments have been published 

An overview of the transition tempera- 
tures of series 5 consisting of one F(CF,),, 
end and a hydrocarbon residue of variable 
length is given in Fig. 7 and in Table 3 .  

In the low temperature phase the fluori- 
nated parts of these molecules are helically 
arranged whereas the hydrocarbon parts dis- 
play a trans-planar conformation [74]. Ra- 
man spectra show that the hydrocarbon seg- 
ments are loosely packed in a hexagonal 
structure as observed for alkanes in the ro- 
tator phase. This implies that the hydrocar- 
bon segments of these compounds are not 
packed closely as in the polyethylene lat- 
tice, they are separated enough from each 
other allowing motionh-otation around their 
axis [70]. Above the transition temperature 
of compounds with n = 4 -  12 the fluorocar- 
bon segments remain ordered whereas the 
hydrocarbon chains in this high temperature 
phase become disordered [74] leading to a 

[ 70 - 761. 
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Table 3. Phase transition temperatures ("C) of multifluoroalkane amphiphiles (5a-j and 6). 

Amphiphile Perfluorodecyl- Cr Sma Is0 Ref. 

5a ethane 71.0 - 0 [741 
5b butane 40 76.0 0 [741 
5c hexane 44 79.0 0 [741 
5 d  octane 51 82.0 0 1741 
5e decane 66 84.0 0 [741 
5f dodecane 80 89.0 0 [741 

tetradecane 90 93 0 [761 
5h hexadecane 94 - 0 [761 
5g 

5 i  octadecane 97 - 0 ~761 

5.i 
6 Perfluorodecyldecane 38 SmB 61 0 [711 

eicosane loob - 0 174,761 

a The mesophase of 5b-g was characterized in reference [77] as smectic. 
This melting temperature depends on the thermal history of the sample. 

smectic phasetype. It has to be quoted from 
literature that this phase transition is often 
denoted a solid-solid transition [70,72-761 
although, for example, 13C NMR spectra 
show that the 'hydrocarbon segments have 
already gained a nearly liquid-like gauche/ 
trans ratio' [76]. 

Some years after liquid crystalline pro- 
perties were described for the (perfluoro- 
decy1)decane 6 [7 11, the mesomorphic na- 
ture of the phase exhibited by 5 e  and 5f 
at temperatures above their 'solid-solid 
transitions' were also recognized [77]. In 
case of 6, polarizing microscopy and X-ray 
experiments prove the existence of a SmB 
mesophase in the temperature range 
38-61 "C, see Table 3. 

A different thermal behavior is observed 
for those examples in which the hydrocar- 
bon chain length exceeds the length of the 
fluorocarbon part. Here, no phase transi- 
tions other than that to the isotropic liquid 
occur at elevated temperatures. Indeed, in 
case of 6, F(CF2)12(CH2)16H, the thermally 
induced molecular motion of the long hy- 
drocarbon chain is comparable to that 
of short chained examples at room tem- 
perature, shown by Raman spectra, for 

example, F(CF2),2(CH2)8H compared to 
F(CF2) 12(CH2) 1 gH [741. 

Generally, the miscibility of fluorocarbon 
and hydrocarbon molecules is very poor 
[76]. This fact is seen as one reason for the 
'microphase separation' discussed above. 
However, mixtures of semifluorinated com- 
pounds with hydrocarbon solvents [72] or 
fluorocarbon solvents [76] form opaque, bi- 
refringent gels [72] which are highly vis- 
cous and have been suggested to consist of 
interdigitated crystallites enclosing large 
amounts of solvent [76] between the layers 
of the perfluoralkyl segments. It has also 
been shown [76] that micelle formation oc- 
curs in nonwatery systems offering the way 
to many interesting supramolecular assem- 
blies. Thus, semifluorinated compounds act 
like tensides in water: they are surface ac- 
tive compounds with various types of mi- 
cellar associates. 

More complex molecules are those carry- 
ing functional (e.g., hydroxyl) groups or 
other headgroups; such compounds have 
been studied in a great number, see some re- 
views [4, 7, 9-11]. 

Examples of the simplest class of them 
are the 1,2-dihydroxyalkanes 7a-h [78, 
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Table 4. Phase transition temperatures ("C) of selected alkane-1,2-diols, 7a-h [78, 791. T,, =clearing temper- 
atures of these compounds saturated with water (50 wt%), ( ) =monotropic mesophases. 

Compound Alkane- 1,2-diol Cr SmB SmA Is0 Tr, Ref. a 

7a  
7b 
7c 
7d 
7e 
7f 

7h  
7g 

octane- 
nonane- 
decane- 

undecane- 
dodecane- 
tridecane- 

tetradecane- 
pentadecane- 

27 ( 0  -4 16) 
26 { *  12 25)  
46 ( 0  31 35) 
49 ( 0  42)  - 

58 ( *  50) - 

61 ( 0  57)  - 

63 ( 0  60)  - 

68 ( a b  65)  - 

39 
63 
72 
77 
80 
80 
76 
86' 

a In reference [78] the temperatures are given in K. 

only the SmB phase [78], therefore, we feel it reasonable also to expect this type for 7h. 
In reference [79] it is classified only as smectic. Since the longer chained members 7d-g of this series exhibit 

This temperature value is the maximum clearing temperature in a contact preparation of 7 h with water. 

OH 7 

Figure 8. Structure of 1,2-dihydroxyalkanes (7, 
R = alkyl). Thermotropically, these diols exhibit 
layered phases of the SmA and SmB type [78]. 

791, shown in Fig. 8. These carbinols are 
amphotropic, that is they exhibit both types 
of mesomorphism (thermotropic as well as 
lyotropic) [78-8 I]. 

The ethylene glycol derivatives exhibit 
their thermotropic mesophases only mono- 
tropically, see Table 4; interestingly, their 
mesomorphic phase range can be stabilized 
remarkably by addition of water. In the lat- 
ter case, the clearing temperature increases 
whereas the transition temperature of the 
SmB-SmA transition decreases. The authors 
conclude, here, that the formation of hydro- 
gen bonds between adjacent molecules is re- 
sponsible for their mesophase formation [78]. 

By 1972 the thermal properties of mono- 
alkylated glycerols (e.g., l-alkoxy-2,3- 
propandiol) had been investigated [82] of 
which the mesophase was later identified as 
smectic [79]. 

The extension of the a-diol type, shown 
in Fig. 8, by insertion of a rigid, rod-like 

Figure 9. Molecular structure of the hybrid amphi- 
phile 8 and the nonamphiphilic, ordinary calamitic 
phenylpyrimidine 9 1831. 

Table 5. Phase transition temperatures ("C) of the 
two phenylpyrimidine derivatives 8 and 9 (see Fig. 9). 

Compound Cr SmA N Is0 Ref." 

1831 8 94 - 

9 49 52 66 [83,841 

In reference 1831 the temperatures are given in K. 

phenylpyrimidine unit is illustrated in Fig. 9 
[83], yielding the new 1,2-diol 8 of which 
the hydrophilic head is linked to it by a 
propyloxy spacer. Opposite this phenyl 
substituent an alkyl chain is attached as the 
flexible lipophilic part of the molecule. The 
nonamphiphilic analogue 9 without the hy- 
droxyl groups, a typical calamitic liquid 
crystal, is also known. Thus, a direct com- 
parison of these two compounds is possible 
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showing that the incorporation of, for in- 
stance, hydroxyl functions into a liquid 
crystalline molecule leads to remarkable 
changes of its mesomorphic behavior. 

In contrast to 9 which exhibits a SmA and 
a nematic mesophase on heating, the lyo- 
tropic 8 is thermotropically not liquid crys- 
talline. After two solid-solid transitions the 
diol 8 melts at 94°C directly into the iso- 
tropic liquid. The thermotropic data of both 
compounds are given in Table 5 .  

Addition of water to the amphiphile 8 in- 
duces several lyomesophases. With growing 
water content N, SmA, and SmC mesophas- 
es are observed [83]. Fig. 10 shows the 
phase diagram of 8 with water [83]. The up- 
take of water into the liquid crystalline phase 
is limited to 10 to 20 water molecules per 
diol molecule. This is slightly more than for 
other diol amphiphiles where the thermo- 
tropic mesophases could be stabilized by ad- 
dition of water and where the amount of wa- 
ter in the mesophases is also limied [85,86]. 

The binary system of 8 and water has sev- 
eral eutectica and its melting temperature as 
well as that of the upper solid-solid transi- 
tion (Cr, -+ Cr,) decreases with growing 
amounts of water, however, the lower sol- 
id-solid transition (Cr, +Cr2) remains con- 
stant. With growing water concentration the 
Cr, phase is replaced by the N mesophase 
which occurs in a very narrow concentra- 
tion range from 1 to 2 wt% of water in the 
mixture (see Fig. 10). This was the first ob- 
servation of an inverse nematic N,, phase 
in a binary system of an amphiphile with wa- 
ter [83]. At higher water concentrations la- 
mellar phases occur: at first, starting at 
2 wt% of water, the SmA and then, above 
3 wt% of water, the SmC type of lyomeso- 
phase. The clearing temperature of the SmA 
phase increases with growing water concen- 
tration until about 16 wt% of water above 
which it remains constant. For the first 
time, the inverse phase sequence Cr -+ N -+ 

SmA -+ SmC was observed here in lyotrop- 
ic systems of this type of binary mixture 
[83]. The authors discuss three different 
models for the possible architecture of its 
nematic phase [83]: 

- The nematic phase could represent the 
first example of an inverse nematic N,, 
phase, because it appears in the concen- 
tration range between the crystalline 
phase and the lamellar mesophases. In 
this case, the mesogenic structures would 
consist of small and flat, disc-like su- 
pramolecular units in which the mole- 
cules cling together by cooperative hy- 
drogen bonds between their headgroups 
whereas their lipophilic tails point out- 
wards of these associates. The geometry 
of this phase is similar to the N, phase in 
thermotropic liquid crystals. 

- The nematic phase could consist of line- 
ar associations which are formed by hy- 
drogen bonds between the diol groups. 
The formation of large hydrogen bond 
networks in the phase is hindered because 
of the small amount of only about 
1.5 wt% of water. 

- The nematic phase could occur because 
the hydrogen bond interactions between 
the diol groups are disturbed by the nitro- 
gen atoms of the heteroaromatic ring, al- 
so hydrogen bond acceptors; a molecular 
situation which disfavors the formation of 
bilayers. In the water-free state the crys- 
talline phase is so stable that the (mono- 
tropic) nematic phase is, so to speak, hid- 
den in the crystalline phase and could not 
develop due to rapid recrystallization 
during cooling. The addition of small 
amounts of water decreases the melting 
temperature and the nematic phase gets 
more stable than the crystalline state. 

Owing to the very tiny concentration 
range, it is difficult to investigate this ne- 
matic phase in detail [83]. 
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Figure 10. Phase diagrams of the binary mixture of 8 and water 1x31. The lower drawing shows a detailed, en- 
larged section of the upper diagram; cr,. crz, cr,=different crystalline phases, s:, Sd=smectic phases, N=ne- 
matic phase, W=water, is=isotropic phase, for further details see [83]. 

Figure 11. Hexadecyl-P-D-glucopyranose [56] ,  see Table 6 
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A more complex and larger headgroup is 
found in the family of monotailed glucopy- 
ranosides 10a-1 of which the phase transi- 
tion data are compiled in Table 6. In this se- 
ries, the hexadecylglucopyranoside 10k, 
shown in Fig. 11, is of historical interest. 
From our viewpoint today, it is one of the 
longest known amphiphilic mesogens: in 
191 1, E. Fischer already described the be- 
havior of this amphiphile [56]. Although the 
phenomenon of liquid crystallinity has been 
known since about 1890 [87, 881 it was not 
until 1938 that the thermotropic mesomor- 
phic character of this multiol(10k) was dis- 
covered [58]. This compound is, so to speak, 
the prototype of amphiphilic (and ampho- 
tropic) liquid crystals of the great family of 

CH,OH 

hydrophilic lipophilic 
headgroup tai 1 

Figure 12. Schematic representation of three differ- 
ent lyomesophases, lamellar, cubic, or columnar hex- 
agonal in type [97]. 

monotailed carbohydrate liquid crystals. 
Their hydrophilic headgroup consist of the 
carbohydrate moiety and their alkyl chain 
represents the lipophilic part of this amphi- 
phile. In the meantime, a long homologous 
series of this family of carbohydrate deriv- 
atives has been studied. Some of them have 
gained great interest and are commercially 
available due to their ability to act as biode- 
tergents, for example, for the solubilization 
of membrane proteins [89]. 

The general interest in this particular field 
of amphotropic liquid crystals is represent- 
ed in several review articles [4, 7, 9-11]. 

Whereas the stability of the crystalline 
phase of members of series 10 remains 
roughly constant (their melting points devi- 
ate only in a temperature range of about 
30 K), the behavior of the liquid crystal into 
isotropic phase transition is more complex. 
Their clearing temperatures rise with in- 
creasing length of the alkyl chain up to a 
maximum clearing temperature at the tetra- 
decyl derivative. Afterwards they drop 
again and the longest (tridecyl) member of 
this family is no longer thermotropically liq- 
uid crystalline. 

Table 6. Phase transition temperatures of various P-glucopyranosides (10a-1) and of one selected a-glucopy- 
ranoside (lorn). 

Structure Compound R Cr SmA Is0 Ref. 

10a-1 

10a 
10b 
1oc 
10d 
10 e 
10 f 
1% 
10h 
1Oi 
10 j 
10k 
10 1 

the a-anomer 10m 

C2H5 

C6H13 

C7H15 

C9H I 9  

C11H23 

1 ZH25 

14H29 

C,6H33 

C18H37 

C12HZ5 

C4H9 

CIOHZI 

73 
66-67 
88-91 
X 

67.07 
68 
70.26 

80.4 

81.5 
81.5 

81.4 

X 

X 

85 a 

106.38 
113 
133.53 
139a 
144.9 
155 
147.5 
120 

149.5 

a In reference [92] this temperature is given in K. 
X =  this temperature is not given in the literature. 
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Figure 13. Molecular structure of the dodecyl glucofuranoside 11, Both, the a- and p-anomer have been stud- 
ied in their pure states [94]. 

Table 7. Phase transition temperatures of the a- and P-anomers of 1-0-dodecyl glucose with a pyranosidic and 
furanosidic headgroup, respectively (see Figs. 11 and 13). 

Sugar 
~~ ~~ 

Compound Cr SmA Is0 Ref. 

a-D-Glucopyranoside 10m 81.4 149.5 L941 
fi-D-Ghcopyranoside 10i 80.4 144.9 WI 
a-D-Ghcofuranoside l l a  69.5 114.2 P41 
0-D-Glucofuranoside l l b  14.4 147.8 P41 

The lyotropic behavior of these carbohy- 
drate derivatives has been studied very care- 
fully [96]. It follows the classical sequence 
of mesophases established for the ionic de- 
tergents such as soaps. In contact prepara- 
tions of 1-0-octyl-P-D-glucopyranoside 
(10e) with water at room temperature three 
types of lyomesophases are observed (from 
high to low amphiphile concentration): la- 
mellar, cubic and columnar hexagonal, their 
principal structures are depicted in Fig. 12. 

To explore the relationship between mo- 
lecular structure and properties of this type 
of mesogens in detail several modified 
structures, different in their hydrophilic 
headgroups, have been synthesized and 
their mesogenic properties investigated 

For example, the glucopyranoside has 
formally been replaced by the furanoside as 

1981. 

Ho 1 

OH 11 

Figure 14. Molecular structures of the two anomer- 
ic amphipiles 12 and 13 with each the bicyclic glu- 
cofuranosidurono-3,6-Iactone headgroup 1991. 

depicted for the dodecyl glucofuranosides 
l l a  and 11 b i n  Fig. 13 [94]. The properties 
of both families 10 and 11 (see Table 7) are 
quite similar causing the authors to conclude 
that the increased flexibility of the five- 
membered furanose ring compared to the 
more rigid one of the pyranose is not low- 
ering the stability of the mesophase 1941. 
This phenomenon is generally valid for am- 
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12 13 OH 

Table 8. Phase transition temperatures ("C) of the 0- 
alkyl-~-glucofuranosidurono-3,6-lactone series 12 
and 13 [99]. 

Compound Alkyl,R Cr SmA Is0 

12 a octane- 71.8 { *  41.6) 
12b nonane- 77.4 [ *  70.9) 
12c decane- 82.4 90.9 
12d undecane- 86.8 104.9 0 

12e dodecane- 89.5 116.0 

13 a octane- 91-92" - 0 

13b nonane-b 91.1 - 0 

13c decane-' 94.8 - 

13 e dodecane-b 95.8 - 

{ } = monotropic mesophases. 
a This temperature range was measured by polarizing 
microscopy. 
' Solid-solid transition temperature given in the lit- 
erature is skipped here. 

phiphilic liquid crystals: the rigidity of 
molecules is not as important as it is for clas- 
sical calamitic liquid crystals. The a-ano- 
mer of the furanosidic glucose possess a 
lower clearing temperature then the pano-  
mer. Whereas this effect is rather small in 
case of the glucopyranosides, the clearing 
temperatures of furanosides display a dif- 
ference of up to 30 K. However, an expla- 
nation for this sterical influence could not 
yet be given by simple models. 

An interesting variation of the furanosid- 
ic headgroup is realized in the amphiphiles 
12a-e [99] shown in Fig. 14. These 1-0-  
alkyl-D-glucofuranosidurono-3,6-lactones 
consist of a lipophilic tail joined to a bicy- 
clic headgroup which, in comparison to 
those already discussed, is more rigid and 
space demanding. 

a) R=C8H17 

b, = c9H19 structure 
C) R=CioHzi 
d) R = c ~ ~ H ~  

Figure 15. Basic molecular 

of some O-alkyl-N-(2-hydrox- 
e) R = CI2HZS yethy1)-P- 

D-glucofuranosiduronamides 
P91. 

The phase transition temperatures of the 
two 0-alkyl series 12 and 13 are given in 
Table 8 [99]. Whereas the 2,5-diols of the 
fi-anomers 12a to 12e are thermotropically 
liquid crystalline each exhibiting a SmA 
phase either monotropically (12 a and 12 b) 
or enantiotropically (12c to 12e), the whole 
a-series 13 is thermotropically not liquid 
crystalline. The clearing temperatures of se- 
ries 12 are related to the length of the alkyl 
chains in the usual way: their clearing tem- 
peratures rise with increasing chain length. 
A possible explanation for the absence of 
thermomesogenic properties of series 13 
(compared to series 12) could be their more 
stable crystalline phases covering the pos- 
sible mesophase [99]. 

The isotropic melts of members of series 
13 can not be supercooled very much: crys- 
tallization occurs just below their melting 
points. Moreover, the anomeric configura- 
tion probably prevents the formation of 
strong intermolecular hydrogen bond net- 
works and an efficient intercalation of the 
alkyl chains [99]. These examples clearly 
demonstrate the importance of phase stabil- 
ity and stereochemistry for the formation of 
mesophases among these amphiphiles and 
prove, for instance, the effect that a simple 
change at one chiral center can have on the 
thermotropic behavior of members of both 
anomeric series. 

The solubility of the humpbacked lac- 
tones 12a-e in water is very low (less than 
1 mM at 60 "C in the case of 12e) [99]; in 
this respect, no comparison has been made 
with regard to the structurally stretched ster- 
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antibiotic derivatives of 1 -deoxynojirimy- 
cin. Here, the pyranosidic oxygen atom of 
glucose is substituted by nitrogen allowing 

I 
14 OH 

eoisomers 13. The essential stereochemical 
differences between l2 and l3 have 
been considered with regard to their ther- 

Table 9. Phase transition temperatures ("C) of the 0- 
alkyl-N-(2-hydroxyethyl)-~-~-glucofuranosiduron- 

not amides 14a-c [99].The typeofmesophase(M)exhib- 
ited by them was not determined explicitly. 

motropic behavior. It is surprising that the 
more bowl-shaped examples of 12 are ther- 
momesomorphic whereas those of the more 14a decyl- 39-41 83-85 
linear ones of 13 are not. The cleavage of 14b undecyl- 38-41 108 

14c dodecyl- 58-60 133 the lactone ring in 12 with 2-aminoethanol 

Compound Alkyl,R Cr M Is0 

leads to members of the corresponding se- 
ries 14 which possess a more hydrophilic 
headgroup (see Fig. 15). Their liquid crys- 
talline properties are summarized in Ta- 
ble 9. 

Further modifications of the hydrophilic 
headgroup of such cyclic multiols have been 
realized. For example, the introduction of a 
pyranose ring in which the ring-oxygen 
atom is replaced by nitrogen offering for the 
first time the possibility of substitution at 
this particular position of the cyclic head- 
group of an amphiphile (see Fig. 16) [ 1001. 

The thermal data of these interesting N- 
alkylated I-deoxynojirimycin derivatives 
15 are summarized in Table 10. It is note- 
worthy to stress that these compounds are 

ing. Furthermore in contact preparations with 
water, the long chained tetrols, 15e-h, de- 
velop lyotropic mesophases of layered, cu- 
bic, and columnar hexagonal architectures. 

In order to investigate the influence of the 
position of the alkoxy chain at the hydro- 
philic headgroup on the mesomorphic prop- 
erties of such monotailed carbohydrate liq- 
uid crystals, two research groups systemat- 
ically varied the structure of two series of 
model compounds (16 and 17) [9, 1011. 

Comparing the transition temperatures of 
the ten pentols 16a-e and 17a-e, shown in 
Fig. 17, there is a strong dependence of their 
melting temperatures on 

biologically active [ 1001: they possess anti- 
biotic properties and inhibit various gluco- 
sidases. Several patents on antiviral effects 
of 1-deoxynojirimycin derivatives on HIV 
and other retroviruses have been registered. 

- the position of this (lipophilic) alkyl ether 

- the fixed stereochemistry of the hydro- 
function, and on 

philic headgroups. 

As expected for single-tailed rod-shaped 
amphiphiles, four of the investigated eight 
1-deoxynojirimycin derivatives 15a-h ex- 
hibit an interdigitated SmA phase on heat- 

On the other hand, the clearing tempera- 
tures of at least three mono-ethers of each 
series 16 and 17 (16b, 16c, and 16e as well 
as 17a-c) are very similar, at around 141 or 



322 VI Amphotropic Liquid Crystals 

Table 10. Phase transition temperatures ("C) obtained by DSC of eight N-alkyl derivatives of l-deoxynojiri- 
mycin [IOO]. 

Structure Compound R Cr SmA Is0 

CHzOH 15 a methyl 
15b ethyl 

H 0 e . R  15 c phen ylethyl 
OH 15 d cinnamyl 

15a-h 15e nonyl 
15f decyl 
15 g dodecyl 
15h tetradecyl 

0 151.0 
0 153.4 
0 179.7 
0 161.4 
0 105.6 
0 88.3 
0 98.1 
0 101.9 

- 0 

0 149.5 
0 155.3 
0 164.6 
0 166.7 

CH20H This relationship can also be detected in 
the sugar series 16, e.g., considering 16c. Of 
much lower molecular symmetry but very 
similar constitution are in this heterocyclic 
series both 16a and 16d showing almost 
the same melting and clearing temperatures 
and also the broadest and most stable SmA 

HO-+-?+R HO 
OH 15 

derivatizations of the hydrophilic head group at this 
particular position of the heterocycle [ 1001. 

Figure 17. Plot of the phase transition temperatures, 
obtained by DSC or polarizing microscopy, against 
the structure of each five mono-dodecyl ethers of the 

220 "C, respectively. As, in particular, can 
be seen in the bottom part of Fig. 17, rela- 
tively small structural/sterical changes at 
the inositol ring cause dramatic changes in 
the melting temperatures of these amphi- 
philes. 

For instance, the formal migration of the 
dodecyloxy group around the cyclohexane 
ring, away from the axial hydroxy function 
changes drastically the liquid crystalline 
properties of these natural product deriva- 
tives. Their melting points rise by about 
90 to 123 K. Interestingly, the arrangements 
of the substituents in 17b and 17c of this 
carbocyclic series possessing the weakest 
molecular symmetry give rise to the forma- 
tion of very broad, stable SmA phases with 
almost the same clearing temperatures. The 
three mono-ethers of highest molecular 
symmetry (17a, 17d, and 17e), however, do 
not or nearly not exhibit a mesophase due to 
their very high melting points. 

phases. 
Thus, symmetry of these molecules is an 

important factor for their thermotropic 
properties: the higher their symmetry the 
more stable is the crystalline phase or the 
less probable is the appearance of a thermo- 
tropic mesophase. 

Another way of varying the molecular 
structure of such amphiphiles is the modifi- 
cation of their lipophilic part by formal sub- 
stitution of an alkyl chain by an 4-alkylphe- 
nyl group [102a], see 18 and 19 in Fig. 18, 
or by an 4-alkoxyphenyl group [ 102 b]. The 
phenyl ring makes the sidechain more rigid. 
It was found here, that this structural feature 
increases the transition temperatures, in par- 
ticular, the melting points of the a-series 18. 

Since a phenyl group is equal to about 
four to five methylene groups in length a 
correspondence of the temperature incre- 
ments with regard to simple alkyl glucosides 
(e.g., series 10) is discussed [102a]. For all 
of the six 4-alkylphenyl glucopyranosides 
of the series 18 and 19 investigated, lyotrop- 
ic mesomorphism has been observed at 
room temperature. In contrast, this is not 
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two series of D-glucopyranose [I011 (top) or myo -I 
scyllo-inositol [9] (bottom). Obviously, the appearance of the mesophase on heating is determined by their rel- 
ative molecular symmetry originating from the different localization of the ether group in both series, hetero- or 
carbocyclic, respectively, in their molecular structures; Cr = crystalline, SmA = smectic A phase, Is0 = isotropic 
liquid. 
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HOCH2 

H % & q  H;S&o*R OH 

18 H G + R  19 

Figure 18. Molecular structures of the 4-alkylphenyl a- and P-glucopyranosides 18 and 19 [102a]; R=C,H,, 
C&, or C7H15. 

HOCH2 

"OH* 
OH O y  

20 0 

Figure 19. Molecular structure of the 4-alkyl umbel- 
liferyl /?-~-glucoside derivatives 20 [103]; R=C,H,,, 
C,H,,, or C,,H,,. 

Table 11. Phase transition temperatures ("C) ob- 
tained by DSC of the three derivatives 20a-c of 
umbelliferyl 0-D-glucoside (see Fig. 19). 

Tetrol Alkyl, R Cr SmA Is0 

20a C,H,, 107.2 - 0 

20b C,H,, 163.2 { a  158.8) 
20c C,,H,, 163.4 198.0 

{ ] = monotropic mesophase. 

the case for short chained alkyl glucosides 
(chains shorter than nonyl) [ 102 a]. 

In conclusion it is emphasized that the in- 
troduction of a rigid phenyl group does not 
significantly affect the liquid crystalline 
properties, only the transition temperatures 
rise [102a]. 

Studies of the mesomorphic properties 
of 4-alkoxyphenyl-~-~-glucopyranosides 
[ 102bl reveal that these amphiphiles form a 
SmA phase on heating. Lyotropically, the 
usual phase sequence for single tailed car- 
bohydrates (isotropic, columnar hexagonal, 
cubic, and lamellar with decreasing water 

concentration) was found [ 102 b]. Further- 
more the nonyloxy derivative forms long 
ribbons in dilute aqueous solutions [ 102 b]. 

Another series of carbohydrate liquid 
crystals incorporating a rigid group in their 
lipophilic part of the mesogen is shown in 
Fig. 19; the phase transition data of these 
umbelliferyl derivatives 20 [ 1031 are given 
in Table 11. The middle part of these gluco- 
sides consists of a flat, rigid coumarin unit 
which is linked to a hydrophilic tetrol (D- 
glucopyranose) and a lipophilic, aliphatic 
tail. Due to the location of the alkyl chain 
(4-position of the lactone ring) the overall 
molecular shape is somewhat bent, hump- 
backed in the region of the carboxylic group. 
In spite of this steric situation these coumar- 
in derivatives can obviously exist in a con- 
formation which is stretched enough and 
allow mesogenity [ 1031. 

2.2 Bolaamphiphiles 

The term bolaamphiphile [104, 1051 de- 
scribing the shape of this class of mesogens 
very pictorial: it is related to the South 
American hurl weapon consisting of two 
stones or leather balls linked by a rope. 
Bolaamphiphiles consist of two hydrophil- 
ic headgroups at both ends of the lipophilic 
section of the molecules. 

Formally, one could compare the struc- 
ture with two simple amphiphiles (see 
Fig. 4) which are linked at the ends of their 
lipophilic parts. The principal structure of 
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hydrophilic lipophilic hydrophilic 
headgroup Pan headgroup 

Figure 20. Schematic drawing of a bolaamphiphilic 
molecular structure. The polar heads consist, for ex- 
ample, of cyclic or acyclic multiols or carbohydrate 
substructures which are separated by an alkyl chain. 

such bolaamphiphiles is sketched in Fig. 20. 
For instance, the polar headgroups may each 
be formed by a diol substructure [80, 811 or 
by carbohydrate moieties [ 1061. As expect- 
ed, these compounds form layered SmA or 
SmC phases on heating: see the remark upon 
the nomenclature used here [107] and the 
note with regard to the Lp,-phase in sec- 
tion 3, General Phase Behavior, at the end 
of this chapter. In contrast to single tailed 
simple amphiphiles forming bilayers, for bo- 
laamphiphiles monolayers are characteristic. 

Since bolaamphiphilic molecules form 
hydrogen bond networks at both of their mo- 
lecular ends the stability of their mesophase 
is remarkably increased compared to simple 
amphiphiles of half the length. 

The a,w-bisdiols 21 depicted in Fig. 22 
are characteristic examples of this kind of 
amphiphile. Both ends of the molecules car- 
ry a hydrophilic, vicinal bisdiol unit. Except 
for the one with the shortest alkyl middle 
section (21a, n=4),  all these multiols are 
thermotropic liquid crystalline showing at 
least a SmC phase [SO, 81, 1081. The ther- 
motropic phase transition temperatures of 
members of this amphiphilic family are 
compiled in Table 12. Multimesomorphism 
is observed here for examples of which 
n 2 1 1; their SmC phase is followed by a nar- 
row (1-5 K broad) SmA phase on heating. 
The mesophase stability increases with 
growing length of the alkyl spacer. X-ray in- 
vestigations show that in the low tempera- 

Figure 21. Schematic drawing of a SmA phase built 
up by monolayers of bolaamphiphiles. 

21 

Figure 22. Molecular structure of members of the 
bolaamphiphilic family 21 [IOS]; n 24, see Table 12. 

ture smectic phase the alkyl chains are tilt- 
ed by 28" with respect to the layers of the 
hydrogen bond network, hence, this meso- 
phase is of the SmC type. The authors sug- 
gest a model of the molecular interactions 
on the basis of their experimental data and 
assume that the primary OH-groups interact 
with the secondary OH-groups of adjacent 
molecules by hydrogen bond formation 
leading to a tilt angle of about 30" [ 1081. In 
the high temperature phase, SmA, the alkyl 
part between the hydrophilic ends is liquid- 
like, unordered, and untilted. Owing to the 
big difference in the molecular order the 
transition between both smectic phases is in- 
dicated by relatively large transition en- 
thalpies between =10 and =40 kJ mol-'. 
Since the melting of the polymethylene 
chains is accompanied by a reorganization 
of the hydrogen bond network, the energy 
for this process is part of the enthalpy meas- 
ured here. 
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Table 12. Phase transition temperatures ("C) of the bolaamphiphilic tetrol series 21 [ 1081. Solid-solid transi- 
tion temperatures on some of these tetrols, given in the literature [108], are skipped here. 

Tetrol n Cr SmC a SmA a i50 

21 a 4 
21b 5 
21 c 6 
21 d 7 
21 e 8 
21 f 9 

21h 1 1  
21 i 12 
21 j 13 
21k 14 
21 1 15 
21 m 16 
21 n 17 
21 0 18 

21 g 10 

21 P 20 

0 79 
0 77 
0 101 
0 118 
0 114 
0 110 
0 85 
0 101 
0 87 
0 90 
0 79 
0 89 
0 84 
0 61 
0 87 
0 111 

- 

36 I 
10 75 1 
{ *  90 I 
{. 110) 

0 115 
0 124 
0 127 
0 132 
0 131 
0 134 
0 135 
0 138 
0 139 
0 140 
0 140 

128 
134 
136 
137 
139 
142 
143 
143 
141 

{ ] = monotropic mesophase. 
a See the note on the nomenclature used here [ 1071 
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26 

Figure 23. Molecular structures of various bolaamphiphilic multiols of the types 21f, 22-26 [SO]. 

The hydrophilic parts of such tetrols have 
also been modified leading to structures 
shown in Fig. 23 [8 11. The bolaamphiphil- 
ic tetrol22 with its two different headgroups 
has the most extended polymorphism of 
these rnultiols. One of its mesophases is 
hitherto unidentified due to rapid recrystal- 
lization. 

All the multiols shown in Fig. 23 are liq- 
uid crystalline except the tetrol 23 with its 
bis- 1,3-diol headgroups [8 11. Apparently, 
this situation causes a high melting point 
(103 "C [Sl]) suppressing the occurrence of 
a mesophase. The same effect was discussed 
in subsection 2.1 'Simple Amphiphiles' of 
this chapter, for example, for members of a 
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monotailed pentol series derived from inos- 
itols [9]. The other multiols depicted in 
Fig. 23 form layered mesophases of various 
types in the water-free state which are part- 
ly monotropic, however, in some cases even 
multimesomorphism is observed [8 11. Ad- 
dition of water to bolaamphiphiles of this 
type with long hydrophobic middle parts 
leads to a stabilization of mesophases, 
whereas mesophases of such multiols with 
short middle sections get destabilized. In all 
these cases, the addition of water leads to 
the formation of the less ordered SmA type 
of phase instead of lamellar mesophases of 
higher order described above [81, 1081. 

2.3 ‘Y ’-Shaped Materials 
The terms ‘Y’-shaped [ 1091, ‘tripodal’, 
‘1,l-double-tailed’ or ‘peg-shaped’ [110] 
describe the molecular geometry of this type 
of amphiphile. At the hydrophilic head two 
hydrophobic tails are joined close together 
or even by a common link to the headgroup. 
Very famous examples for this molecular ar- 
chitecture are the biologically active phos- 
pholipids and sphingolipids [ 11 11. Lipids 
occur in all biological cells and have com- 
mon solubility properties: generally they 
are water-insoluble, amphiphilic molecules 

ethanolamine H3g4 

28 
choline (CH,),N @4 

I 30 HO 

phosphate 

Po 

-0’ ‘ 0  
P 

~ycero~ I 

which may form colloids, micelles or liquid 
crystalline phases in water. They fulfill im- 
portant functions in cell membranes and sig- 
nal transduction and even seem to play a tre- 
mendous role in the origin of certain kinds 
of cancer; see an overview on the biologi- 
cal aspects of glycosphingolipids [ 1121. 
One of the best investigated phospholipids 
carries a cholin residue in its hydrophilic 
part and is, therefore, named phosphatidyl- 
cholin. Related phospholipids are phos- 
phatidylethanolamine, phosphatidylinosi- 
to1 and phosphatidylserine. All these phos- 
pholipids have the same molecular architec- 
ture except for their hydrophilic substituent 
at the phosphate link, see Fig. 24. 

The degree of unsaturation of their fatty 
acyl chains and the chemically nature of 
their headgroups, the latter being respon- 
sible for the ability and strength of the hy- 
drogen bond formation both between the 
lipid as well as the lipid and water mole- 
cules, do play a major role for the ampho- 
tropic behavior of such lipids. 

In water, these compounds spontaneous- 
ly aggregate to bilayers in which the hydro- 
philic headgroups point outwards at each 
side whereas the lipophilic tails form the hy- 
drophobic middle part of the layer. These bi- 
layers may also form more complex aggre- 
gates, such as micelles, vesicles or lyome- 

fatty acid 

Figure 24. Sketch of the principal 
molecular structures of phospholipids. 
These molecules are the main compo- 
nents of cell membranes and may 
form complex supramolecular aggre- 
gates in water. 
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Figure 25. Molecular structure of the diacyl type 31 
of galactosylglycerols [ 1 13 - 1 181. 

sophases. Without such supramolecular 
structures life would not be possible, a fact 
best describing the basic importance of such 
supramolecular structures. 

Up to 75% of the total lipid content of 
plant chloroplast membranes consists of ga- 
lactoglycerolipids 31, see Fig. 25. They 
have been isolated and studied in their nat- 
ural form and as hydrogenated derivatives. 
Synthetic analogues and homologues have 
also been prepared and studied in detail 
[ 1 13 - 1 181. These materials exhibit a very 
complex lyomesogenic behavior including 
metastable and time dependent phase equi- 
libria. Their chemical structures, types of 
sugar, and chain length have significant in- 
fluence on their mesogenic properties. In 
summary, one could make the following re- 
marks about this very important class of 

multiols: lamellar (Lp, La), cubic (Q,,) and 
inverse columnar hexagonal (HI,) lyomeso- 
phases were observed [ 1131, in annealed 
samples even an L, phase. At temperatures 
above their LpILa phase transitions, ener- 
getically weak bilayer-nonbilayer transi- 
tions may occur but, compared to the cor- 
responding diacyl phosphatidylethanol- 
amines, these phase transitions (Lp-L, and 
bilayer-nonbilayer) occur at lower temper- 
atures [ 1 131. 

X-ray investigations of especially the L, 
phase of galactopyranosyl- and glucopyran- 
osyl-glycerols reveal that not simply the 
size or orientation of the hydrophilic head- 
groups regulate the supramolecular packing 
and, thus, the structure of the mesophases, 
but rather a combination of these supported 
interactions of their alkyl chains are respon- 
sible in this matter [113]. 
A discussion of the thermotropic proper- 

ties of this type of compounds began in 1983 
[ 1 191 with naturally occurring lipids. Again, 
the heterogeneity of the materials made 
syntheses of uniform derivatives desirable 
[ 114aI. Pure 1,2-di-O-acyl-3-O-(a-~-glu- 
copyranosy1)-sn-glycerols (32) were inves- 
tigated in view of their thermotropic prop- 
erties. The thermotropic mesophase of the 
members of series 32 has been denoted as 

Table 13. Phase transition temperatures ("C) of some selected a-D-glucopyranosyl-diacylglycerols of type 32 
[114a]. The temperature ranges in the first column (data for the transitions Cr+ 11) are indicated in reference 
[ 114al as so-called 'softening point'. 

Structure Lipid n Cr 11" Is0 

32a 12 40-44 
32b 13 58-60 
3 2 ~  14 67-69 
32d 15 67-71 
32e 16 76-77 

32g 18 80-82 

32a-i 32i 20 89-91 

32f 17 79-81 

32h 19 81-83 0 

120-122 
128-130 
129-131 
139- 140 
142- 143 
143-144 
144- 145 

141-142 
145- 146 

a The type of this mesophase has originally been denoted as probably smectic [114a] which later (without evi- 
dence) has been emphasized as columnar [ 10, 121. 
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‘probably smectic’ [ 114al; later it has been 
referred to be of a columnar type [lo, 121 
which would be in better accordance with 
the molecular structure of these amphi- 
philes. It should be pointed out here, that 
this di-0-acyl series 32 was discussed in ref. 
[ 10 and 121 as di-0-alkyl compounds syn- 
thesized by other workers [114b]. Selected 
phase transition data of this family of mul- 
tiols are compiled in Table 13. 

An interesting example of a synthetic bio- 
active representative of this family is 1,2-di- 
0-9’-0ctadecynyl-3-O-~-~-galactopyrano- 
syl-sn-glycerol [ 1201 described by the authors 
of having a ‘sintering point’ at 55°C and a 
melting point at 76 “C; here, a liquid crystal- 
line phase is much likely. Its lyotropic phase 
behavior and also that one of mono-galacto- 
syl- or -glucopyranosyl-glycerol derivatives 
[121, 1221 is very complex: a gel-phase and 
lyomesophases of the La, Qi, Qi and HII phas- 
es have been observed. Here again, differenc- 
es in the stereochemistry of the headgroups, 
especially in the interfacial region between 
the polar and the apolar part of the molecules, 
are discussed to cause differences in the phase 
behavior, see the discussion for the mono- 
tailed amphiphiles [ 1211. 

Completely different in structure, but al- 
so belonging to this group of Y-shaped am- 

R R  
I I  

HO 

CH, 

36 

Figure 26. Acetals and thioacetals 
possessing a tripodal, Y-shaped 
structure; R=alkyl [123]. 

HofoH 
photropic materials, are the thio- and oxy- 
acetals 33-36 of carbohydrates shown in 
Fig. 26 [94, 123 - 1271. Interestingly, these 
amphiphiles exhibit a columnar thermo- 
tropic mesophase [ 123, 1261. The two space 
demanding lipophilic chains enforce a cur- 
vature of the interfacial region between the 
hydrophilic and the hydrophobic parts of the 
mesophase resulting in a columnar type of 
their mesophase. The architecture of this 
phase is of an inverse micellar kind: the hy- 
drophilic headgroups point inwards of the 
columns whereas the lipophilic chains do 
the opposite. 

A substitution of the CH,OH part by the 
nonpolar methyl group, illustrated in 36 of 
Fig. 26, destroys the mesomorphic proper- 
ties totally which is obvious since the hy- 
drogen bond network (inside the columns) 
is severely perturbed, even disturbed in this 
case [ 123, 1261. 

All the Y-shaped mesogens described 
hitherto have two alkylchalcogeno chains 
as the upper part and a sugar moiety as the 
lower part of that ‘Y’. A different architec- 
ture is found, for example, for N-dodecyl- 
D-galacturonamide-didodecyl-dithioacetal 
[ 1281 which also has a ‘Y’-shaped molecu- 
lar structure, however, carrying now the 
sugar part in the center of that ‘Y’ surround- 



330 VI Amphotropic Liquid Crystals 
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Figure 27. Formula of the unusual, Y-shaped amphi- 
phile 37 with two hydrophilic headgroups [ 1291. 

ed by three alkylhetero chains. This com- 
pound behaves similarly to disc-shaped am- 
phiphiles, see below. 

An 'exotic' 'Y'-shaped mesogen is 37 
[129], depicted in Fig. 27, possessing two 
hydrophilic (P-glucopyranosidic) units as 
the upper parts of the 'Y', both terminally 
linked to a branched (lipophilic) alkyl chain. 
The mesophase of this interesting glycoside 
is of a cubic type (Cr 11 1 "C Cub 205°C I) 
[129]. 

38 

2.4 Disc-shaped Amphiphiles 

Research on liquid crystals with a disc-like 
shape started in 1977 [130] when hexa(hep- 
tanoy1)benzene (38, first synthesized forty 
years earlier [ 13 11) was proved to form a 
columnar mesophase (m. p. =I, 8 1.2 "C, 
cl.p.=Z,, 87.0"C) [132]. Disc-shaped am- 
phiphilic molecules with saturated cores, 
such as the hexaesters 39 or even the hexa- 
ethers 40 of the naturally occurring scyllo- 
inositol [9, 109, 133-1371 form columnar 
liquid crystals much more easily with me- 
sophases more stable and very much wider 
in range than known for the mentioned ben- 
zene derivatives. 

Table 14 compiles the phase transition 
data of some of these cyclic model com- 
pounds, 38-42 [ 133 - 139) discussed here 
and shown in Fig. 28. 

The stability of the mesophase decreases 
drastically when the carbonyl functions of 
39 are replaced by CH,-groups; this formal 

R 
I 

R R O  'h~&----~~ 
0 

40 

CH,OR] 

R10*OR2 R'O 

OR' 

41 42 
Figure 28. Some disc-shaped model compounds (38-42) amphiphilic and mesomorphic in character (38-41) 
or monophilic and not liquid crystalline (42) [9, 109, 131-1371; R=alkyl, R'=-CO-alkyl, R2=-0-alkyl or on- 
ly alkyl. 
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Table 14. Phase transition temperatures (“C) of selected disc-shaped molecules (38-42). different in their amphi- 
philic character (see Fig. 28). 

Compound R Cr Col, Is0 Ref. 

38 %HI, 0 81.2 
39 a 0 68.5 
39b C6H 13 0 68.0 
39 c C9H19 0 84.0 
40 C6H, 3 0 18.4 
41 C9H I9 37.5-39.5 

42 C6H13 0 66.2 
37.5-40.0 

87.0 0 

199.5 0 

200.0 0 

188.7 0 

90.8 0 

0 

31.5-32.5) 0 

0 

transformation from esters into ethers weak- 
ens the amphiphilic character desisively. 
Moreover the star-shaped alkane 42 without 
any heteroatom is not liquid crystalline at 
all, apparently, due to a missing possibility 
of ‘microphase separation’. 

Again, an intramolecular contrast of hy- 
drophilic and lipophilic parts is necessary 
for the occurrence of liquid crystallinity of 
such compounds, for which also a nearly 
perfect space filling of the substituents plays 
an important role [ 134, 1371. 

Peracylated sugar derivatives of type 41, 
studied independently by two groups [ 134, 
1 381, possess the required amphiphilicity, but 
owing to the gap around the pyranosidic oxy- 
gen the space-filling of the molecular periph- 
ery by only five substituents is not optimal 
and complicates the molecular situation. On 
the one hand [138, 1391, these compounds 
have been described as monotropically mes- 
omorphic whereas on the other thermomes- 
omorphism was not observed [134]. 

The monotropic mesomorphism is de- 
scribed to be very durable and allow detailed 
studies, for example by polarizing micros- 
copy, DSC, X-ray diffraction, and circular 
dichroism spectra [ 1391. 

Both the a- and the p-anomer of type 41 
form columnar mesophases of which the 
type depends on the molecular structure and 
on the thermal history as well as the thick- 
ness of the sample [ 1391. 

With regard to the architecture of these 
phases the authors suggest a helical arrange- 
ment of the molecules in the columns. This 
chiral arrangement is more pronounced in 
case of the a-anomers, because the axially 
oriented chain at the anomeric position 
mesh into the gap at the pyranosidic oxygen 
of the neighboring molecule in the col- 
umn [139]. In case of the p-anomer this 
‘ratcheting’ is not expected, and indeed not 
observed, since all five substituents are in 
an equatorial position [139]. 

A comparative interpretation of the re- 
sults of both research groups and a discus- 
sion of them with regard to tetraacylated- 1 - 
0-alkylated glucosides is given in [140]. 
The latter materials form a highly viscous 
anisotropic paste which shows all the prop- 
erties of a mesophase. Owing to this inves- 
tigation [140] it was suggested that the 
strong anomeric effect of the ester groups in 
41 should be considered. It reduces the pop- 
ulation of the all-equatorial conformation 
and weakens the stabilizing gauche interac- 
tions between all the ester groups compared 
to the hexaesters of scyZZo inositol. It has to 
be mentioned, here, that short chained scyl- 
lo-inositol hexaesters 39 exhibit highly or- 
dered columnar mesophases and a cubic 
phase as well [135]. 

In view of the chirality of compounds like 
41 and other mostly carbohydrate based ma- 
terials their ability to induce chirality in a 
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nematic mesophases was discussed else- 
where [ 1411. 

The phenomenon of increasing ability to 
form a mesophase as a function of amphi- 
philicity was also observed when the ben- 
zene hexakis(thi0ethers) 43 were oxidized 
into their hexakis(su1fones) 44 [ 142- 1441 
(Fig. 29). In contrast to the nonliquid crys- 
talline thioether series 43, the radial-polar 
hexasulfones 44 with chains containing 
between 7 and 15 carbon atoms exhibit a co- 
lumnar hexagonal type of mesophase estab- 
lished by various methods, including X-ray 
diffractometry [ 142- 1441. Their lyotropic 
mesomorphic behavior is also of interest 
and currently under investigation [ 1451. 

Single crystal X-ray studies of deriva- 
tives of series 44 [ 1441 proved that the very 
dense packing of the sulfono groups form a 
broad, wavy quasi-macroheterocycle sur- 
rounding the benzene ring in a tight, space- 
filling manner. The diameter of this super- 
imposed covalently nonbonded ‘belt-struc- 
ture’ of this new ‘core’ is about 107 nm [ 1441. 

2.5 Metallomesogens 

A completely different type of amphotrop- 
ic materials is made up by various metal or- 
ganyls, such as the linear ones illustrated by 
the di-palladium organyl 45, the twinned 
rod-like organyl 47, or the disc-like orga- 
nyls 48 and 49 (Figs. 30 to 32). These and 
related metallomesogens exhibit thermo- 

Figure 29. Molecular structures of the 
nonmesomorphic hexakis(thi0ether) se- 
ries 43 and their hexasulfones 44 exhib- 
iting a columnar type of mesophase 
[ 142, 1431; R = for example, nonyl, un- 

44 decyl, or tridecyl. 

tropic properties and are lyomesogenic in 
apolar organic solvents, such as pentade- 
cane [146-1571. A survey about the meso- 
morphic behavior of these compounds in- 
cluding their amphotropic nature and their 
ability to form charge transfer complexes is 
given in [151, 152, 1581. 

The linear palladium organyl 45 is non- 
mesomorphic in its pure state, but a highly 
viscous thermotropic mesophase is induced 
by formation of charge transfer complexes 
with electron acceptors, such as trinitroflu- 
orenone (46, TNF) [ 1481. In ternary systems 
of 45 with TNF and apolar solvents two 
types of mesophases, a nematic and a cu- 
lumnar hexagonal one, are observed; the 
latter one exhibits a ‘herring-bone’ texture, 
typical for an M-chromonic type of phase. 
Owing to strong attracting forces in donor 
acceptor complexes a columnar nature of 
the nematic lyomesophase is reasonable in 
these cases [ 1481. 

Twin-like, bis-linear di-palladium meso- 
gens of type 47 which thermotropically 
exhibit smectic phases [ 1591 form lyotrop- 
ically different variants of supramolecular 
packings depending on the length and type 
of their four substituents as well as on the 
chain length of the organic solvent [154, 
1551. In contrast to 45 such H-shaped met- 
allomesogens are lyotropic liquid crystal- 
line only without TNF. 

The formal addition of lateral substitu- 
ents to the chemical structure of 47 (ringed 
in the formula of 48 in Fig. 3 1 )  leads to disc- 
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Figure 30. Molecular struc- 
tures of the dinuclear palladium 
complexes 45 [148] and the 
electron acceptor trinitrofluore- 
none (46). 

47 48 

Figure 31. Molecular structures of the twinned rod-like palladium organyl47 [159] and the disc-like analogue 
48 [149, 1561. The ringed lateral substituents of 48 are responsible for the change of the meso- 
morphic behavior; M = Pd or Pt, X=CI, Br, I (47) or X = C1, Br, I ,  SCN, N, (48). 

shaped bis-metal complexes of type 48 with cotic (N,) phase in their pure states, the pal- 
either palladium [ 1461 or platinum [149, ladium organyls are the first metallomeso- 
1561 in their molecular centers. In contrast gens with this property. However, mixtures 
to the bis-linear metalorganyl family 47 of 48 with 2,4,7-trinitrofluorenone (46, 
which behaves as calamitic mesogens (ex- TNF) shows also charge transfer complex- 
hibiting mostly smectic phases), those ones es and the induction of columnar mesophas- 
of type 48 form a monotropic nematic-dis- es (Col,, or NcoJ [157]. 
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Figure 32. Molecular structure of the tetrametallo- 
mesogen 49 [146, 149, 1561; M=Pd or Pt, X=CI, Br, 
I. The spacer unit (n) may he phenylene, stilbeny- 
lene or terphenylene. 

The lath-like tetrapalladium or -platinum 
liquid crystals of structure 49 form colum- 
nar (Col,,,) mesophases on heating. Usual- 
ly, the range of the mesophase this class of 
compounds exhibits is quite broad, typical- 
ly about 200-250 K wide [155]. 

At high concentrations of 49 in solvents, 
such as in long-chain alkanes, a viscous two 
dimensionally ordered columnar meso- 
phase of a similar type as under only ther- 
mal conditions is observed. At lower con- 
centrations the formation of either one or 
two different nematic columnar mesophas- 
es appears [147, 148, 1501. 

In studies on such metallomesogens it 
became clear that the metal located deeply 
inside, quasi 'hidden', in the molecules has 
only a relatively weak influence on the mes- 
ogenic behavior of these organyls [149, 
1601. 

Nevertheless, the amphiphilic character 
of these metallomesogens arises from the in- 

compatibility of their organometallic aro- 
matic core with the surrounding alkyl 
chains. Thus, the latter has been denoted as 
'internal solvent' [ 1581. 

2.6 Polyphilic Liquid 
Crystals 

Most of the amphiphiles discussed hitherto 
have only two distinct parts in their mole- 
cules which are different in their polarity. 
Polyphilic compounds possess more than 
two of them (see Fig. 3 3 )  depicting the cal- 
amitic biphenyl derivative 50 with three 
different parts: a polyfluorinated one, an 
alkoxy chain, and the aromatic (biphenyl) 
section. The mesomorphic properties of this 
triphilic examples are compiled in Table 15. 

so 
Figure 33. A polyphilic mesogen consisting of three 
different parts: a fluorinated alkyl chain, a common 
alkyl, and an aromatic part. The terminal CH,-CF, 
group enables a smooth junction to the next layer. The 
phase sequence observed for this material is Cr 95°C 
(SmX92"C)SmA 113"CIso;Cr=crystalline,SmX= 
a ferroelectric smectic phase [162]. 

Figure 34. Sketch of the structure of a directed SmA 
phase of polyphilic mesogens. 
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Table 15. Phase transition temperatures ("C) of the 
triphilic biphenyl derivative 50 [162] (see Fig. 33). 

Compound Cr SmX SmA Is0 

50 95 { *  92) 113 

The polyphilic quality leads to a further 
ordering of the molecules in their meso- 
phase: Fig. 34 gives a simple schematic 
drawing of a directed lamellar phase. The 
molecules have a polar orientation within 
the layers and long range correlations be- 
tween them. This special mesophase struc- 
ture causes macroscopically polar proper- 
ties. With regard to this kind of molecular 
arrangement some polyphilic compounds 
have been successfully studied in respect of 
ferroelectric properties [ 16 1 - 1651. 

2.7 Further Molecular 
Architectures 

Other types of interesting, sometimes even 
curious, amphotropic materials with unusu- 
al molecular architectures have also been 
found. Whereas Y-shaped [ 1091 molecular 
structures have flexible wings, T-shaped 
compounds are made of rigid lipophilic 
units [166]. In the T-shaped case, smectic 
instead of columnar phases are observed. 
While mono-alkylated amphiphiles usually 
show only SmA phases, an interesting ex- 
ception are so-called 'banana shaped' am- 
phiphiles of which 51 in Fig. 35 may be an 
example. This gentiobioside exhibits a bi- 
continuous cubic mesophase [ 1291. 

Hitherto, only monomeric, unimolecular 
compounds have been discussed in this 
overview article of which the amphotropic 
behavior is based on a balanced amphiphil- 
ic character. This is also true for polymer- 
ic materials [5, 11, 167, 1681 which, how- 
ever, are not included here. 

a 

51 

Figure 35. Molecular structure of a gentiobioside 
(51) possessing a bent geometry [95, 1291. 

3 General Phase 
Behavior 

According to Fig. 3, classical thermotropic 
smectic phases of amphotropic liquid crys- 
tals are (SmA,), columnar hexagonal (Col,), 
bicontinuous cubic (Cub,,), or discontinu- 
ous cubic (Cub,,,) [ 1691. All these meso- 
phases include a disclination surface be- 
tween the hydrophilic and the lipophilic 
parts of the unordered molecules. This sur- 
face can be uncurved (SmA), curved in one 
direction (columnar), curved in two direc- 
tions with the same sign (discontinuous cu- 
bic), or curved in two directions with oppo- 
site sign (bicontinuous cubic). 

Whereas monophilic liquid crystals can 
show a high diversity of smectic phases 
(SmA-SmQ), the amphotropic liquid crys- 
tals normally exhibit only the SmA, phase. 
Tilted smectic phases are only observed in 
a few cases. The first indication of possibly 
tilted phases was given in 1933 for thallium 
stearate [ 1701. A disordered SmC phase was 
also clearly described for mesogens con- 
taining a classical calamitic core aside to 
their amphiphilic structure [ 17 I]. Mono- 
philic liquid crystals can show various or- 
dered tilted smectic phases, for example, 
smectic I, F, G, J, H, and K. In the case of 
lipids only one mesophase, the p' phase, 
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with an ordered tilted lamellar structure was 
reported. A detailed analysis of this P’ phase 
in relation to the tilted smectic phases was 
given by Clark et al. [ 1721. Ordered orthog- 
onal lamellar phases were reported for lec- 
ithins (Pphase) and for diols [78, 821. In 
these mesomorphic amphiphiles the diame- 
ter of each of the polar headgroups is com- 
parable with the diameter of the paraffinic 
part. This allows a very dense packing of the 
molecules in their mesophase, thus, these 
phases are related to the rotator phase of 
simple paraffins. 

The columnar phase of amphiphilic liq- 
uid crystals is most often of a hexagonal dis- 
ordered type. Only a very few examples are 
known for rectangular [173-1751 or mono- 
clinic [ 1731 columnar phases or for ribbon 
phases [ 1761. 

4 Summary 

In this chapter we described the functional 
principles of mainly amphiphilic com- 
pounds possessing the ability to form both 
lyo- and thermotropic liquid crystals. Al- 
though amphiphilicity and amphotropy are 
not synonymic, these properties are often 
coupled. Owing to the tremendous number 
of potentially amphotropic materials it is 
impossible to give a complete listing of all 
of them in such a chapter; but we have tried 
to show the functional principles which al- 
low compounds to behave the way they do. 
Both, the lyo- and thermomesogenity are of 
high importance. While the technological 
breakthrough for thermotropic liquid crys- 
tals is obvious (for example, liquid crystal 
displays or thermography), some promising 
recent findings in the field of lyotropic liq- 
uid crystals concern the probable observa- 
tion of a biaxial nematic phase (for the ex- 
istence or doubts related to biaxial nemat- 

ics see [ 177- 182]), and the spontaneous for- 
mation of a chiral order in lyomesomorphic 
compositions of nonchiral materials [ 1831. 
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Chapter VII 
Lyotropic Surfactant Liquid Crystals 

Claire E. Fairhurst, Stuart Fuller, Jason Gray, Michael C. Holmes, 
Gordon J. 7: Tiddy 

1 Introduction 

Surfactants, or surface active agents, occur 
widely in nature where they are usually clas- 
sified as lipids. They have been used for 
over 1000 years in everyday applications as 
emulsifiers in cleaning and in foods. Their 
functionality derives from a unique feature 
in the molecular structure: they are mole- 
cules that consist of two distinctly different 
regions. One is a polar (hydrophilic) moie- 
ty termed the head group, and the other a 
nonpolar (hydrophobic) part, referred to as 

Table 1. Common surfactants and their applications. 

the chain. The head group conveys water- 
solubility, while the hydrophobic chain 
drives the formation of self-assembled ag- 
gregates that are the subject of this article. 
A wide variety of structures can act as head 
groups. They can be ionic (anionic or cat- 
ionic; single or multiple charges), zwitter- 
ionic, or nonionic or any mixture of these. 
The chain can be one or more alkyl groups 
(by far the most common), a perfluorocar- 
bon group, or a polydimethyl siloxane. Ex- 
amples of types of surfactant together with 
their commercial use are shown in Table 1 .  

Name Structure Application 

Sodium dodecyl sulfate CH,(CH2),,OSO3Na Detergents, emulsifier 

Sodium dodecanoate (laurate) CH,(CH,),&OJ'Ja Soap Bars 

Hexa-ethylene glycol monododecyl ether CH,(CH,),,(OCH,CH,),OH Detergents, emulsifier 

1 -octadecanoyl-sn-glycerol (monostearin) CH,(CH,) ,,CO,CH,CH(OH)CH,OH Food emulsifier 

Hexadecyltrimethyl ammonium chloride CH,(CH,),sN'(CH,),Cl- Hair conditioner 

Dioctadecyldimethyl ammonium chloride CH3(CH2)17\ +/CH3 C1- Fabric conditioner 

Dodecyl dimethyl amine oxide CH~CHZ)IIS]+(CH,)~ Speciality surfactant 

CH3(CH2),7/N\CH, 

0- 

1,2-dioctadecyl-sn-glycero-3 phos- C H ~ ( C H Z ) ~ & O ~ C H ~  
phatidylcholine (distearoyl lecithin) I 

CH~(CH,)I,CO~CH 0 

Food emulsifier, 
mcmbrane lipid 

I1 

0 

CH2 -P-OpCH,CH,N(CH,), 

Perfluorooctanoic acid CF,(CF,),CO,H Speciality surfactant 

Octaethylene glycol mono ((CH,),SiO),Si(Me)(CH2),(0CH,CH,),OH Cosmetics, 
tri siloxyl propyl ether wetting agent 
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When water-miscible surfactants are dis- 
solved in water they form aggregates termed 
micelles above a well defined concentra- 
tion. These aggregates are the building 
blocks of the liquid crystalline phases that 
occur at still higher concentrations. An 
understanding of micelle formation and mi- 
celle properties provides a good basis for a 
description of the liquid crystals, hence we 
begin with a discussion of this topic. This is 
followed by sections describing the various 
liquid crystal phases, the way that the mes- 
ophase type varies with surfactant chemical 
structure, and what happens with mixed sur- 
factants. We also include the effects of ad- 
ditives such as electrolytes and other so- 
lutes. Because of the enormous number of 
publications in this area, space considera- 
tions, and the limited time of the authors, it 
simply is not possible to document all the 
available information here. Instead, it is our 
intention to give an introduction to the con- 
cepts and phenomena that underlie the for- 
mation of surfactant mesophases and to 
summarize the present knowledge of the 
area. As well as providing an up-to-date 
description our objective is to provide suf- 
ficient information so that anyone with a 
practical problem concerning mesophase 
formation or structure can see the general 
context. This should allow them to find 
some indication of experiments that may 
provide a solution. 

As a further comment we draw attention 
to several books [ 1-81 which provide a good 
general introduction to the area of surfac- 
tants and colloid science. Most of the books 
have been published in the last few years 
and summarize recent research. 

2 Surfactant Solutions: 
Micelles 

When surfactants dissolve in water at low 
concentrations they exist as monomers (ion- 
ic surfactants are dissociated). As the con- 
centration is increased aggregates termed 
micelles are formed. These appear at a well- 
defined concentration known as the ‘critical 
micelle concentration’ (CMC). This is not a 
critical point in the sense of modern phys- 
ics since micelle formation occurs over a 
very narrow range of concentrations. This 
range is so small that for almost all practi- 
cal purposes it can be represented by a spe- 
cific value, the CMC. For pure single sur- 
factants below the CMC, all of the dissolved 
surfactant exists as monomers, while above 
the CMC all added surfactant forms mi- 
celles. With surfactant mixtures the phe- 
nomenon is more complex because the com- 
ponents usually have different individual 
CMCs, but the same considerations apply 
P I .  

Micelles are aggregates of at least 15-20 
monomers. Typical surfactants such as SDS 
(sodium dodecyl sulfate) or C,,EO, (Ta- 
ble 1) form micelles with aggregation num- 
bers ( 4 )  in the range 50-100. The aggrega- 
tion numbers can become very large up to 
lo4 or more, according to surfactant type, 
aggregate shape, temperature, and surfac- 
tant concentration (see below). 

Micelle formation arises from the hydro- 
phobic effect [4,9-131. This is the term used 
to describe the interaction between nonpo- 
lar solutes and water. It is well known that 
nonpolar solutes are almost insoluble in wa- 
ter, with the limited degree of solubility de- 
creasing rapidly with increasing solute size. 
A thermodynamic analysis of the process 
shows that the introduction of a hydrocar- 
bon into water at ambient temperature is al- 
ways associated with a decrease of entropy, 
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and an enthalpy of about zero, resulting 
in a large and positive free energy [ 10- 141. 
‘Structuring’ of water molecules in the 
neighborhood of the alkane, akin to the for- 
mation of clathrate hydrates [15], is fre- 
quently cited as the origin of the entropy 
change. Unfortunately, attempts to locate 
the ‘clathrate structure’, for example by 
self-diffusion measurements of water and 
organic solutes such as tetraalkyl ammoni- 
um ions [16], have consistently failed to 
show that more than a single layer of water 
around the solute differs from bulk water: 
hardly evidence to support the ‘water 
structure’ concept. 

In a series of recent papers Kronberg et al. 
[ 10-121 have discussed this problem in de- 
tail. They view the hydrophobic effect as the 
resultant of two contributions, one arising 
from the ‘ordering’ of water molecules 
around the solute, the second from the en- 
ergy required to make a cavity in the water 
large enough to accommodate the nonpolar 
solute. The first contribution is associated 
with a negative entropy because water mole- 
cules next to a nonpolar solute have fewer 
conformations available than ‘free’ water: 
they can not H-bond to the solute. It also 
gives a negative enthalpy, presumably be- 
cause vicinal water molecules make stronger 
H-bonds. The second and opposite contri- 
bution arises from the large energy required 
to form a cavity to accommodate the solute. 
This is large, owing to both the high cohe- 
sion in water arising from H-bonding con- 
nectivity, and the small size of water mole- 
cules compared to, for example, alkanes. An 
important consequence of this mechanism 
is that the magnitude of the hydrophobic ef- 
fect is proportional to the area of hydropho- 
bic contact between water and the solute. As 
will be seen below, using this concept it is 
possible to estimate an approximate CMC 
for almost any novel surfactant, given that 
a few simple guidelines are followed. 

Micelles can only form when the surfac- 
tant solubility is equal to or greater than the 
CMC. In general this occurs only above a 
particular temperature known as the Krafft 
point (temperature). Below this temperature 
surfactant solubility increases slowly with 
increasing temperature because the surfac- 
tant dissolves as monomers. The limit to 
monomer solubility occurs when the chem- 
ical potential of the monomers is equal to 
that of the pure (usually crystalline) surfac- 
tant. Above this temperature the solubility 
increases very rapidly because the surfac- 
tant dissolves as micelles: the contribution 
of each micelle to the surfactant chemical 
potential being the same as that of a 
monomer. 

Micelle formation involves a dynamic 
equilibrium between monomers and aggre- 
gates represented by Eq. (1) [17-211: 

Sl as, (1 )  

(where S, represents an aggregate of n 
monomers). In fact micelles form by a se- 
ries of step-wise reactions from monomers, 
Eq. (2). 

Clearly, there is a range of aggregate sizes 
present in solution, with an average value of 
q. However, the size distribution is usually 
narrow (say 2 10%) particularly for globu- 
lar micelles. Although the micelle formation 
process involves dimers, trimers, etc., the 
actual concentration of these species is very, 
very small. Hence, once formed, micelles 
have a reasonably large, but finite, lifetime. 
For dilute solutions, using fast relaxation 
techniques it is possible to measure both the 
exchange rate between monomers and mi- 
celles, and the rate of micelle forma- 
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tionhreakdown. Both of these processes are 
related to the CMC, becoming faster as the 
CMC increases. Typically, the monomer- 
micelle exchange rate is in the range 
103-106 s-’, while micelle breakdownlfor- 
mation rates are about lo-’ - 1 O2 s-l (i.e. mi- 
celle lifetimes of lop2- 10 s). Note that from 
the kinetic analysis of fast relaxation stud- 
ies an upper limit of mol dm-3 can 
be placed on the concentration of dimers, 
trimers etc. (i.e. aggregates with association 
numbers much smaller than q )  [21, 221. 

Figure 1 shows a schematic diagram of 
a small globular micelle. The rapid, contin- 
uous exchange of monomers with bulk so- 
lution means that the micelle is a very mo- 
bile, disordered, aggregate. There is a con- 
tinuous movement of molecules jumping 
part way in and out of the interface [21] 
(this has recently been termed ‘protrusion’ 
[23,24]). Also, diffusion around the micelle 
surface is rapid [self-diffusion coefficient 
(D)=lO-ln m2 s-’1, as is the exchange be- 
tween the various possible conformations of 
the alkyl chain (correlation time (7,) - 
lo-’’ s). With an ionic surfactant, typically 
about 70-80% of counter-ions reside close 
(within =1 nm) to the micelle surface in a 
loosely ‘bound’ state due to the very high 
surface charge density. The exchange 

Figure 1. Schematic representation of a spherical mi- 
celle. 

between ‘bound’ and free counter-ions oc- 
curs on a time scale of =lop9 s. There also 
exists a single layer of ‘bound’ water mole- 
cules associated with polar groups and ions. 
Again, the exchange between bound and 
free water occurs on a time scale of about 
lop9 s [25]. 

We have discussed the formation of mi- 
celles at a ‘critical micelle concentration’, 
and the absence of significant concentra- 
tions of small aggregates. In fact, micelle 
formation occurs over a very narrow range 
of concentrations, the range being too nar- 
row to detect for all but the shortest chain 
(highest CMC) surfactants. The almost 
complete absence of small aggregates at 
concentrations above the CMC makes their 
occurrence below this highly unlikely. 
There are numerous claims in the literature 
of ‘pre-CMC’ surfactant aggregates formed 
due to a contribution from the hydrophobic 
effect. To date, none of these have withstood 
a thorough examination of the evidence. 
Usually, the deviations from expected be- 
havior are due to the presence of impurities. 
A good illustration of how minor constitu- 
ents can influence surfactant properties is 
the recent study of Thomas and Penfold who 
demonstrate [26] that doubts concerning the 
application of the Gibbs adsorption equa- 
tion apply to the systems (i.e. the presence 
of impurities, which should be included in 
the equation) rather than the thermodynam- 
ics. 

Arguably the most important parameters 
for any surfactant is the CMC value. This 
is because below this concentration the 
monomer level increases as more is dis- 
solved hence the surfactant chemical poten- 
tial (activity) also increases. Above the 
CMC the monomer concentration and sur- 
factant chemical potential are approximate- 
ly constant, so surfactant absorption at inter- 
faces and interfacial tensions show only 
small changes with composition under most 
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conditions. For liquid crystal researchers 
the CMC is the concentration at which the 
building blocks (micelles) of soluble sur- 
factant mesophases appear. Moreover, with 
partially soluble surfactants it is the concen- 
tration above which a liquid crystal disper- 
sion in water appears. Fortunately there are 
well established simple rules which de- 
scribe how CMC values vary with chain 
length for linear, monoalkyl surfactants. 
From these, and a library of measured CMC 
values [27-291, i t  is possible to estimate the 
approximate CMC for branched alkyl chain 
and di- (or multi-) alkyl surfactants. Thus 
most materials are covered. This includes 
the ‘gemini’ surfactants, a ‘new’ fushion- 
able group where two conventional surfac- 
tant molecules are linked by hydrophobic 
spacer of variable length [30]. 

The major determinant of the CMC is the 
hydrophobic effect, which is proportional to 
the area of the nonpolar chain exposed to 
water (see above) [lo-121. This leads to a 
logarithmic relationship between the CMC 
and alkyl chain length for linear surfactants: 

log(CMC) = A n  + B (3) 

(where n=alkyl chain length; A ,  B are con- 
stants). 

The second factor is the valency ( s )  of the 
head group charge (s = 0, 1, 2 . . . for non- 
ionic/zwitterionic, monoionic, di-ionic . . . 
etc.). According to the value of s, the con- 
stant A takes the values: A=0.5 (s=O), 
A=0.3 ( s=l ) ,  A=1.5-1.8 (s=2). Finally, 
the valency of the counterions is also impor- 
tant as this influences the value of B. Essen- 
tially, the CMC is reduced for multivalent 
counterions because fewer ions are required 
close to the micelle surface to (partially) bal- 
ance the high surface charge density. 

Table 2 lists examples of CMC values for 
various surfactants. While there is some 
temperature dependence of the CMC [9- 121 
with many materials showing a shallow 

Table 2. Typical CMC values from [2, 27-29] 

Surfactant Temp. “C CMC mol d m 8  

CXEO, 
c I OEO, 
c I,EO, 
c I m, 
C14E08 

C,SO,Na 
C I W 4 N a  
C,,SO,Na 

CxNMe,Br 
C I ,NMe,Br 
C I ,NMe,Br 
C I ,NMe3C1 

C,  ,NMe,O 
C I ,NMe,CH,SO, 

di C, lecithin 
di C, lecithin 
(C 1 ,),NMe,Cl 

C 1 , S W a  

25 
20 
25 
25 
25 

25 
25 
25 

25 
25 
25 
25 

27 
25 

unknown 
unknown 
unknown 

70 

9 . 9 ~  lo-’ 

6 . 8 ~ 1 0 . ~  
7.1 x 
9.0 x 1 0-, 

8.3 x lo-’ 

9 . 5 ~  

1.3x10-2 

2 1 x ~ 0 - 4  

1 . 4 ~  10-1 

3.3 x 1 0-4 
1.7x10-2 

1 . 4 ~  lo-’ 

2.1 x 10- 
3 . 6 ~  lo-’ 

1 . 6 ~  lo-* 
1 . 6 ~  lo-’ 
I .OX 

3.3 x lo-’ 

minimum, the effect is small below 100 “C. 
It is clear that for nonionic and zwitterion- 
ic surfactants the CMC values reduce by 
about a factor of 10 for the addition of two 
CH, groups to the alkyl chain, while for 
monovalent ionic surfactants the factor is 4. 
Branched and multichain surfactants can be 
treated by estimating the equivalent linear 
chain having the same area of hydrophobic 
contact with water. There is a free energy 
penalty for constraining the conformations 
of multichain surfactants at the micelle sur- 
face [31, 321 which leads to a higher than 
expected CMC. This effect is small: equiv- 
alent to the loss of about one CH, group 

With mixed surfactants the CMC of the 
mixed micelle varies according to the CMCs 
of the individual surfactants, and their con- 
centrations. Clearly, micelle composition 
varies with concentration since the micelles 
that form at the lowest concentration are 
rich in the lowest CMC surfactant, while the 

1321. 
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higher CMC materials become more abun- 
dant in micelles as the overall concentration 
is increased. The detailed dependence of 
CMC values on mixed surfactant composi- 
tion varies according to whether there are 
specific interactions between head groups 
which lead to nonideal mixing in the mi- 
celle. This applies particularly with mix- 
tures of nonionic and ionic surfactants, and 
ionic surfactants of opposite charge. Vari- 
ous treatments are available to describe the 
behavior (which are outside the scope of this 
article), for example as outlined in Clint [2], 
Ch 5 and 6. 

Given that micelles are present in solu- 
tion above the CMC, the most important 
consideration for those concerned with liq- 
uid crystal phases is the micelle shape. 
There are three major types: spheres, rods 
and ‘discs’. They can be described using the 
packing constraint concepts [4, 331. These 
give a simple description of the relationship 
between micelle shape and molecular shape. 
The micelles are assumed to be smooth, with 
only the hydrophobic volume in the micelle 
interior. The main molecular parameters are 
the hydrophobic group volume, usually tak- 
en as being equal to the alkyl chain volume 
(v), the area that the molecule occupies at 
the micelle surface ( a )  and the maximum 
length of the alkyl chain (taken as the all- 
trans length, 1,). For a spherical micelle hav- 
ing a hydrophobic volume ( V )  with radius 
r, a total surface area A and aggregation 
number q: 

A = q a = 4 r c r  2 

4 3  v = q v  = - n r  
3 

Hence 

V a = 3 -  
r (4) 

Ignoring end or edge effects for circular cyl- 
inders (radius = r )  and bilayer/disc (thick- 

ness = 2 r )  shapes, the equivalent relation- 
ship are: 

a=2’ (rod) ( 5 )  

a = -  ’ (disc) (6) 

r 

r 

The value of r can not be larger than I , ,  hence 
there are limitations on the lowest value of 
a for a given shape: 

a 2 3 2 (sphere); 
r 

a 2 2 2 (rod); 
r 

a 2 - (disc) V 
r 

(7 )  

Clearly, a surfactant with a given chain 
length can pack into spheres, rods or discs 
according to the size of the head group, with 
all three shapes being possible for the larg- 
est a values and only disc micelles for small 
a values. Entropy favors the formation of 
the smallest possible aggregate at the CMC 
(i.e. spheres over rods and rods over discs). 
The present authors are not aware of any ex- 
ceptions to this. Thus large headgroup sur- 
factants form spherical micelles, smaller 
headgroups give rods, and smaller head- 
groups still give discs. (Because of the flex- 
ibility of alkyl chains there does not appear 
to be a lower limit on the values of r for con- 
ventional surfactants, hence maximum val- 
ues for a are not known.) 

It is a simple matter to estimate the vol- 
umes of hydrophobic groups from published 
density data for alkanes (normal and fluori- 
nated) and polydimethyl siloxanes [4, 5 ,  
341. One simply sums the group volumes 
(see Table 3). Similarly, the maximum 
length of the hydrophobic group can be cal- 
culated from known bond lengths. Thus, the 
maximum micelle radius and hence the lim- 
iting a values for the various aggregates can 
be calculated. Note that there are small dif- 
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Table 3. Molecular sizes of hydrophobic groups (25 “C). 

Hydrophobic 
group 

Fragment volumes (A) Bond length (A) 

Pol ydimeth yl 
siloxane 

123 2.4 

Limiting CL values [nm2 x 1 0-*] 

Sphere Rod Disc 

Alkane 
Fluorocarbon 
Polydimethylsiloxane - 

68 
102 
160 - 

46 
68 

106 

23 
34 

- 53 

ferences between the parameters of Table 3 
and those of other authors [4-61. These are 
unimportant since they result only in small 
differences between the limits to a values. 
Moreover, we recall the known rough- 
ness of the micelle surface (typically 0.2- 
0.3 nm), hence we emphasize that this mod- 
el gives only an approximate description. 

An important consequence of the above 
model is that a simple increase in alkyl chain 
length should not alter micelle shape be- 
cause both chain length and volume increase 
by a constant increment. However, in prac- 
tice it is often observed that short chain (e.g., 
C ,*) surfactants form globular (‘spherical’) 
micelles while higher chain length materi- 
als with the same head group form long rod 
micelles. This probably arises from the in- 
fluence of surface roughness on micelle 
shape and aggregation numbers. 

Micelle size (aggregation number) varies 
according to micelle shape and alkyl chain 
length. Spherical micelles always have low 
aggregation numbers, due to the micelle ra- 

dius being limited by the all-trans alkyl 
chain length, hence the surface area is lim- 
ited. For rod and disc micelles, where the 
fraction of ‘end’ or ‘edge’ molecules plays 
a significant part in micelle size, it is useful 
to consider a thermodynamic description 
employed by Israelachvili and collaborators 
[6, 33, 351. In a solution of aggregates with 
a range of aggregation numbers at equilib- 
rium, the chemical potential (p )  of all iden- 
tical molecules is the same, whatever the ag- 
gregation number 

p,, = p~,“ + KT log = constant, 
n n 

n = 1,2,3, ... 

where pn is the mean chemical potential of 
a molecule in aggregates of aggregation 
number n, p,s) is the standard part of the 
chemical potential (i.e. the mean interaction 
free energy per molecule) and X ,  the con- 
centration of molecules for the n-aggre- 
gates. Taking simple models for the interac- 
tion free energy within aggregates of vari- 
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ous shapes, it can be shown that: 

(9) 

where p takes the value 1/3, 1/2 or 1 for 
spheres, discs or rods respectively. The 
monomer-monomer bond energy within an 
aggregate is described by a k T .  Above the 
CMC, with a > 1 (a reasonable assumption) 
andp< 1 (i.e. for spheres and discs), this ap- 
proach leads to expressions which predict 
vanishingly low concentrations of aggre- 
gates having n values which are not small 
(say n > 10-20). Thus spherical and disc mi- 
celles remain small (or increase to ‘infinite’ 
aggregation numbers) i.e. they phase-sep- 
arate. Only rod micelles can have large ag- 
gregation numbers ( n  > -100). In practice 
this does appear to be generally true. In any 
case we have already seen that spherical mi- 
celles are prevented from becoming large by 
the alkyl chain packing constraints. Hence 
the major conclusion of this approach is that 
disc micelles either remain small, or grow 
to infinite size to form a lamellar liquid crys- 
talline phase (see below). 

In real surfactant systems the interactions 
are much more complex that the simple pic- 
ture used above. However, the general for- 
malism still holds, but observed aggregation 
numbers for small micelles are often larger 
than expected for spheres, while the mi- 
celles do not grow very large as expected for 
rods. This is almost certainly due to micelle 
surface roughness. A surface roughness of 
1-2 C-C bonds allows the micelle radius to 
be slightly larger than the all-trans chain 
length: with a significant increase in n. The 
roughness also allows repulsive interactions 
between adjacent head groups to be relaxed 
by the formation of a thick interfacial layer 
rather than a smooth surface. In addition, 
shape fluctuations can occur, which can 
also lead to larger aggregation numbers. 
However, if the alkyl chain lengths is long 

enough, the micelles that have a rod shape 
do become very long, up to 100+ nm. This 
is not usually seen for common ionic sur- 
factants because the longer chain homo- 
logues have high Krafft temperatures, hence 
they are insoluble at normal temperatures. 

3 Liquid Crystal 
Structures 

There are six classes of liquid crystal phas- 
es, most of which now have well-established 
structures. These are the lamellar, hexago- 
nal, cubic, nematic, gel, and intermediate 
phases. All except the intermediate phases 
have been recognized for many years, hence 
a comprehensive literature review is outside 
the scope of this article. In all of the states 
except the gel phases, both surfactant and 
water have a liquid-like molecular mobility, 
that is short-range rotational and transla- 
tional diffusion on a time scale of s. 
They differ in the long-range symmetry of 
the surfactant aggregates and in the curva- 
ture of the micelle surface. Except for the 
phases with flat aggregate surfaces, each 
class can occur with either the polar regions 
or the nonpolar regions as the continuous 
medium, the former being referred to as nor- 
mal, while the latter are reversed. As will be 
seen later, the phases occur in a particular 
composition sequence, occupying a specif- 
ic region of the phase diagram. Each class 
of mesophases is usually labelled by a par- 
ticular letter (see below) with the symbols 
having subscripts 1 or 2 to distinguish be- 
tween the normal or reversed forms. Unfor- 
tunately there is no universally accepted no- 
menclature as is the case with thermotropic 
mesophases. In this review we employ the 
system that we have used in previous papers 
[36-381. As with thermotropic mesophas- 
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es, the most important technique to identi- 
fy the mesophase type is polarizing micros- 
copy. The birefringent phases usually have 
typical textures, while cubic phases have 
none, but they are very viscous. 

3.1 Lamellar Phase (La) 

By far the most common surfactant meso- 
phase is the lamellar phase (La ) ,  also known 
as the neat phase from its occurrence during 
soap manufacture. In this phase, the surfac- 
tant molecules are arranged in bilayers fre- 
quently extending over large distances (a 
micron or more), which are separated by wa- 
ter layers (Fig. 2). This phase is similar to 
the thermotropic SmA phases. Its major re- 
peating unit, the bilayer, forms the basic 
structural matrix of biological membranes 
[5 ,7 ,  81. While the lamellar phase does not 
usually flow under gravity, it has a fairly low 
viscosity, with the material being easily 
shaken into a container. It is readily identi- 
fied from its characteristic optical textures 
(Fig. 3). 

The surfactant bilayer thickness can vary 
from about 1 .O- 1.9 times the all-trans alkyl 
chain length (1,) of the surfactant. Within 
this layer the ‘fluid-like’ characteristic of 

Figure 2. Schematic representation of a lamellar 
phase. 

Figure 3. Typical optical textures of a lamellar phase: 
(a) mosaic oily streaks, (b) Maltese crosses. 

the alkyl chains is shown by a diffuse wide 
angle X-ray diffraction peak corresponding 
to a Bragg reflection of 0.45 nm 1391. The 
difference in layer thickness arises from dif- 
ferences in head group areas and gives rise 
to differing degrees of disorder within the 
alkyl chain region. For the bilayers of thick- 
ness 1, = 1 .O the disorder is large. Alternative 
suggestions that these lamellar phases con- 
sist of ‘interdigitated monolayers’ are incor- 
rect. By contrast, the water layer thickness 
varies over a much larger range, usually 
within the limits 0.8 and 20+ nm. The 
water thickness is the same throughout the 
sample, except at very high water contents 
[36] where low energy fluctuations can oc- 
cur. The minimum water content is often 
that required to hydrate the polar groups, but 
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very low or zero water content can occur 
with surfactants that form thermotropic la- 
mellar phases. Sharp reflections in the ratio 
d : d/2 : d/3 . . . are observed in the low angle 
X-ray region due to the regular alternating 
layer structure with repeat spacings being 
the sum of the water and the alkyl chain layer 
dimensions. 

3.2 Hexagonal Phases 

The next most common mesophase type is 
the hexagonal phase. There are two distinct 
classes of hexagonal phase, these being a 
‘normal hexagonal’ (HI) also known as the 
middle phase (again from the soap industry) 
and a ‘reversed hexagonal’ (H2). The nor- 
mal phase (H,) is water-continuous, while 
the reversed (H2) is alkyl chain-continuous. 
They consist of indefinitely long circular 
aggregates packed on a hexagonal lattice 
(Fig. 4). 

The normal micelles have a diameter of 
1.3-2.0 times the all-trans alkyl chain 
length, with a typical intermicellar separa- 
tion being in the region of 0.8-5 nm. The 
reversed micelles have a polar region diam- 
eter in the same range, but values above 
3 nm are rare. 

Figure 5. Typical optical textures of a hexagonal 
phase: (a) fan-like, (b) nongeometric. 

X-ray diffraction of both phases shows 
Bra g reflections in the ratio 1 : l/&: 1hh:  

tion at 0.45 nm. Both phases are rather vis- 
cous, much more so than the L, phase. It is 
usually not possible to shake a sample into 
a container by hand. The optical textures are 
similar for both types, again being distinct- 
ly different from those of L, phase (Fig. 5) .  

1/ P 7 : 1 / f i  . . ., again with a diffuse reflec- 

3.3 Cubic Phases 

A third category of mesophases formed by 
Norma Hexagonal H i  Reversed Hexagonal H2 surfactants comprises the cubic phases. 

They are also known as ‘ v i ~ c o ~ ~  
As the name implies, these phases are based 

Figure 4. Schematic representation of a normal (HI)  
and reversed hexagonal (H2) phase. 
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Figure 6. Schematic representations of a primitive, 
face-centered and body-centered cubic lattices. 

around one of three cubic lattices, namely 
the primitive, face centred and body centred 
(see Fig. 6). Therefore, they have no optical 
texture under polarized light. It is still not 
certain which symmetries form for the dif- 
ferent cubic phase, but the overall picture 
has become much clearer during the past 
few years [37, 39-47] with more and more 
cubic structures being identified. There are 
at least four classes of cubic phase, these be- 
ing the normal and reversed forms of two 
very different structures. One set of struc- 
tures (I) is comprised of small globular mi- 
celles while the second (V) consists of a 
3-D micellar network. Within each class 
several different structures occur. 

The simplest cubic phase is that of the I 
type where the surfactant aggregates are 
small globular micelles. For the water-con- 
tinuous I, phases, primitive, body centred 
and face centred lattices [41] have all been 
proposed. Pm3n, Im3m and Fm3m lattice 
structures have been proposed [46,47] (see 
Fig. 8). In the nonionic C1,EO,,/water 
system [46] all three symmetries are report- 
ed. Here the micelles have diameters simi- 
lar to normal micelles with a separation sim- 
ilar to that found in the H, phase. The struc- 

ture of the Pm3n symmetry has been the at- 
tention of much debate [45-491. However, 
it is now thought that there are two differ- 
ent sizes of micelle present, one being 
slightly larger than the other [45]. Whether 
these micelles are short rods or flattened 
spheres is still a matter for debate. The short 
rod model fits better with their position in 
the phase diagram (between L, and H,). 
However, a model composed of two spher- 
ical micelles and six disc shaped micelles 
has been proposed [49]. It is this structure 
which is now thought to be the more accu- 
rate. As for the Im3m and Fm3m cubic lat- 
tices only one micelle type, a quasispheri- 
cal structure, is proposed for the lattice [49] 
(see Fig. 7). 

A reversed I, structure of globular aggre- 
gates packed in a cubic array also has been 
reported recently for some surfactants 
[46-491, despite previous doubts about 
their existence. Here it appears that the 
micelles are spherical, but of two different 
sizes (Fig. 8). For reversed micelles the 
alkyl chain packing constraints no longer 
limit the micelle diameter, hence the coex- 
istence of two spherical micelles of differ- 
ent sizes is more plausible than with the I, 
phases. The Fd3m phase is well established 
now [48, 491, but again, there appear to be 
several other distinct symmetries possible 
in the I, region [48]. It is likely that the con- 
fusion in this area will be resolved in the 
next few years as the surfactant structures 
necessary for both I, and I, phases are now 
clear, hence we can obtain the phases with 
many more surfactant types. 

Figure 7. Polyhedral representations show- 
ing the micellar arrangements for (a) Pm3n, 
(b) Im3m and (c) Fm3m of I ,  cubic phases 
(reproduced from [46]). Micelles are located 

(a) (C) at the centres of the polyhedra 
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,-, Fd% - 

Figure 8. Schematic representation 
phase (reproduced from [42]). 

of the Fd3m I, 

The second set of cubic phases has a 
‘bicontinuous’ aggregate structure. The ba- 
sic structures for these bicontinuous cubics 
have received more attention in previous 
years, with the structures being well estab- 
lished. With the three main spacegroups 
Pn3m, Im3m and Ia3d being well reported. 
The aggregates form a 3-D network extend- 
ing throughout the sample, having curvature 
towards water (V,) or towards oil (V,), with 
many different structures being reported 
[41-441. These phases are structurally sim- 
ilar to the intermediate phases (see below) 
and although organized around the same cu- 
bic lattices as the I phases, have a complete- 
ly different aggregate structure. The first 
one to be detailed was based on a body cen- 
tred lattice, namely Ia3d [50] (Fig. 9). This 

structure, originally proposed by Luzzati 
[50] was thought to be composed of rod-like 
aggregates joined three by three to form two 
independent networks. However, it is now 
believed that these structures are composed 
of infinite periodic minimal surfaces [5 I ]  
with the surfactant and water cylinders be- 
ing interwoven and connected three by 
three. Another body centred cubic structure 
proposed for lipid/water systems [52], that 
of the Im3m (Fig. 9), is composed of a 
network of water channels connected six by 
six. 

There are two reported cubic phases com- 
posed around a primitive lattice. The first is 
the Pn3m, which first proposed to be com- 
posed of rod-like aggregates connected four 
by four at tetrahedral angles forming two in- 
dependent diamond lattices. However, it is 
now believed to be composed around a min- 
imal surface of two interwoven tetrahedral 
networks arranged on a double diamond 
structure. The second structure composed 
around a primitive lattice is that of the 
Pm3n. Its structure is still under debate, 
Luzzati and Tardieu [52] proposed a rod- 
like network of micelles forming a cage in 
which a spherical micelle is enclosed. How- 
ever, this is now thought to be unlikely [43, 
531. 

The cubic phases are all optically isotrop- 
ic (as are micellar solutions), but they have 

la3d Pn3m lm3m 

Figure 9. Schematic representations of cubic phases (reproduced from 1421). 
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very high viscosities hence are easily distin- 
guished from micellar solutions. The two 
classes of cubic phase, I and V, are distin- 
guished from each other by their location in 
the phase diagram. I phases occur at com- 
positions between micellar solutions and 
hexagonal phases, whilst V phases occur 
between hexagonal and lamellar phases. 
The factors that determine the particular 
structure within any set of I or V phases are 
not understood. 

3.4 Nematic Phases 

Lyotropic nematic phases were first report- 
ed by Lawson and Flautt [54] for mixtures 
of C, and C,, alkyl sulfates together with 
their corresponding alcohol in water. They 
are some what less common than the meso- 
phases discussed so far. When they do form 
they occur at the boundary between an iso- 
tropic micellar phase (L,) and the hexago- 
nal phase (HI )  or between L, and the lamel- 
lar phase (L,). As their name implies they 
have a similar long range micellar order to 
that of the molecules in a thermotropic ne- 
matic phase. They are of low viscosity, pos- 
sessing long range micellar orientational or- 
der but reduced translational order com- 

pared to the other lyotropic phases described 
above, and like the thermotropic phase can 
be aligned in a magnetic field. It is possible 
to identify nematic phases optically because 
of their characteristic schlieren texture. 

Lyotropic nematic phases are generally 
found for short chain surfactants, for both 
hydrocarbon or fluorocarbon derivatives 
[55,  561. Two different micelle shapes can 
occur (Fig. 10) [57]. One type (N,) is 
thought to be composed of small cylindri- 
cal micelles and is related to the hexagonal 
phase, while the other type of nematic (Nd) 
is composed of planar disc micelles and is 
related to the lamellar phase. Note that the 
‘disc’ micelles are likely to be ‘matchbox’ 
or ‘ruler shaped’, rather than the circular 
discs. Hence the ‘disc’ nematic phase can 
have the director along the long axis of 
‘ruler’ micelles or along the shortest micelle 
dimension, as with ‘match box’ micelles, 
while with N, phases the director always lies 
along the rod axis. 

As with thermotropic nematics, the addi- 
tion of optically active species to lyotropic 
nematic phases gives lyotropic cholesteric 
phases. Whilst details of their structures 
are not fully established they appear to fol- 
low the general pattern outlined above. The 
cholesteric ‘twist’ would appear to derive 
from the packing of optically active mole- 

Nd phase N, phase 

Figure 10. Schematic representation of a disc (Nd) and rod (N,) nematic phase. 
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cules within micelles, leading to a twisted 
micellar structure, rather than to the trans- 
mission of the anisotropic forces via solvent 
mediated forces. A recent report has shown 
evidence for the occurrence of cholesteric 
‘blue’ phases, a remarkable observation 
~581. 

3.5 Gel Phases (Lp) 

The gel phase (Lp) closely resembles the la- 
mellar phase in that it is comprised of sur- 
factant layers, but it differs in its very high 
viscosity. The term ‘gel’ again originates 
from industry where these systems were ob- 
served to have a gel-like rheology. Howev- 
er, these states should not be confused with 
polymer gels or gels formed by hydrocol- 
loid systems, since they are single phases in 
terms of the phase rule rather than being 
multiphase systems like polymer and col- 
loid gels. 

Within the gel phase, the bilayers have 
rigid, mostly all-trans alkyl chains, as 

Water Water 

shown by a sharp, wide angle X-ray spac- 
ing of about 0.42 nm and a large transition 
heat on melting, typically 25-75% of the 
crystalline surfactant melting transition. 
This indicates restricted chain motions, 
mostly limited to rotation about the long 
axis only. By contrast the water (polar me- 
dium) is in a ‘liquid-like’ state, with fast ro- 
tational and translational mobility. There 
are commonly reported to be three different 
structures of the gel phase as shown in 
Fig. 11. The first structure, with the bilayer 
normal to the liquid crystal axis, is the struc- 
ture most commonly found in dialkyl lipid 
systems [59]. Here, the alkyl layer thickness 
is found to be approximately twice the all- 
trans alkyl chain length of the surfactant. 
The second structure shown, the tilted bi- 
layer, is found in systems where the polar 
head group is larger than the width of the 
alkyl chain. This structure has been report- 
ed for monoglyceride systems [60]. The 
third structure, the interdigitated form, is 
found with long chain mono-alkyl systems 
such as potassium stearate [61]. 

Normal Tilted 

Figure 11. Schematic representation of the possible gel phases. 

Water 

Water 

Interdigitated 
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Whilst the occurrence of gel phases is 
commonly recognized for long chain dial- 
kyl surfactants it is also a common occur- 
rence for monoalkyl surfactants. Because of 
the lower packing order within the alkyl 
chain region in than the normal crystals, dif- 
ferent chain length derivatives (usually 
up to four carbons) can mix within the Lp 
phase. Additionally, different head groups 
can also mix within the Lp phases. Indeed, 
Lp phases can occur for mixed systems 
where none is observed for the individual 
constituents. For example sodium dodecyl 
sulfate and dodecanol form a mixed gel 
phase where as none is observed for SDS 
alone [62]. (Note that dodecanol does form 
a stable Lp phase termed the ‘a-crystalline 
phase’ with about 0.2 mol fraction of water 
[5 ,  63, 641.) 

Whilst Lp phases have been accepted for 
years recently there has been debate about 
whether the state really does exist as a true 
thermodynamic equilibrium phase, based 
on very reasonable criticism of deficiencies 
in their location on properly determined 
phase diagrams [65]. However, in at least 
one case (the nonionic surfactant trioxyeth- 
ylene hexadecyl ether [66]) the Lp phase in 
water melts at a higher temperature than the 
crystalline surfactant. It forms on mixing 
water and the liquid surfactant just above 
the crystalline surfactant melting point, 
clear proof that it is the equilibrium state. 

In fact, as Small has discussed in detail 
[ 5 ] ,  the stability of the Lp state is determined 
by the packing of the alkyl chains. Poly- 
ethylene does not melt until ca. 140°C 
[67]. Long chain alkanes do form stable 
‘a-crystalline’ (rotator) phases where the 
alkyl chain packing and mobility is similar to 
that of the Lp phase. The melting of alkanes 
can be regarded as being driven by the mis- 
match between CH, and CH, sizes within 
the crystal (2.3-2.6 nm and ca. 120 A re- 
spectively). Thus the transition tempera- 

tures for the sequence: 

TA T8 crystal + ‘rotator’ phase -+ melt 

increase with hydrocarbon chain length, the 
minimum chain size required to form a ro- 
tator phase being about C22. The value of Ts 
for alkanes of chain length 2 n represents an 
upper temperature limit for the Lp phase of 
surfactants with chain length n. Usually, the 
Lp phases melt at a lower temperature than 
the limit TB because the head groups are 
more hydrated in the molten phases than the 
Lp phase, and this free energy contribution 
is larger than the chain packing energy. 

To date the hydration of headgroups in the 
Lp phase has always been found to be low- 
er than that of the higher temperature mol- 
ten phases (usually lamellar). Hence Lp 
phases do not swell in water to the same 
extent as the La phases. Moreover, the size 
(area) of the hydrated head group deter- 
mines which of the three structures occur 
(see Fig. 11). The perpendicular bilayer 
requires a head group area ( a )  of about 
22 A2, whilst the tilted bilayer occurs with 
a =22-40 A2, and the monolayer interdigi- 
tated structure with a 2 4 4  A2. Hence in- 
creasing m in the series of polyoxyethylene 
surfactants C,EO, (n  > 16, rn=0-3), either 
singly or in mixtures, one expects to encoun- 
ter all three phases. Whilst the monolayer 
and perpendicular bilayer structures are 
known, the tilted phase has not been report- 
ed. 

In fact, a careful examination of proper- 
ties such as heat of melting, high angle X- 
ray data and phase behavior for a series of 
closely related surfactants shows that con- 
siderable anomalies exist in both assumed 
alkyl chain packing structure and phase 
stability with the conventional picture. The 
area deserves a systematic broad study to 
give a proper molecular based understand- 
ing. 
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3.6 Intermediate Phases 

We have already described the occurrence 
of bicontinuous cubic phases having an ag- 
gregate curvature between those of hexag- 
onal and lamellar phase. Over the past 
40 years there have been sporadic reports of 
other structures with similar ‘intermediate’ 
curvature. A number of these so-called 
‘intermediate’ phases have now been iden- 
tified. They replace V, bicontinuous cubic 
phases for surfactants with longer or more 
rigid hydrophobic chains. It is likely that 
they replace V, phases under some condi- 
tions, but this area has yet to receive the 
same systematic attention as the V,/inter- 
mediate phases. Unlike the V,/V2 phases, 
intermediate phases are anisotropic in struc- 
ture, and consequently birefringent; also 
they are often much more fluid than cubic 
phases. There is still discussion in the liter- 
ature as to which structures are possible. The 
observed or proposed structures divide top- 
ologically into three broad types according 
to symmetry; rectangular ribbon structures, 
layered mesh structures, and bicontinuous 
structures which do not have cubic symme- 
try. Ribbon phases may be regarded as a 
distorted hexagonal phase (Fig. 12a). Mesh 
phases are distorted lamellar phases in 

which the continuous bilayers are broken 
by water filled defects which may or may 
not be correlated from one layer to the next 
(Fig. 12 b). The bicontinuous phases are dis- 
torted cubic structures. 

Phases with noncubic structures were 
first identified by X-ray scattering from 
aqueous soap mixtures [68, 691 and anhy- 
drous soap melts in a series of papers by 
Luzzati and Skoulios [69-731. In the first 
of these papers [68] the term intermediate 
was applied to a rectangular structure found 
in aqueous mixtures of potassium and sodi- 
um oleates and potassium laurate and pal- 
mitate. The structures found in the anhy- 
drous soaps were reinterpreted as interme- 
diate, tetragonal, rhombohedral, and ribbon 
structures in the paper by Luzzati and co- 
workers [74] in 1968. It was not until the 
early eighties that interest in these unusual 
phase structures was rekindled. 

Ribbon phases have been the most com- 
prehensively studied of the intermediate 
phases. They occur when the surfactant 
molecules aggregate to form long flat rib- 
bons with an aspect ratio of about 0.5 locat- 
ed on two dimensional lattices of oblique, 
rectangular (primitive or centred), or hex- 
agonal symmetry. Ribbon phases were first 
proposed by Luzzati [68,69] in aqueous sur- 

(4 (b) 

Figure 12. Schematic representations of (a) centered rectangular phase, (b) representation of six connected 
rhombohedral mesh phase. 
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factant systems and by Skoulios [71] in so- 
dium stearate and tetradecane or cyclohex- 
ane. Hagslatt et al. [7S] have investigated 
ribbon phases in a number of ternary sys- 
tems. In [7S] they review the results from 
a wide variety of studies on ribbon phases 
and show that these studies are consistent 
with the conclusion that all ribbon phases 
index to a centred rectangular cell, cmm. A 
'hexagonal-rod' model of the ribbon cross 
section was suggested in which the ribbon 
structure is controlled by the competition 
between the requirement for a constant wa- 
ter layer thickness around each ribbon, the 
surface area per molecule and the minimiza- 
tion of total surface area. Note that given the 
anisotropic nature of the interaction forces 
between the ribbons, the assumption of a 
constant water layer must be an approxima- 
tion. 

The first identification of intermediate 
mesh phase structures was by Luzzati [74] 
from the measurements by Spegt and Skou- 
lios [70-731 in anhydrous soap melts. It was 
not until the work of KCkicheff and others 
[62, 76-81] on sodium dodecyl sulfate 
(SDS)/water and on lithium perfluoroocta- 

noate (LiPFO)/water [82] that intermediate 
mesh phases were recognized in aqueous 
surfactant water systems. SDS/water has 
been extensively studied by optical micros- 
copy [78], X-ray scattering [68, 77, 781, 
SANS [79] and NMR [77, 781 techniques. 
More recently, mesh intermediate phase 
structures have been identified in a number 
of nonionic surfactants with long alkyl 
chains [83-851. These reveal a very rich 
intermediate behavior [77-801. There are a 
number of possible mesh phase structures 
with both tetragonal and rhombohedral 
symmetry. These generate X-ray scattering 
patterns which, although they may show up 
to ten lines (Fig. 13) must be indexed with 
care because a variety of structures may be 
possible. 

Many intermediate phase regions are 
bounded by lamellar phases which contain 
water filled defects; the nonuniform curva- 
ture is retained although there is no longer 
any ordering of the defects within the bilay- 
er and there are no correlations between the 
bilayers. These defected lamellar phases 
may also be regarded as random mesh phas- 
es. They have been seen in the SDS/water 

Figure 13. The X-ray scatter- 
ing from a 52 wt% C,,EO,/ 
water sample. (a) Lamellar 
phase; (b) random mesh phase; 
(c )  rhombohedra1 mesh inter- 
mediate phase; (d) Ia3d cubic 
phase; and (e) hexagonal +gel 
two phase region. 
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and LiPFO/water systems and as indepen- 
dently occurring phases in decylammonium 
chloride/NH,Cl/water [86, 871 and in cae- 
sium perfluorooctanoate/water [88-911. 
These phases are characterized by lamellar 
like Bragg reflections in the ratio 1 : 1/2 : 113 
. . . , but with a broad liquid-like reflection 
from the intralamellar defects (Fig. 13). 

Whilst ribbon and mesh phases are now 
fairly well established, the bicontinuous 
noncubic structures are still elusive. The 
identification of tetragonal or rhombohedral 
phases of a mesh or bicontinuous type is am- 
biguous because there usually is insufficient 
information to make a definitive identifica- 
tion. There are only a few examples 'where 
authors have identified a bicontinuous 
phase usually because of its association with 
adjacent bicontinuous cubic phases [79,92]. 
Theoretically, Hyde has cast doubt on non- 
cubic bicontinuous phases because period- 
ic minimal surfaces with tetragonal or rhom- 
bohedral symmetries are expected to have a 
higher associated bending energy cost than 
their cubic phase counterparts. He suggests 
that the phase transition from ribbons to V, 
can be achieved by extra tunnels connect- 
ing the mesh layers in a rhombohedral mesh 
phase. Anderson and coworkers [93-951 
have proposed that both rhombohedral and 
tetragonal bicontinuous structures of the 
type first proposed by Schoen [96] are not 
only possible but are the most likely inter- 
mediate phase structures with these symme- 
tries. The existence of bicontinuous noncu- 
bic phases still remains an open question. 

Hyde et al. [97, 981 have considered the 
origin of intermediate phases in detail. All 
intermediate phase structures are character- 
ized by nonuniform interfacial curvature. 
The forces between the polar head groups 
and those between the lipidic alkyl chains 
tend to impose a certain value for the inter- 
facial curvature. This curvature may not be 
compatible with the molecular length. The 

problem is resolved by either the system 
phase separating or by the formation of 
structures with nonuniform surface curva- 
ture. However, it is still not clear why in- 
creasing chain length or rigidity should fa- 
vor the formation of these intriguing phas- 
es over bicontinuous cubic structures. 

Whilst the early reports of intermediate 
phases concerned systems with reversed 
curvature [73-761 these were for surfac- 
tants where some residual short range order 
in the polar groups was probably present. 
There are few definitive reports of fully 
molten intermediate phases with reversed 
curvatures. In fact the pattern of how inter- 
mediate phases replace the normal bicontin- 
uous cubic phase as alkyl chain size increase 
only became recognized as systematic stud- 
ies on homologous series were carried out 
[37,66]. Here it has required a combination 
of microscopy, multinuclear NMR and X- 
ray diffraction to elucidate the structures. 
Such studies on reversed phases have yet to 
be carried out, particularly where small vari- 
ations in alkyl chain structure are made. 

The key factor in studies of the normal 
systems was a gradual increase of chain 
length. Conformational restrictions on the 
chains in normal aggregates appear to be re- 
sponsible for the reduced stability of the v, 
phase for long chain derivatives. With re- 
versed structures the presence of water in 
the aggregate cores allows conformational 
freedom. Hence it is likely that reversed 
intermediate phases will be found for 
systems with low water contents and bulky 
head groups: inevitably with multiple alkyl 
chain compounds. Where the chains have 
identical lengths such surfactants have high 
melting temperatures. Hence multiple un- 
equal chains are probably required to ob- 
serve reversed intermediate phases. 
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4 Phase Behavior 
of Nonionic Surfactants 

In principle the aggregation properties and 
mesophases of nonionic surfactants should 
be easier to understand than the behavior of 
ionic surfactants because there are no long 
range electrostatic forces. As the intra- and 
intermicellar head group interactions oper- 
ate over a much shorter range than for ion- 
ic compounds, the head groups can pack 
close together as is required for the trans- 
formation from highly curved aggregates 
such as those in I ,  and HI phases to geom- 
etries with a smaller or negative curvature 
as in the reversed phases [37,99-1011. The 
effective head group volume is given by its 
actual size, together with about one hydra- 
tion layer. 

The most widely studied group of non- 
ionic surfactants is that of the poly(ethy1ene 
oxide) alkyl ethers [n-CnH2,+,(OCH,CH2),0H; 
C,EO,] [37, 1011. One reason for this is that 
it is possible to study the phase behavior 

whilst systematically varying the length 
of either the hydrophobic alkyl chain or the 
hydrophilic ethylene oxide groups. Surfac- 
tants with large head groups form cubic ( I I )  
and hexagonal (HI) phases. With increasing 
temperature the head group dehydrates and 
reduces in effective size, often until the 
interfacial curvature becomes zero or even 
negative. This results in the formation of the 
lamellar (La) phase and a subsequent tem- 
perature increase (or further decrease in hy- 
dration and head group size) can lead to the 
formation of reversed phases. 

The variation of the phase behavior with 
head group size is illustrated with reference 
to the C,,EO, homologous series [37, 46, 
102, 1031, where x=2-6, 8, 12. The sim- 
plest phase behavior is shown by Cl,EO, 
(Fig. 14) which has H,, V, and La phases 
and a region of partial miscibility or cloud- 
ing (W+L,). The cloud temperature (criti- 
cal point) is defined as the lowest tempera- 
ture at which the region of partial miscibil- 
ity is seen. The maximum temperatures of 
the H, and V,  phases are 37" and 38 "C re- 
spectively while the La phase exists up to 

0 25  50 7 5  100 

composition (wt % C , 2 E 0 6 )  

Figure 14. Phase diagram of C,,EO,/water. 
Note that most two phase regions are small 
and not shown (L,, aqueous surfactant solu- 
tion; W, very dilute surfactant solution; 
HI, normal hexagonal phase; V,, normal bi- 
continuous cubic phase; La, lamellar phase; 
S indicates the presence of solid surfactant) 
(reproduced from [37]). 
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73 "C. Note that the pure surfactant forms a 
liquid, which is miscible with water over a 
certain composition/temperature range. The 
clouding region arises from the partial mis- 
cibility of the Cl2EO, micellar solution with 
water above about 49 "C. This is caused by 
a net intermicellar attraction arising from 
EO-EO interactions between adjacent mi- 
celles. It is discussed further in [lo31 and 
the references therein. Whilst the clouding 
phenomenon is important for many micel- 
lar properties of these surfactants, its only 
influence on the mesophases is to determine 
the limit to which they can swell in water, 
that is it fixes the boundary between meso- 
phases and the dilute aqueous solution 
(Fig. 14). 

On increasing the EO size, an I ,  cubic 
phase is observed for C12E0, between -30 
and 43 wt% surfactant on the dilute side of 
the large H,  region (Fig. 15). A V, cubic is 
seen over a narrow concentration range and 
the L, phase is reduced to an even smaller 
concentration and temperature range. With 
a further increase in EO size to C12E0,2, 

/ I 

' '1 ; / 

0 2 5  5 0  75 100 
composition (wt % C ~ , ~ E O , )  

1 1  / I  I 

Figure 15. Phase diagram of C,,EO,/water (repro- 
duced from [37]) (I,, close-packed spherical micelle 
cubic phase; others as for Fig. 14). 

only I, and HI  phases are observed with the 
cubic phase existence range increasing to 
=35-53 wt% surfactant (Fig. 16). Recently 
it has been shown that there are in fact three 
distinct I, phases present 1461. With increas- 
ing surfactant concentration these have 
spacegroups Fm3m, Im3m and Pm3m. As 
one might expect, the partial miscibility re- 
gion shifts to higher temperatures as EO size 
increases. With very long EO groups the I ,  
phase becomes even more dominant. How- 
ever, eventually increasing the EO size is 
expected to lead to 'micelles' with small ag- 
gregation numbers and a tiny micelle core, 
which will not form ordered phases. 

There is a distinct change in the behavior 
as the number of ethylene oxide groups de- 
creases below 6. For CI2EO5 [102], HI ,  V, 
and La phases are all clearly observed 
(Fig. 17), but with the HI  and V, phases ex- 
isting over much narrower concentration 
ranges and to lower temperatures than for 
CI2EO6 (to 18.5 and 20°C respectively). 
The L, phase is formed over a much wider 
concentration range. Note that above the 

Figure 16. Phase diagram of C,,EO,,/water (repro- 
duced from [46]) (Fm3m, Im3m. Pm3n represent dif- 
ferent I ,  cubic phases; others see Fig. 14). 
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Figure 17. Phase diagram of C,,EO,/water (L', and 
L;, surfactant solutions; L,, liquid surfactant contain- 
ing dissolved water, not fully miscible with water: L,, 
sponge phase. isotropic solution not fully miscible 
with water or surfactant, otherwise as for Fig. 14) (re- 
produced from [ 1021). 

cloud point the lamellar phase coexists 
with a dilute aqueous phase and just above 
this the L, so called 'sponge phase' occurs. 
This phase has received much attention 
from academic researchers, both because 
of its unique position in the phase diagram 
and because it is closely related to the oc- 
currence of bicontinuous microemulsions 
[104-1071. It is comprised of large aggre- 
gates having a net negative curvature (the 
opposite of normal micelies). The aggre- 
gates extend throughout the phase, hence it 
is continuous in both the aqueous and sur- 
factant regions, so it is bicontinuous. Also 
the 'aggregates' are extremely labile, hence 
L, phases have low viscosities but occasion- 
ally show shear birefringence at higher con- 
centrations. Their formation can be slow, so 
the establishment of exact phase boundar- 
ies is sometimes tedious and time consum- 
ing. In some of the earlier mesophase stud- 
ies it was not recognized just how slowly 
the L, forms under some conditions, hence 

L, regions may be underestimated (e.g. 
Fig. 18, below). In fact, the surfactant ag- 
gregate structure is closely related to that of 
the reversed bicontinuous cubic phases 
which are frequently found on the phase di- 
agram adjacent to L, regions (e.g. CI2EO,, 
see below). Whilst there is a dramatic dif- 
ference between the mesophase regions of 
C I ,EO, and C I ,E05, the difference arises 
just from the small difference in head group 
size, and the existence of partial miscibility 
above the cloud temperature. Note the 
marked decrease in the miscibility of 
CI2EO5 and water above 80°C. This is a 
common feature with these surfactants. 

The phase behavior of CI2EO, is very 
similar to that of C ,2EO5 with the La phase 
existing over a similar concentration range 
(25-80 wt%), but to a slightly lower tem- 
perature (68°C). Clouding occurs at 4°C 
and the H, phase exists only at temperatures 
below -2 "C. The occurrence of a V, phase, 
however, can not be definitely proved. An 
L, phase is observed at similar concentra- 
tions but about 10 "C below that of C , 2E0s. 

For C12E03 no micellar phase occurs 
(Fig. 18 a), at least above 0 "C, while the on- 
ly mesophase shown on the phase diagram 
is La which exists over a concentration 
range of =47-85% surfactant and to a max- 
imum temperature of 52 "C. The L, phase is 
shown on the phase diagram as being con- 
tinuous with L,. In many of these systems 
it is difficult to observe coexistence of L, 
and L, phases at high concentrations be- 
cause of the similar refractive index of the 
two phases. Laughlin has observed that L, 
and L2 are not continuous in this system 
[ 1081. In the above three systems there are 
also a number of two phase regions in which 
various phases coexist with very dilute sur- 
factant solution (W+Ll,  W + L 2 ,  W+L,,  

For CI2EO2 [ 1031, in addition to La and 
L, phases there are two V, reverse bicon- 

w + La). 
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composition (wt 70 C,,EO,) 

I I I 
0 20 40 60 80 1oc 

wt% C,,EO, 

Figure 18. (a) Phase diagram of C,,EO,/water (re- 
produced from [37]. (b) Phase diagram of C,,EO,/ 
water (reproduced from [112]). Symbols as for 
Figs. 14 and 17. 

tinuous cubic phases which exist between 
the other two phases over a temperature 
range of 24-36 "C (Fig. 18 b). X-ray diffrac- 
tion [lo91 has shown the cubic phases to 
have space groups Ia3d and Pn3m. Because 
of the reduced hydrophilicity of the head 
group, no mesophases exist above 36°C. 
Note that these occur at higher water con- 
centrations than the L, phase over a small 
temperature region: so that addition of wa- 
ter promotes negative aggregate curvature. 
This is consistent with the view of L, as hav- 
ing aggregates with negative curvature, and 
is a common occurrence with many surfac- 

tants that form reversed phases. It underpins 
the important general observation that there 
is not a similar regular phase sequence (I& 
V,, H, .,.) with concentration for the re- 
versed structures as occurs for  normal me- 
sophases. 

For the remaining members of the series 
C12E01 and C,,EO, (dodecanol) no meso- 
phases occur, only separate water and am- 
phiphile phases which show slight miscibil- 
ity. With all the C12 surfactants no meso- 
phase exists above 8O"C, while the maxi- 
mum mesophase 'melting' temperature var- 
ies much less than the cloud temperatures. 

Like behavior is observed for homolo- 
gous series of surfactants of different alkyl 
chain lengths, but the mesophase regions 
extend to higher temperatures with increas- 
ing n. The effect of curvature increases with 
EO number as expected. So for all alkyl 
chain lengths ( n  > lo), I, cubic phases only 
exist for EO, when x > 8  and extensive L, 
regions occur for small EO groups (x 5 5 ) .  

The influence of alkyl chain length can 
be illustrated using C,E06 surfactants [37]. 
C,E06 gives just an H, phase which melts 
at ~ 1 2 ° C  [ l l O ,  1111. C,,E06 shows a sub- 
stantial area of H1 phase but there is conten- 
tion as to whether it additionally shows a 
low temperature L, phase [ 11 1,1121. No V, 
phase occurs with these two materials. The 
phase behavior of C 2E06 is reported above. 
C14E06 is very similar to C,,E06 only with 
the L, phase having a significantly higher 
melting temperature (95°C as opposed to 
73°C). On increasing the chain length to 
C 16 there is a dramatic alteration in the phase 
behavior similar to that occurring between 
C12E06 and C12E05. The behavior is made 
even more complex because a monolayer 
interdigitated gel (Lp) phase occurs below 
about 25°C. The H, and V, melting tem- 
peratures are slightly decreased (both 34 "C 
compared to 37 and 40°C for C14E06) 
and the L, melting temperature slightly in- 
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creased (102 "C). This is the first member 
of the C,E06 series to show an La+ W re- 
gion and an L, phase (90->lo2 "C). More- 
over, with an increase in chain size to c16, 
the bicontinuous cubic phase begins to be 
replaced by intermediate phases. In fact 
C16E06 exhibits several phases not in the 
original report, including a rod micelle ne- 
matic phase, a random-mesh-lamellar phase 
and another intermediate phase, the latter 
being metastable [ 1 131. 

Whilst the existence range of the nemat- 
ic phase is small for CI6EO6, with CI,EOx 
a low viscosity long rod micelle nematic 
phase has been observed (Fig. 19) over 
a narrow concentration range at =34 wt% 
surfactant over the temperature range 
28-54°C between the H, and L, phases 
[ 1141. Here the increase in EO size removes 
the intermediate phases and the La+ W and 
L, regions, but a gel (Lp) phase is present at 
temperatures below the molten phases. For 
much longer chain surfactants such as 
C,,,E06 (hexaethylene glycol cis- 13-doco- 
senyl ether) [ 1151 or 'C,,EO,' (nonaethy- 
lene glycol mono( 1 1 -oxa- 14,18,22,26- 
tetramethylheptacosy1)ether [ 851 the corre- 

8 2,. I , j  S 
; l 1 :  , 

0 25 50 75 100 
C,,EO, (wt.%) 

Figure 19. Phase diagram of C,6E08/water (repro- 
duced from [ 1141). (N:, rod nematic phase; otherwise 
as for Figs. 14, 17 and 18). 

lated defect mesh phases replace the V, re- 
gion. No gel phases are expected here be- 
cause of the disrupted alkyl chain packing. 
Note that several general conclusions are il- 
lustrated by the above behavior. First, in- 
creasing surfactant chain length has little ef- 
fect on the composition ranges of phases 
with positive curvature, the major influence 
is to raise the upper temperature limit of the 
mesophases. Hence very short chain (C,, 
n < 8) surfactants do not form mesophases 
at all. Moreover, long rod nematic phases 
occur at the L,/Hl boundary for long chain 
surfactants. This pattern of behavior is true 
for all surfactant types. The reason why few 
N, phases are reported in the literature is be- 
cause such long chain surfactants are usual- 
ly insoluble. The C2,= and 'C30' derivatives 
referred to above have their molecular pack- 
ing in the crystal disrupted by the presence 
of methyl side groups or unsaturation, both 
of which increase miscibility with water. 

Conroy et al. [lo31 investigated the 
effect of replacing the terminal OH in 
three polyoxyethylene surfactants by OMe 
(CI2EO,OMe, m=4,6,  8). For m=4  the La 
phase melts at 27 "C for OMe (68°C for OH) 
and the L, phase is seen at lower tempera- 
tures (24-27" as opposed to 51.5-70°C). 
For m=6 the H,, V ,  and La phases all melt 
at lower temperatures for OMe (24, 28, 
43 "C as opposed to 37, 38, 73 "C for OH). 
For m = 8 the V, and La phases are not seen 
for OMe and the I, and H, melting temper- 
atures reduced to 15 and 41 "C respectively 
from 16 and 59°C for OH. This shows the 
importance of the terminal OH of the EO 
groups, a factor often neglected. 

Commercial polyoxyethylene surfactants 
contain a wide range of EO sizes, often with 
a reasonably defined alkyl chain. Bouwstra 
et al. [ 1 161 studied a commercial sample of 
C,=C9EO14 (i.e. a C I x  chain with 9-10 cis 
double bond and a polydisperse EO group). 
It exhibits phase behavior similar to C r2EOx 
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with I,, H,, V, and La phases. The H, phase 
exists between 35.6 and 74.8 wt% surfac- 
tant and up to 84 "C. The other phases exist 
over narrower concentration ranges and to 
lower temperatures. 

The commercial Synperonic A surfac- 
tants are a mixture of CI3  (66%) and C15 
(34%) alkyl chains while the hydrophilic 
chains are composed of polydisperse ethy- 
lene oxide groups. Investigations into the 
phase behavior of A7, A1 1 and A20 (con- 
taining an average of 7 , l l  and 20 EO groups 
respectively) have been achieved using a 
number of experimental techniques [ 117, 
1181. A7 shows H, and La phases, with the 
H, existing between 30 and 62 wt% surfac- 
tant up to a maximum of -30"C, while the 
La exists between 5 1 and 86 wt% surfactant 
to a temperature greater than 60 "C. With an 
increase of EO size to the A1 1 compound, 
a small area of V ,  cubic phase appears 
between the H, and La phases, while the 
latter is greatly reduced in stability (73- 
83 wt% with a maximum temperature of 
-35°C). The H, phase exists at slightly 
higher concentrations than for A7 and up to 
=64 "C. 

The phase behavior of the A20 compound 
is radically different to the shorter chain 
homologues, with only I, and H, phases 
present. The I, phase exists between 24 and 
62 wt% surfactant up to -70 "C and the H, 
between 60 and 8 1 wt% to over 80 "C. Un- 
like the other two surfactants the A20 com- 
pound shows no cloud point (below 100 "C) 
at low surfactant concentrations. 

Triton X-lOO@ and X-l14@ are industrial 
p-tert-octylphenol polyoxyethylene surfac- 
tants with about 9.2 and 7.5 ethylene oxide 
groups per molecule respectively. They are 
used in biochemical studies because of their 
ability to disrupt biological membranes 
without denaturing integral membrane pro- 
teins [ 1 191. TX- 100 [ 1201 forms an H, phase 
between 37 and 63% surfactant from 0 to 

28 "C and a La phase between 65 and 78% 
up to 6°C. TX-114 [121] exhibits a larger 
area of La phase from 35 to 83% surfactant 
and from -20 to 65 "C, but does not form 

Essentially these studies allow two gen- 
eral conclusions to be made when compar- 
ing pure and commercial nonionic surfac- 
tants. First, the stability of the V, phase is 
much reduced. Secondly, a commercial sur- 
factant of average formula C,EO, resem- 
bles a pure surfactant with a slightly small- 
er EO groups such as C,EO,-,. (An exam- 
ple is given in the section on mixed surfac- 
tants below.) Thus the surfactant molecules 
with different EO sizes mix together in the 
same aggregates, rather than the long and 
short EO components separating into phas- 
es with large and small aggregate curvatures 
respectively. The small difference in hydro- 
philicity caused by changing the head group 
size by one EO unit is responsible for this. 
With other commercial surfactants where 
the head group is a small polymer of strong- 
ly hydrophilic residues, such as with alkyl 
polyglycerols, the difference in hydration 
and size between head groups differing by 
1-2 polymer units is very often sufficient to 
cause the coexistence of phases with differ- 
ent curvatures (e.g. L,+H,) over a wide 
range of water contents. Obviously, this is 
only a rough guide for materials where the 
EO distribution follows some regular pat- 
tern. Mixed commercial nonionic surfac- 
tants can show marked deviations from that 
expected for the 'average' EO size if the dis- 
tribution of EO sizes is bimodal (i.e. for 
mixed commercial surfactants). 

Whilst studies on linear alkyl surfactants 
are common, in recent years branched-chain 
nonionic surfactants have been studied as 
well as surfactants with novel head groups 
and surfactant mixtures. 

The phase behavior of a series of mid- 
chain substituted surfactants with the gen- 

HI. 
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era1 structure CH3(CHz),CHEOx(CH2)SCH, 
where x = 3 ,  4, 6, 8, 10 (denoted S-C,,EO,) 
has been studied by optical microscopy us- 
ing the penetration technique [ 1221. These 
have much more bulky hydrophobic groups 
and show clear differences from the behav- 
ior of the linear materials described above, 
as expected from the packing constraints. 
No liquid crystal phases are seen for s- 
C,,E03, just the coexistence of W and L,. 
For s-CI2EO4, a V, reversed bicontinuous 
cubic and a La phase are seen, both of which 
melt at low temperature (8.0 and 0.5 "C re- 
spectively) in addition to L2 and W. On 
increasing the EO size to that of s-C,,EO,, 
La and L, phases are observed. The L, 
phase exists between 35.3 and 53 "C on the 
lower surfactant concentration side of the 
La phase which exists up to 48.8"C. L, 
micellar solution is seen only below 5.9"C 
with a cloud temperature below 0 "C. 

The next compound s-C12E08 (Fig. 20), 
shows similar phase behavior to s-C ,,E06 

1 oc 
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Figure 20. Schematic phase diagram of s-C,,EO,/ 
water (reproduced from [122]). Symbols as for 
Figs. 14 and 17. 

with the melting temperatures of the La and 
L, phases increased (to 63.5 and 66.7"C 
respectively). A micellar solution with a 
cloud point at 19.2"C is present. Finally, 
s-Cl2EOI0 (Fig. 21) gives H,,  V ,  and La 
phases on penetration at 0 "C. The H, and 
V, phases melt to micellar solution at 
<lO"C, while the La phase exists up to 
74.2"C. An L, phase also exists between 
69.0 and 79.0 "C with the cloud point being 
46.4 "C. Clearly the pattern of behavior re- 
sembles that of the linear surfactants, but an 
increase EO size is required to observe a par- 
ticular phase sequence. It is initially surpris- 
ing that mesophases do form with the small 
(maximum) hydrophobic chain of C,, where 
none are seen with simple linear surfactants 
of this chain length. This may indicate that 
the micelles are more monodisperse in size 
for dialkyl surfactants than for monoalkyl 
surfactants because local molecular 'pro- 
trusion' of monomers out of the micelle is 
damped by the hydrophobic effect on two 

'6 H13 

'5*11 
' CHO(EO),OH / 

Temp. 

incr. conc.- 

Figure 21. Schematic phase diagram of s-C12EOl,/ 
water (reproduced from [122]). Symbols as for 
Figs. 14 and 17. 
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alkyl chains, rather than one. Thus the mi- 
celle surface is smoother for dialkyl surfac- 
tants then for monoalkyl derivatives. 

Another series of 'branched' (dialkyl) 
nonionic surfactants has been studied [ 1231 
having the general formula C,C,GE,M, 
where Ck and C, denote different alkyl 
chains, with k=4 for n-butyl (C,) and tert- 
butyl (C,.,) and n = 10 or 12. G denotes a 
glyceryl unit and E,M denotes octaoxyethy- 
lene monomethyl ether. This work follows 
on from earlier work on similar compounds 
[ 124- 1261. The structural differences be- 
tween n- and tert-butyl chains within the 
asymmetrical V-isomers lead to a different 
phase behavior as expected by the packing 
constraints. Both C,, isomers show H,, V, 
and L, phases, with the existence range 
and maximum temperature of the L, much 
greater for the n-butyl compound (8- 
80 wt% surfactant compared to 68-77 wt% 
and 50.1 "C compared to 11.6 "C). The H, 
and V, phase ranges are similar for the two 
compounds, but with the V, phase existing 
to higher temperature for the n-butyl com- 
pound (Fig. 22). This compound also shows 
a L, phase above the dilute L, phase up to 
50.1 "C. The n-butyl isomer of C,, has very 
similar phase behavior to the C,, compound 
with all the phases existing to slightly high- 
er temperatures. 

Previous to the above work, the authors 
had investigated a homologous series of 
nonionic surfactants containing two hy- 
drophilic chains [ 1271, and having the gen- 
eral formula C,G(E,M), where C, denotes 
the alkyl chain (n = 10- 16), G=glycerol 
and E,M = oligo-oxyethylene mono-methyl 
ether (m=3-5) (Fig. 23). The compound 
C,,G(E,M), exhibits no mesophases but 
has a cloud temperature of 54.2"C. The 
other compounds studied (for which n= 12, 
14, 16) a11 exhibit two I, cubic phases and 
a hexagonal phase (Fig. 23). The tempera- 
ture at which the phases melt increases with 

increasing length of alkyl chain (the melt- 
ing temperatures of the H,  phase in 
C,G(E,M), for n=12, 14, 16 are 2.1, 31.6 
and 38.6 "C respectively). The cloud point 
is virtually unaffected. However, on in- 
creasing the length of the head group the 
cloud point increases (38.7, 53.0 and 
61.8 "C for CI4G(E,M), where m=3, 4, 5 
respectively. 

All of these studies confirm that the pat- 
tern of phase behavior shown for the con- 
ventional surfactants generally holds at least 
qualitatively whatever the head group or 
chain structure provided that a proper con- 
sideration of the alkyl chain packing condi- 
tions is made. 

b 20 io 60 60 1 0 
c [w%j SURFACTANT 

Figure 22. Phase diagram of (C,)(C,,)GE,M/water 
(reproduced from [ 1231). (L, very dilute surfactant so- 
lution; C. A. indicates the presence of solid surfac- 
tant; otherwise as Figs. 14 and 17.) 
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Figure 23. Phase diagrams of C,G(E,M), and water. The dependence of phase behavior on alkyl chain length 
n and the number of oxyethylene units 2m per surfactant (reproduced from [ 1271). (D, lamellar phase; otherwise 
as Figs. 14, 15 and 22). 
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A severe test of this is where the flexible 
alkyl chain is replaced by the rigid hydro- 
phobic steroid skeleton. When sufficiently 
long ethoxy chains are attached to the 
cholesterol OH, phase behavior similar to 
more common alkyl derivatives is observed 
[128]. For apolydisperseEO,, chainl, ,  H,, 
La and L, phases are seen along with a re- 
gion of clouding above 85 "C. The H, phase 
exists between 18 and 60% surfactant from 
at least room temperature to 65 "C. The La 
phase exists from 35 to over 85% and to at 
least 100°C. When the EO length is in- 
creased to 35 no lamellar phase occurs but 
an I, cubic phase is seen between 23 and 
67% surfactant and to over 100 "C. The H, 
phase is seen between 67 and 83% and up 
to =80 "C. For a chain length of 50 ethoxy 
groups only the I ,  phase is seen between 27 
and 93% up to 100 "C. Estimating the cho- 
lesterol length as being equivalent to about 
C15, and a volume of about C20, this is well 
in agreement with the behavior of the nor- 
mal surfactants. It might be thought that the 
bulky nature of the cholesterol moiety 
would prevent packing into spherical mi- 
celles, but this is clearly not the case. 

An exciting development in recent years 
has been the systematic study of polymeric 
surfactants rather than the occasional stud- 
ies reported previously. Polysurfactants can 
be made via polymerization of the chain ter- 
mini (head groups or tails) or from hydro- 
philic and hydrophobic blocks (called side- 
chain or block copolymer surfactants re- 
spectively). Over the years, Finkelmann and 
Luhmann have reported the phase behavior 
of a variety of nonionic surfactants and 
polymers formed from them. In the latter 
category, they report [129] on the liquid 
crystalline properties of side chain polymers 
comprising a poly[oxy(methylsilyl)] back- 
bone ('P' = O-SiCH,-, average degree of 
polymerization 95) with side chains of 
(CH2),oC(0)O(CH2CH20)sCH,. These are 

produced by esterifying the polyglycol with 
10-undecanoic acid which forms the hydro- 
phobic part of the amphiphilic molecule. In 
water (Fig. 24), the polymer exhibits large 
regions of H, (36-75%, -15 +49 "C) and 
L, (64-90%, -5 +64 "C) phases separated 
byanarrowbandofV1phase(-10+45 "C). 
A region of clouding is seen up to 90% poly- 
mer. The clouding temperature increases 
with concentration from a minimum of 
53 "C. The changes induced by polymeriza- 
tion are similar to those expected for in- 
creasing the alkyl chain size to about C,,, a 
rather small alteration. The high flexibility 
of the polyoxysilyl backbone is probably re- 
sponsible for this. A more rigid backbone 
would lead to larger changes. 

When the side chain is modified to in- 
clude a rigid rod-like biphenyl moiety [ 1301 
[(CH,),-G@-O-(CH2CH20)9CH,] and 
the degree of polymerization reduced to 55 
(P5,C,BiE9), subtle differences are seen 
in the phase behavior. H, (34-75%, 
-2+68"C)andLa(6O-95%,20+ 100°C) 
phases are still seen but with no V, phase 
between them. Clouding is observed up to 
58% polymer between 66 and 82 "C. Above 
this a biphasic L, +La region is seen to 
=SO%. 

The phase behavior of related polymers 
and monomers containing the rigid biphen- 
yl moiety are studied in a later paper [ 13 11. 
The phase behavior of the monomeric sur- 
factants is generally compatible with that of 
common nonionic surfactants (especially 
ethylene oxide alkyl ethers). They exhibit I ,  
(sometimes two), H, and La phases as well 
as clouding. The polymers, which have 
an average degree of polymerization of 
55, nearly all exhibit H, and L, phases, 
whereas the I, phase is only seen in one 
(PC,BiE,,),,. One major difference be- 
tween the polymer and monomer phase be- 
havior is the appearance of a nematic phase 
(N,) built up of rod-like micelles in a num- 
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ber of the polymers. This is seen over a nar- 
row concentration range between the L, and 
HI phases, melting at temperatures below 
the H, phase. Also reported is the phase be- 
havior of oligomers of P,C,BiE, for r=3-6 
and 13.4. HI and La phases are seen for all, 
but the I, is not seen for r= 13.4 (or r=55, 
i.e. the polymer). The nematic phase is seen 
for r = 6  (<50.0-52.2"C) and for r=13.4 
(38.6-58.2 "C) and r=55 (34.8-58.2 "C). 

Luhmann and Finkelmann also reported 
what was the first nematic phase observed in 
a binary nonionidwater system [ 1321. It was 
formed by the surfactant H,C=CH-CH,- 
O-@-@-O-CH,-COO(CH2CH,O),CH,. 

80 

Figure 24. Phase diagram of 
P,,C,oEO,/water. (A) Heteroge- 
neous mixed crystals, (B) heter- 
ogenous melt, (C) homogenous 
isotropic solution, (D) homoge- 
nous mesomorphous phases, (E) 
heterogenous isotropic liquids, 
miscibility gap with lower con- 
solute point (reproduced from 
~ 9 1 ) .  

It is observed between the L, and L, in a 
narrow band of 34-38% surfactant between 
7.5 and 23.4"C and is made up of disc 
shaped micelles (Fig. 25). The La phase ex- 
ists up to ~ 7 2 %  surfactant (and to -80% in 
a biphasic region with water). Clouding is 
seen over a wide concentration range (up to 
>90% surfactant) with a lower critical tem- 
perature of 33.2 "C. 

Polyhydroxy surfactants have recently 
received some attention as alternatives to 
EO materials. Polyhydroxy compounds are 
more strongly hydrated than EO groups 
hence the mesophases exist to high temper- 
atures. Also, the intermolecular H-bonding 
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results in the occurrence of thermotropic 
mesophases to above 100 "C. Generally one 
requires at least a hydrophilicity of about 
2x OH groups for surfactant properties, but 
di- or trihydroxy compounds usually form 
reversed phases. For water continuous phases 
a larger polyhydroxy group is required. An 
easily synthesized class of materials are the 
alkyl glucamides. Unfortunately single chain 
materials have high Krafft temperatures. 

The properties of new surfactants pos- 
sessing two n-alkyl chains and two gluca- 
mide head groups have been reported 
[133]. These have the general formula 

Figure 25. Phase diagram of 
H2C=CHCH,0BiE0,/water (repro- 
duced from [132]). (Nl, disc nemat- 
ic phase; El, E, and E,, eutectic 
points; otherwise as Fig. 14). 

c 

(CnH2n+l>ZC [CH,NHCO(CHOH)4CH2OHI, 
with n =5-9 (abbreviated to di-(C,-Glu). 
Di-(C,-Glu) shows H,, V, andL,phases on 
penetration at =5". The H, and V, phases 
melt above 80" with the L, remaining to 
>1OO"C. Di-(C,-Glu) shows the same se- 
quence of phases as above with the H, phase 
first seen at 56 wt% surfactant (coexisting 
with L, micellar solution). A single H1 re- 
gion exists between 62 and 71 wt% surfac- 
tant and the V1 region between 71 and 
75 wt%. Both phases melt between 70 and 
85 "C. The La phase exists at higher concen- 
trations and to >90 "C. 
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Di-(C-/-Glu) also has a biphasic H,/L, 
phase forming at 62 wt% surfactant exist- 
ing to =60 "C. The HI phase melts over the 
range 62-80°C. Between the HI and La 
phases is another biphasic region between 
71 and 75 wt%. This, and the La phase ex- 
ist to >90"C. A two phase loop occurs at 
low surfactant concentrations and tempera- 
tures (<8 wt% and <50 "C). The authors be- 
lieve this to be the first observation of an 
upper critical solution temperature for a 
nonionic surfactant. The shape of the upper 
consolute loop is extremely unusual sug- 
gesting remarkable changes in micellar 
interactions . . . or the presence of impurities. 
One would be pleased to see these observa- 
tions verified by other groups. Di-(C,-Glu) 
shows only a La phase but with a wide mis- 
cibility gap to a dilute aqueous solution. 
This is not remarkable. 

Seddon et al. have studied the lyotropic 
(and thermotropic) phase behavior of n-oc- 
tyl- 1-0-P-D-glucopyranoside and its thio 
derivative n-octyl- 1 -S-P-D-glucopyrano- 
side [134]. Both form L, micellar solutions 
and V, (Ia3d) and La phases in water with 
the P-OG also forming an HI phase. For 
P-OG the La phase exists from 80 to 100% 
surfactant and to over 120"C, the V, be- 
tween 73 and 80% and up to = 60 "C and the 
HI  between 64 and 73% up to 35 "C. All melt 
to L, micellar solution. The La phase of P- 
thio-OG also exists up to 100% surfactant 
(from 75%) and to =135 "C. The V, phase 
exists between 72 and 90% surfactant (i.e. 
it melts to give the lamellar phase above 
75%). The temperature at which it melts 
varies from 0" at 90% to 65 "C at 75%. N-  
octyl-b-D-glucoside exhibits similar phase 
behavior to P-OG in water [135] with HI ,  
V, and La phases existing over very similar 
concentration and temperature ranges. 

Hall et al. studied a series of 1-(alkanoyl- 
methyl amino) 1 -deoxy-D-glucitols (Cg-C 12, 

C,,J [136]. These are also called N-meth- 

yl glucamides, the presence of the N-meth- 
yl group increasing solubility compared to 
the glucamides referred to above. They form 
both thermotropic and lyotropic mesophas- 
es. Schematic phase diagrams were pro- 
duced for all the compounds using the phase 
penetration technique with a complete 
phase diagram being produced for the C,, 
compound (Fig. 26). The C, derivative 
(C,G) forms an H, phase when contacted 
with water. It exists between 0 and 39"C, 
melting to a micellar L, phase. C,G forms 
an extensive range of mesophases, HI ( 15 - 
69 "C), V ,  (36-56 "C) and La (44-76 "C). 
All melt to an L, phase. C,,G observes the 
same phase sequence as C,G. The HI  phase 
forms between 42 and 75% surfactant 
(30-81 "C), the V, between 67 and 79% 
(42-80°C) and the La between 75 and 
100% (46->100"C). C , ,G exhibits an HI 
phase between 33 and 86 "C and V,  and La 
phases from 39.5 "C and 49 "C respectively 
to >lOO"C. Similarly for C,,G, HI (45.5- 
75 "C), V, and La (50 "C and 56 "C respec- 
tively to >lOO"C). The phase behavior for 
C18=G is much simpler exhibiting only an 
La phase from 22 "C to >lo0 "C. 

Raaijmakers et al. studied the mesogenic 
properties of some 3-0-alkyl derivatives of 
D-glucitol and D-mannitol [ 1371. Phase pen- 
etration scans have shown that the C10-16 
glucitol derivatives and the C,, mannitol de- 
rivative all exhibit lyomesophases. 3-0-de- 
cyl-D-glucitol (C,,G) gives an HI  phase on 
penetration at room temperature, and on 
heating a V, phase at 34 "C and a La phase 
at 46 "C. The solid bulk melts to La at 55 "C 
and all phases exist to at least 98 "C. CI2G 
gives an I, phase at 36 "C, HI  (37 "C), V, 
(40 "C) and La (46 "C), with the solid melt- 
ing to La at 65°C. All phases exist to 
>lo0 "C with the exception of the HI  which 
melts to an I, phase at 62°C. C,,G gives 
only V, and La phases from 48" to >lo0 "C. 
Below T,,, the La phase cools to give a 
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Figure 26. Phase diagram of C l 0  - 

J glucitol/water (reproduced from 
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Lp gel phase, a transition that is reversible 
on reheating. c16G gives a La phase from 
52 to >lOO"C. A reversible La-Lp transi- 
tion is observed on cooling at 44°C. The 
pattern of phase formation in 3-0-dodecyl- 
D-mannitol (C,,M) is similar to C,,G with 
all transition temperatures approximately 
20 "C higher, apart from the melting temper- 
ature of the solid (97 "C). 

Finkelmann and Schafheutle studied 
monomeric and polymeric amphiphiles con- 
taining a monosaccharide headgroup [ 1381. 
The monomer, N-D(-)-gluco-N-methyl- 
( 12-acryloyloxy)-dodecane- 1 -amide, ex- 
hibits L, (>52 "C) and La phases (65-88%, 
57-87 "C), with a biphasic region separat- 
ing the two. The polymer, poly-(N-D(-)-glu- 
co-N-methyl-( 12-acryloyloxy)-dodecane- 
1-amide) again exhibits L, and La phases 
but these are formed at -0.1 "C. The lamel- 
lar phase exists between 37 and 100% poly- 
mer, and up to 184.8 "C. It is separated from 

100 [136]). Symbols as for Fig. 14. 

the L1 phase by a narrow biphasic region. 
There is a region of clouding (L, +L2) 
reaching from -0 to 31% polymer with a 
lower critical temperature of 17.9"C at 
4.6% and an upper critical temperature of 
105.5 "C at 9.6% polymer. 

Most of the above studies involve 
changes in alkyl chain size, with no altera- 
tion of the head group. In a very impor- 
tant early study, Sagitani et al. reported 
the behavior of pure alkyl polyglycerol 
[C,,0(CH2CHOHCH20),0H] surfactants 
with an ether-linked C12 alkyl chain, with 
n= 1-4 [138a]. The compounds with n = 1, 
2 give just a lamellar phase to over 120 "C, 
while with n =4, a micellar solution and hex- 
agonal phase occur. For n = 3 there is a cloud 
point at ca. 53 "C, with micellar solution and 
lamellar phase being present. The shape of 
the L1/Laphase boundary indicates the pres- 
ence of H, below the cloud point, remark- 
ably similar behavior to C12E06 as the au- 
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thors point out. In fact, poly-OH compounds 
do resemble EO nonionics, but with a very 
much reduced influence of temperature. 

Much attention has been given recently 
to commercial polyglucoside surfactants 
(alkyl polyglucosides, APG's) [138b, c, d], 
where the average number of 'po1y'-gluco- 
side units (termed d.p.) falls within 1-3. 
From the above studies, one expects short 
chain derivatives with d.p.=ca. 1 to form 
L,, H, and L, phases, while the low stabil- 
ity of the H, phase suggests that long chain 
compounds will form L, dispersions. Com- 
pounds with d.p.=2 will give H, and L, 
phases, while with d.p. = 3 or more the I ,  cu- 
bics will appear. Multi-phase coexistence is 
likely, along with the occurrence of meta- 
stable, sticky, viscous phases at high con- 
centrations. 

5 Block Copolymer 
Nonionic Surfactants 

Block copolymer surfactants show qualita- 
tively similar phase behavior with temper- 
ature to conventional materials. However, 
solubility requires the presence of branched 
chains and/or ether links to reduce the oc- 
currence of crystalline polymer with a high 
melting point. It must be emphasized that 
commercial polymeric surfactants are poly- 
disperse in both alkyl chain and EO blocks, 
hence a range of molecular weights and head 
group sizes will be present. This will cer- 
tainly modify the behavior compared to pure 
low molar mass surfactants, but should not 
qualitatively change it. It could lead to the 
occurrence of multiphase regions such as HI  
and L, or cubic regions, rather than single 
phases and 'intermediate' structures that 
might occur with very monodisperse poly- 
mers. 

Alexandridis et al. have studied a number 
of block copolymers of ethylene oxide (EO), 
propylene oxide (-OCH,CHCH,-, PO) and 
butylene oxide (-OCH,CH(CH,CH3)-, 
BO) in water and in ternary systems with 
p-xylene. The polypropylene oxide and bu- 
tylene oxide blocks are the hydrophilic por- 
tions. Obviously, the short methyl and ethyl 
branches will need to be included in any 
packing constraints considerations. 

The phase behavior of three ethylene 
oxide/propylene oxide ABA copolymers, 

(L64) and (EO)37(PO),8(EO),, (P105) has 
been studied [139]. The number of meso- 
phases formed increases with the poly(eth- 
ylene oxide) content (Fig. 27). L62 exhibits 
only a L, phase, between 5 1 and 76% poly- 
mer and from <20" up to 65 "C. Two phase 
regions of lamellar phase with both L, and 
L, solution phases exist, with the former 
first seen at < 30% polymer. L64 has a small 
region of H, phase between 46 and 54% 
polymer. It forms at 22 "C and melts at 46 "C. 
The La phase exists between 48 and 82% 
polymer, from below 10" to 85 "C. Again, 
the two phase regions are fairly wide. P105 
exhibits an I, cubic phase between 26 and 
44% polymer, melting at 60°C. The H, 
(47-67%) and L, (67-88%) are separated 
by a two phase region and exist to >85 "C. 
Note that simple AB block copolymers are 
expected to resemble even more closely the 
conventional surfactants. (The ABA blocks 
are likely to assume a U type conformation 
for the hydrophobic block.) 

The ternary system of L64/P105/water 
was also studied [I401 (Fig. 28). At 25 "C 
a lamellar phase is formed along the 
L64-water axis between 61 and 79% poly- 
mer, and between 73 and 87% polymer on 
the P105-water axis, and extends all the 
way from one axis to the other. Upon in- 
creasing the water concentration the hexag- 
onal phase is formed. This extends between 

(Eo)6(Po)34(Eo)6 (L62), (EO)13(PO),()(EO) 13 
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Figure 27. Phase diagrams of (a) (EO),(PO),,(EO), 
(L62), (b) (EO)I~(PO)~O(EO),, (L64), and (c) 
(EO),,(PO),,(EO),, (P105) block copolymers and 
water (reproduced from [ 1391). (E, normal hexagonal 
phase; I, cubic phase; P indicates presence of solid 
polymer; otherwise as for Figs. 14, 17 and 23.) 

52-55% on the L64-water axis and 47- 
67% on the P105-water axis. Additionally 
there is an I, cubic phase between 28 and 
43% P105, and a narrow melted V, phase 
between 58 and 59% L64 between the H, 
and L, regions. 

The L64/water (D,O)/p-xylene ternary 
system exhibits L,, L, (containing a high 
p-xylene to water ratio), La, H,, H, and V, 
phases at 25 "C [ 1411. Most of the phase di- 
agram consists of two and three phase re- 
gions (10 and 6 respectively). The L, solu- 
tion phase forms up to ~ 4 6 %  polymer, and 
can solubilize up to 4% xylene. The poly- 
mer is miscible with xylene in all propor- 
tions along the whole water-lean side of the 
phase diagram (the L, region): 12% water 
can be incorporated into the L, phase. The 
L, phase forms on the polymer-water axis 
between 61 and 81% polymer and extends 
well into the phase diagram, accommodat- 
ing up to 20% xylene. The H, phase is 
formed on the polymer-water axis between 
the L, and L, phases (47-57% polymer). 
Like the L, phase, it can solubilize only a 
small amount of xylene. There is a fairly ex- 
tensive H, phase between the La and L, 
phases at polymer concentrations of 43- 
78%, and with water concentrations of 
13 - 22%. The V, phase forms in a small re- 
gion between the La and H, phases at ~ 7 0 %  
polymer. It has the Ia3d space group. One 
other phase seen is an isotropic liquid phase 
(at 58-59% polymer) denoted here as L'. 
It has low viscosity and is an L, sponge 
phase. 

Pluronic 25R4 has the structure 
(PO),,(EO),,(PO),,, and has similar ter- 
nary phase behavior in waterlp-xylene as 
Pluronic L64 which has the opposite block 
sequence and a comparable molecular 
weight (see above). At 25 "C the 25R4/wa- 
terlp-xylene ternary phase diagram exhibits 
the same phases as L64 [ 1421. Again, the 
phase diagram is dominated by two and 



5 Block Copolymer Nonionic Surfactants 375 

Figure 28. Phase diagram of L64/P105/ 
water (reproduced from [140]). (L', L,, 
sponge phase; otherwise as for Figs. 14, 
17, 23 and 27.) 

three phase regions. The L, phase is formed 
along the polymer-water axis at polymer 
concentrations between 61 and 79%, and 
can accommodate up to 25% p-xylene. The 
H, phase is formed between the L1 and La 
phases at polymer concentrations of be- 
tween 43 and 56%: 3-4% xylene is actual- 
ly required for the phase to form. The 
H, phase is formed between the L, and L, 
phases, at polymer concentrations of be- 
tween 48 and 73% polymer, with the water 
concentration varying in the range 13 - 18%. 
The V, phase forms in a narrow concentra- 
tion range of 65-68% polymer. It is thought 
to have a space group of Ia3d. 

In the (EO) 17(BO) lo/D,O/p-xylene Alex- 
andridis et al. claimed the first, to their 
knowledge, reverse micellar cubic phase 
in a 'typical' ternary amphiphile/water/oil 
system [ 1431 before studying and reporting 
the system in more detail [ 1441. They report 
six mesophases and two solution phases at 
25 "C. On increasing the polymer concen- 
tration along the polymer-water axis the 
phase sequence L, (<22% polymer), I ,  
(23-37%), H,  (42-54%), L, (62434%) is 

observed. At even higher concentration a 
polymer-rich paste-like phase is seen. The 
L, phase is the most extensive of the meso- 
phases and can accommodate up to 16% 
xylene. The I,  phase most likely has the 
Im3m space group. Along the polymer- 
xylene axis the same sequence of structures 
(sphere -+cylinder +plane) is seen for the 
reversed phases. The L, phase exists below 
75% polymer, the I, between 47 and 62%, 
the H, between 45 and 8496, the V, at -80% 
polymer between the H, and L, phases. The 
1, phase has the Fd3m space group, and the 
V, Ia3d. Note that all the reverse mesophas- 
es require the presence of water to form 
(whereas the normal mesophases can form 
without xylene). 

A comparison of the phase behavior of 
PEO/PPO and PEO/PBO copolymers in bu- 
tanollwater was recently reported [ 1451. 
Note that in this paper poly(buty1ene oxide) 
is referred to as poly(tetrahydr0furan). Plu- 
ronic F127, E,o,P,oEloo, exhibits L,, L,, I , ,  
H, and L, phases. The L1 phase exists along 
the polymer-water axis up to 20% polymer, 
accommodating up to 10% butanol. The I ,  
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cubic phase supercedes the L, phase and ex- 
ists up to 65% polymer. Its ability to solu- 
bilize butanol decreases with increasing 
polymer concentration. The HI phase is 
formed at above = 20% polymer but at least 
15% butanol is required for it to form. A 
maximum of =23% butanol can be accom- 
modated in the H, phase. As the polymer 
concentration is increased the butanol con- 
centration required to form the H, phase de- 
creases and between 70 and 80% polymer 
no butanol is required. The La phase is stable 
in the 20-30% polymer and 25-30% buta- 
no1 ranges. A large L, region extends from 
the butanol rich corner down to 20% buta- 
nol. Note that when butanol is replaced by 
hexanol to L,, L, regions are reduced and 
the I, phase is still observed along with a bi- 
refringent phase that was not investigated. 

E,,,B,,E,,, is of a similar molecular 
weight to E,,oP7,E,oo but with a more hy- 
drophobic middle block. Only a single one- 
phase region is observed extending from the 
water-rich corner over a middle region to the 
butanol-rich corner. No liquid crystalline 
phases are observed. The El7B,,E1,/buta- 
nol/water system also shows only a single 
one-phase region and no mesophases. 

6 Zwitterionic 
Surfactants 

Zwitterionic surfactants broadly resemble 
nonionic materials but because two bulky 
charged groups are involved the head groups 
are large. An exception is dimethyldodecyl 
amine oxide [I461 which has a compact 
head group. This forms H,, V, and Laphas- 
es. The H, (termed middle phase in this 
paper) exists between 3.5 and 65% surfac- 
tant and from <20 "C to >lo5 "C. The V1 
(viscous isotropic) phase has a narrow range 

of existence (6.5-70% surfactant) and melts 
at a slightly higher temperature than the 
H,. The La (neat) phase exists between 70 
and 80% surfactant at 20" and up to 95% 
surfactant at 90 "C. It melts at >140 "C. The 
CI4 compound exhibits similar phase be- 
havior [147] but also has a nematic phase 
(Nd) between 31 and 35% surfactant up to 
60°C. 

A more typical surfactant is (dodecyldi- 
methy1ammonio)propanesulfonate [ 1481. 
This forms an I, cubic phase between 49.5 
and 63% surfactant from ~ 2 0 ° C  up to 
=85 "C. A hexagonal phase (65-87% sur- 
factant) forms at a slightly higher tempera- 
ture but exists up to >160"C. A lamellar 
phase is seen at very high concentrations 
and above 170°C. Below this is a hydrated 
solid surfactant phase which when viewed 
under a polarizing microscope has the opti- 
cal appearance of a gel phase. 

7 Ionic Surfactants 

Ionic surfactants have been studied over a 
much longer period than nonionic materi- 
als, but the long-range electrostatic interac- 
tions and the insolubility of long chain ma- 
terials have resulted in the general picture 
of mesophase behavior emerging only rath- 
er slowly. Typical surfactants with a single 
charge ionic group usually give small glob- 
ular micelles and H, as the low concentra- 
tion mesophase. As chain length increases 
(and if solubility allows), then rod micelles 
form and a rod nematic phase can occur at 
the L,/H, boundary. Occasionally, if the 
counter-ion is highly dissociated, an I, 
phase can occur as the first mesophase. Oth- 
erwise two charged groups are required for 
I, formation. At higher concentrations the 
sequence H,/V,/L, changes to H,/Inter- 
mediate/La (or a combination of the two) as 
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the alkyl chain size increases. In this region 
there can be long lived metastable phases 
that are difficult to work with and prevent easy 
determination of equilibrium boundaries. 

Sodium dodecyl sulfate is a very com- 
monly used surfactant, yet for many years 
its mesophase behavior was not studied in 
detail. One reason for this is the number of 
phases to be dealt with. Besides the lamel- 
lar and hexagonal phases there are a num- 
ber of intermediate phases existing over nar- 
row concentration ranges [78]. The com- 
plete phase diagram was published by 
KCkicheff et al. [62] (Fig. 29). (Note that in 
this paper the hexagonal phase is represent- 
ed by the symbol Ha.) Between the H a  and 
L, phases they identify four intermediate 
phases, with biphasic regions separating 
most of the single phase regions. The H, 
phase is first seen at 37% (with L,) and at 
40% in a single phase region at 25.7 "C. A 
two-dimensional monoclinic phase (Ma) 
exists with the H a  phase from 57-59% up 
to 58 "C. Note that this is the only mesophase 
region that does not exist up to -100 "C. 
On increasing surfactant concentration be- 
tween 59 and 69% the phase sequence is 
M, (40. I "C), Ma+%, (rhombohedral), %, 
(43.0 "C), Q, (cubic, 47.8 "C), Q,+T, 
(tetragonal), T,(48.5 "C), T a + L ,  L,(49.8 "C). 
The La phase exists up to 87% surfactant 
above which it coexists with a crystal phase. 
Despite the extensive work involved in this 
diagram, there remain questions. For exam- 
ple, the disappearance of the Ha+% two 
phase region is difficult to understand. Note 
that this system typifies those where equili- 
bration between different states is expected 
to be slow, as mentioned above. 

Another system showing an intermediate 
phase between the H, and L, phase is the 
caesium tetradecanoate-water [ 1491. The 
phase behavior between 24 and 80°C was 
studied (Fig. 30). The H,  phase is first seen 
in a two phase region with L, micellar phase 

at 33% surfactant and in a single phase re- 
gion between 37 and 67%. Above 65 "C the 
Ha phase is replaced by a two phase Ha+ V, 
region. However, below this temperature, a 
ribbon phase (R) is formed. The most like- 
ly structure of this phase is rodlike aggre- 
gates with an elliptic cross section. At 24 "C 
the R phase exists from 62-72% surfactant, 
with the concentration range decreasing 
with increasing temperature. Below 39 "C a 
biphasic R+L, region exists between 72 
and 75% surfactant, and between 39 and 
65°C the two phase region is R + V,. The V, 
region is very narrow (-2% surfactant) and 
is bordered by a two phase V, +La region 
up to 75% surfactant. The lamellar phase 
exists to over 90% surfactant. That the se- 
quence of phases can be very complex and 
varies with chain size is illustrated by the 
'penetration scan' table reported by Rendall 
et al. [150]. Here the 'intermediate' phase 
types have not been identified, but the gen- 
eral pattern and complexity of behavior is 
clear. One should also caution that minor 
levels of surface active impurities are like- 
ly to have a marked influence on the cubic/ 
intermediate phases, particularly if the im- 
purities are uncharged cosurfactants (often 
likely to be present from the chemical syn- 
thesis). 

One of the first major surveys into the 
phase behavior of cationic surfactants was 
done by Blackmore and Tiddy who did pen- 
etration scans on a variety of surfactants 
including the -NH;, NMe,f, NEt;, NPr; 
and NBu; series [ 15 I]. Previous studies had 
mostly been limited to alkylammonium and 
alkylmethylammonium salts [ 152, 1531. 
These show a qualitatively similar behavior 
to that of the anionic systems, with the se- 
quence H,/V,/L, for short chain derivatives 
being replaced by H,/Int/La for long chain 
compounds. For the intermediate chain 
lengths, V, phases replace the intermediate 
structures as temperature increases. 
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Surfactants containing divalent head- 
groups have received little attention. Hags- 
latt et al. have investigated a number of 
these. Dodecyl- 1,3-propylene-bis(ammoni- 
urn chloride) (DoPDAC) has a headgroup 
consisting of two protonated amine groups 
separated by a propylene group [ 1541. The 
surfactant shows conventional phase behav- 
ior in water (D20) (Fig. 31) forming L,,  I, 
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Figure 31. Phase diagram of DoPDAC/water (repro- 
duced from [154]). (C+S indicates the presence of 
solid surfactant; otherwise as for Figs. 14. 15. 23 and 
27.) 

Figure 30. Phase diagram of CsTD/ 
water (reproduced from [ 1491). 

cubic (denoted I:), HI  hexagonal (denoted 
E), V, cubic (denoted I;) and La lamellar 
(denoted D) phases. The I ,  cubic phase 
forms at 30% surfactant at ~ 3 0 ° C  and ex- 
ists up to =150"C. The hexagonal phase is 
seen at 42% surfactant from 38 to >160"C. 
Between 65 and 72% surfactant the H, phase 
melts to the V,  cubic phase (which forms 
above =75 "C). Similarly above 72% surfac- 
tant the V, phase melts to a La lamellar 
phase. At 79% the La forms at 90°C. Note 
that the Krafft boundary has a rather large 
slope. Usually for monovalent surfactants 
the Krafft boundary is flat or has only a small 
slope [40]. 

They also studied the ternary phase dia- 
gram of the divalent surfactant dipotassium 
dodecylphosphate (K2DoP), monovalent 
surfactant potassium tetradecanoate (KTD) 
and D 2 0  [155]. At 25°C K2DoP exhibits 
L, (0-37% surfactant), I,  (37-67%), H ,  
(67-75%) and two phase liquid crystal/ 
hydrated surfactant crystal (75 - 100%). In 
the ternary system I, cubic is seen between 
20 and 60% K2DoP. Up to 30% KTD can be 
incorporated into the phase at lower con- 
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centrations of K2DoP. On decreasing the 
percentage of D,O along the D20/KTD 
axis, hexagonal (E), ribbon (R), intermedi- 
ate (possibly orthorhombic) and lamellar 
(D) phases are seen. The hexagonal phase 
exists right down to the K2DoP/D20 axis 
(70-75% K2DoP), whereas the maximum 
K,DoP concentrations for the ribbon, inter- 
mediate and lamellar phases are 45, 24 and 
22% respectively. 

Amphitropic (also referred to as ampho- 
tropic) surfactants are compounds contain- 
ing both lyotropic (e.g. quaternary ammo- 
nium headgroup) and thermotropic (e.g. 
oxycyanobiphenyl group) moieties [ 1561. 
Fuller et al. report on two such compounds. 
1 O-(4'-cyano-4-biphenyloxy)decyltriethyl- 
ammonium bromide exhibits only a La 
phase [157, 1581 from 22 to >90% surfac- 
tant with a temperature range of 33-100 "C. 
The second compound N,N'-bis(5-(4'-cya- 
no-4-biphenyloxy)pentyl)-(N,N,N',N')-tet- 
ramethyl hexane diammonium dibromide 
(5-6-5 OCB) exhibits two La phases with a 
re-entrant L, micellar phase between them 
(Fig. 32). The low concentration lamellar 
phase (La) exists between 18 and 64% sur- 
factant, up to 65°C. Between 35 and 47% 
surfactant the melting temperature of the La 
phase decreases from 65 to 50°C with in- 
creasing surfactant concentration. At this 
concentration the high concentration phase 
(L;) appears and exists to > 80% surfactant 
and >90"C. Note that the absence of HI and 
V, phases is due to the difficulty of packing 
the bulky oxycyanobiphenyl group into 
spherical or rod-like micelle interiors. 

The second of the above compounds is an 
example of a so-called 'gemini' surfactant. 
Recently there has been considerable inter- 
est in these surfactants which are double- 
headed cationic compounds in which two al- 
kyl dimethyl quaternary ammonium groups 
per molecule are linked by a hydrocarbon 
spacer chain. (These are denoted as n-m-n 
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Figure 32. Phase diagram of 5-6-5 OCB/water (re- 
produced from [152]). Symbols as for Fig. 14. 

surfactants where n is the length of the ter- 
minal alkyl chains and m the length of the 
spacer chain.) 

In a second paper [158] Fuller et al. re- 
port the phase behavior of further m-n-m 
OCB surfactants and some straight chain 
15-n-15 surfactants (n= 1,2,3,6).  Note that 
these compounds have terminal hydropho- 
bic chains of the same length as the oxycya- 
nobiphenyl compounds. The m-n-m OCB 
surfactants all give just a lamellar phase 
from <18"->100 "C. Penetration scans on 
the 15-n-15 surfactants show that they all 
exhibit H,,V, andL,phases to>lOO"C. Ad- 
ditionally, a nematic phase is seen for m = 1, 
2 and intermediate phases for m = 1, 2, 3. 

Zana et al. have investigated various 
properties of a series of gemini surfactants 
including their thermotropic and lyotropic 
phase behavior. They report that the 12-4- 
12 and 12-8-12 compounds form hexagonal 
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and lamellar phases in water [ 159, 1601. For 
the latter compound the H, phase exists 
between =55 and 78% surfactant and the La 
phase between 82 and 97% surfactant. The 
phase behavior of a wide range of gemini 
surfactants (n=  12-18, m=2-20) has now 
been studied and a wide range of phases ob- 
served [ 16 13. Generally the phases are qual- 
itatively in accord with packing constraint 
expectations, where the spacer group is in- 
cluded in the hydrophobic volume. How- 
evere, unusual partial miscibility regions in- 
volving hexagonal, lamellar or concentrat- 
ed surfactant solutions in coexistence with 
dilute solutions are also observed. 

Perez et al. [ 1621 have studied a series of 
novel gemini surfactants with guanidyl 
headgroups (from the amino acid arginine) 
and are referred to as bis(Args). They are 
made up of two symmetrical N“-acyl-L- 
arginine residues of 10 [CJCA),] or 12 
[CJLA),] carbon atoms linked by covalent 
bonds to an a,w-alkenediamine spacer 
chain of varying length (n ,  n=3,6,9). In the 
C,(LA), and C6(LA),/water systems an HI 
phase is seen at very low surfactant concen- 
trations (lower than 5 % )  between 4 and 
20°C. Penetration scans have shown that in 
C,(LA), the H, phase is replaced by an La 
phase. 

8 The Influence 
of Third Components 

There is a vast body of data concerning the 
influence of third components on surfactant 
liquid crystals. Because of the possible great 
complexity of the inherent mesophase be- 
havior this array of data can appear to be 
enormously difficult to rationalize. Howev- 
er, if we can consider the simple concepts 
described above (micelle formation, micelle 

shape/packing constraints and the nature of 
intermicellar interactions) then a reasonably 
simplified picture emerges, at least for the 
water continuous phases. This section does 
not attempt to be comprehensive, it simply 
reports selected examples of behavior to il- 
lustrate general concepts. The simplest way 
to show the changes in mesophase behavior 
is to employ ternary phase diagrams. The 
reader should recall that the important fac- 
tors are the behavior as a function of surfac- 
tant/additive ratio, and the volume fraction 
of surfactant + amphiphile (where present) 
for mesophase formation. 

8.1 Cosurfactants 

Cosurfactants are ‘surfactants’ that are in- 
sufficiently hydrophilic to form micelles or 
mesophases with water alone, but can have 
dramatic effects when mixed with normal 
surfactants. Examples of such materials 
are alcohols, fatty acids, and long chain 
aldehydes. Depending on the strength of the 
polar group hydration there is greater or 
smaller incorporation of the cosurfactant 
into mesophases. The extent to which the 
polar group resides at the micelle surface 
also has a profound effect on the meso- 
phases. Weakly polar groups such as meth- 
yl esters can both occupy the micelle inter- 
ior and reside with the ester group at the sur- 
face. They could be classified as ‘polar oils’. 
Thus cosurfactants span the range of prop- 
erties from oils to surfactants. To illustrate 
the effects we show the behavior of a sim- 
ple surfactant, sodium octanoate, with var- 
ious additives taken from the extensive body 
of research produced by Ekwall, Fontell and 
coworkers [40, 1631. Sodium octanoate 
forms only hexagonal phase at room tem- 
perature, but with V,  cubic and lamellar 
phases occurring at higher temperatures. 
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Figures 33 to 35 show the ternary phase be- 
haviors of sodium octanoate with decanol, 
octyl aldehyde (octanal), and methyl octa- 
noate. 

All three additives have roughly the same 
alkyl chain length and volume as sodium 
octanoate (decanol is just a bit bigger). The 
phase behavior of octanol/sodium octa- 
noate/water is available but the decanol 
system has received the most attention by 
far. We see that decanol mixes in the system 
to form a large lamellar region, and even an 
inverse hexagonal phase. This is because the 
alcohol group always resides at the water/ 

Decanol 

alkyl chain surface. Its contribution to the 
micelle area is ca. 12 A2, and since sodium 
octanoate has a head group size of ca. 58 A* 
in the mesophases, packing constraint cal- 
culations suggest a hexagonal/lamellar tran- 
sition at a sodium octanoate/decanol weight 
ratio of 7 : 3 in excellent agreement with the 
phase diagram. (A theoretical calculation of 
this type of phase behavior has been de- 
scribed by Wennerstrom et al. [164]). The 
other two additives are dissolved within the 
hexagonal region, presumably because they 
occupy the micelle interior to some extent. 
Octanol can reside at the micelle surface to 

Figure 33. Phase diagram of sodium caprylate (octanoate)/decanol/water (reproduced from [40]). (B, ‘mucous 
woven’ lamellar phase; C, tetragonal phase; F, reversed hexagonal phase; G, isotropic phase; otherwise as for 
Figs. 14, 17, 23 and 27.) 
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Figure 34. Phase diagram of sodium caprylate (octa- 
noate)/caprylaldehyde (octanal)/water (reproduced 
from [40]). Symbols as for Figs. 14, 23, and 27. 

Methylcaprylate 

40v , -,SO 

Wolcr sodium coprytolc 

Figure 35. Phase diagram of sodium caprylate (octa- 
noate)/methylcaprylate (octanoate)/water (repro- 
duced from [40]). Symbols as for Figs. 14,23 and 27. 

some extent because it forms a lamellar 
phase which is in equilibrium with L,, hence 
disc micelles can occur. Methyl octanoate 
mainly resides in the micelle interior, thus 
the lamellar phase does not have a boundary 
with L,. The fact that the lamellar phase 

appears rather than a V, cubic phase is a 
general observation. Both intermediate 
and bicontinuous cubic phases are much less 
frequently encountered in multicomponent 
systems than in binary surfactant/water 
mixtures. 

8.2 Mixed Surfactants 

The behavior of mixed surfactants (at least 
in water-rich regions) can be understood 
from considering the nature of interactions 
between head groups and packing con- 
straints. A simple example is that of the 
commercial nonionic surfactants reported 
by Bouwstraet al. [ 1651. They compared the 
phase behavior of technical grade C,,EO(,) 
and pure C12E0,. The ternary phase behav- 
ior with water and decane were studied and 
compared. Both exhibited I,, HI  and L, 
phases but only the C,,EO, gives a very 
small region of V, cubic phase. Note that the 
I, phase is not seen in the binary C,,EO,/ 
water system [37]. Also the H, phase in 
C,,EO, is composed of infinite long rods, 
whereas short interrupted rods were found 
in the hexagonal phase of C 12E0(7). 

Where ionic surfactants are involved, like 
charges show only small changes in phase 
structures but overall solubility can be 
greatly increased because generally surfac- 
tants do not form mixed crystals, hence each 
increases the solubility of the other. For sur- 
factants with opposite charges, usually the 
mixed salt is insoluble. Where solubility 
does occur, the average head group size is 
much reduced because of the neutralized 
electrostatic repulsions. Typically cationic 
and anionic surfactants, which alone form 
hexagonal or I ,  cubic phases, form lamellar 
phases in 1 : 1 mixtures [166a]. Obviously, 
with dialkyl surfactants more complex be- 
havior can occur. 



3 84 VII Lyotropic Surfactant Liquid Crystals 

8.3 Oils 

Oils are solubilized into the interior of mi- 
celles where they allow the micelle to swell 
to a larger radius, hence giving rise to cubic 
( I , )  and hexagonal (H,) phases at smaller a 
values than for the surfactant alone. Polar 
oils can also reside at the micelle surface to 
some extent, reducing micelle curvature and 
inducing the occurrence of lamellar and in- 
verse phases. This behavior is typified by the 
behavior of the commercial nonionic sur- 
factant nonylphenol-(probably branched)- 
decaethylene oxide with hexadecane and 
p-xylene [40]. 

Figures 36 and 37 show that the hexa- 
decane induces the formation of an I, cubic 
phase, whereas the much more polarizable 
p-xylene, which can reside at the chainlwa- 
ter interface, induces a lamellar phase. As 
expected with the increase in micelle diam- 
eter, all the phases have their boundaries 
shifted to higher volume fractions with hex- 
adecane addition. 

For surfactants having small polar groups 
and bulky chains there can be extensive ef- 

p-Xylene 

Water aa EMU-09 

Figure 36. Phase diagram of EMU-09/p-xylene/wa- 
ter (reproduced from [40]). Symbols as for Figs. 14, 
17,23 and 28. 

hexodecone 

Figure 37. Phase diagram of EMU-O9/hexadecane/ 
water (reproduced from [40]). Symbols as for Figs. 
14, 15,23 and 21. 

fects with the addition of oils. Alone with 
water these surfactants form reversed mi- 
celles and/or reversed mesophases. Large 
volumes of oil can be incorporated into 
these systems because of the possibility of 
swelling the alkyl chain regions in these oil- 
continuous phases (L,, H,, V,). While ex- 
tensive research has been carried out on this 
area, it appears to be much more complex 
than for the water-continuous phases. Each 
different surfactant type can show individ- 
ual behavior according to the curvature 
properties of the surfactant layer. 

8.4 Hydrotropes 

Hydrotropes are small, highly water soluble 
additives that increase markedly the solubil- 
ity of other components, including surfac- 
tants, in water. They are employed very 
widely in industry. In fact, they only work 
when the ‘insoluble’ phase is a mesophase 
with high molecular mobility (e.g. poly- 
mer coacervate or surfactant mesophase). 
They include weakly self-associating elec- 
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Figure 38. Phase diagram of sodium caprylate (octa- 
noate)/ethanol/water (reproduced from [40]). Sym- 
bols as for Figs. 15, 22, 23 and 27. 

trolytes such as sodium xylene sulfonate and 
short chain alchols. Their influence can be 
illustrated by the effect of ethanol on the 
hexagonal mesophase of sodium octanoate 
(Fig. 38). 

Ethanol ‘solubilizes’ the hexagonal 
phase, shifting the boundary from ~ 4 0 %  to 
=45% although it initially stabilizes it. 
There is almost no increase in maximum sol- 
ubility of crystalline surfactant. Where me- 
sophases occur over a wider concentration 
range (say 10-40%) then hydrotropes can 
sharply increase the isotropic solution range 
by removing the mesophase. 

8.5 Electrolytes 

The influence of electrolytes divides into 
two areas, the influence on nonionic (un- 
charged) surfactants and that on ionic mate- 
rials. For nonionic surfactants the effects are 
either ‘salting out’ or ‘salting in’, in line 
with observations from the Hofmeister se- 
ries of electrolyte effects on protein precip- 
itation. Whilst there has been much discus- 

sion over the past S O  years on the molecu- 
lar mechanism involved, including many 
words on the ‘structure’ of water. Ninham 
and Yaminsky have recently shown in a 
landmark paper that the phenomena can be 
explained by dispersion interactions [ 166bl. 
Essentially electrolytes that are adsorbed to 
surfactants increase their solubility, hence 
mesophases dissolve. Those that are de- 
sorbed from the aggregates raise the chem- 
ical potential and decrease solubility. Like 
hydrotropes, large effects are seen only with 
mesophase or ‘coacervate’ precipitates. For 
ionic surfactants there are two additional ef- 
fects. Where a counter-ion that produces an 
insoluble surfactant salt is present then any 
mesophases are removed by an increase 
of the Krafft temperature. Also, the well 
known common-ion effect raises Krafft 
temperatures. Additionally, electrolytes have 
a marked influence on CMC values, reduc- 
ing the relatively high CMC of ionic surfac- 
tants to the low values of zwitterionic deriv- 
atives. This happens typically when the add- 
ed electrolyte level is of the same order as 
the CMC range (=1-300% of the CMC 
without electrolyte). Otherwise, where sol- 
ubility is maintained, at high electrolyte lev- 
els, one observes salting in or salting out ef- 
fects. These can be illustrated by the phase 
behavior of sodium soaps with water 
(Fig. 39) [167]. 

Added electrolyte induces coexistence 
between a dilute aqueous phase and micel- 
lar solutions (similar to a nonionic surfac- 
tant cloud temperature) and then changes 
hexagonal phase to the lamellar phase. 
Clearly, the ionic surfactant mesophase 
swells in water because of electrostatic re- 
pulsions. High salt levels negate the electro- 
static repulsions, changing the behavior to 
that of a moderately polar surfactant (e.g. 
C,,EO,). Salting-in electrolytes, such as 
sodium thiocyanate are likely to cause the 
lamellar phase to swell possibly forming mi- 
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celles again at very high levels. This merits 
further study. 

8.6 Alternative Solvents 

Over recent years the question of whether 
or not surfactants form aggregates similar to 
micelles and mesophases in other polar sol- 
vents has received considerable attention 
[ 168 - 19 11. The solvents concerned are po- 
lar liquids such as glycerol, ethylene glycol, 
formamide or ethyl ammonium nitrate (a 
molten electrolyte at ambient temperature). 
The answer is yes, but the thermodynamics 
of the aggregation process is somewhat dif- 
ferent. Figures40 and 41 show measure- 
ments of EMF in hexadecylpyridinium bro- 
mide solutions where water and ethylene 
glycol are solvents. 

These results clearly show that aggre- 
gates form over a very narrow concentration 
range in ethylene glycol, similar to micelle 
formation. However, the aggregation con- 
centration is higher by two orders of mag- 

Figure 39. Phase diagram of sodi- 
um laurate (dodecanoate)/sodium 
chloride/water (reproduced from 
[ 1671). (A) Salt + various curds, 
(B) Salt + curd + saturated lye elec- 
trolyte solution, (C) Grained soap 
(curd) on lye, (D) Neat soap 
(lamellar, La) +lye + curd, (E) Neat 
soap on lye, (F) Neat soap on nigre 
(L,), (G) Nigre on laye, (H) Salt+ 
saturated solution containing traces 
of soap. 

nitude: simply because the ‘solvophobic’ 
effect is much smaller than the hydrophobic 
effect. In fact a useful ‘rule of thumb’ is that 
a surfactant with a C,, chain in the alterna- 
tive solvents resembles a C12 surfactant in 
water. It seems that at least a C,, or C12 chain 
is required for micelle-like aggregation. The 
mesophase behavior is remarkably similar 

E m f  (water) E m f (ethylene glycol)  

I 

I 
loo 10’ lo2 lo3 loL lo5 lo6 

Surfactant concentration / lo6 rnol dm” mV 

Figure 40. EMF as a function of concentration for 
the cetylpyridinium bromide electrode in water and 
ethylene glycol (reproduced from [ 1681). 
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Figure 41. The monomer concentration of cetylpyri- 
dinium bromide plotted against total concentration 
(reproduced from [ 1681). 

to that in water, again with a C,, chain de- 
rivative in the solvent resembling that of a 
C,, surfactant in water. There are, of course, 
detailed differences. Thus cubic phases are 
stabilized over the intermediate phases (as 
expected for shorter chain surfactants). 
Polyoxyethylenes are not miscible with 
glycerol, so form no mesophases. In the 
main though, given the large differences 
between the nature of the polar solvents and 
water (molecular size, symmetry, polarity 
H-bonding ability, conformational freedom, 
influence on electrostatics) this similarity is 
remarkable. Table 4 shows the mesophase 

Table 4. Phase penetration data of anhydrous C,,P,Br, showing the temperature range of the mesophases. 

Water - - 43-100+ - 54-100+ 59-100+ 
EG - - 44- 108 99 54- 106 56-150+ 

FA 48-61 57 50-100+ - 61-100+ 61-100+ 
EAN - - 49-120+ - 74-120+ 73-120+ 

GLY - - 31- 150+ - 48-150+ 56-150+ 

The sequene of the columns indicates the order of the phases with increasing surfactant concentration. The first 
temperature given is Tpen; the second indicates the upper temperature limit of the mesophase. A '+' indicates 
that the mesophase is stable above the temperature given (the limit of measurement). L; indicates L,  intrusion 
between the I ,  and H I  phases. Similarly, L; indicates an L, intrusion between the HI  and V, phases. The anhy- 
drous surfactant forms L, at 74 to 75 "C. 

Solid (S) 

120 

100 

80 

60 

I Sohd (S) 

0 25 50 75 100 25 50 75 
*" 

(a) Concentratwn (b) Concentration 

0 

Figure 42. Phase diagram of (a) C,,PyBr/water, (b) C,,PyBr/EAN (reproduced from [189]). Symbols as for Fig. 14. 
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behavior of octadecylpyridinium bromide 
in a range of solvents. 

The phase sequence and types are all re- 
markably similar. Only formamide shows a 
real difference with I ,  cubic phases being 
observed. Even so, these are formed by 
shorter chain derivatives (the chloride salts) 
in water. The phase diagrams (Fig. 42) show 
clearly that in ethylammonium nitrate as 
solvent the boundaries are shifted to much 
higher concentrations, again resembling a 
shorter chain surfactant. 

9 Conclusions 

It is clear that a framework based on pack- 
ing constraints, surfactant chemical type, 
and water (solvent) - surfactant interactions 
now exists, so that the pattern of solvent- 
continuous surfactant mesophases can be 
rationalized for a wide range of materials, 
both for water and other polar solvents. 
Moreover, many data exist on the influence 
of additives, which can be seen to fit into 

the general picture. Whilst no mention of 
theoretical computer modelling has been 
made here, this is an area that is evolving 
rapidly at present. Both molecular and mes- 
oscopic models are under development that 
should enable semi-quantitative computer 
predictions of phase behavior to be made in 
the next few years. These should be able to 
shed light on remaining problems such as 
the structures of intermediate and gel phas- 
es. However, further experimental work is 
required on the structures of intermediate 
phases and gel phases. In addition, the 
knowledge of mesophase glasses and par- 
ticularly other semi-solid mesophases is at 
a rather primitive level. Moreover, the gen- 
eral framework can now be employed to ra- 
tionalize surfactant mesophase behavior 
with more complex additives such as well- 
defined biomolecules (e.g. proteins) as well 
as synthetic polymers of all types. Mem- 
brane protein crystals (where the protein hy- 
drophobic region is covered by surfactant) 
certainly fall into this class. 

It is now timely to consider problems 
where mesophase kinetics are important. 

.5 

Figure 43. Series of X-ray 
patterns of a commercial non- 
ionic lamellar phase, formed 
by fast mixing (reproduced 
from [192]) 

Time (5) 
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Mesophase formation is involved in the ap- 
plications of many specialist formulated 
products, including detergents. Recent ad- 
vances in instrumental techniques allow the 
initial events that occur on mixing surfac- 
tant and water to be monitored, for example 
using synchrotron X-ray diffraction and a 
fast mixing cell (Fig. 43) [ 1921. To devel- 
op a proper understanding of the behavior 
will require a consideration of diffusion pro- 
cesses in labile anisotropic media, an excit- 
ing opportunity for computational model- 
ling. 

Rheology is perhaps the most important 
user property of surfactant mesophases, 
since almost every product is pumped, 
poured and stirred. Recent developments 
mean that it is now possible to make X-ray, 
neutron, optical microscope and other mea- 
surements on flowing systems to relate mac- 
roscopic orientation/morphology to rheo- 
logical properties at the same time as mo- 
lecular/aggregate reorientation is also stud- 
ied. This offers the exciting prospect that in 
future not only will it be possible to formu- 
late products for control of the mesophase 
structure through an understanding of ideas 
such as packing constraints etc., but rheo- 
logical properties and dissolution rates will 
be controlled to deliver optimum benefit to 
customers. The future developments offer 
exciting intellectual challenges which will 
have an important scientific impact as well 
as being of widespread practical use. 
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Chapter VIII 
Living Systems 

In memoriam Hans Kelker (21. 9. 22-25. 6. 92)  and Horst Sackmann (3. 2. 21 -2. 11. 93), 
who pioneered the essentials of liquid crystal research and human coherences in a bipar- 
tite world. This chapter is also dedicated to the memory of my parents, of which, may fa- 
ther was a pupil of Daniel Vorlander for  a short fortunate period before World War I end- 
ed all. 

Siegfried Hoffmann 

1 Introduction 

Living systems, like the universe from 
which they are descended, are mainly under- 
standable as a process [ 1 - 81. They are char- 
acterized preferentially by their dynamics 
rather than by their statics. As “structure” 
and “phase” correspond in some way to 
“molecular biology” (Fig. 1) and “liquid 
crystals” (Fig. 2), the two fields will appear 
in our days as two scientific aspects of much 
more general duality phenomena (Fig. 3) 
that govern quite different stages and hier- 
archies of developmental processes within 
our universe. They both represent essentials 
in our somewhat inadequate attempts to 
cope with the complexity of life patterns, 
which can be only approximately - if at all 
- comprehended by the only partially ade- 
quate complexity of our different scientific 
approaches. 

The consideration of structure - phase 
dualities in pre-life transitions and in the de- 
velopment of life will thus appear as a con- 
tinuation and amplification of basic quan- 
tum dualities - with their complementarities 
of “subject” and “relatedness” - into the 
transient order - disorder patterns of supra- 

molecular organizations and their biomeso- 
genic regulations, bringing them forward, at 
least in our spacetime, to the as-yet final 
achievements and destinations of the fields 
of self-awareness of our species within a 
creative universe. 

Figure 1. “Structure”: Dickerson dodecamer [9] 
(left) and prealbumin dimer [lo] (right bottom) 
(Langridge’s first examples [ 111 of electrostatic po- 
tential visualizations in combination with skeletal 
and transparent CPK presentation) as molecular bio- 
logical structural representatives of the nucleoprotein 
system, but also as biological representations of 
“individual” and “relatedness” within the frame of 
structure-phase transitions; familiarities between 
early universe structure computer simulations [ 121 
and cholesteric texture paintings by Lehmann [ 13,141 
(right top). 

Handbook ofLiquid Crystals 
D. Demus, J. Goodby, G. W. Gray, H.-W. Spiess, V. Vil 
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Figure 2. “Phase”: from ammonium oleate (left), 
Lehmann’s [ 141 first “seemingly living crystals” 
(original photograph as a kind gift of Hans Kelker) 
[ 131, and life’s informational component’s liquid crys- 
talline DNA texture [lS] (right), the present realiza- 
tion of Lehmann’s early visions. 

Figure 3. “Duality”-phenomena in life onto- and 
phylogenesis [I -8,16,17,18] withinuniverse devel- 
opments and continuations from quantum vacuum up 
to consciousness pattern creativities together with the 
intriguing background design modified from [ 161. 

2 Biomesogens and 
the Grand Process 

Biomesogens (Fig. 4) evolved as an early 
amphiphilic pattern from the interface dia- 
lectics between order and disorder on the 
primordial earth [5 d, 7 a, 17, 181. Their hol- 
ographic molecular designs provided deci- 
sive prerequisites for the projection of indi- 
vidual molecular facilities into the struc- 
tural and functional amplifications of coop- 
erative and dynamic mesogen domain ensem- 
bles and their spatiotemporal coherences. 
By directional nonlinear dynamizations of 
the supramolecular organizations and their 
(bio)mesogenic operation modes, they ar- 
rived at a state of recognition and responsive- 
ness. Competing individualizations drove 
autocatalytic propagation, self-reproduc- 
tion, information processing, and optimi- 
zation. Far from thermal equilibrium, the 
biomesogenic order - disorder patterns 
gained intelligence by reality adaptation and 
variation. Experiencing optimization strat- 
egies, they developed self-awareness and 
creativity. 

Figure 4. “Biomesogen” introduc- 
tion in the 1970s, mesogenic nucleic 
acid/protein interplays framed by 
cholesteric color variations of poly- 
disperse evolutionary DNA [7 a, 17, 
18, 19, 63a, 7.51. 
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2.1 Historical Dualities 

The dualities of supramolecular biomeso- 
genic organizations [7, 17, 181 reemerge 
in the process of their scientific discovery. 
The history of “liquid crystals”, lovingly re- 
traced by Kelker [ 131 (Fig. 5 ) ,  parallels the 
development of “molecular biology” [5  - 81. 
“Liquid crystals are beautiful and mysteri- 
ous, I am fond of them for both reasons”, 
states de Gennes [ 191. And, indeed, how can 
we not feel attracted to what in the inani- 
mate world seems most closely related to 
us? 

Notwithstanding the priority roles of lyo- 
tropics and amphotropics both in native 
standards and by their (decades) earlier 
detection [ 131, notwithstanding Virchow’s 
soft, floating substance from the nerve 
core that he named myelin in 1854 [20a], 
Mettenheimer’s discovery of the birefrin- 
gence of this substance in 1857 [20c], 
Heintz’s statements in Halle in the early 
1850s that “stearin becomes cloudy at 
5 1 - 52 “C, opalizes at higher temperature, 
being opaque at 58 “C, and molten and clear 
at 62.5 “C” [20b], it was the “two melting 
points” of thermotropic cholesterol deriva- 
tives that started the scientific history of liq- 
uid crystals in the early “correspondence 
cooperation” between Reinitzer and Leh- 
mann in 1888 [20-271. 

Reinitzer’s letter to Lehmann, dated 
March 14, 1888 [21, 221, which introduces 
from rather hidden beginnings the history of 
liquid crystals, is very impressed by their 
unique appearances. Reinitzer sends two 
substances “with the request to investigate 
more closely their physical isomerism”. He 
describes previously unnoticed and un- 
known phenomena: “Cholesteryl acetate 
melts to a clear liquid. On cooling the liq- 
uid down, a bright color variation moves 
through the liquid before crystallization. 
Bright violet, blue, green, yellow and 

Figure 5. 100 years of liquid crystal research as de- 
picted by Kelker [13]. 

orange-red colors appear. If one observes 
the molten compound with crossed nicols, 
on cooling suddenly starlike groups of crys- 
tals appear colored and brightly shining on 
a dark background. Thereby the rest of 
the substance remains liquid, which might 
be demonstrated by slightly touching 
the cover-slide, which makes the crystals 
flow”. 

Lehmann [ 141 investigates the prepara- 
tions with a heated-stage polarization mi- 
croscope constructed by himself. They re- 
mind him of his earlier studies on “iodine- 
silver”, and, even more closely, of his en- 
deavors concerning “ammonium oleate hy- 
drate”. He coins the term “liquid crystals”. 
The scientific development of “liquid crys- 
tals” or “cystalline liquids” (Fig. 6) - terms 
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Figure 6. Historical views (top to bottom): Vorlan- 
der’s Crystallography of Liquids [24] beside Leh- 
mann’s Seemingly Living Crystals - Presented by a 
Film [14]; Haeckel’s Artful Presentations of Nature 
1231, related to Lehmann’s Liquid Crystals; his 
rather modem view of protein properties, illustrated 
by ribonuclease with a water cover at the active site 
1291. 

that will compete in the time following Leh- 
mann and Vorlander [14, 241 in the search 
for more precise and sophisticated differen- 
tiations and that will ultimately be integrat- 
ed into the more comprehensive “mesogen” 
concept of Kelker [13] - commences with 
contradictions similar to those that seem to 
be typical of their molecular patterns. Re- 
markably, it is the two biomolecules that, 
with the thermotropy of cholesterol and the 

Figure 7. Liquid crystal abstractions (left to right and 
top to bottom): thermotropics and lyotropics with 
structural visualizations of formerly alien discoid 
[28 a, b], the well-known calamitic artificial liquid 
crystal l-[trans-4-(alk-3-en-l-yl)cyclohex-l-yl]-4- 
cyanobenzene [28 c], and long disregarded native hel- 
ical DNA [28 d]. 

lyotropy of oleic acid derivatives, not only 
provoke a first dissent concerning priority 
but also seem to direct further research in 
quite different directions (Fig. 7) [25]. 

The thermotropics celebrated their first 
period of academic dominance in the school 
of Vorlander [24] in Halle. Within three 
decades at the beginning of the 20th centu- 
ry, more than 2000 synthesized liquid crys- 
tals were used to establish the basis of ear- 
ly systematizations and structure - function 
correlations. Much later, in the 1950s, Vor- 
lander’s substance-inheritance - cigar-like 
abstracted molecules dedicated to posterity 
in cigarboxes - will mediate the historical 
“reentrant” phenomenon in the old Vor- 
lander institute building [26, 271, preceded 
only by a forerunning reawakening of phase 
chemistry - a sleeping-beauty role - in the 
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search for a miscibility rule for imidazole 
derivatives [26 d - fl .  

Vorlander [24] anticipates many of the 
synthesis strategies used today on the basis 
of what might now be called stereoelectron- 
ic structure - function elucidations. Even his 
errors will offer intriguing suggestions. 
Much more recent polymer research [25] 
is foreseen in the “nature of the infinitely 
long molecules”; “star-, cross- and platelet- 
shaped molecules” are offered for discus- 
sion. The “optically anisotropic building of 
packet-like stacked molecular platelets re- 
sembling a Volta-column” describes the 
stacks of today’s discoid arrangements [25, 
281. In love, however, with his own hun- 
dredfold-proven rod model, Vorlander treats 
these ideas about liquid crystals with scep- 
ticism. Vorlander “does not see any possibil- 
ity to use the crystalline-liquid substances 
for technical applications” and “feels him- 
self much more attracted by pure scientific 
desire” for the “crystalline-liquid appear- 
ances” in which “even more pronounced 
than in the case of solid crystals, the origi- 
nal, sensitive and yet powerful nature of 
molecules and their constituents will be ex- 
pressed”. He does not ignore the relations to 
life processes, but shrinks back from any 
interpretation. So he would not approve “the 
data of Lehmann as to the crystalline-liquid 
characteristics of ammonium oleate hydrate 
and similar soaps that - molten together 
with water - should yield crystalline liq- 
uids”, nor would he follow his general hy- 
potheses. Lehmann’s “comparisons of liq- 
uid crystals with living beings” appear to 
him “unscientific” and “contadictory”, in 
their last stages even “mystical” and “de- 
grading the very object”. Looking back, 
however, to the first liquid crystal empire, 
created by him and his school, Vorlander 
takes at last somewhat restrained pride “in 
having yet arrived at a state where crystal- 
line-liquid substances might be synthesized 

- as many and as different ones as might be 
expected or wanted”. And - going beyond 
all his own doubts - his “Nevertheless, the 
soft crystals of organic compounds are the 
housing of life; without soft crystals and col- 
loids no living beings” forms a bridge to- 
wards de Gennes’s “soft matter” in particu- 
lar and “life sciences” in general [24,25,28]. 

But a generation will pass before liquid 
crystals will be really wanted. Kelker’s 
“MBBA”, the first liquid crystal at ambient 
temperature, will provide the impetus for 
applicational research in liquid crystals 

Lehmann [ 141 in Karlsruhe, however, in 
close mental vicinity to and mutual stimu- 
lation by the “crystal souls” of Haeckel[23] 
sets out for the first grand romantic period 
of a general view of mesogenic behavior, 
with special emphasis also on its lyotropic 
aspects. “The analogies between the shap- 
ing and driving forces of both liquid crys- 
tals and living beings” had caused him “to 
characterize the myelin crystals of paraaz- 
oxycinnamic acid ester as seemingly living 
crystals”. Proposed by his own intuition, 
this early impression will intensify and, to- 
wards the end of his way, widen and ampli- 
fy to general considerations on “liquid crys- 
tals and life theories”. Lehmann believes 
“that physiology once might be able to prove 
that those analogies are really caused by in- 
timate relationship or even identity of the 
governing forces”. It “appears to him of out- 
standing interest that the so-called biocrys- 
tals of living substances will orientate them- 
selves regularly to the shapes of organisms, 
so as if the molecules of living substances 
would, indeed, exert directional forces”. 
Lehmann who unravels the close similar- 
ities of his liquid crystals to the world of bi- 
ologically relevant mono-, oligo- and poly- 
mers at that time, who enriches his horizons 
with their foreseen technical applications, 
and who uses -in a way comparable to quite 

~ 3 1 .  
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recent approaches in molecular dynamics - 
the simulative power of films to illustrate 
his results and derived implications [ 14 h], 
this Lehmann leaves to us, like the life pro- 
cesses that he tried to reduce to their funda- 
ments scientifically in his first early biomes- 
ogen approaches, a system that is open in all 
aspects. The ambitious attempt to bridge the 
gap between the phenomenology of liquid 
crystals and their biomolecular structural 
prerequisites ends, owing to the times, in 
nothingness. What the chemist Vorlander 
was able to elucidate scientifically in terms 
of the thermotropic liquid crystal empire 
erected by him and his pupils, the lone phys- 
icist Lehmann had to do without. His “bio- 
crystals” are nebulous entities. Proteins - 
also philosophically - are associated with 
life [5 ,  7 a]. Their structure, however, re- 
mains uncertain, although Haeckel’s intui- 
tive perception [23] appears dramatically 
modern [5-8, 17, 18,29,30]. Miescher an- 
nounced in a first prophetical view an early 
overture to molecular biology [29a]. But 
nobody will take his nucleic acids as in- 
formational components of life processes 
seriously. Lehmann had already outlined a 
lecithin model. The structure - function re- 
lationships veiled by membranes, neverthe- 
less, will still have to await our insights into 
the nucleation of informational and func- 
tional components, before the compart- 
mental components can be elucidated. Leh- 
mann’s investigations, thoughts, and hy- 
potheses will be valued by the future. And 
also not forgotten -within the creative Halle 
circle - will be Schenck’s [24d, el ingeni- 
ous visions on liquid crystals, in which he 
attempted to create a modern synthesis of 
Lehmann and Vorlander’s contradictory 
theses and antitheses, and Staudinger’s 
pioneering path into the field of large mole- 
cules, which opened up to chemistry not on- 
ly the first views of future prosperous 
fields, but established, morevoer, the scien- 

tific basis for an understanding of life pat- 
terns. 

In the meantime, however, there is the 
lonely prophecy of Schroedinger [29 c] that 
the genetic material is an aperiodic crystal, 
which not only anticipates with its outstand- 
ing prediction the later - elucidated reality, 
but raises, moreover, questions about the 
meaning and content of terms such as order, 
disorder, entropy andnegentropy [ 1-8,171, 
and the philosophical categorizations, infer- 
ences and deductions around at a time that 
prefers merely static views. When Watson 
and Crick [29fl, following the laying of 
foundation stones in the field of protein 
geometries by Pauling [29 d], hypothesize 
their double helical matrix structure, it 
proves, with regard to its linguistics, indeed 
to be an aperiodic arrangement. With regard 
to its state, however, it appears to be a liq- 
uid rather then a proper solid crystal. And 
all biooligomers and biopolymers that have 
since been discovered likewise occupy fer- 
tile meso-positions between the sterile stat- 
ics of solids and the vain dynamics of liq- 
uids. They will appear to be mesogens in the 
broad productive ranges between the extre- 
ma (Fig. 7) [5,7, 17, 18,28-301. The time 
had come to award Lehmann and his grand 
hypotheses their long-denied rehabilita- 
tion. But liquid crystal people on one hand 
and molecular biologists on the other were 
mainly concerned with their own problems 
and appeared, moreover, to be split within 
their own disciplines. The possible unify- 
ing (bio)mesogen view in the dialectical 
synthesis of the divergent approaches of 
Lehmann in Kalsruhe and Vorlander in 
Halle had to continue to await its realiza- 
tion. 
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2.2 “Genesis” and 
Phase Transitions 

A first grand phase transition from quantum 
vacuum to existence within an instability; 
probabilistics rather than deterministics in 
all the incomprehensible beginnings, irre- 
versibilities and the time arrow of entropy 
guiding further developments; consecutive 
freezing of originally unified forces and 
symmetry breaking; “matter” developments 
between fermion - boson, particle - wave, 
and structure-phase dualities; interfacial 
routes to mesogens leading out of the con- 
tradictions - will these suggestions reveal 
valid pictures [I-8, 17, 18, 29-33]? 

“Somewhat forlorn between the glows of 
genesis and the shadows of decline: endan- 
gered, tentative structures at fluid borders, 
is such the origin of the long journey of life? 
Do the death rhythms of an extinguishing, 
cooling-down satellite of a middle-sized, 
middle-aged sun - somewhere in the inter- 
mediary populations of a nameless galaxy - 
inspire functional and organizational pat- 
terns of new existences, do the basic matric- 
es of future life patterns - influenced and 
imprinted by a chaos of interchanging sur- 
roundings - within a nearly unique life-ex- 
pectant situation at these coordinates of a 
universe dare a completely new game, does 
a sequence of unique steps from first mo- 
lecular coming together, forgetting, recog- 
nizing, not-completely forgetting, remem- 
brance and discrimination, understanding 
and learning, of trial and error, failure and 
success, over the landmarks of cooperation, 
self-organization and self-reproduction, in- 
dividualization, metabolism, cell-predeces- 
sors, cell-differentiation, the appearance of 
organism and species landscapes, up to the 
collective consciousness patterns of a 
thinking, speaking, abstracting, simulation 
power and creative activities developing 

being lead to the present final outcome of a 
grand dynamic process, of ridge-climbing 
of selecting necessities over the endless 
plains of statistical coincidences, a princi- 
ple, a plan, a movement of matter that opti- 
mizes itself in the growth and decay of its 
individual constituents, that gives the com- 
ing what it had to experience in the past, that 
suffers in each individual death the threat- 
ening end of its own existence and, never- 
theless, sets out in each individual birth to 
new and unknown horizons?” [7 a]. The pic- 
ture from the early 1970s is filled-in in our 
days. 

Monod’s “vagrant at the borders of a uni- 
verse that remains silent to his complaints” 
[5 a] finds himself within the overwhelming 
changes of overall transitions. He channels 
his thoughts of loneliness and despair, the 
question of his destiny and his longing 
dreams of fellow existences within the uni- 
verse into scientific approaches. He extends 
his probes to the depths of space and time, 
retraces the complexity of his ways, spells 
the codes that govern his existences and ad- 
vances his capabilities in approaches to 
creating in partial simulations some sort of 
minima vita on his own. In his strange me- 
so-position between elementary particles 
on one hand and cosmic dimensions on the 
other he tries to cover with quantum me- 
chanics and general relativity theory the ex- 
tremes, so far, however, being unable to for- 
mulate his desired unifying view of a final 
theory. Having changed his considerations 
from a more static, infinite universe to the 
more dynamic expectations of its beginning, 
developing, and ending, he questions again 
the laboriously achieved convictions by the 
more recent picture of grand fluctuating uni- 
verses that combine dynamic developmen- 
tal processes with the new - old quality of a 
forwarding eternal being [ 1 - 81. 

He tries to answer the questions about the 
“before and behind of space and time” by 



400 VIII Living Systems 

Figure 8. Universal processings versus processing of 
universes? [l-81. Background modified from [3]. 

Figure 9. Birth of universe - a first phase transition 
between nothingness and existence? [ l -  81. 

the eternal dynamics of self-reproducing in- 
flationary universes (Fig. 8). He tends to 
describe the birth of “his” universe in non- 
classical versions as a phase transition be- 
tween quantum vacuum and material exis- 
tence, realizing instability-mediated pos- 
sibilities of events, rather than in the former 
classical terms of an incomprehensible sin- 
gularity obeying deterministic laws. He de- 
lights in the idea that all this might have been 
brought about by a first grand spontaneous 
fluctuation that induced by matter - gravita- 
tion compensation an almost-zero-energy 
transition (Fig. 9). Realizing his self-aware- 
ness and self-consciousness, he would look 
upon his maternal universe as a likewise 
unique individuality, and sometimes he in- 
dulges in the hybris of an anthropological 

principle that favors his singularity as the fi- 
nal destination of a universe. His dreams, 
however, would prefer the intriguing sug- 
gestion that it is his self-consciousness that 
awakened a universe [ 1 - 81. 

Anticipating at least the developmental 
aspects in a compromise between the ten- 
sions produced by these theses and antithe- 
ses, independently of whether they arose, to- 
gether with space and time, in a first dra- 
matic singularity, or in the new qualities of 
a grand fluctuation creating the universe as 
a spatiotemporal part of an eternally devel- 
oping being, the grand process of our evo- 
lution - at least within our scope of space 
and time - seems to have endeavored for a 
period of 15-20 billion years to gain a 
certain consciousness and understanding of 
itself [l-81. 

Our roots thus reach back to the depths of 
the past. Together with the universe (or parts 
of it), life patterns originated from an alien 
phase transition in the incomprehensibil- 
ities of a first grand expansion. We were part 
of it at the very outset, and we will share the 
final destiny. Asymmetries of the develop- 
ing patterns produced dynamic directional- 
ities. Together with general amphiphilic- 
ities, they provided new qualities of dynam- 
ic order far from thermal equilibrium, ad- 
vantages that constituted prerequisites for 
recognition, self-organization, self-repro- 
duction, information processing and optimi- 
zation [5-81. Leaving the mysteries of the 
first beginning of our universe fully intact, 
the following scenario might perhaps pro- 
vide the framework for the evolutionary de- 
velopments (Fig. 10). 

Partial freezing of originally unified 
forces, accompanied by corresponding sym- 
metry breaking, seems to have transformed 
the primarily symmetric grand unifications 
of our universe into the diversifications of 
its present appearance [ 1-41. By the subse- 
quent freezing of gravity, strong and elec- 
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Figure 10. Expansion physics and freezing of origi- 
nally unified forces [2]. 

troweak interactions, the grand process 
evolved through the GUT, the electroweak, 
the quark, the plasma and elementary parti- 
cle eras into the current period of atoms. A 
multitude of heavier atoms, burnt in the hell- 
fires of stars and liberated in their catas- 
trophes, engaged in quite different chemical 
interactions and in this way created hierar- 
chical patterns of increasing complexity [ 1 - 
8, 171. The chaos, however, appears to be 
predetermined by string inhomogeneities 
and a strange message from the inherencies 
of the universe. Among the four forces 
(gravity, strong, electromagnetic, and weak 
interactions) governing the world of ele- 
mentary particles, the weak interaction and 
its unification with the electromagnetic 
interaction to the electroweak force exhibit 
a strange characteristic. Contrary to the oth- 
er forces, which display parity-conserving 

symmetries, the electroweak force - medi- 
ating by W+‘- and Zo bosons both weak 
charged and neutral currents - endows the 
whole process with a parity-violating asym- 
metric component [3 11. Not only atomic nu- 
clei, but also atoms and molecules, as well 
as their multifarious aggregations, are sen- 
sitized to the special message. Static and dy- 
namic states of enantiomeric species are dis- 
tinguished from the beginning by a minute 
but systematic preference for one enan- 
tiomer and discrimination against its mirror- 
image isomer. Amplification mechanisms 
traveling long evolutionary roads elaborat- 
ed the first weak signals into dominant guid- 
ing patterns [7, 17, 181-11, 311. 

The freezing of strong chemical interac- 
tions at the interfaces of phase boundaries - 
and by this also the freezing of the special 
characteristics of their spatiotemporal co- 
herencies into the individualities of chiral- 
ly affected mesophases - liberated the rich- 
ness of their folds into the directionalities 
of dynamic order patterns (Fig. 11). By the 
freezing of self-reproduction and self-am- 
plification conditions along water-mediated 
autocatalytic bundles of nucleation trajec- 
tories, the appearing systems - governed by 
Lehmann’s “shaping, driving and direction- 
al forces” - gained, far from thermal equi- 
librium, abilities of information generation, 
adaptation, storage, processing, transfer 
and, finally, optimization (Fig. 12). Based 
on the unique amphiphilic design of their 
constituents, the biomesogenic patterns 
evolving from there developed complex 
structure-motion linguistics and promoted 
their more and more homochirally based 
contents in synergetic regulations. Within 
their adaptational and spatiotemporal uni- 
versalities, the evolving life patterns re- 
traced the impetus of the early dynamics and 
reflected within the developing conscious- 
ness of their chirally instructed and deter- 
mined organismic organizations the grand 
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Figure 11. Evolution of amphiphilic patterns - end to 
the 1970s [7a, 17, 181. 

Figure 12. Entropy - complexity - information rela- 
tionships around the A = k In Z postulates, superim- 
posed on evolutionary polydisperse DNA as elucidat- 
ed by scanning force microscopy (SFM) investiga- 
tions [l-8,751. 

unifications that dominated their origins. 
Their creativity, however, somehow aims at 
beyond the boundaries. 

2.3 Evolution 
of Amphiphilic Patterns 

Views derived from the structure -phase 
duality centering on solid - liquid-phase 
interfacial birth-zones and their contra- 
dictions. 
The liberation of blueprinting holograph- 
ic constituents of amphiphilic transient 
order-disorder patterns and their meso- 
phase coherences, order - disorder (rigid- 
ity -flexibility) gradients of molecular 
individuals and their amplification into 
phase/domain (transition) characteris- 
tics. 
Ways from molecules to macromolecules 
and from phases to microphases center- 
ing on supramolecular biomesogenic or- 
ganizations. 
Supramolecular structure and systemic 
biomesogen relationships. 
Polyelectrolyte/water patterns competing 
for informational, functional, compart- 
mental, and mediating components and 
combining individual contributions into 
integrative systems. 
The interchange of transiently acting 
multi-solvent - solute systems between 
non-classical chaos foundations and fun- 
damental complexity goals, waiting for 
energy input to set all their enthalpy- and 
entropy-determined functional and infor- 
mational richness “alive”. 
Entropy counting, complexity connect- 
ing, and information evaluating micro- 
states. 
Guidelines between symmetry and asym- 
metry, ambivalence and directionality; 
autopoiesis and system evolution. 
Transition to life and spatiotemporal co- 
herences. 

These examples show that it also seems 
to be possible to describe evolution in meso- 
morphic terms [5-8, 13, 17, 18, 30-351. 
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Understandable only as the as-yet last and 
most highly sophisticated derivatives of our 
universe, life patterns developed and dis- 
played in their growing complexity all the 
abilities from which they had originated and 
that contributed to their further develop- 
ment. The predecessors of the highly ad- 
vanced life patterns of our days learnt their 
first lessons while endeavoring to blueprint 
their maternal inorganic matrix systems [32] 
in .all their informative and functional rich- 
ness, and they have been further educated in 
their attempts to follow the changes in their 
environment. Between the thesis of solid or- 
der and the antithesis of liquid disorder, ca- 
pabilities of optimizable information and 
function processing seem to have been 
opened to amphiphilic systems that were 
able to develop flexible and adjustable 
structure - function correlation of their own 
by virtue of the multitude of their transient 
interchanging phase-domain organization. 
They gained individuality in the successful 
integrative handling of complex informa- 
tional, functional, and compartmental pat- 
terns together with sensitive assistant water 
media. They reached developmental facil- 
ities by molecular recognition, intra- and in- 
ter-phase/domain relatedness, self-organ- 
ization and self-reproduction, information 
processing and optimization far from ther- 
mal equilibria. 

Among the molecular species screened 
by evolution in a Darwinian selection for 
suitable constituents of first dynamic real- 
ity-adaptation and, later, reality-variation 
and creation patterns, amphiphiles with spe- 
cific hydrophilic -hydrophobic and order - 
disorder distributions - sensitized to the 
chiral message of the electroweak force - 
were the preferred survivors of the grand 
process (Fig. 13) [17, 18, 331. 

At the beginning, a rather omnipotent 
biopolyelectrolyte pool, dependent on the 
phase dimensionalities of its outsets, pro- 

Figure 13. Evolutionary strategies according to the 
dirnensionalities of arnphiphilic patterns (top to bot- 
tom): one-dimensional: information; two-dimension- 
al: compartmentation; three-dimensional: function [5, 
6, 7a, 17, 181. 

vided informational, functional, and com- 
partmental components. By preintelligently 
developing their individual molecular 
asymmetries into dynamic system direc- 
tionalities, the mesogenic constituents of 
the developing chiral amphiphilic patterns 
succeeded in a fertile and creative synthe- 
sis. Avoiding hyperstatics and hyperdynam- 
ics, the disadvantages of the extreme states 
that contradicted their origins, they devel- 
oped the creative meso-positions of ongo- 
ing dynamic order. Optimizable free-ener- 
gy stategies on the basis of their molecular- 
ly imprinted affinity patterns selected, by 
preintelligently handling the entropic or- 
der - disorder gradients, patterns of chiral 
mesogenic backbone structures (Fig. 14) 
[ 171. It has been the exceptional usefulness 
of these side-chain backbone arrangements, 
the elite successors of the first amphiphilic 
blueprints of maternal inorganic matrices 
and their inherent informational and func- 
tional capabilities (Fig. 15), that allowed 
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Figure 14. Chiral biomesogenic backbone structures 
as survivors of a Darwinian selection for optimized 
homochiral transient order-disorder distributions: 
(top left) stacked nucleic acid single strand, (top right 
and bottom left) extended protein single strand, 
(bottom right) membrane component with a small but 
nevertheless chiral backbone [ S ,  6, 7, 17, 18, 331. 

Figure 15. Orientational presentation of liberation of 
solid-phase information content into self-replicating 
biomesogenic information patterns, neglecting com- 
plex intermediate states of highly condensed informa- 
tion channel designs: (left top to bottom) solid-phase 
space-partitioners: Ca,[AI2Si,,O,,], Li,,MgSi,, 
Ta,CI,, [32c]; (right) replicative DNA, including wa- 
ter cover and counterion clouds [33 a, c,  p, q]. 

interactive division of labor, within mediat- 
ing water swarms, into the specializations 
of information, function, and compartmen- 
tation, conserving, however, beneath the 
skin of their special adjustments, the con- 
tinued primitive universalities of their ori- 
gin [7a,  17, 181. Thus, while a first swift 
glance might connect the structural features 
of nucleic acids with information, that of 
proteins with (information realizing) func- 
tion, and the remaining characteristics of 
membrane components with (information 
and function securing) compartmentation 

[S -8, 17, 181, a closer look at the three ma- 
jor components of biopolymeric and bio- 
mesogenic organization reveals much 
broader ranges of different abilities. For in- 
stance nucleic acids exhibit functional ca- 
pabilities in the widespread landscape of 
catalytic RNA species (341, proteins deal 
with information, not only in their instruc- 
tion of certain old protein-production lines 
of their own [3S] but also in the skillful 
handling of diverse partner molecules and 
molecular organizations - including them- 
selves [7a,  331, and compartmental mem- 
branes demonstrate additional information- 
al and functional potentials in the complex 
tools available to them [7 a, 331. Their self- 
organizational and self-reproductive facil- 
ities, together with their ability to cooper- 
ate, created by nonlinear dynamics a rich va- 
riety of dissipative structures far from ther- 
mal equilibrium and caused - by symmetry 
breaking - the transition of the whole pro- 
cess from its mainly racemic prebiotic peri- 
od into the optimizable biotic patterns of ho- 
mochirality. They regained, as expressed 
within their final organisms on the basis of 
these homochiral molecular and supramo- 
lecular designs, the symmetry beauty and 
operation optimization of the whole world 
of bichirality (Fig. 16). The grand process, 
however, remained subject to the dialectics 
from which it originated, the general chiral 
approach between order and disorder, and 
the permanent renewal and achievement of 
selecting a forward-directed path out of 
these contradictions. 

2.4 Transition to Life and 
(Bio)mesogenic Reflections 

Transitions to life and preintelligent opera- 
tion modes; self-replication and self-repro- 
duction between square-root laws and auto- 
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catalysis; transitions from hetero- to homo- 
chirality: dissipative structures and auto- 
poieses; amphiphilicity and holographic 
designs; nonlinear dynamics and self-or- 
ganizational forces: spatial order-disorder 
distributions and spatiotemporal coherenc- 
es; phaseldomain transition strategies and 
cooperativity; reentrant phenomena. molec- 
ular hystereses and memory imprints, oscil- 
lations and rhythm generation; signal trans- 
duction and amplification; information pro- 
cessing and optimization; selfhon-self rec- 
ognition and discrimination: structure - mo- 
tion linguistics and system intelligence; the 
possibility of non-classical chaos and the 
emergence of reality-adaptation, variation, 
and creation patterns of critical, subcritical. 
and fundamental complexity: nucleoprotein 
system developments by metabolism, muta- 
tion, and selectivity; synergetics and system 
optimization; a transition to life almost as 
mysterious as the universes transition to 
existence - are such the development of the 
first blueprints of “Tala interface phenom- 
ena” to life‘? [ 5 - 8 ,  13, 14, 17, 18, 23, 
30-351. 

For a long time, science has tackled con- 
structionist life processes with rather reduc- 
tionist approaches. Our present investiga- 
tions of pre-life states. transitions to life, and 
the developments of life patterns, unravel- 
ing pictures of utmost complexity, seem in- 
capable of suitable elucidating the extensive 
coherences. “The whole being not only 
more than the sum of its parts, but exhibit- 
ing a superior new quality”, represents, 
amidst multiple guiding uncertainty princi- 
ples, crucial but so far unsolved challenges 
of scientific endeavors [ 1, 5 -71. 

Chemistry, and especially organic chem- 
istry, going against the long-held, preferen- 
tially reductionistic aims of a purely artifi- 
cial carbon chemistry, and remembering its 
long-disregarded original intentions, has 
moved structures from the level of molecule 

Figure 16. Evolution of molecular and organismic 
chirality (top to bottom): L- and D-amino acid enan- 
tiomers [31]; valinomycin Kf-ion carrier [ 3 5 ]  as a 
highly sophisticated outcome of independent amphi- 
philic bichirality protein developments; transitions 
from hetero- to homochirality via selection of enan- 
tiomers in building up suprachiral structures of RNAs 
and their ?elf-replication 1341; development of struc- 
tural and functional asymmetric organismic bichiral- 
ity on the basis of molecular homochirality [7 a, 17, 
18,311. 

to macromolecule to the creative fields of 
supramolecular organizations, where it  has 
met the attempts of physics to elucidate 
idealized supreme phase characteristics in 
the underlying dynamics of microphase and 



406 VIII Living Systems 

domain systems. Thus, the area of preintel- 
ligent self-organisational, self-information- 
al, and self-reproducible pattern as a result 
of structure- (micro)phase coevolutions 
[7a, 171, anticipates with first scienfic ex- 
cursions 136 - 501 to “minimal replication” 
[44] and “minima vita” models 1491, within 
the complexity of their interacting molecu- 
lar individual “parts”, presentiments of the 
“whole”. 

The biomesogenic approach [7 a, 171, 
proposed nearly two decades ago, tries to 
shed light on (pre)biologically relevant, 
highly condensed systems. Within the irre- 
versibilities of non-equilibrium processes, 
supramolecularly structured and biomeso- 
genically amplified sensitive, transient or- 
der- disorder patterns, due to their inherent 
entropy gradients, appear to be capable of 
properly utilizing energy dissipation for 
transformating entropic possibilities from a 
chaos of creative facilities into sense-giving 
information patterns. The apparent incon- 
sistencies in the description of the animate 
and inanimate worlds uncover insufficien- 
cies in our underlying categorizations. The 
current attempts to redefine terms such as 
entropy and information, chaos and com- 
plexity, matter and consciousness within 
equilibriudnon-equilibrium contractions 
might promote not only a better understand- 
ing of pre-life states, transitions to life, and 
life processes themselves, but might also 
found a more consistent picture of life 
singularities within the evolving creative 
universe. “Structure” rather than “phase”, 
however, maintained its leading role for sci- 
entific progress for a long time [ 1 - 8, 17, 
301. 

2.4.1 Molecular developments 

Life-pattern developments have been pro- 
moted by structure -phase dualities. Struc- 

tural contributions, however, rather than 
(bio)mesogenic approaches, constituted the 
“golden age of molecular biology”. Basic 
geometries of biopolymeric species, never- 
theless, correspond to classical structural 
liquid-crystal motifs. Structural interplays, 
resulting from the earliest outcomes of 
proteins’ own information and production 
lines up to the nucleation of nucleoprotein 
systems and their further destinations, dis- 
play common mesogenic features and mes- 
omorphic operation modes [7 a, 171. 

Miescher’s prophetic view of his “Nucle- 
in” as the genetic material [29a] and Vir- 
chow, Mettenheimer, and Heintz’s indepen- 
dent findings of behavioral abnormalities 
[20] could not have been valued at a time 
when proteins (IIpwzoy- the first) were the 
favored species and structure the ultimate 
goal of people engaged in “life sciences” 
[36]. And although some early intuitive 
perceptions of protein statics and dynamics 
(not to mention their intimate relatedness) 
appear convincingly modern [23], the real 
structural designs of the patterns of life re- 
mained obscure for nearly a century. 

Somehow indicative of the “optical dis- 
position” of the species Homo sapiens, it 
was not the admirable achievements of the 
classical period of natural products chemis- 
try [36], beginning, with Fischer [36a] and 
accompanying with its very subjects also 
the historical birth of liquid-crystal phase 
chemistry at the dawn of the century, it was 
not the highlighting work of Eschenmoser 
[36d] and Woodward [36c] half a century 
later and not the lonely prophecy of a phys- 
icist that an aperiodic crystal is the genetic 
material [29 c], and it was not even the mys- 
tic secret formulae of Chargaff [29e] con- 
cerning the base-pairing schemes of nucle- 
ic acids and anticipating the whole story 
to be further elucidated that caused the 
dramatic scientific “phase transition” in the 
1950s. It was the perception of the two “ho- 
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ly” chiral structures: Pauling’s protein a-he- 
lix [29d] and Watson and Crick’s (as well 
as Wilkins and Franklin’s!) DNA double he- 
lix [29 fl that introduced a new age (Fig. 17). 
The first elucidations of basal chiral geom- 
etries of the nucleoprotein system and their 
immediate projection into the multifold mo- 
lecular landscapes around was an event that 
irrevocably altered our views of life patterns 
in nearly all aspects. In these chiral struc- 
tures and their biomesogenic relatedness 
molecular biology set out for far horizones, 
and the beacon of their structural beauty and 
informational and functional transparencies 
has enlightened scientific approaches up to 
our day. 

Since those times the landscape of nucle- 
oprotein geometries has been increasingly 
enriched with quite different structural mo- 
tifs, classified into the basal units of “sec- 
ondary” structure, determined mainly by 
hydrogen-bond pattern, their “supersecon- 
dary” combination schemes, their “tertiary” 
adaptations to the stereoelectronic prerequi- 
sites of real three-dimensional entities and, 
finally, their aggreagations into supramo- 
lecular “quaternary” organizations and be- 
yond [5-8, 29, 331. 

The realms of both nucleic acids and pro- 
teins (Figs. 17, 18) display a certain predi- 
lection for the flexible mesogenic filigree of 
helices - the dynamization of the supreme 
symmetry of a circle into the asymmetries 
of space and time, thus connecting both 
structural and developmental aspects. In the 
case of proteins, the helical designs vary 
from preferred right-handed single-strand- 
ed versions, via more restricted right- and 
left-handed single- and double-stranded ar- 
rays to special forms of left-handed helix 
triples. For nucleic acids, the structural 
landscape is dominated by right-handed 
antiparallel double-helix motifs, enriched 
by differently intertwisted helical triples 
and quadruples and contrasted by alien 

Figure 17. Biomesogenic nucleic acid helix families 
(top to bottom): ds B-DNA; ds A-RNA; ts DNNRNA; 
ds Z-DNNRNA [7a, 33 a, c, f, p. q]. 

versions of left-handed antiparallel double 
helices. The antitheses of more rigid basic 
secondary-structure motifs appear in the 
chirally twisted parallel and antiparallel p 
sheets of proteins and will find some corre- 
spondence in the cylindrically wound-up 
double-helix design of the nucleic acid A- 
families as well as in the so far somewhat 
dubious versions of suprahelical Olson-type 
arrangements [5-8, 17, 18, 33, 5Ogl. 

In the rivalry between the D- and L-enan- 
tiomers of protein and nucleic acid pattern 
constituents as well as in their chiral am- 
plifications into larger supramolecular mo- 
tifs, the “less fortunate” enantiomers, ener- 
getically discriminated by the chiral instruc- 
tion of the electroweak force, fought a los- 
ing battle from the beginning of the grand 
evolutionary competition [3 11. Ab initio 
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Figure 18. Biomesogenic peptide helices of a) PO- 
ly(L-glutamic acid) and b) poly(L-lysine) with partial 
water cover, views along and perpendicular to helix 
axes [7a, 33g-1, p, q]. 

calculations of the preferred aqueous-solu- 
tion conformations of some a-amino acids 
and glyceraldehyde, the classification-an- 
cestor of all sugar-moieties, are indicative 
of a stabiliztion of L-a-amino acids and 
D-glyceraldehyde relative to their discrimi- 
nated mirror-image enantiomers by some 

Jmol-’. The same seems to hold true 

for the a-helical and Psheet patterns of L- 
a-amino acids in comparison to the structu- 
ral mirror-images of their D-antipodes. Ab- 
solute weighting by the electroweak force, 
further selections by different amplification 
mechanisms, as well as the rejection of mir- 
ror-image species in building up supramo- 
lecular chiral arrangements, together with 
energy minimizations of the side-chain 
tools in both proteins (the 20-1 proteinogen- 
ic side-chain versions) and nucleic acids 
(the four-letter alphabet of the nucleobases) 
selected, finally, for the preferential appear- 
ance of L-a-amino acids’ right-handed pro- 
tein-a-helices and p-sheets and favored 
(2’-deoxy)-~-ribose moieties’ right-handed 
antiparallel double helices of nucleic acid 
families [7a, 17, 18, 311. And it is also due 
to these selection and optimization proce- 
dures that poly-L-proline backbones can be 
forced into left-handed helical versions, and 
special alternating sequences of nucleic 
acid designs tend to adopt the strange dou- 
ble-helical left-handed Z-motif. 

All these chiral structural standards and 
the corresponding families around them in 
proteins and nucleic acids represent, how- 
ever, only the main building blocks upon 
which evolution has been operating. The 
colored loop- and knot-stretches and all the 
more disordered parts of protein and nucle- 
ic acid structural designs are of primary im- 
portance for the evolutionary aspects of in- 
formational and functional processings in 
our evolving life patterns. 

It fits nicely into the picture of dual struc- 
ture-phase views of biomesogenic organ- 
izations that objects of “rod-like appear- 
ance”, for instance the little “world’ of the 
tobacco mosaic virus (which-its overall de- 
sign reduced to a simple rod-like entity -be- 
came the starting point of Onsager’s theory 
[37]), as well as much simpler protein and 
nucleic acid helices are typical mesophase 
formers in the classical liquid-crystal phase 
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sense [7 a, 17,251. As the transient final “or- 
der” in self-recognition, self-organization, 
and self-reproduction is approachable only 
by means of mediating “disorder” steps, 
Fischer’s more static lock-and-key model 
[36a, d-f] turns by its own inherent “key”- 
dynamics into Koshland’s “induced fit” 
[36g]. It is within the frame of its close con- 
nections with the preinstruction of biomes- 
ogenic species by the chiral message of the 
electroweak force that the transformation of 
chiral molecular units into the power of “su- 
pra-chiral” macromolecular patterns, and 
from here to the further extended chiral ex- 
pression of supramolecular phase organiza- 
tions and their autocatalytic self-reproduc- 
tions, provided a useful sequence for the res- 
cue and elaboration of an early message of 
our universe from the noise of its first hid- 
den appearances up to the homochirality as 
a matter of course nowadays [7 a, 17 ,30 ,3  1, 
471. 

The “central dogma” [8c, 29f, 33p, q], 
proposed by the creators of the DNA dou- 
ble-helix model in order to channel their 
considerations of the information flow in bi- 
ological systems, was partially inverted in 
historical sequence. Its alpha and omega de- 
termined the evolutionary action scheme: 
variation in the information content of the 
genotype (DNA) and subsequent function- 
al selection in the phenotype (protein). “Dy- 
namic proteins” and “static nucleic acids” 
competed, as in the “chicken and egg” prob- 
lem, for historical evolutionary priority 
[5 b]. But while the original alternative 
found its solution in both the informational 
and functional “hypercycle” [5 b], develop- 
ing its space-symmetry beauties into time- 
helical creativities, and while dual struc- 
ture-phase views - contrary to classical 
perceptions - foresaw much closer spatio- 
temporal coherencies for the evolving mes- 
ophase systems [7 ,  171, while RNA turned 
out to be in some cases DNA-informative 

[8 c, 33 p, q], the old chicken and egg prob- 
lem presented a futher surprising aspect of 
the “meso”-positions of the so-far unfortu- 
nate and disregarded RNAs, a view of what 
might be called an early RNA world [34]. 

The evolutionary highways in the devel- 
opment of the DNA -RNA-protein triad, 
however, seem to have been preceded by a 
peculiar intermezzo. The ambitious attempt 
of proteins of cover self-consistently both 
informational and functional capacities has 
survived up to our days in some unusual and, 
despite all their structural restrictions, ad- 
mirable molecular systems [35]. A group of 
depsipeptide and peptide carriers and chan- 
nels as well as their possible subunit struc- 
tures - produced on old, both information- 
al and functional protein lines - display 
enchanting achievements in the skillful han- 
dling of biomesogenic operation modes [7 a, 
17, 351. Interestingly, all this was brought 
about within any preference of a special ho- 
mochirality. On the contrary, it is just the 
surprising selection of alternating different 
chirality patterns from the prebiotic racem- 
ic pool and the careful and intelligent order - 
disorder design of rather small molecular 
entities with adjusted alternating chiral 
codes that made such beautiful arrange- 
ments as, for example, the “bracelet” of val- 
inomycin work (Fig. 19) [ 18 1 - n]. In the im- 
possibility of bringing the giant information 
content not only functionally but also infor- 
mationally alive, the ambitious enterprise of 
proteins, the “first” to create by the power 
of their own legislative and executive intel- 
ligent “bichiral” patterns, ended up in an ev- 
olutionary impasse - notwithstanding all the 
convincing achievements that match not on- 
ly intriguingly later-to-be-developed oper- 
ational modes of the DNA-RNA-protein 
triad but also our own intelligence. 

While proteins thus failed in their omni- 
potence, the apparently less qualified RNAs 
seem to have built up a preliminary, medi- 
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Figure 19. Bacterial representatives of active ion- 
transport through membranes, modeling phase-transi- 
tion strategies of protein information function lines: 
stereo-presentation of a CPK-valinomycin “movie”, 
mediating by highly sophisticated biomesogenic 
interplays a K+-ion membrane passage [7a, 33p, q, 
351. 

ating, and progressing RNA world [34]. “A 
tRNA looks like a nucleic acid doing the job 
of a protein.” Crick’s pensive considerations 
became reality: mRNAs - the differentiat- 
ing blueprints of the DNA information 
store, tRNAs - the structurally and phase/ 
domain disrupted mediators of nucleopro- 
teinic interrelationships, and rRNAs - the 
long-blamed “structural support” of ribo- 
some protein-synthesis machinery, not only 

did they all develop a more and more inter- 
esting structure-phase “eigenleben”, RNAs 
also proved to be both informational and 
functional. With their special characteristic 
of molecular hysteresis [48], they were 
among the first to provide a basic under- 
standing of memory records, oscillations, 
and rhythm generation in biological sys- 
tems, and they supplied - starting with their 
catalytical facilities in self-splicing and 
ending up with general “ribozyme” charac- 
teristics - successful predecessors and com- 
petitors for proteinic enzyme functions in 
both basic and applied research. RNAs - 
combining in their early forms both geno- 
and phenotypic aspects - seem to have me- 
diated the grand DNA - RNA - protein triad 
into its present expressions and survived up 
to now as an inherent principle of life pat- 
terns [17, 34, 39-44,48, 501. 

The final ways to utmost complexity in 
informational and functional processings 
are illustrated by impressive landmarks. The 
early prebiotic interactions of the shallow 
groove of sheet-like right-handed A-type 
RNAs with the right-handed twisted anti- 
parallel /%sheet of a peptide partner might 
have established the first fertile intimacies 
between nucleic acids and proteins [38]. 
Within this hypothetical first productive or- 
ganization, the archetypic protein-psheet, 
with its suitability for easily sorting po- 
lar - apolar and hydrophilic - hydrophobic 
distributions, as well as the archetype A- 
RNA, with its partially complementary in- 
formational and functional matrix patterns, 
could “live” first vice versa polymerase 
capabilities and thus mutually catalyze 
early reproduction cycles, connected with 
chiral amplifications and informational and 
functional optimizations (Fig. 20) [7 a, 17, 
18,38,43]. It proves possible to further ex- 
tend this model to protein-psheets fitting 
into the minor groove of B-DNA, connect- 
ing by this geometry and functionality the 
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Figure 20. Nucleic acid and protein versus polyme- 
rase efficiencies. (top) RNA and (bottom) DNA with 
chirally twisted Psheets  in the shallow and minor 
grooves, respectively [38], perhaps as an outcome of 
Katchalsky’s catalytic montmorillonite solid-phase 
patterns [7 a, 32 a]. 

A/B-alternatives of nucleic acid families by 
mediating P-protein design [38]. 

The last step to liberating all the inherent 
potential of these early nucleoproteinic 
systems of RNA and protein was found 
in the dual conformational abilities of the 
small 2’-deoxy-~-ribose cycle to account for 
a conformationally amplifying switch be- 
tween A- and B-type nucleic acid versions 
[7 a, 8 c, 331. The discovery of the informa- 
tion store of DNA enabled the systems to 
separate the replication of a more densely 
packed DNA message from the informa- 
tional and functional instruments needed in 
the hitherto existing nucleic-acid- protein 
interaction schemes and promoted by this 

transcriptional and translational operation 
modes with far-reaching maintenance of so 
far elaborated RNA - protein cooperation. 
The new qualities were brought about by the 
structural deepening of the shallow RNA 
groove into the minor groove of DNA, 
which allowed the continuation of the suc- 
cessful, however, rather unspecific, RNA - 
protein contacts together with newly estab- 
lished small effector regulations, and, still 
more important, by the opening of the so- 
far hidden huge information content of the 
RNA deep groove into the much more ex- 
posed major groove of B-type DNA, which 
admitted specific DNA -protein recogni- 
tions [7a, 17, 18, 331. All these newly de- 
veloped and achieved operational capabil- 
ities brought about a dramatic transition 
from the unspecific contacts between pro- 
teins and nucleic acids in their shallow and 
minor grooves, respectively, to specific rec- 
ognition and functional information pro- 
cessing, mostly exemplified by protein hel- 
ices in the B-DNA major groove. 

The resulting DNA - RNA -protein triad 
- mediated by intelligently handled clusters 
of water molecules - promoted the devel- 
opment of universally applicable informa- 
tional and functional patterns, which not 
only developed their order - disorder distri- 
butions into optimizable operational modes 
of biomesogenic systems, but responded, 
moreover, intelligently to the early chiral 
message from the inherent qualities of the 
universe and its translation into “molecular 
creativity” [7 a, 17, 30, 33, 431. 

2.4.2 Molecular Matrices 

The projection of individual capabilities 
into collective cooperation modes; self-rep- 
lication and self-reproduction in highly con- 
densed states - suggestions for naturally 
occurring systems, simulations by artificial 
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Figure 21. Biomesogen regulations between structure 
and phase (left to right and top to bottom): visualiza- 
tion of biomesogen polyelectrolyte regulations ex- 
emplified by DNAlwater-shelI/(hydrated) counterion- 
cloud pattern statics and dynamics; arbitrary DNA/ 
counterion-cloud/water-domain arrangements sym- 
bolizing operative biomesogen nucleations “between 
structure and phase” [7 a, 29, 33 a, c, f, p, q]. 

systems; square-root laws and cooperation 
of partners versus autocatalysis and decisive 
selections of competitors; inherent coher- 
ences and judging bifurcations - structure- 

phase duality miracles abound in the pre- 
transitions and transitions to life [5-8, 17, 

It was the new quality of dynamic order 
of coherent matrix systems that established, 
within the transiently changing patterns 
between flexibility and rigidity, order and 
disorder, growth and decay, guidelines for 
self-organizational behavior and self-repro- 
ductive developments. The crucial step that 
had to be achieved by the candidate patterns 
of life, however, was the evolutionary de- 
velopment of self-reproduction systems that 
could not only propagate their dynamic or- 
der states within the surrounding disorder 
but would even make use of the creative pos- 
sibilities of uncertainty principles within 
non-classical chaos for their own informa- 
tional optimizations [7a, 431, a first deci- 
sive step that unravels as well all the other 
life developmental processes to follow that 
make use of mesogenic capacities for medi- 
ation and continuation of the grand process. 
“It has not escaped our notice that the spe- 
cific pairing we have postulated immediate- 
ly suggests a possible copying mechanism 
for the genetic material” - rarely has any- 
thing fascinated science as much as the 
“holy” structure of DNA, born in that clas- 
sical understatement of Watson and Crick 
[29 fl ,  in which the prophecy of Schrodinger 
that an “aperiodic crystal” was the genetic 
material became reality (Fig. 21) [29 c]. The 
discovery of the structure of DNA irrevo- 
cably altered our view of life and represents 
one of the really major landmarks in the de- 
velopment of science. The prototype of a dy- 
namic matrix became the beacon that illu- 
minated research in the fields of molecular 
biology and redirected organic chemistry, 
which had, contrary to its first ambitions, 
developed mainly as a chemistry of artifi- 
cial carbon compounds, back to its early 
aims. The duplication of the holy structure 
represented the key mechanism for prebiot- 

31, 39-43]. 
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ic systems on passing the boundary between 
the inanimate and animate worlds. The 
accompanying scientific views, however, 
elucidated mosaics of processing of forms 
rather than integrative visions of forms of 
processing. 

Todd [39a] sought an answer for the 
somewhat excluded organic chemistry in  a 
landmark appeal: “The use of one molecule 
as a template to guide and facilitate the syn- 
thesis of another ... has not hitherto been 
attempted in laboratory synthesis, although 
it seems probable that it is common in liv- 
ing systems. It represents a challenge, which 
must, and surely can, be met by organic 
chemistry”. And this grand concept, indeed, 
appeared to be a good sign. Quite soon 
Schramm et al. [39 b] aroused enthusiasm 
with the “noenzymatic synthesis of poly- 
saccharides, nucleotides and nucleic acids, 
and the origin of self-replicating systems.” 
Schramm’s experiments - interestingly, 
brought about in highly condensed states - 
had to push the evolutionarily optimized 
standards back into the high error rates of 
their prebiotic beginning. Purely artificial 
template and matrix experiments that eval- 
uated all the interactive possibilities of both 
covalent and non-covalent nature, however, 
were devoid of even this possible relation- 
ship to evolutionary developments. The first 
great “chemical” departure into the tempta- 
tions of matrix reactions [39] ran aground 
on innumerable difficulties. Only a few spe- 
cial cases of matrix reactions found success- 
ful applications. The use of coordination 
matrices reminiscent of solid-phase infor- 
mational and functional patterns, and al- 
ready known from stereopolymerizations, 
advanced research on complicated natural 
products, for example, chlorophyll and 
vitamin B , [50 a, c]. Nucleic-acid-derived 
recognitions enriched the informational and 
functional landscapes of mesogenic systems 
[17, 181. The main goal, however, to follow 

evolution on the supposed way to make 
polymers on suitable templates in zipperlike 
reactions - ranging from covalent to non- 
covalent variants - failed due to the insur- 
mountable complexity of the systems in- 
volved. In vain, all attempts to model nucle- 
ic acid self-replication properties by nucle- 
ic acid analogous polycondensation, poly- 
addition, polymerization, and polymer ana- 
log reactions [7a, 17, 18, 431. In vain, for 
instance, the once so intriguing idea of blue- 
printing natural patterns independently of 
natural polycondensations by the help of ar- 
tificial matrix radical reactions of N-vinyl- 
nucleobases that linked together man-made 
polymerization groups and evolution’s rec- 
ognition patterns [39f-i]. 

The dominant element in scientific 
progress turned out not to be the tremendous 
variety of chemical matrices and the distant 
aim of building up systems capable of self- 
replication [39]. Rather, fascination with the 
seemingly effortless elegance of the native 
structure -phase prototypes stimulated the 
vanguards of chemistry and biology in their 
campaign of molecular penetration of bio- 
logical systems. Rapid scientific break- 
throughs introduced the “golden age” of 
molecular biology [40]. Oparin and Hal- 
dane’s [40b, c] heirs, Eigen and Kuhn 
[40f, h], gave these events a time perspec- 
tive and with their “information” described 
the vector of the grand process of evolution. 
Along also with their hypercycle-view [5  b, 
40h], a multitude of rival problems, which 
had been simmering in the collective sub- 
consciousness, resolved themselves out of 
the complexity of the original goals of tem- 
plate experiments. Self-replication, muta- 
tion, and metabolism, as prerequisites for 
selection, made up the list of criteria, and 
through these, information and its origin, its 
evaluation and processing, and finally its 
optimization governed the evolutionary his- 
tory of prebiotic and biotic systems. The two 
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ways of scientifically approaching the prob- 
lems, the use of natural systems [40,41] and 
the “ab initio” chemical outsets [42], were 
to find their followers [43 -501. 

In connection with Spiegelman’s initial 
experiments [40e], Eigen and Schuster [5 b, 
40h], Joyce, and others [41] attempted to 
“bring to life” the theoretical premises be- 
hind the laboratory realities of enzyme-cat- 
alyzed RNA replications and evolutionary 
experiments. Orgel’s group, by contrast, ex- 
erted itself of transform diverse matrix re- 
lationships into artificial enzyme-free nu- 
cleic acid formation [42, 43, 44 b]. When 
Altmann [34 a] and Cech [34 b, c] -confirm- 
ing earlier speculations by Crick, Orgel and 
Woese [7a] - raised RNA to the throne of 
an archaic informational and functional om- 
nipotence, it amounted to a late justification 
of the toil and trouble of this “nucleic acid 
first” [34, 421 route. Self-splicing RNA 
complexes, polymerase activities, ribo- 
zymes and hypothetical RNAsomes (views 
partially extendable also to DNA) afforded 
unusual insights into the genotypic and (!) 
phenotypic behavior of a single nucleic 
acid species [34 a - el. 

And with the supposedly greater under- 
standing of this “RNA world” fresh impe- 
tus was given even to the purely chemical 
approaches, once so promosing and now al- 
most forgotten. A rapidly growing number 
of artificial self-replication models, cover- 
ing nucleic acids as well as their near and 
distant analogs, but also successors of the 
nearly forgotten Fox microspheres [40 d] in 
the field of membrane components, are 
representative of the wealth of variety of 
the creative outburst and clarify with their 
different degrees of abstraction one of the 
dynamic peripheries of our times [43]. 
Through elucidation of the static and dy- 
namic principles of replicative information 
systems, all these models endeavor to gain 
insights into both the transitional stages 

between chemical and biological evolution 
and the possibilities of artificial develop- 
ments of their chemical simulations. 

After innumerable attempts to explain the 
matrix relationships of mono- and oligonu- 
cleotides to orientating and catalytic oligo- 
and polynucleotide templates, two self-rep- 
licating nucleic acid models (a DNA-anal- 
ogous hexamer system by von Kiedrowski 
et al. [44a, c-d, f, g-i] and an RNA-anal- 
ogous tetrameric assembly from the Orgel 
group [44b]) opened new ways (Fig. 22) 
[44]. Von Kiedrowski’s first successful 
model - hexadeoxyribonucleotide duplex - 
became a leitmotif in the detailed treatment 
of growth kinetics and anticipated later self- 
replicating “minimal systems” in many 
ways. By using the ligation of oligonucleo- 
tides, he exploited their higher cooperativ- 
ity to attain increased stability of the matrix 
duplex and the ternary formation complex. 
The choice of palindromic systems reduced 
the complexity of biological replication ex- 
periments to a simplified kinetic measure- 
ment of its identical (since self-complemen- 
tary) matrix components. Demonstrating 
the autocatalytic behavior of his systems, he 
was able to obtain direct proof of self-rep- 
lication. The surprising square root law 
of matrix growth kinetics (curiously even 
computer viruses seem to be in love with it) 
with its ideal case of a parabolic reaction 
course, derived from the hexadeoxynucleo- 
tide duplex, which was confirmed slightly 
later by the Zielinski/Orgel system [44 b] 
and, finally, also verified in the Rebek 
dimer assembly [45], was recognized as au- 
tocatalytic system behavior of self-replicat- 
ing oligonucleotide templates under the 
constraints of isothermal conditions, where 
stability relationships of matrix reaction 
partners might exclude the expected expo- 
nential growth kinetics. Later function- 
al and reactive refinements overcame cer- 
tain shortcomings of autocatalytic reaction 
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channels that were too heavily weighted by 
spontaneous noninstructed syntheses. A 
hexameric system, constructed from two tri- 
meric blocks by phosphoamidate coupling, 
revealed sigmoidal growth behavior and 
stood out on account of its extraordinary au- 
tocatalytic efficiency. Its present extension 
to a three-matrix block will not only enrich 
the informational content of the model 
system but seems for the first time to invite 
studies of selection behavior [40 h, k, 441. 

The patterns of autocatalysis with respect 
to parabolic and exponential reaction cours- 
es, which strongly affect the conclusions of 
Eigen’s evolution experiments concerning 
the decision criteria for mutant selection and 
coexistence [5  b, 40 h, k], can now be de- 
rived from the thermodynamic data of the 
matrix patterns and their reactivities, and 
offer quite new views, with autocatalytic 
cooperation between competitive species 
[40 k]. Separate from “enzyme-catalyzed” 
evolution experiments with RNA and DNA 
systems, basic questions of prebiotic behav- 
ior can for the first time become the subject 
of detailed experimental research [40 k, 431. 
While continuing their studies on more 
complex autocatalysis patterns, von Kie- 
drowski et al. diagnosed modulation of mo- 
lecular recognition as an operational deficit 
of earlier artificial self-replicational nucle- 
ic acid systems with regard to exponential 
reaction courses, and identified it as an ideal 
aim for future models [44]. On its way to the 
nucleoprotein system, evolution must have 

Figure 22. (Bio)mesogens approaching pre-life states 
[7a, 17, 18, 431: a) von Kiedrowski’s and Orgel’s 
“minimal models of replication” on the basis of self- 
complementary oligonucleotide DNA and RNA sys- 
tems [44 a-d, f -  h]; b) distant nucleic acid strand-ana- 
logs as matrix reaction models [7a, 18, 19, 39f-i]; 
c) Rebek’s self-replicational and evolutionary nucleo- 
side analog model [45]; d) von Kiedrowski’s self-rep- 
licational amidinium-carboxylate model, being sug- 
gestive of exponential growth kinetics [44e]; e) Lehn’s 

successful mesomorphic system for demonstrating 
surprisingly efficient homochiral selection in build- 
ing up supramolecular arrangements [47 a]; f )  Lehn’s 
helicates, commemorative of early information trans- 
fers between inorganic matrices and organic ligands 
[47b-el; g) Luisi’s first “minima vita” approach of 
chemical autopoiesis, modeling self-replicational 
evolutionary states on the basis of compartmental and 
functional arrangements [49]. 
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had a similar view of the problem, when, in 
Lucretius’s “external game” [40 a], it en- 
dowed nuclei acids, which are somewhat in- 
sufficient in this respect, with proteins, ex- 
perienced in phase and domain regulation 
control, and thus achieved an ideal milieu 
for directing modulations of recognition 
[5d, 7a ,  17, 18m, n]. And, indeed, at this 
point something of what might have favored 
nucleoprotein systems so extremely in com- 
parison to replicative states of nucleic acids 
themselves will become apparent. While, 
presumably, the both informational and 
functional RNAs achieved the first success- 
ful self-replications on their own 1431, they 
seem to have been outclassed i n  future de- 
velopments by the cooperative efforts of nu- 
cleic acids and proteins. The urgent need to 
establish suitable and reliable regimes of 
strand-recognition, annealing, separation, 
and reannealing, which had thus far only 
been easily brought about by drastic varia- 
tions of reaction temperature, seem to have 
been accounted for under stringent isother- 
mal conditions only by the complex patterns 
of nucleoprotein systems [7a,  17, 181. With 
no directing man-made artificial chemistry 
and physics at hand, the general evolution- 
ary breakthroughs in self-replication had to 
await the play-educated abilities of complex 
biomesogenic organization. It was especial- 
ly the impressive capabilities of proteins - 
both functional and informational - which 
display with more then 20 side chains a great 
variety of affinity and entropy variations 
[7 a, 331, that could provide suitable system- 
inherent isothermal conditions. They did 
this, in  close cooperation with their pre- 
ferentially informational, but also function- 
al, nucleic-acid matrix mates and mediating 
water patterns by the highly sophisticated 
transiently acting mixing of domain-mod- 
ulated paths along desirable reaction co- 
ordinates. Only the integrative efforts of 
nucleic acids and proteins, which sub- 

merged their structural individualities into 
the biomesogenic unifications of the func- 
tionally and informationally completely 
new characteristics of transiently acting 
order - disorder patterns of nucleoprotein 
systems, reached the desired optima in self- 
organization and self-replication, in gener- 
al information-processing and optimiza- 
tions [17]. 

Matrix growth kinetics as known for oli- 
gonucleotides were followed by a drastical- 
ly abstracted artificial replication system 
developed by Rebek’s group [45]. This con- 
stitutes, in some sort of distant nucleic 
acid/protein analogy, with the two nucleic- 
acid systems the pioneering triad i n  this 
field, and seems to augur, after all that has 
gone before, a fresh departure for the far ho- 
rizons of artificial chemical evolution 
systems. The dimer assembly developed 
from host-guest relationships combined 
the interactive and cognitive possibilities 
of native nucleic acid matrices with the 
more general biopolymer relationships of 
the amide bond formation involved i n  the 
matrix reaction. “Kuhn divergences” [40 f l  
generate a tremendous number of new ma- 
trix and replication variations, and from this 
breadth develops an impressive range of im- 
pending convergences. 2-Pyridone deriva- 
tives [46c], already foreseen in mesogenic 
and polymeric nucleic acid analog ap- 
proaches [46a, b], reoccur in  new guises 
1461. The successors to elite nucleic acid 
templates are surprisingly the apparently 
simpler amidinium-carboxylate matrices 
[44e]. Astoudingly, however, in  the attempt 
to reduce generalizing principles as far as 
possible, desirable operational modes be- 
come accessible. The dramatically abstract- 
ed amidinium-carboxylate systems, which, 
nevertheless, cover certain essentials of 
complex nucleic acid - protein interactions, 
have proved to be susceptible to molecular 
recognition modulation and even seem to 
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display -to the delight of their examiners - 
exponential growth kinetics. Beautiful chi- 
ral main-chain LC-polymers - built up as 
impressive supramolecular helical arrange- 
ments from bifunctional recognition units - 
convincingly confirm in the hands of Lehn 
[47 a] the selection and discrimination ca- 
pabilities of supramolecular organizations 
in transitions from hetero- to homochirality 
[7a, 17, 18, 311. Detailed aspects, such as 
the possibilities of coordination matrices in 
native nucleic acid assemblies, make them- 
selves felt in helicates [47 b - d], whose 
structures reflect also relationships between 
our life process and its basic matrices [7 a, 
321. Matrix studies of triplex systems 
[48a-q, t] model possible strategies of nu- 
cleic acid organization and by this detect not 
only protein-like behavior of RNA-Hoog- 
steen strands in reading informational DNA- 
duplex patterns [48 1,0] but also bridge the 
gap of the basic hysteretic mechanism of 
information processing in more highly 
condensed systems [48a-q]. The paths of 
chemistry - from the chemical bond to the 
chemical system, from molecularity to su- 
pramolecularity, from statics to dynamics - 
are united with the spatiotemporal coher- 
ences of phase and domain regulation strat- 
egies from physics in the asymmetries and 
nonlinearities of life sciences, affording 
processes that are stabilized by their own 
dynamics. From the earliest prelude to the 
unknown intimacies of nucleation of the nu- 
cleoprotein system up to today’s complex 
evolutionary character, only the to some ex- 
tent adequate complexity of the scientific 
approaches might provide sufficient stimu- 
lation potential to approximate the grand 
process. 

It is fully within this context when, in ad- 
dition to the nucleic acid-nucleic acid an- 
alog pioneering triad of self-replication 
systems, a fourth innovative approach adds 
to the “minimal systems” of preferentially 

informational replicators [43, 441 the new 
view of a “minima vita” challenge [40 I] re- 
lated mainly to functional and compartmen- 
tal aspects. It appears somehow as a reincar- 
nation of Fox’s microspheres [40d], when 
micelles, as representatives of the compart- 
mental partner in life games, are proposed 
by Luisi et al. as first examples of “minimal 
life” models [49], where, independently of 
all historical outcomes, the chemical auto- 
poiesis is taken as a minimum criterion for 
not only self-reproductive but also in some 
way life-bearing systems. With the quite re- 
cent implantation of informational nucleic 
acids and the future goal of a nucleoprotein 
core [49 fl ,  they might really develop as first 
intriguing artificial nucleations of primitive 
protocell design. An approach that might 
perhaps be able to realize Lucretius’s “qua- 
cumque inter se possent congressa creare” 
[40 a] of nucleic acids, proteins, and mem- 
brane components that governed - together 
with suitable mediating water networks - 
the origin of life patterns. 

It is, indeed, just this complexity that for 
today’s chemistry provides provocation and 
stimulation, intimidation and temptation, 
love and hate and fate together. The present 
artificial systems still remain utterly out- 
classed by even the most primitive life 
forms such as RNA viruses [5  b, 17,18,40 h, 
431. The possibilities of describing natural 
selection behavior according to quasi-spe- 
cies distributions in the extreme multidi- 
mensionalities of sequence spaces are, for 
artificial systems, at best a very distant uto- 
pia. However, independent of the respective 
chemical character, basic patterns of auto- 
catalytic activities once again make the 
original image of that “notational replica- 
tive” DNA double helix the center of hope- 
ful expectations. With all its early primitive- 
ness, but also with its promising inherent 
potential of “minimal models” of self-rep- 
lication [43 -48, 501, and -just to follow - 
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Figure 23. Eschenmoser’s homo-DNA [50 c-g] 
playing the game of artificial evolution and simulat- 
ing from nucleic acid viewpoints aspects of general 
carbohydrate codes [60, 611; (top) Olson-DNA and 
RNA arrangements [5Og] in comparison to compar- 
able appearances of homo-DNA; bottom) Olson-RNA 
-peptide interactions modeling early intimacies in the 
nucleation of the nucleoprotein system [7 a, 17, 181 
and by this excluding more rigid hexose-DNA/ 
RNAs from evolutionary trends [50]. 

“minima vita” models [49] of life, chemis- 
try enters the fields of biological complex- 
ity in what should be the most decisive re- 
gion of evolutionary formative processes, 
and in doing so is gaining new qualities. 
Qualities, however, that emphasize in con- 
tinuation of Schramm’s starting point [39 b] 
the importance of still disregarded meso- 
genic reaction behaviors in particular and 
inherent “phase-chemistry” in general [7 a, 
17, 181. 

And then there is finally -besides the ar- 
tificial evolutions of selecting functional 
nucleic acids for specific interactions with 
cooperative mates, high-affinic recogni- 
tions, and catalytic activities from random 
pools - the “evolution” of an individual sci- 
entific life’s work [50], which itself follows 
decisive stages of the grand process: the ex- 
ploration of early chemical requirements, 
the development of prebiotic ligand systems, 
the fixation into the ordered structures of 
informational inorganic matrix patterns 

and, finally, the liberation of their inherent 
wealth of design and information into the 
order - disorder of today’s nucleoprotein 
system. Using basic hexoses - in some re- 
spects the successor molecules of evolution 
- a never attempted, or perhaps only for- 
gotten, “evolutionary step” is taking place 
[50c-f, h] - once again in the area of rep- 
licative (homo)nucleic acid systems (Fig. 
23), and intriguingly not without relevance 
to the so far unsolved problems of carbohy- 
drate recognition codes [7 a, 8 c, 33 p, q]. 

But this is another whole story, and an- 
other great game. A game that is represen- 
tative in all its loving utilizations and im- 
pressive manifestations of today’s chemis- 
try standards and facilities for our future 
ways of modeling of what has created us - 
without any chance, however, to renew ar- 
tificially the “whole” on our own. 

2.4.3 (Bio)mesogenic 
Order - Disorder Patterns 

Transient order - disorder coherences con- 
verting a chaotic variety of quantum-dual- 
ity-derived structural prerequisites and 
mesogenic capabilities - far from thermal 
equilibrium - into complexity patterns fun- 
damental to life; artificial systems in their 
independent enterprises and in the attempts 
to retrace evolution’s (bio)mesogenic de- 
velopments; fundamental complexity irre- 
ducibilities contradicting reductionistic sci- 
entific approaches; quantitative limitations 
standing in contrast to qualitative compre- 
hension; entropic gradients achieving equi- 
libria self-organization and mediating non- 
equilibria spatiotemporal coherences into 
life-pattern developments - transiently act- 
ing (bio)mesogenic patterns intriguingly 
add to a consistent view of life-pattern de- 
velopments within the grand process [7a, 
17, 51-52]. 
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Reflections of life’s biomesogenic modes 
of operation remained outside mainstream 
molecular biology for rather a long time. 
The rapidly enlarging range of thermotrop- 
ic and lyotropic liquid crystals repeated in 
their second heyday the long journey of na- 
tive mesogen developments from monomers 
to oligomers and polymers almost indepen- 
dently of molecular biological achievements 
(Figs. 24a-h) [7a, 17, 18,51,52]. The last 
few decades have brought about the end of 
simplicity by bizarre stereoelectronic vari- 
ations and the accompanying difficulties of 
corresponding phase systematization [5 1 ,  
521. The theses of rod-like thermotropics 
and head-tail designed lyotropies (Fig. 7), 
which governed liquid crystal develop- 
ments for a century, have lost their unique- 
ness. Complex molecular interactions sub- 
merge the extreme conceptions of thermo- 
tropy and lyotropy. Dynamic order - disor- 
der patterns are creating overlying intercon- 
nections. Artifical mesogens are approach- 
ing the complexity of their biomesogen 
standards and encountering all the advanced- 
material aspects evolution had already op- 
erationally integrated. But the same diffi- 
culties that Lehmann experienced are being 
met by the complex biomesogen systems 

The creative principles of “subject” and 
“relatedness”, having already traveled 
across the laborious plains of fermion - 
boson and particle - wave dualities [ 1 - 81, 
reach the complementaries of “structure” 
and “phase” [ 17, 181, culminating in the be- 
loved species of “side-chain polymers” and 
their outstanding mesogenic capabilities 
[7a, 17, 18, 51,721. Biopolymeric and bio- 
mesogenic species seem further integrable 
into supreme guiding fractal motifs of orga- 
nismic morphogenetic expressions [78] and 
even into quantum-field patterns of human 
consciousness fields [72 x-z, 79,801. From 
the discontinuities of rudimentary, but nev- 

[17, 18, 51-53]. 

ertheless chiral backbone-stumps of mem- 
brane components up to the continuations of 
the beautiful organichnorganic strand-repe- 
tition of nucleic acids, the functional back- 
bone-filigrees of proteins and the carbon- 
substitution-framed water-cluster individu- 
alizations of carbohydrates, evolution has 
developed nearly infinite action mode capa- 
bilities from a limited selection of building 
and functional blocks within narrow oper- 
ating temperature ranges [5-8, 17, 18, 29, 
30,43, 51 -711. Impressive side-chain-pat- 
tern selections, adjusted to the individual- 
ities of quite different backbone variations, 
complete the energetic and entropic instru- 
ments for creating life as an outstanding new 
quality of universe accelerations. The prim- 
itive amide group - a vision of horror to all 
classical liquid-crystal scientists - embed- 
ded with all its hydrogen-bond capabilities 
into the exclusivities of heteroaromatic hor- 
izontal and vertical interaction modes and 
reappearing also in the intra- and interstrand 
recognition and stabilization patterns of 
proteins, has developed as an essential part 
of information origin, processing, reproduc- 
tion functionalization, and optimization. 
Amides - partially modified by their imino 
substitutes - frame the first successful in- 
formation channels and mediate the first 
replication schemes, probably of RNA spe- 
cies that gain additional functionality from 
the excess patterns of residual hydroxy- 
groups within the conventional nucleic 
acid backbone designs. And amide groups 
also provide for the three-dimensional intra- 
and interstrand “intelligence” of proteins 
that functionalize the amide sender- sig- 
nal - channel -receiver patterns of the infor- 
mational component. The developmental 
one-dimensional information patterns of 
nucleic acids, wound-up for purposes of in- 
formation storage and transfer within the 
elegance of preferably double-helices and 
their suprahelical packages, find some 
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Figure 24. Biomesogenic structures: a) (Bio)meso- 
gens displaying order -disorder distributions in CPK- 
presentation (left to right and top to bottom); hexa-n- 
alkanoyl-oxybenzene discoid - Chandrasekar’s first 
non-rodlike liquid crystal [28 a, 51 c]; enantiomeric 
cholesteric estradiol- and estrone-derivatives [ 17 a, c, 
d, 26f, 51 a, s, u]; Reinitzer’s cholesterolbenzoate [21, 
221 - together with the acetate the foundation stones 
of liquid crystal history [21, 221; Kelker’s MBBA - 
first liquid crystal “fluid” at ambient temperature [ 13 f, 
g]; Gray’s cyanobiphenyl nematics for electrooptic 
displays [25 a, 5 1 el; lyotropic lecithin membrane 
component [7 a, 14, 27 d, 52 a] and valinomycin-K+- 
membrane carrier [7 a, 351; thermotropic cholesteryl- 
side-chain-modified polysiloxanes with the combina- 
tion of flexible main-chain and side-chain spacers 
[51 a, h]; thermotropic azoxybenzene polymers with 
flexible main-chain spacers [5 1 a]; thermotropic cya- 

nobiphenyl-side-chain-modified polyacrylates with 
flexible side-chain spacers [52 b]; lyotropic stiff-chain 
polyamide [52 c, d]; lyotropic cellulose triacetate 
[52e]; smectic diacylhydrazines [17a, c, d, 26f, 51 t]; 
thermotropic multiple-phase long-chain vinamides 
displaying intra’ and intermolecular hydrogen bonds 
[52fl; n-alkoxybenzoic-acid dimer smectics [52g]; 
thermotropically designed 2-pyridone-dimer smectics 
[17a, c-g, 27g, 39g, 461; Lehn’s supramolecular- 
helix building-blocks on the basis of nucleic-acid- 
base-analog recognitions [47 a]; gramicidin-A-K+- 
membrane channel [52 h]; (tentoxin)3-K+-membrane 
subunit carrier/channel/store [52 I]; lyotropic poly(y- 
benzyl-L-glutamate) [5  1 d, 52 k]; poly(L-glutamic 
acid) [51 d, 5211; poly(L-lysine) [51 d, 5211; discoid 
metallophthalocyanine [5 1 0, 52 m]; (A),-stack as 
operating in messenger processings [52 n]; 2 -5(1),, 
as structural analog of the oligonucleotide regulides 



2 Biomesogens and the Grand Process 42 1 

2-5-A [520]; unusual pairings of ds (U), . (U)n, ds 
(C), . (CH+),, ds (AH+), . (AH+), [52n, u]; bisacri- 
dinyl/DNA bisintercalator complex as an advanced 
model for biomesogenic nucleic acidkmall ligand 
interactions [7a, 18, 5 2 ~ 1 ;  ds B-DNA as life’s infor- 
mational component [7a, 17, 18,28d, 29f-h, 33a, c, 
f, p, q, 520-v]; ds Z-DNA as regulation facility with- 
in genome [33 a, c, f, p, q]; ds A-RNA with simula- 
tion potential for viruses and stimulators of cytokine- 
induction [7a, 17, 18, 33a, c, p, q, 520-v]; ts DNA/ 
RNAs as logic-blocks of hysteretic biomesogenic reg- 
ulation systems [7a, 17, 18, 33a, c, f, p, q, 48a-q]; 
qs (G), with teleomeric genome regulation functions 
[7a, 17, 18, 33a, c, p, q, 52x1; ds RNA/analog semi- 
plastic complex with interferon induction and reverse 
transcriptase inhibition activities [7 a, 18, 33 a, c, 
52 w]; pcasomorphin messenger between opioid and 
cardiovascular-cardiotonic regulation programs [ 17, 
18,52 y]; substance P as messenger of central and pe- 
ripheral neuronal programs [ 17, 18, 52 z]; (L-LYS),- 
adaptation to B-DNA major and minor, and A-RNA 

deep and shallow grooves [7 a, 17, 18, 33 a, c, p, q]; 
mismatched GGU-base-triple presumably mediating 
self-splicing of tetrahymena rRNA [ 18 k]; specific 
recognition of a-helical Cro-repressor in the major B- 
DNA groove of Cro-operator [33 m, n]; unspecific rec- 
ognition of protein-psheet and B-DNA minor groove 
as modeling early polymerase efficiencies of nucleo- 
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protein intimacies [38]; ds Olson-RNA/(L-Lys), inter- 
play dynamics 117, 18, 50hl. b) Thermotropic artifi- 
cial systems illustrating geometric and functional va- 
riabilities around the common motif of longitudinal 
and circular order-disorder patterns (top to bottom): 
hexa-n-alkanoxyloxybenzene discoid 128 a, 5 1 c], 
cyanobiphenyl nematic [25 a, 51 el; diacylhydrazine 
smectic 117 a, c, d, 26f, 51 t]; enantiomeric cholester- 
ic estradiol derivatives [I7 a, c, d, 26f, 51a, s, u]; vin- 
amide smectics [52 fl; discoid metallophthalocyanine 
[5 1 0,52 m]. c) Thermotropic hydrogen-bond species 
partially modeling drastically abstracted nucleic acid 
and protein 0-sheet design (top to bottom): long-chain 
alkanolyoxybenzene substituted vinamides [52 fl; n- 
alkoxybenzoic acid dimer smectic [52 g]; thermotrop- 
ically designed 2-pyridone-dimer smectic [ 17 a, c-g, 
39g, 461; diacylhydrazine smectic [17a, c, d, 26f, 
5 1 t]. d) Polymer variations between natural and arti- 
ficial systems, between side- and main-chain varia- 
tions (top to bottom); thermotropic cholesteryl-side- 
chain-modified polysiloxane with the combination of 

flexible main-chain and side-chain spacers [5 1 a, h]; 
thermotropic cyanobiphenyl-side-chain-modified poly- 
acrylate with flexible side-chain spacers [5 1 b]; ther- 
motropic azoxybenzene polymer with flexible main- 
chain spacer [5 1 a]; lyotropic stiff-chain aromatic 
polyamide 152 c, d]; lyotropic cellulose triacetate 
152 el. e) Native lyotropics around membrane-compo- 
nent-headltail and peptide-helical and platelet motifs 
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structural correspondence in the fundamen- 
tally deformed, but nevertheless compar- 
able individual expressions of two-dimen- 
sional ambiguous arrangements in mem- 
branes. On the way from nucleic acids to 
membranes, the precise coding of nucleic 
acid informational side-chain designs flex- 
ibilizes into the loose recognitional and 
functional interaction modes of long-chain 
aliphatics, while the geometrical beauties of 
nucleic acid backbone phosphates dissolve 
into the scattered mosaics of individualized 
head-group arrangements of flexible mem- 
brane components. Covalently bound coun- 
terion patterns of membrane components 
constitute an additional aid for tightly inter- 
woven molecular carpets, while rigid nucle- 
ic acid backbones preserve their ability 
to regulate by easily shiftable counterion 
clouds. Two-dimensional membrane pat- 
terns rediscover their global geometries in 
the wound-up cylinders of nucleic acid A- 
families and in the chirally twisted bipolar 
adjustments of protein p-sheet designs. And 
it is within the pictures of long-favored pro- 
teidmembrane and long-disregarded nucle- 
ic acid/membrane intimacies that nucleic 
acid/membrane-passages, already suggest- 
ed from the interferon-inducing facilities 
of ds RNAs and later used for artificial 
electric-field-pulse mediated nucleic acid 

(top to bottom): lecithin [7 a, 14,27 d, 52 a]; poly(y-ben- 
zyl-L-glutamate) [5  1 d, 52 k]; poly(L-lysine) [5 1 d, 52 11; 
poly(L-glutamic acid) [51 d, 52 11; (tentoxin),K'-mem- 
brane-carrier subunit complex [52 i]. f) Lyotropic nu- 
cleic acid strand variations between cholesteric and co- 
lumnarphase design (top to bottom): (U), . (U), duplex; 
(C) ,  . (CH+), duplex; (AH+), . (AH+), duplex; B-DNA 
duplex, A-RNA duplex; DNNRNA triplex; (G), quad- 
ruplex [7a, 17, 18, 33a, c, p, q, 520-w, 751. g) Meso- 
genic nucleoprotein models around helical motifs: 
(L-LYS), fit into RNA (top) and DNA (middle) shallow 
and minor grooves; (bottom) (L-L~s),-DNA/RNA- 
major/deepgroovefits [7a, 17, 18,33a, c,p, q, 38,751. 
h) Low- and high-molecular-weight biomesogen inter- 

relationships - simple artificial thermotropics model- 
ing operation modes of complex native amphotropics: 
recognition and modulation in selfreplication modeled 
by mesophase behaviour of cis- and trans-amide pat- 
terns of 2-pyridones and 1,2-diacylhydrazines (left to 
right and top to bottom): hypothetical recognition and 
modulation within first vice-versa polymerase facili- 
ties between nucleic-acid DNA and RNA duplexes and 
protein P-sheets; isopotential space partitioners (red: 
4.184, blue: 4 . 1 8 4 ,  yellow: 0 kJ/mol) visualizing pre- 
requisites for cis-amide recognition in nucelobases and 
trans-amide modulation facilities in P-sheets; meso- 
phase simulations by recognition systems of 2-pyri- 
dones and modulation systems of 1,2-diacylhydrazines. 



424 VIII Living Systems 

membrane passages in genetics, are now 
opening prospering fields of “gene-immu- 
nization” on the basis of general membrane 
acceptances for nucleic acid patterns. Car- 
bohydrates, their oligo- and poly saccharide 
variants as well as their extensive derivat- 
izations, have developed - besides rudimen- 
tary polar- apolar distinctions - massive 
hydrogen-bond donor/acceptor capabilities 
of carbon-substitution-framed ordered wa- 
ter clusters into adjustable mediating pat- 
terns of widespread dynamic motifs, rang- 
ing from impressive helical designs to cir- 
cles, holes and stretches, and emulating the 
mediating facilities of “water order -dis- 
order patterns” in their emphathy roles of 
recognition and function. Finally, proteins 
have developed the giant set of instruments 
of at least 20 side-chain variants within 
nearly omnipotent threedimensional ex- 
tensions of one-dimensional backbone 
stretches into a legislatively ungovernable, 
nearly infinite information content, but al- 
so into the executively incomparable func- 
tional universalities of intelligent playmates 
for everybody else. 

The inevitable problems of solubilization 
[53], which threatened to exile all these mo- 
lecular achievements in the dead end of sol- 
id-phase immobilities - Fischer’s ingenuity 
ended at the level of around 20 residues in 
his first synthetic approaches to the king- 
dom of proteins at the beginning of the 20th 
century [36 a], and Guschlbauer, despite his 
farsightness [33a, b], still looked upon 
DNA as “a hopeless mess” at the beginning 
of the 1970s -were solved by the ability of 
these “side-chain-polymer polyelectrolytes” 
to occupy the fertile fields of mesophase sol- 
vent - solute solubilizations between the ex- 
trema of solid and liquid phases [7 a, 17,181. 
Water clusters not only liberated suitably 
designed biopolymeric species to structural 
mobility, but also sensitized them to the 
supreme control of liquid-crystalline states. 

Helical motifs of informational and func- 
tionalnucleic acids [52n-y, 62-69,74,751 
and peptides [52k, 1, 58, 59, 741, which 
might also be comprehended as wound-up 
discoids, display with the individual geom- 
etries of their constituents cholesteric phase 
variants of both calamitic and columnar ar- 
rangements and even present blue-phase- 
textures of cubic phase design [62]. While 
the informational and functional represen- 
tatives are thus reminiscent of ancient ther- 
motropic guiding motifs, the compartmen- 
tal membranes, on the other hand, are easily 
reducible to the basal abstractions of primi- 
tivehead-taillyotropics [7 a, 17,18,54-571. 
Carbohydrates [52e, 60, 611, finally, have 
developed calamitic prerequisites into more 
sanidic designs of laterally and longitudinal- 
ly extended main-chain arrangements. 

While water - and to a certain degree al- 
so other solvent partners and solvation aids 
- thus succeeds in the liberation of meso- 
genic side-chain polymers [7, 531, it forms 
by this, however, only sterile repetitions of 
overall phase symmetries. For the transition 
to life, the mediating abilities, of water pat- 
terns prove necessary, but not sufficient. 
The transition to life was not brought about 
by the mere existence of supramolecular or- 
ganizations, nor by the phase beauties of ba- 
nal basal repetition patterns. Approaches to 
life had to detect phase/domain regulation 
facilities within the nonlinear dynamics of 
supramolecular mesogenic organizations 
[ 18 n]. They had to develop the richness of 
informational and functional capabilities 
out of creative chaotic possibilities as well 
as the fleeting permanence of phase/domain 
transition strategies withing narrowing 
ranges of operation temperatures far from 
thermal equilibrium. Ways into the nuclea- 
tion centers of the transition to life imply 
ways into fundamental complexity [6 b, 7 a, 
171, the dominance of instabilities and prob- 
abilities rather than deterministic laws [I], 
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the subjection to irreversibilities along irre- 
ducible bundles of nucleation trajectories 
and the development of spatial order - disor- 
der distributions into spatiotemporal coher- 
ences [ l -8 ,  17, 181. Ways of following 
them up scientifically imply the retreat from 
mere reductionistic approaches, with the 
shortcomings, however, of the dominance 
of qualitative inference rather than quanti- 
tative scientific precision. 

One of the real breakthroughs in transi- 
tion-to-life capabilities seems to have been 
the establishing of connectivity lines of co- 
herent solute - solvent relationships within 
the biomesogenic partners themselves [7 a, 
17, 18, 53 b, 72r, s]. The decisive develop- 
ment of replicational nucleic acid systems - 
with their square root laws of propagation, 
but also their inviting cooperativity of part- 
ners [40 h, k, 431 - had to await the overall 
assistance of proteins, displaying for expo- 
nential autocatalysis - and the decisive se- 
lection of competitors - not only suitable 
solvents but also the intelligent stereoelec- 
tronically mediating and promoting milieu 
[7a, 17, 181. Only the nucleation centers of 
nucleoprotein systems, individualized by 
early compartmental membrane walls, 
could provide all the enthalpic and entrop- 
ic prerequisites to set the new qualities of 
the universe “alive” far from thermal equi- 
librium [ l -8 .  17, 181. The extreme coher- 
ences of such fundamental complex systems 
contradict our advanced theories of phase 
and phase-transition strategies [76]. The 
findings in the field of biomesogenic spe- 
cies reflect the situation [7 a, 17,18,5 1 -721. 

In the classical view only membranes and 
their components seem tolerable, with their 
close bilayer similarities to thermotropic 
smectics and headhail abstracted lyotropics 
[7a, 33p, q, 54-57]. While nucleic acids 
and proteins represent both structure and 
system individualities, membranes, as huge 
collectives of highly differentiated mem- 

brane components with specifically adjust- 
ed lipid, protein, carbohydrate and perhaps 
even nucleic acid patterns, exhibit far more 
complex system hierarchies [54 b, c]. The 
slogan of the 1970s that “life is at mem- 
branes, in membranes and through mem- 
branes” [7 a, 48 b-e, r, s] characterizes a sit- 
uation where the fundamental complexity of 
life has to meet up with the critical complex- 
ity of localized compartment organizations, 
which turn out to be completely irreducible 
to simple bilayer characteristics in structu- 
ral design and mesogenic regulation capa- 
bilities. 

From the involvement of the fully ex- 
pressed diversities of membrane compo- 
nents [7 a, 8 c, 33 p, q, 54 a], their asymmet- 
ric designs and nonlinear modes of opera- 
tion, to different ligand, especially choles- 
terol, regulations [54 b, c], passive and es- 
pecially active transport (to and from the 
system) by cooperative protein-carriers, 
pores, channels and complex subunit organ- 
izations [7 a, 33 p, q, 35, 52 h, i], the diver- 
sity of peripheral and integrative proteins 
[7a, 33p, q, 56, 58, 591, the cell-coat gly- 
cocalix made up of sugar side chains that are 
joined to inh-insic membrane glycoproteins 
and glycolipids as well as to glycoproteins 
and proteoglycans [7 a, 33 p, q, 54-59], car- 
bohydrate-protein patterns in selectin and 
integrin adhesion molecules [59, 601, lock- 
and-key glycoprotein - lectin interactions 
[6 b, 7 a], signal recognition, acceptance, 
transduction 156 b] and amplification [7 a] 
in cellular selfhonself recognitions and dis- 
criminations [7a, 8c ,  17, 18,33p,  q], cellu- 
lar uptakes and propagations, cellular com- 
munications and differentiations [8 c, 33 p, 
q], molecular linguistics vertically in genet- 
ic intraspecies information transfer and hor- 
izontally in the free-floating immunological 
extensions of individual CNS-peripheries, 
up to CNS as the operational basis of indi- 
vidual intelligence and the origin of con- 
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sciousness [5a, 8, 17, 18, 78-80] -all this 
constitutes, on the basis of highly differen- 
tiated membrane components, proteins, car- 
bohydrates and nucleic acid cooperation 
partners, hierarchies of increasing complex- 
ity, resulting intracellularly in supreme or- 
ganizational units and intercellularly in 
morphogenetic programs, organismic ex- 
pressions, and system and species evolu- 
tion. A picture that reveals in all its insuffi- 
ciently sketched coherences not only the 
fundamental complexity of life patterns 
but also their irreducibilities [1-8, 17, 18, 

Proteins present like problems. Com- 
pletely neglecting the utmost structural and 
functional complexity involved [7 a, 8 c, 
331, endeavors in the field of protein meso- 
gen behavior have mainly concentrated on 
poly(L-glutamic acid) derivatives with their 
intimate relationships to rod-like helical de- 
signs [58, 591. More sophisticated than the 
usual cholesteric systems, poly(y-benzy1-L- 
glutamate) [5 1 d, 52 x] responds to environ- 
mental influences. It covers within its very 
shape patterns of a “pre-Pauling” helix [7 a, 
29 d, 5 1 d] and anticipates with its aromatic 
stacks the later discoid arrangments [28 a, 
51 c]. The replacement of chloroalkane- 
solubilized benzyl substituents by an alkyl 
disorder belt, mobilizing the helical-order 
cores, shifts the system from lyo- to thermo- 
tropic characteristics and, intriguingly, 
makes visible in this way the dominance of 
order-disorder distributions in the estab- 
lishment of mesomorphic behavior [58 el. 
The protein-mesogen system - although 
primitive in comparison with native protein 
organizations - continues to be a source of 
inspiration, without so far being extendable 
to the real complexity of native protein pat- 
terns [51, 52, 58, 591. 

Later, together with carbohydrates [7 a, 
60,611, the liquid crystals of the much more 
transparent nucleic acids [52 n- w] join 

51 -61, 781. 

these circles. Nucleic acids, when treated 
under stringent conditions as idealized heli- 
ces [62, 64-69] - and even small building- 
block composites fit into this picture [65] - 
reveal impressive pictures of classical phase 
textures with relationships also to overlying, 
biomesogenic operation modes in chroma- 
tin (re)orientations [29g, h, 62,77 h] and mi- 
tosis [8 c]. Independently of intercalator, 
groove-binder or further nucleic-acid-ligand 
characteristics [7a, 17, 18, 52t, 671, small 
ligand-interaction capabilities up to small- 
peptide partners [67-751 are integrable into 
the common picture of classical liquid-crys- 
tal design, and it was just within the field 
of biopolymer/ligand interaction that the 
“Vorlander effect” of directing mesophases 
by the “chiral infection” with small amounts 
of doping compounds [70] advanced as a 
model of hormonal signal direction and am- 
plification (Fig. 25) [7a, 17, 181. However, 
also in these cases, the abundance of integra- 
tive biomesogenic operation modes of native 
standards will be insufficiently met by sci- 
entific progress in mesogenic abstractions. 
Even more interesting than the beautiful 
phases of idealized helical entities of nucle- 
ic acids, for instance, seem in this connec- 
tion, the individual appearances of “unspe- 
cific” singular phase textures of polydis- 
perse evolutionary DNAs and RNAs [73, 
751, which “live” the whole complexity of 
mesogenic life-pattern possibilities. 

Carbohydrates [7a, 17, 52e, 60, 611, fi- 
nally, so generally effective in phase stabil- 
izations that even polyethyleneglycols, as 
strange artificial abstractions, promote clas- 
sical nucleic acid phase expressions [52 t, 
64-69], contribute with a spectrum of quite 
different approaches, under way in many la- 
boratories, to a growing understanding of 
rapidly enlarging details, while so far only 
insufficiently coping with the urgent quest 
for generally attributable carbohydrate rec- 
ognition codes [50, 60, 611. 
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Figure 25. Low-molecular-weight effectors directing 
mesophase patterns of high-molecular-weight bio- 
mesogen organizations (left to right and top to bot- 
tom): mesogenic ligand-biopolymer interactions - 
Reinitzer’s chiral cholesterylbenzoate [2 1, 221 and 
Kelker’s MBBA [ 13 f, g ] ,  elucidating Vorlander’s 
“zirkulare Infektion” of nematic phases by chiral dop- 
ing compounds [70], an early biomimetic thermotrop- 
ic hormone model, simulating biomesogenic amplifi- 
cations of molecular signals in biomesogenic sur- 
roundings [7a, 17, 181; native and artificial small- 
molecule effectors of nucleic acid operation modes, 
modeling Vorlander’s “chiral infection” within com- 
plex bio-mesogen systems and reminding of their in- 
triguing initiatory roles for the redetection of the Vor- 
lander-effect of switching mesophase design in artifi- 
cial and native systems. 

Just like the traditional and obviously dif- 
ficult to overcome scattered views of pro- 
teins, nucleic acids, membranes and carbo- 
hydrates as kingdoms of their own in mo- 
lecular biology [7 a, 8 c, 33 p, q], the experi- 
mental findings in these new fields of liq- 
uid-crystal research constitute at present 
still a dispersed mosaic of details rather than 
the needed adequately complex and integra- 
tive picture [7 a, 17, 181. While liquid-crys- 
tal phase investigations remain preferably 
limited to helical aspects of only a few con- 

tributing natural structures and their accom- 
panying artificial derivatives, general ques- 
tions 1721, such as microphase and domain 
tuning and regulation [7a, 17, 181, micro- 
state distributions 172 d] within interchang- 
ing organizations relating to entropy, infor- 
mation and complexity relationships 172 d, 
el, complex energy/entropy compensations 
133 k, 72 k], general field extensions to qua- 
sicrystals 172 b], glass and plastic states 
[72e, fl, as well as evolutionary relation- 
ships to spin-glasses 172 d], intimate coher- 
ences in nucleic acid sequence patterns 
172 s- w] and molecular dynamics 177 b-d, 
k, n] within supramolecular biomesogenic 
organizations and their developmental as- 
pects [7 a, 17, 771 still have to await unify- 
ing conceptions. Perhaps the previously of- 
fered “biomesogen” views [7 a, 17, 181 can 
provide integrative guiding patterns for all 
(potential) molecular biological meso(phase) 
“builders” - ranging from their individual 
statics and dynamics, their amplifications 
into interactions of highly cooperative (tran- 
sient) domain organizations to the integra- 
tive (domain-modulated) phase transition 
strategies and regulation modes of classical 
liquid-crystalline states (Fig. 26). 

While so far the availability of comput- 
ers has failed to extend individual molecu- 
lar dynamics [77] into the developmental 
fields of supramolecular biomesogenic or- 
ganizations, and phase/domain character- 
izations only succeed in the elucidation 
of uniform large molecular collectives [25, 
5 1, 521, experiments following mesophase 
characteristics of self-organizational and 
self-reproductive processes down to the 
nanometer scale [73, 741 are receiving in- 
creasing interest and try to make up for the 
persisting difficulties of the lack of both far- 
reaching and profound theoretical interpre- 
tations [76]. 

Molecular structure amplifications and 
behavior-determining phase reductions meet 
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Figure 26. (Bio)mesogenic order -disorder patterns 
rather than geometric anisotropies as general precon- 
ditions for the appearance of mesophases: a) classical 
thermotropic cyanobiphenyl nematic [25 a, 5 1 e] and 
thermotropically designed steroid hormone cholester- 
ic [17a, c, d, 26f, 51 a, s, u]; b) protein-p-sheet simu- 
lative diacylhydrazine smectic [17 a, c, d, 26f, 51 t]; 
c) hexaalkanoyloxybenzene discoid [28 a, 5 1 c] end- 
ing the century of “rod-like’’ dominance; d) lyotropic 
poly(~-glutamic acid) [5 1 d, 52 k, 11 changing with an 
alkyl-disorder shell from lyotropic to thermotropic 
[58e]; e) ds A-RNA lyotropic [52n-w, 751; f )  am- 
photropic (L-L~s),/RNA recognition complex [ 17, 18, 
751. 

Figure 27. Visualization of biomesogenic nucleic- 
acid selforganizations by molecular-resolving micros- 
copies (top to bottom and left to right): nucleic acid 
strand patterns: B-DNA and A-RNA duplexes, DNA/ 
RNA triplex, G-quadruplex, DNMRNA-duplex/pro- 
tein-p-sheet complexations; STM and SFM-investi- 
gations of nucleic acid organizational behavior: DNA- 
plasmid [74 c]; RNA- and RNA/peptide-organiza- 
tions: (U), . (A),-duplexes; (U), . (A), . (U),-tri- 
plexes; (G),-quadruplexes, (L-LYS),/(U), . (A),-com- 
plexes in 2D and 3D representation [7a, 17, 18, 33 a, 
c, f, P, q, 751. 

within the creative fields of supramolecular 
biomesogenic organizations [ 17,301. Com- 
plex molecular recognition and information 
processing amplify the continuation of ad- 
equate phase/domain transition strategies 
into new qualities of intelligently develop- 
ing self-organizational and self-reproduc- 
tive systems that gain their transition to life 
and life-survival strategies by surprising 
entropy - information transformations far 
from thermal equilibrium [7 a, 171. Suitable 
scientific approaches suffer from the restric- 
tions of methodologies that meet the re- 
quirements for solid- and liquid-phase in- 
vestigations but are insufficient for the treat- 
ment of mesophase characteristics and de- 
velopmental aspects of highly condensed 
systems, which play crucial roles in self-or- 
ganization, self-reproduction, information 
processing, and optimization. While a mul- 
titude of experimental findings in the fields 
of polarization microscopy, chiroptical in- 
vestigations, static and dynamic X-ray dif- 
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Figure 28. Complex biomesogenic organizations 
modeling evolutionary developments: (a) SFM visu- 
alization of polydisperse DNA [75]; (b) nucleic acid 
textures (left to right): chicken-DNA, (U), . (A),, du- 
plex (U),, . (A), . (U), triplex, (G), . (GI, . (G),, . (G), 
quadruplex, (U),, . (A),, . (L-LYS), complex [75]; 
( c )  building up of liquid -protein -nucleic acid mul- 
tilayer systems as two-dimensional simulations of the 
grand evolutionary triad - at least in partial coopera- 
tion with a mediating water milieu [7a, 17, 18, 33a, 
c, p, q, 63a, 751. 

fraction techniques and nuclear magnetic 
resonance methods will provide - besides 
the often familiar and convenient texture 
patterns - a wealth of information on com- 
plex phase-domain organizations and their 
operation modes in leveling-off of statistic 
multitudes [5  1-72], the rapidly enlarging 
spectrum of molecular-resolution microsco- 
pies is receiving growing interest as to their 

approaches and their scientific aims in di- 
rect nanometer-elucidations of the statics 
and dynamics of biomesogen nucleation 
patterns [74]. Adlayer arrangements pro- 
vide direct visualization not only of supra- 
molecular biomesogenic organizations, but 
also of their inherent dynamics (Fig. 27) 
[74, 751. Dimension reductions of three- 
dimensional large scale bulk-phase repeti- 
tion patterns into “two-dimensional meso- 
phases” with their ability to survey multiple 
monolayer arrangements at the molecular 
(nanometer) level [73] display insights hor- 
izontally into the two-dimensional lateral 
extensions of phase relationships and verti- 
cally into the three-dimensional individual- 
izations of creative nucleation centers of su- 
pramolecular biomesogenic developments 
(Fig. 28). 

2.5 The Developed 
Biomesogenic Systems 

Emergence of new qualities of the universe; 
life spatiotemporal coherences between 
nonclassical chaos and fundamental com- 
plexity achievements; transiently inter- 
changing supramolecular organizations and 
their biomesogenic regulation; amplifiable 
“parts” permanently qualifying changing 
“wholes”, developing “wholes” qualifying 
operational “parts”, structure - phase dual- 
ities inherent in the developments of nucleo- 
protein systems; stabilization within the dy- 
namics; morphogenetic programs and re- 
gained operational symmetries on the basis 
of fundamental asymmetries - scientific ap- 
proaches to life patterns (Fig. 29) unravel a 
complex of problems, fitting for the com- 
plexity of life patterns themselves [ 1 -8,17, 

After a century of mainly parallel and in- 
dependent developments, artificial meso- 

18, 77-80]. 
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gens and their biomesogenic native stan- 
dards (Fig. 30) seem, nowadays, capable 
of a creative dialectic synthesis of the thus 
far dominant thesedantitheses tensions. 
The unique spatiotemporal coherences of 
(bio)mesogen systems promote self-consis- 
tent evolutionary views and afford intri- 
guing perceptions of the grand process. 

Even very simple and primitive mesogens 
differ from nonmesogenic species in that 
they bear some sort of rudimentary intelli- 
gence. At present, however, we appear to be 
faced with difficulties in treating this gleam 
of preintelligent behavior scientifically. 
Even our most advanced theoretical ap- 
proaches prefer rather abstract and ethereal 

Figure 29. Biomesogens: (smaller 
pictures, top) transitions to life illus- 
trated by the nucleation of nucle- 
oprotein intimacies [7 a, 17, 181; 
(smaller pictures, bottom) replica- 
tive and informative nucleic acid 
triplexes [48 a-q, t] as forerunners, 
displaying molecular hysteresis as 
basic mechanisms of memory im- 
prints and oscillation and rhythm 
generation [7a, 17, 18, 33a, c, f, 
481; (top and bottom) the late 
followers’ ontogenesis, retracing 
biomesogen phylogenesis in “orga- 
nismic first intimacies” [ 16, 231. 

shadows of real entities [76]. Changing 
from here to complex artificial or even 
native (bio)mesogen organizations ampli- 
fies the problems for quantitative treatments 
[7 a, 17, 18, 331. The constraints leading to 
only qualitative inferences -if not the temp- 
tation to speculate - are growing. 

Although artificial mesogens have been 
developed in terms of thermotropic and lyo- 
tropic characteristics, biomesogens both 
blur and dialectically combine these ex- 
treme positions within the cooperative net- 
work hierarchies of their interdependent 
chiral complexity patterns (Fig. 26) [7 a, 17, 
181. Thermotropics resemble lyotropics in 
that their flexible, more disordered seg- 
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Figure 30. Anabolic and catabolic regulation hier- 
archies that channel biomesogenic information pro- 
cessing in a highly condensed phase [8 e, 18, 52 x, y]. 

ments serve the purpose of dynamization of 
the rigid, more ordered parts. Lyotropics, on 
the other hand, display, within their com- 
plex solvent- solute distributions, far more 
interactive coherencies than had originally 
been thought in classical views. While for 
lyotropics suitable solvents -especially wa- 
ter - provide a spectrum of entropy-driven 
organizational forces, thermotropics will 
profit by comparable entropy effects of or- 
der minimizations on the complex domain 
interfaces between rigid cores and flexible 
terminals. Within this picture, the solvent- 
like labilizing areas of interacting biopoly- 
mer organizations appear as special expres- 
sions of more general mobility characteris- 

tics of mesogens, which are able to build up 
within their dynamic chiral order - disorder 
distributions transiently functional and tran- 
siently acting chiral order- disorder pat- 
terns. Within the dynamics of water-medi- 
ated protein, nucleic acid and membrane 
organizations, dynamic chirally instructed 
parts - submerging the individualities of 
their respective partners -exert functions of 
partial solubilizations for the mobilization 
of rather static chiral solute areas, the pre- 
intelligent handling of which is a prerequi- 
site for some new properties as, for instance, 
recognition, functional catalysis, semi- 
permeable compartmentation, collective 
and cooperative operation modes, isother- 
mal self-organizational behavior and self- 
reproduction of transiently acting chiral do- 
main systems, information processing and 
optimizations. 

Our original ideas about mesogens, 
which had been attracted by the unifying 
principles of huge artificial and preferen- 
tially achiral molecular ensembles and the 
overwhelming symmetries of their meso- 
phase relationships [7a, 13, 14, 17, 18, 
24-28, 51, 521, are thus redirected into the 
limited and methodologically extremely 
difficult areas of cooperatively processed 
chiral phase/domain systems, which govern 
with increasing complexity a more and more 
precisely tuned and refined, highly sophis- 
ticated instrumentary of modulated phase/ 
domain transitions [7 a, 17, 18, 69, 7 1, 72, 
771 (Fig. 31). The chiral mesogen individu- 
alities of the grand supra-chirally organized 
amphiphilic patterns of life display within 
their molecular imprints the prerequisites 
for the projection of individual molecular 
facilities into the structural and functional 
amplifications of cooperative dynamic me- 
sogen domain ensembles. The chiral order- 
disorder designed individual appears as a 
holographic image of the whole. By this, 
the classical views of interacting structural 
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Figure 32. Biomesogen dynamics: (top left) interleu- 
kin-4 dynamics as derived from multidimensional 
NMR investigations [77 k], depicting among others Ia- 
bilized loops; (top right) the more rigid designs of nu- 
cleic and triplexes [77 ll; (bottom) dependence of 
membrane dynamics (MD) [77 m, n] on structural pre- 
requisites and temperature range, MD snapshots in pi- 
co-second range; dilauroylphosphatidylethanolamine 
(95 ps), dioleylphophatidylethanolamine (120 ps), 
dioleylphosphatidylcholine (100 ps). 

Figure 31. Biomesogen operation 
modes in nucleoprotein systems: 
(a) FISlDNA recognition dynamics 
[71q]; DNA/protein unspecific 
(b) [38] and specific (c) [33 m, n] 
recognitions by Psheet  and a-helix 
fits to DNA minor and major 
grooves, respectively; d, e) Zn-fin- 
ger protein handling DNA [7 I fl. 

individuals submerge into the new qualities 
of transiently acting mosaics of mutual do- 
main cooperativities, where chirally in- 
structed stereoelectronic patterns of indi- 
vidual representatives of the grand triad, to- 
gether with the “liquid polymers” of medi- 
ating water-clusters, anneal into the spatio- 
temporal coherencies of newly achieved 
biomesogenic domain organizations, their 
self-reproduction, and informational and 
functional optimizations. It is within this 
dual view of biomesogens that both the 
structural and the phase/domain aspects will 
contribute intriguingly to a consistent pic- 
ture of life patterns and their operation 
modes, and it had been, moreover, a pre- 
requisite to establishing self-organizational, 
self-reproductive, and morphogenetic pro- 
cesses under nearly isothermal conditions 
[7a, 17, 181. 

At least partially reflected in modern the- 
ories of nonclassical chaos [6, 7a,  72e, fl,  
the developed chiral amphiphilic patterns, 
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Figure 33. Detailed biomesogen dynamics treatment: 
rotational isomerizations of Tyr-35 of bovine pan- 
creatic trypsin inhibitor mediated by structural chang- 
es in the surrounding biomesogenic protein matrix - 
overall view (top) and “film” in skeleton presentation 
(bottom) [77 b-d]. 

Figure 4. First insights into mesogenic chromatin 
regulations: superhelical DNA chromatin arrange- 
ment [29g, h, 33fl ;  winding up chromatin packages 
by Bonnet transformation operation-modes [77 h]. 

amphiphilic both in terms of their or- 
der -disorder dialectics and the spatiotem- 
poral coherencies of their nearly isothermal 
processings, are acting according to meso- 

Figure 35. P-Casomorphin peptide messenger in ad- 
dressing opioid and cardiovascular-cardiotonic (mod- 
ulatory) subroutines of general psychoneuroimmuno- 
logical programs, superimposed with organizational 
microstate [72d] distributions and simplified regula- 
tion schemes of heart muscle contractions [18, 36, 
5 2 ~ ,  ZI. 

gen strategies, ranging from the localized 
motions of molecular segments [77 b-d] 
(Fig. 32, 33), via their coupling to collec- 
tive processes (Fig. 34) in the surroundings 
[72 b - d, n], to the interdependences of com- 
plex regulations [ 18, 5 1 y, z] (Figs. 35, 36). 
Statics and dynamics of asymmetrically lib- 
erated and directed multi-solvent-solute 
systems and their sensitive phase and do- 
main-transition strategies characterize our 
picture of today’s biomesogen organiza- 
tions. Synergetics [7 b] within complex sol- 
vent-solute subsystem hierarchies [7 a, 17, 
18 v] and their mutual feedback found new 
aspects of chirally determined nonlinear 
dynamics with a number of preintelligent 
operation modes, such as reentrant phe- 
nomena [48 i], molecular hystereses and 
memory imprints, oscillations and rhythm 
generation [48 a-i, r, s], complex structure- 
motion linguistics and signal amplifica- 
tions, selfhonself recognitions and dis- 
criminations, information processings and 
general optimization strategies [7 a, 17, 181 
(Fig. 37). 
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Figure 36. Biomesogen patterns of immunorelevant 
structures: (top, left to right) mobility sites of myo- 
haemoerythrin, engaged in antigen - antibody recog- 
nitions [77 el - molecular surface and a-carbon back- 
bone color-coded: highly mobile, red and yellow, re- 
spectively; relatively well-ordered, blue; not studied, 
magenta; (center and bottom) polio virus exterior and 
interior surface patterns [71 a] reminiscent of the bi- 
refringent solutions of rodlike tobacco mosaic parti- 
cles and their role in Onsager theory [37]. 

An almost infinite number of examples 
characterize complex motions of the grand 
process that are stabilized just in their dy- 
namics; dynamics that continue asymmetri- 
cally the spatial order - disorder distribu- 
tions of biomesogenic life patterns into the 
spatiotemporal coherencies of dynamic or- 
der [5b, 6b, 7a, 17, 181. The contradictions 
between crystalline order and liquid disor- 
der, which rendered Lehmann and Vorlan- 
der’s “liquid crystals” [13, 14, 241 so ex- 
tremely suspect to their contemporaries, 

Figure 37. Chiral biomesogen dynamics in  informa- 
tional and functional processing (from top to bottom): 
complex structure - motion linguistics of a small 
molecule effector (pcasomorphin-5) in addressing 
neuroendocrine, cardiovascular-cardiotonic and im- 
munomodulatory subroutines of general regulation 
programs [7a, 17, 52y, z]; cholesterol regulations in 
functional membranes [7 a, 54 b, c]; valinomycin 
interplays, mediating K+ ions across membranes [7 a, 
351; biomesogenic signal amplification in the chrom- 
atin: steroid hormone efficiencies in domain regula- 
tions [7a,  17, 18, 51 s]; molecular hystereses and 
memory imprints in polynucleotide triplexes [7 a, 17, 
18, 33a, c, f, p, q, 48a-q, t]; intimacies of nucleic 
acids and proteins [7a, 17, 181 along nucleation tra- 
jectories of the nucleoproteinic system. 
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represent and rule in fact the survival prin- 
ciples of the grand process. Biomesogens, 
which display within their chiral molecular 
imprints and designs not only the richness 
of experienced affinity patterns but also the 
capabilities of their play-educated dynam- 
ics, link together entropy and information 
within a delicate mesogen balance (Fig. 38). 
In this connection, Schrodinger’s [29 c] 
question concerning the two so extremely 
different views of order appears to be dra- 
matically relevant. We seem to be badly in 
need of new theoretical treatments of old 
terms that have changed their meaning 
somewhat on switching from statics to dy- 
namics, from thermal equilibrium states to 
far from thermal equilibrium developments. 
What seems to be helpful are extensions of 
classical static descriptions to new self- 
organizing, self-stabilizing, and self-repro- 
ductive dynamic processes. The abstract and 
mathematically perfect order of an idealized 
crystal (Schrodinger’s “dull wallpaper” in 
all its symmetries) and the strange dynamic 
order of life patterns (Schrodinger’s “beau- 
tiful Raffael tapestry” - in all its asymme- 
tries not completely matching the real pro- 
cess dynamics) are competitors for supreme 
roles. Covered by the general uncertainty 
principle - with the classical views of order 
and disorder as borderline cases - the new 
qualities and description capabilities of dy- 
namic order unravel pattern developments 
from the coherence of life. 

2.6 The Human Component 

“Subject” and “relatedness” - developments 
via fermion - boson, particle - wave, struc- 
ture -phase, and processing -information 
dualities into the preliminary final destina- 
tions of matter and consciousness; ontogen- 
esis retracting (universe) phylogenesis, 

quantum mechanics and general relativity 
theory longing for “theories of everything”, 
self-consciousness and self-awareness, 
questions for quantum-selves within a crea- 
tive universe - man at the interfaces to the 
universe, awakened by consciousness of 
himself [ l-8,  17, 18, 76, 80]? 

“Will there ever be such an achievement 
as a computer simulation of our central 
nervous system (CNS), a simulation of any 
given complexity, but nevertheless deter- 
ministic? Or is this CNS already a new qual- 
ity, from the most highly developed com- 
puter as far away as a quantum mechanical 
approach from some one of Newton me- 
chanics? Is Bohr’s remark ‘that the search 
for a value equivalent of thought resembles 
the measurement effect on a quantum 
object’ more than only a formal analogy? 
Does our CNS work for the engrams of its 
information patterns with a hardly estimable 
diversity of the quantum fields of its stereo- 
electrically manipulated biopolyelectrolyte 
patterns? Is there more behind the hologram 
analogy of our brain storage? Does the 
whole giant information content of our brain 
equal the utmost complexity of collective 
quantum states of the macrostructures of 
the CNS? Is superconductivity of biopoly- 
meric macrostructures a leading model? 
Are Josephson contacts perhaps relevant 
switches? Will the forecast of Kompaneyez 
as to the Bohr-analogy of thought being 
more suggestive of a giant continuous 
change of the collective states of our brain 
as a whole with its complex arrangements 
in the ‘enlightened spot of our conscious- 
ness’ one day become certain reality? Quan- 
tum theory so far has not approached such 
complex systems. There remain at present 
final speculative questions without any rea- 
sonably, competent answer” [7 a] - the ear- 
ly- 1970s visions match supreme themes of 
our time from the suggestions for supreme 
facilities of future quantum computers 
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Figure 38. Supramolecular biomesogenic organizations between “structure” and “phase” (left to right and top 
to bottom): developing biomesogenic textures: ammonium oleate - Lehmann’s [ 141 first “scheinbar lebender 
Kristall” (apparently living crystal) (original photograph as a kind gift of Hans Kelker [ 13]), Lehmann’s worm- 
like features [14], the Halle rediscovery of phase chemistry by a miscibility rule for promesogenic imidazole de- 
rivatives in the 1950s [26d-f], cholesteric streak texture of thermotropically designed steroid hormone deriva- 
tives [5 1 t] (three images), textures of 146 bp DNA fragment (three images), cholesteric organization of Dino- 
flagellate chromosome [52 q, 621, cholesteric oily streak and chevron textures of high-molecular-mass chicken- 
erythrocyte DNA [52 q, 621, cholesteric oily streak and chevron textures of high-molecular-weight chicken-eryth- 
rocyte DNA [52n, 0, s] (two images); dual structure-phase view of nucleic acid-protein interactions modeling 
supramolecular biomesogenic nucleation states of the nucleoprotein systems as visualized by RNA/(L-L~s), in- 
timacies [7 a, 17,18,75]. These images have superimposed on them supramolecular domain organization between 
structure and phase: chiral secondary structure basic geometries [28 d], continued with water-shell cover [53] 
and counterion clouds [69 a], amplification of individual structures into order -disorder patterns of cholesteric 
phase arrangements with superhelical twist; suggestions for morphogenetic mesophase extensions, exemplified 
in mitosis of Huemanthus cells [8 c]; supramolecular biomesogenic organizations as approached from “struc- 
ture’’ and “phase” [7a, 17, 181. 
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Figure 39. Classical and nonclassical approaches to 
chaos theories [5-7, 72e, fl. 

[80 b], the importance of Bose-Einstein 
condensates up to the last questions of quan- 
tum-self-constituted self-consciousness 
fields as some sort of independent quality in 
the universe [7, 80aI. 

An instability-induced grand transition 
from quantum vacuum to material existence 
might have created our universe. Energy and 
entropy gradients mediated duality develop- 
ments and transitions between fermions and 
bosons, particles and waves, structure and 
phase into the process -information dual- 
ities of life patterns. At the interface to the 
universe, life patterns developed a prelimi- 
nary finite duality between existent matter 
and self-consciousness fields. By this grand 
transition a facility of awareness beyond 
space and time originated that transformed 
its thesedantitheses tensions into creativity. 

Monod’s vagrant at the borders of “his” 
universe (Fig. 39) - realizing the extreme 
and unique exposition of his situation - be- 
comes aware of the intriguing and inspiring 
motivations resulting from his borderline 
case. He begins to conceive of himself as an 

Figure 40. Order-disorder patterns in artificial me- 
sogens and native biomesogens promoting spatial 
chiral order -disorder distributions into spatiotempo- 
ral coherences (top to bottom): amphotropic DNA/ 
prealbumin complex [lo], reminiscent in its order- 
disorder distributions of the simple achiral thermo- 
tropic n-alkoxybenzoic acid dimers [52 fl; periodic 
and chaotic oscillations of multiple oscillatory states 
in glycolysis [78] - all this superimposed on the de- 
tails of the “very” event - modeling in all its interfa- 
cial relationships early evolutionary origins of the nu- 
cleoproteinic system and its inherent structure-phase 
dualities [7a, 16, 17, 181. 

er fade away in senselessness, but seem in- 
creasingly enriched by blessed capabilities 
of self-realization within developing evolu- 
tionary fields. Descartes’s proud “cogito er- 
go sum” is also - by descent and develop- 
ment, by creation and destination, by obli- 

exciting creative periphery of matter and 
interfaces beyond, which adds to so far irrel- 
evant evolutionary developments advancing 
criteria of conscience-controlled conscious- 
ness patterns feeding back to the grand pro- 
cess itself (Figs. 40, 41). He faces a future 
where his dreams of a universe will no long- 

gation and fairness - something like a first 
grand self-affirmation of our special space- 
time within the universe. A maternal devel- 
oping universe awakened in his conscious- 
ness, recognizing by himself also itself. The 
light of self-consciousness born in the dark 
- science seems to cope with biblical motifs. 
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Figure 41. Mesogen patterns (bottom to top): choles- 
teric DNA [63 a, 751 superimposed on early universe 
computer simulations [ 121 and Lehmann’s paintings 
of cholesteric phase [ 141; “Tala” mesogenic surface; 
human brain [79 a] with continued mesogenic patterns 
from bottom, reminiscent of mesomorphic relatedness 
of neuronal-activity patterns [80 a] to mesogenic op- 
eration modes and quite recent quests for quantum- 
computer capacities [gob]. 

3 Outlook 

Since that incomprehensible beginning, 
when the time-arrow of entropy marked the 
directionality of this outset, entropy seems 

Figure 42. Evolutionary dynamic order patterns - 
from the maternal galaxy to its transition to life in self- 
replicational informational species [7 a, 17, 181. 

not only to have endeavored to make linear 
uninformative equilibria states vanish in 
senseless disorder, but has, from the very 
beginning, developed extraordinary facil- 
ities to endow nonlinear systems far from 
thermal equilibrium with the rapidly enlarg- 
ing capabilities of growing dynamic order 
(Fig. 42). It was the very molecular or- 
der- disorder design of their constituents 
that rendered those patterns sensitive to the 
amazing influences of entropy. Counteract- 
ing these rather “intelligent” molecules in 
its usual eagerness and need for disorder, en- 
tropy compensated for their lost homelands 
between order and disorder with the gift of 
cooperativity, self-organization, and some 
sort of newborn directed dynamic order 
within supramolecular ensembles and 
growing organizations. And, like Mephisto 
in Goethe’s grand opus, who introduced 
himself as part of the power that always 
wants evil while always doing good, entro- 
py enabled those beloved playmates to prop- 
agate in a dramatic outburst of directed dy- 
namics over the deserts of order and the 
abyss of disorder as an endangered, but in- 
comparably beautiful, grand mesogenic pat- 
tern, set out in a grand beginning for far un- 
reachable (?) goals. Intimately intercon- 
nected with information and complexity 
within the framework of Boltzmann’s H- 
theorem, entropy valued and promoted the 
informational contents of complexity states 
and opened, with the grand bifurcation of 
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Figure 43. Scalar-field explosion and developmental 
universe: quantum vacuum mediating within a grand 
fluctuation existence. Order-disorder coherences for- 
warding far from thermal equilibria chaos offers to 
levels of complexity that originate on basis of in- 
deterministic quantum dualities consciousness pat- 
terns - sharing the whole [3, 7a, 17, 18, 751. 

the appearance of self-replicating systems, 
the ways for the development of what we 
now call life. 

Referring to an independent “what is life” 
definition, proposed by Eschenmoser as 
“life is a catalyst that equilibrates its sur- 
roundings” within a common-term discus- 
sion at Maratea in 1993 [5 d], it seems per- 
haps not without a certain elegance to con- 
ceive of living systems just in their skillful 
utilization of energy gradients provided by 
the universe by their own attracting entropy 
gradients. Abilities that give rise to king- 
doms of transitoriness, transientness and 
dynamics that establish supreme fundamen- 
tal complexity patterns from creative chaos 
within their order - disorder coherences and 
life in the extreme relatedness of quantum- 
duality-based self-consciousness fields, a 
first recognition and perception of the grand 
process, a first creative quality beyond 
space and time (Fig. 43). 

“A sun system, probably even more, that 
- embedded within the boundlessness of 
further intra- and intergalactic relationships 
- created evolutionary fields that became 
capable of information generation, process- 

ing and optimization within selection-deter- 
mined processes of self-organization and 
self-reproduction. A dynamic movement - 
seduced from the homing states of sterile 
rigid order hierarchies into the homeless- 
ness of dialectically stimulated action pat- 
terns, becoming increasingly capable of de- 
veloping a simulative, and from there, with- 
in a multilevel orientating and interchang- 
ing process, also operational and creative 
consciousness of the dynamics of the grand 
process and its possible active promotion, a 
grand dialectically driven and enlarging 
consciousness patterns which escapes the 
static plains of persistence in dynamic ac- 
tions between space and time. The statics of 
our ways so far, transformed, furthered and 
developed into the dynamics of the present 
and future - an admirable grand process 
amidst the finiteness of itself and its sur- 
roundings - set out in a billionfold lived and 
renewed forwarding effort of improvement 
and optimizations for far horizons: will that 
be our further way? A way that means for 
the transitoriness of our individualities, the 
finiteness of their endeavors the final goal, 
while the integrative vector of the grand pro- 
cess itself aims beyond into far inconceiv- 
abilities” [7 a]. 
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Chapter IX 
Cellulosic Liquid Crystals 

Peter Zugenmaier 

1 Introduction 

Cellulose represents an important polymer, 
which is most abundant in nature, and serves 
as a renewable resource in many applica- 
tions, e.g., fibers, films, paper, and as acom- 
posite with other polysaccharides and lignin 
in wood. Cellulose derivatives will also be 
used as films and fibers, food additives, 
thermoplastics, and construction materials, 
to name just a few. Cellulose and cellulose 
derivatives have played an important role in 
the development of the macromolecular 
concept. So far, little use has been made of 
the fact that cellulose represents a chiral ma- 
terial except, e.g., in a rare case as station- 
ary material in liquid chromatography for 
the separation of chiral compounds. Nature 
ifself uses the chirality of cellulose occa- 
sionally, and twisted structures of cellulose 
molecules are found in cell walls. 

Cellulose and some derivatives form liq- 
uid crystals (LC) and represent excellent 
materials for basic studies of this subject. A 
variety of different structures are formed, 
thermotropic and lyotropic LC phases, 
which exhibit some unusual behavior. Since 
chirality expresses itself on the configu- 
ration level of molecules as well as on the 
conformation level of helical structures of 
chain molecules, both elements will influ- 
ence the twisting of the self-assembled 
supermolecular helicoidal structure formed 
in a mesophase. These supermolecular 
structures of chiral materials exhibit special 
optical properties as iridescent colors, and 

may be used for special coloring effects 
such as crustaceans provide with the help of 
chitin. 

2 The Structure 
of Cellulosics 

The structure and arrangement of cellulos- 
ic chains play an important role in the for- 
mation of liquid crystals. At present, neither 
the conformation of cellulosics nor the sol- 
vent bound to the chain in the case of a lyo- 
tropic mesophase are known for these liq- 
uid-crystalline systems. Nevertheless, these 
structural features form the basis for a dis- 
cussion of structural and thermodynamic 
aspects. Information on cellulosics is avail- 
able for the two borderline cases next to the 
LC state, i.e., for the solvent built-in solid 
state as well as for the pure solid state, ob- 
tained by X-ray, NMR, and potential ener- 
gy analysis on one side, and for the semi- 
dilute state from light-scattering experi- 
ments on the other side. These data have to 
be evaluated for a discussion of possible 
structures and models in liquid-crystalline 
phases. 

Cellulose consists of P-D-anhydroglucose- 
pyranose units linked by ( 1  -4)-glucosidic 
bonds in contrast to amylose in which the 
units are linked by a-( 1-4) glucosidic bonds 
(Fig. 1). Cellulose is considered to form 
somewhat stiff chain molecules, whereas 
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H dHt), 

Figure 1. Schematic representation of the configura- 
tion of (a) cellulose and (b) amylose with convention- 
al atom labeling and the introduction of the torsion an- 
gles $ and y. 

amylose has flexible ones. The solubility is 
quite different for these two polysaccha- 
rides. The monomer units are relatively stiff 
for cellulose, but more flexible for amylose, 
with some allowed rotations of the hydrox- 
yl group at C6 leading to three distinct en- 
ergy minima for both polysaccharides. The 
two dihedral or torsion angles @ and Y, in- 
volving the linkage of two adjacent resi- 
dues, determine the chain conformation, 
which, especially for cellulosics, is quite 
limited by steric interactions between two 
adjacent residues and only allows extended 
chains as low energy systems. Nevertheless, 
sheet-like structures such as 2/1 helices or 
rod-like structures such as left-handed 3/2 
or 8/5 helices are possible and found in cel- 
lulosics with a uniform distance of about 
5 8, (0.5 nm) for one monomeric unit pro- 
jected on the helix axis. 

The three hydroxyl groups of a monomer- 
ic unit form a dense hydrogen-bonded net- 
work in solid cellulose and provide sites 
for substitution by ester, ether, or carbamate 

groups. Cellulose commonly exhibits a 
sheet-like structure such as a 2/1 helix in the 
solid state, and it was not until recently that 
the packing of natural cellulose was discov- 
ered to consist of two polymorphs of differ- 
ent ratio for the various kinds of natural 
cellulose. Strong interactions between cel- 
lulose and small molecules or ions, e.g., so- 
dium hydroxide, may lead to a change in the 
cellulose chain conformation, and rod-like 
3/2 helices in a solvent built-in crystalline 
state may be formed. 

Cellulose derivatives pack as sheet-like 
structures, for example, cellulose triacetate 
or butyrate as well as some ethers, e.g., tri- 
methyl cellulose. Regio-selective deriva- 
tives of these mentioned esters or ethers 
placed at C2 and C3 with various other 
groups at C6 may belong to the same con- 
formation class, that is, their conformation 
is determined by the substituent at posi- 
tions 2 and 3. Many cellulose derivatives 
crystallize as rod-like helices of various 
kinds, e.g., 3/2,8/5, and these structures are 
also found in solvent built-in crystals. It 
should be mentioned that several cases are 
known where a change in conformation oc- 
curs if a polar solvent is built into the inter- 
stitial spaces between the polysaccharide 
chains. The sheet-like cellulose triacetate 
conformation converts to a rod-like 8/5 he- 
lix with nitromethane present. 

Sophisticated experimental methods al- 
low the development of models for poly- 
mers in dilute and semi-dilute solutions. 
Chain stiffness may be represented by the 
Kuhn segment lengths and determined in di- 
lute solution. Models for cellulose and cel- 
lulose derivatives have recently been pub- 
lished whose main features are the irrever- 
sible aggregation of chains, if hydrogen 
bonding is possible even in dilute solutions. 
Trisubstituted cellulose derivatives or cel- 
lulose in hydrogen bond breaking solvents 
exist as molecular dispersed chains. How- 
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ever, at higher concentrations, in the semi- 
dilute regime, reversible cluster or associa- 
tion occur and, depending on the geometry 
of these particles, liquid crystals or gels are 
obtained. The association process is strong- 
ly influenced by the molecular mass, and 
above a certain length of the cellulosic 
chain, only gel formation is observed. Ag- 
gregation and association processes are 
comparable with micelles for amphiphilic 
molecules and lead to lyotropic liquid crys- 
tals upon increasing their concentration. 
Such a process of creating larger entities 
first, which then form lyotropic liquid crys- 
tals, has to be considered for cellulosics. The 
models on which theories on thermodynam- 
ics, flow behavior, and the structural fea- 
tures of a cholesteric phase depend have to 
take these novel ideas into account. In this 
respect, the term ‘lyotropic’ describes the 
feature of creating liquid crystals by form- 
ing clusters or other arrangements first, and 
in a further step overall order is introduced. 
‘Thermotropic’ then means obtaining or 
changing the order through temperature. 

3 The Chiral 
Nematic State 

3.1 Methods for 
the Detection 
of Cellulosic Mesophases 

Lyotropic cellulosics mostly exhibit chiral 
nematic phases, although columnar phases 
have also been observed. The molecules in 
the thermotropic state also form chiral ne- 
matic order, but it is sometimes possible to 
align them in such a way that a helicoidal 
structure of a chiral nematic is excluded. 
Upon relaxation they show banded textures. 
Overviews on lyotropic LC cellulosics are 

provided by Gray and co-workers [ 1,2], on 
thermotropics by Fukuda et al. [3], on poly- 
mer solvent interactions by Zugenmaier [4], 
and on LC cellulosics by Gilbert [ 5 ] .  

A first characterization of LC materials 
normally starts with the observation of 
textures in the polarizing microscope (see 
Fig. 2), followed by additional investiga- 
tions evaluating other means of identifying 
the kind of phase present. Chiral nematics, 
also termed cholesteric phases, show unusu- 
al optical properties which are caused by 
a supermolecular structure by which the 
phase may be determined on applying spec- 
troscopic means. These optical properties 
include a wave-guiding effect, selective re- 
flection, optical rotation, and birefringence. 
Studies on the phase transition and the flow 
behavior add to our knowledge of chiral ne- 
matic phases. A survey on the structure and 
properties of cholesteric phases is given by 
Dierking and Stegemeyer [8], and theoreti- 
cal models are discussed. 

The wave-guiding regime occurs for a 
pitch P s il and was investigated by Maugin 
[lo]. This effect plays an important role in 
display technology. The plane of polariza- 
tion of light follows the twist of the nemat- 
ic director defined within a nematic sheet. 
The wave-guiding regime has yet to be con- 
sidered in the field of cellulosics. 

At the selective reflection wavelength, a 
component of linearly polarized light, e.g., 
right-handed or left-handed circularly po- 
larized light, is totally reflected without a 
phase reversal by a twisted helicoidal struc- 
ture at a wavelength correlated to the pitch 
P .  An oblique incident of light is presumed 
onto the substrate plane or nematic sheet 
(see Fig. 3) 

where il, is the selective reflection wave- 
length, E =(rzo,nem+ne,nem)/2, the mean re- 
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Figure 2. Characteristic textures of cellulosics observed in the polarizing microscope at room temperature, 
if not otherwise noted (abbreviations: CTC cellulosetricarbanilate, cf. Table 4 for solvents): (a) Oily streaks of 
a planar oriented lyotropic LC solution of CTClMAA (c=0.7 glml, 1 unit of scale 17 pn, adapted from [6 ] ) .  
(b) Parabolic focal conic texture of CTClMAA (c=0.85 glml) found after annealing (1 unit of scale: 5.7 pm, 
adapted from [6]) .  (c) Planar and parabolic focal conic (at 323 K) textures of CTClDEMM at increasing tem- 
peratures (c=0.8 g/ml, DP= 125, adapted from [7]). (d) Planar textures of CTClDEME dependent on the mo- 
lecular mass (narrow fractions, denoted by the degree of polymerization DP; c=0.8 glml, adapted from [S]). 
(e) Schlieren texture of a nematic-like LC of CTC/EMAc+EDAc (1: 1) (DP= 125, c=O.7 glml, adapted from 
[7]). (f) Planar and schlieren texture of LC CTC caused by a change of solvent from EMMAc to EMEAc to 
EMBAc, exhibiting in sequel a left-handed, nematic-like, right-handed structure (DP= SO, c=0 .8  glml, adapted 
from [S]). (8) Biphasic region of LC CTCIDEME; red areas remaining planar texture, black areas isotropic phase. 
Such polarization microscopic textures may serve for establishing phase diagrams (c = 0.65 g/ml, DP= 125, adapt- 
ed from [S]). (h) Conoscopic pictures of CTClEME (a) without and (b) with ,I plate to establish the positive bire- 
fringence of CTClEME (adapted from [S]). (i) Fingerprint texture of CTClEMEAc (DP= 125, 1 unit of scale: 
3 pm, adapted from [S]. (k) Cano rings of LC CTC/TRIME (c=0.8 glml, DP= 125, 1 unit of scale: 17 pm, adapt- 
ed from [8]). 

Figure 3. Schematic rep- 
resentation of the choles- 
teric liquid-crystalline 
structure of cellulosics; 
P = Lohi where P repre- 
sents the pitch, 13, the re- 
flection wavelength, and 
E the mean refractive in- 
dex of a sheet. P>O for 
a right-handed twist, and 
P<O for a left-handed 
twist 

fractive index of a nematic sheet; no,nem and 
ne,nem being the ordinary and extraordinary 
refractive index of the considered sheet. 

The width of the reflection band is given 
by Ail = An P,  where An is the birefringence 

(An =ne-no; n, being the extraordinary re- 
fractive index, no the ordinary one). Most 
cholesteric phases show a negative birefrin- 
gence, except for a few compounds whose 
polarizability normal to the rod axes is larg- 
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er than along the rod direction. Such a case 
is observed for cellulosetriphenyl carba- 
mate or derivatives thereof; the phenyl ring 
is placed almost perpendicular to the cellu- 
lose backbone axis (see Fig. 4). The sign of 
the birefringence may also be determined by 
observation of a planar texture along the 
uniaxial optical axis, as found in cholester- 
ics in the polarization microscope (cono- 
scopic mode) with a il plate (see Fig. 2h). 
This observation then leads, with some 
knowledge of the main direction of the po- 
larizability, i.e., for rods mainly in the rod 
axis direction, to the determination of the 
chiral nematic phase. The relative differ- 
ence of the two main polarizabilities Aa/G 
is available by an extrapolation method 
from Haller [12], which is commonly used 
for the determination of the order parame- 
ter S. The order parameter S was introduced 
by Hermans and Platzek [ 141 and for nemat- 
ic phases by Maier and Saupe [30] by S = 1/2 
(3 cos2z9-- l), z9 being the angle between the 
molecular axis and the director n .  S actual- 
ly represents a mean value of the distribu- 
tion for the long axes of the molecules in the 
mesophase and plays an important role in all 
statistical and thermodynamic considera- 
tions. 

If il f A, the plane of polarization of inci- 
dent light is rotated by an angle 0 and con- 
verted to elliptically polarized light. De 
Vries [ 131 applied Maxwell's equations to 
twisted sheets and derived for 0, the opti- 
cal rotatory power 

IT Aniem P 1 
4i12 1 - 

Equations (1) and (2) contain the pitch P 
besides experimentally available quantities, 
i.e., the selective reflection wavelength A,, 
the optical rotation 0, and the refractive in- 
dices n, and n, of a nematic sheet. The usu- 
ally determined cholesteric birefringence 
can be converted to the nematic one by 
Annem=-2AnCh. By fitting Eq. (2) to the 
actual measured data, the pitch is obtained 
and the validity of Eq. (2) tested. In the lim- 
it of il-e lo, Eq. (2) leads to 

(3) 

This equation was used quite often to prove 
the existence of cholesteric phases in the 
absence of other methods, especially if the 
selective wavelength lies outside the visible 
range. A plot of Oversus i12 should result in 

Figure 4. Refractive indices of a lyo- 
tropic cellulosic system (3Cl-CTCI 
EMMAc, concentration c=0.8 g/ml) as 
a function of temperature, measured on 
samples exhibiting planar textures with 
an AbbC refractometer. no: ordinary re- 
fractive index .; n,: extraordinary re- 
fractive index 0; n: refractive index 
in the isotropic phase A. The birefrin- 
gence is defined by Anch=ne-no and 
shown in the insert (b); Tp+ T, defines 
the biphasic region and may serve for 
establishing the phase diagram; T, is 
the clearing temperature (adapted from 

55 [ll]). 
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a straight line. De Vries' evaluation neglects 
the optical activity of the chiral molecules 
(conformation and configuration) and sets 
the sample size infinite, that is, the number 
of helicoidal repeats has to be large. 

The Kramers-Kronig [ 151 transforma- 
tion relates the optical rotation (ORD) to the 
circular dichroism (CD). This spectroscop- 
ic method is widely used for the determina- 
tion of the pitch as well. Figure 5 shows ex- 
amples for left- and right-handed helicoid- 
al structures of cellulosics as they appear in 
ORD and CD measurements. 

The selective reflection also affects the 
transmission of normal light, causing a dim- 
inution of intensity, and this loss of inten- 
sity can be measured by transmission spec- 

troscopy (UV-VIS). A minimum in inten- 
sity corresponds to the selective wavelength 
and leads directly to the pitch of the heli- 
coidal structure and, with the application of 
circularly polarized light, to the handedness 
of the structure (see Fig. 6). 

Besides spectroscopic methods, the Grand- 
jean-Can0 [ 181 (Fig. 2k) and fingerprint 
techniques (Fig. 2i) represent a direct meth- 
od for the determination of the pitch in cel- 
lulosic mesophases, especially for large 
sizes of the pitch outside the spectroscopic 
range. Can0 placed a lens, Grandjean a 
wedge, on top of the LC sample in a pola- 
rization microscope. If the sample orients 
well, bright and dark rings or stripes in the 
case of the Grandjean wedge are observed. 
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Figure 5. (a) CD and (b) ORD spec- 
tra of lyotropic mesophases of cellu- 
losics with reversal of the handed- 
ness. (a) Temperature dependence of 
lyotropic (acetyl) ethyl cellulose (DS 
of ethyl groups 2.5) in chloroform; 

(a) Wavelength (nm) positive ellipticity for a left-handed 
twist (acetyl DS =0.06); negative 
ellipticity for a right-handed twist 800 
(acetyl DS =0.5); concentration 

600 ~ 5 0 %  by weight (adapted from [2]). 
(b) Optical rotatory power 0 as a 
function of wavelength for the lyo- 400 

-- 200 tropic mesophase systems cellulose- 
'E tri(4CLphenyl)carbamate (4Cl-CTC)/ 
€ 0  DEMM on with left-handed twist . corresponding to 0 < 0 below the re- 

flection wavelength Lo and cellulose- 
-400 tri(3Cl-pheny1)carbamate (3Cl-CTC)/ 

DEMM 00 with right-handed twist 
corresponding to 0 > 0 below Lo 
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(b) -800 (adapted from [ I  I]). 
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Figure 6. Transmission and absorbance spectra of CTCIsolvent systems in the UV-VIS range. (a) Transmis- 
sion for the right-handed supermolecular structure CTCI2-pentanone: left circularly polarized (LCP) light, right 
circularly polarized (RCP) light, normal light (unpolarized, UP); concentration c = 0.6 gIml, temperature 16.7 "C, 
DP= 100 for CTC (adapted from [16]). (b) Absorbance spectra for left-handed twisted cholesteric CTCMAA 
(c= 1.0 g/ml) at various temperatures; (from left to right: 10, 15, 20, etc., 55 "C) (adapted from [17]). 

The diameters of the rings or the distances 
of the stripes are correlated with the pitch. 
For the Cano technique, the Eq. (4) is ob- 
tained by a geometric consideration (see 
Fig. 2 k) 

p = -  AX2 

r (4) 

where r is the radius of the lens, 
Ax2 =$+, -xf, where xi  is the radius of the 
ith ring. The site of the ring and whether to 
use the edge or center can be checked by 
simple relations that have to be fulfilled re- 
gardless of the scale or magnification [ 191. 
If the pitch is larger than several microme- 
ters, the fingerprint method may lead to a 
good estimation. Here, the helical axes of 
the chiral nematic supermolecular structure 
are placed parallel to the substrate, which 
might be achieved by certain alignment 
layers coated on a glass surface or by cer- 
tain procedures. Well-aligned samples then 
lead to the observation of dark and light 

stripes in the polarizing microscope. The 
distance of these stripes amounts to P / 2  
ideally (see Fig. 2i). However, caution is 
advised, since the periodicity of the lines 
may be very sensitive to surface preparation 
and alignment. 

All spectroscopic methods for an evalua- 
tion of the pitch lead to the size of the repeat 
distance of the supermolecular LC structure 
and the handedness of the twisting, although 
in UV-VIS spectroscopy, circularly polar- 
ized light has to be used. With some skill, 
the Cano technique may also result in the 
twisting sense of the helicoidal structure. 

The formation of liquid-crystalline 
phases of cellulosics, especially of the lyo- 
tropic kind, has yet to be explained. Certain- 
ly the chain stiffness may have to be taken 
into account as one of the factors in ques- 
tion, but the solvent-polymer interaction 
may have to be considered as well. In the 
next section, models for the description of 
the pitch as a chiral property and models to 
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describe the phase transition nematic (chol- 
esteric)-isotropic by thermodynamics will 
be briefly considered. For further discussion 
the references or review articles should be 
consulted (see 191 or other chapters of this 
Handbook). 

3.2 Models of Chiral 
Nematic Cellulosics 

Several models are presently used to de- 
scribe the chiral nematic structure and its 
temperature dependence for cellulosics. 
The following behavior has been observed 
for their supermolecular structure 

( 1 )  decreasing pitch with increasing tem- 
perature, 

(2) increasing pitch with increasing tem- 
perature, 

(3) inversion of the cholesteric handedness 
with temperature variation; this was 
found in two thermotropic oligomer cel- 
lulosics. This behavior is more common 
for lyotropic mesophases of cellulose 
derivatives where more variables are 
available, because the kind of solvent, 
the concentration, and various substitu- 
ents, may all interact. 

Various models proposed may not account 
for all these experimental facts. The Keat- 
ing [20] and Bottcher [21] evaluation does 
not account for such a variety of behavior. 
Goossens [22] proposed the chiral nematic 
structure as the result of an anisotropic dis- 
persion energy between chiral mesogens, 
and predicts for thermotropic LCs a pitch 
that is essentially independent of tempera- 
ture. Lin-Liu et al. 1231 developed a theory 
that accounts for all the above-stated tem- 
perature effects. The temperature depen- 
dence of the pitch is determined by the shape 
and position of the intermolecular potential 
as a function of the intermolecular twist 

angle. Varichon et al. [24] extended these 
considerations by explicitly introducing the 
orientational entropy and concentration de- 
pendence of the pitch. This theory predicts 
a large diversity of behavior. 

A statistical model was introduced by Ki- 
mura et al. 1251 which included attractive 
and repulsive asymmetric intermolecular 
forces for rod-like molecules. The results 
are summarized as Eq. (3, which is widely 
used for the lyotropic chiral nematic state 

where Q is a factor that includes the geom- 
etry of the rods and the polymer volume 
fraction. Q > O  for a right-handed twist and 
Q < 0 for a left-handed one. T, represents the 
compensation temperature for which the 
twisting power F ' = O  or a nematic-like 
structure appears. Equation ( 5 )  is represent- 
ed in Fig. 7 and discussed later with experi- 
mental data. Osipov [26] also developed a 
statistical theory with steric and chiral inter- 
actions between molecules in solution and 
arrived at the following equation for cellu- 
losics 

P-' = U ( X - A s k B T )  (6) 

where U is a factor describing the concen- 
tration and physical properties, x is related 
to the attraction, As represents the steric re- 
pulsion between the molecules, and kB is the 
Boltzmann constant. This relation fulfills all 
the experimental observations and leads to 
the twisting power P-' = 0, if the attraction 
and steric repulsion cancel. 

An empirical expression was also intro- 
duced with 

P -  1 =+$) (7) 

where a is related to the concentration by 
a 0~ cm with rn = 2 in the case of polypeptides. 
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Figure 7. Schematic repre- 
sentation of pitch P versus T 
according to Kimura et al. 
[25] for Q > 0 left (right-hand- 
ed pitch) and Q < 0 right (left- 
handed pitch); T, is the com- 
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pensation temperature, T, is 
the clearing temperature. (a) 

I Predominantly polar, (b) polar 
and steric, and (c) steric inter- I 

0 actions (adapted from [17]). 

In many studies m was found to lie between 
1 and 3. 

4 Mesophase 
Formation of Cellulosics 

Rod-like macromolecules or semi-flexible 
chains such as cellulosics with a certain ri- 
gidity may form thermotropic and, in high- 
ly concentrated solution with suitable inter- 
actions, lyotropic liquid-crystalline phases. 

Onsager [27] predicted a phase separa- 
tion of a solution of rod-like molecules 
above a critical concentration that depends 
on the aspect ratio of the molecules. The 
interactions are of a steric nature, and high- 
er order terms in the virial expansion em- 
ployed in his considerations have been dis- 
regarded. Khokhlov and Semanov [28] ex- 
panded the Onsager approach from rods to 
worm-like chains, and it was shown that for 
stiff chains good agreement with experi- 
mental data was achieved. Cellulosics, how- 
ever, represent semi-flexible chains with 
short persistence length or Kuhn segment 

length IK and a reasonable agreement was 
not obtained. 

Flory 1291 proposed a lattice theory that 
accommodates chain flexibility in liquid- 
crystalline polymers in a later version. The 
critical concentration for mesophase forma- 
tion depends for freely jointed rods on the 
aspect ratio of the individual Kuhn segment, 
that is, instead of the contour length, the 
axial ratio of I, is used for the calculation. 
The critical volume fraction of the polymer 
Vp* is determined by the aspect ratio x, and 
Eq. (8) was derived as 

The phase separation of the solution is 
driven by the entropy of forming a liquid- 
crystalline phase at a high polymer concen- 
tration. However, Maier and Saupe [30] 
concluded that the formation of a nematic 
phase arises from orientation-dependent 
interaction of induced dipoles. From these 
considerations, it appears that both entropy 
and enthalpy contribute to the stability of 
mesophases, although in a different ratio for 
large and small molecules. Asymmetric at- 
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tractions have been included in a later de- 
velopment of the Flory lattice theory by 
Warner and Flory [31]. 

In a further step, the Onsager and lattice 
model were adjusted to account for some 
shortcomings by the Kyoto group and applied 
for the description of the molecular mass de- 
pendence of thermotropic cellulosics [3]. 

5 Mesophases 
of Cellulose 

Only a few solvents are known to dissolve 
cellulose completely, and solid cellulose de- 
composes before melting. Therefore, it is 
difficult to study the mesophase behavior of 
cellulose. Chanzy et al. [32] reported lyo- 
tropic mesophases of cellulose in a mixture 
of N-methyl-morpholine-N-oxide and water 
(20-50%), but were unable to determine the 
nature of the mesophase. Lyotropic choles- 
teric mesophase formation in highly con- 
centrated mixtures of cellulose in trifluoroa- 
cetic acid + chlorinated-alkane solvent [33] 
and in ammonia/ammonium thiocyanate 
solutions [34] has been studied, and al- 
though poor textures were obtained in the 
polarizing microscope, high optical rotato- 
ry power has been measured in an optical 
rotation (ORD) experiment, which could be 
fitted to the de Vries equation [Eq. (3)] 
for selective reflection beyond the visible 
wavelength region and was taken as proof 
of a lyotropic chiral nematic phase. 

Table 1. Cellulose forming lyotropic mesophases. 

Interestingly, the suspension of sulfuric 
acid treated micro-crystalline cellulose in 
water leads to a lyotropic LC cellulose 
state [35]. Well-formed textures and discli- 
nation characteristics of a chiral mesophase 
have been observed. The critical volume 
fraction for phase separation of salt-free 
suspensions has been as low as 0.03, with a 
relatively narrow biphasic region. From the 
dimensions of the crystallites present (200 - 
300 nm long and approximately 7 nm wide), 
the anisotropic phase requires a concentra- 
tion of more than 0.1 (volume fraction) ac- 
cording to Onsager’s approach for predict- 
ing the biphasic region. The interaction 
between the crystallites is sensitive to the 
electrolyte content and is believed to be 
strongly influenced by charges on the rods. 
The pitch of these lyotropic structures lies 
in the 10- 100 pm range. 

Most of the investigations to obtain LC 
cellulose were undertaken to achieve high- 
performance films or fibers from anisotrop- 
ic solutions. The development of stable cel- 
lulose LiCl/dimethyiacetamide (DMAC) 
systems led to an attempt to produce aniso- 
tropic solutions [36, 371. Evidence was 
found of mesophase formation at 10- 15% 
by weight depending on the salt concentra- 
tion, with some problems due to limited sol- 
ubility at high concentration (>15%). Mea- 
surements of the persistence length of cel- 
lulose in a dilute solution of this system in- 
dicate that the cellulose chains are stiffer 
than those of cellulose derivatives [38], and 
therefore lower the critical concentration for 

System Handedness 

Cellulose/NMMNO (N-methyl-morpholine-N-oxide) [32, 40,4 11 
Cellulose/TFA + chlorinated alkanes (1,2-dichloroethane, CH,CI,) [33]  right-handed 
Cellulose/NH, + NH,SCN [34] left-handed [42] 
CelluloselLiCl-DMAc [36-381 left-handed 
Cellulose/H,O (suspension of crystallites) [35]  
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phase separation. The enhanced stiffness 
may be due to cellulose complexes and intra- 
chain hydrogen bonding and polyelectrolyte 
effects. Recent results from light-scattering 
investigations suggest that, in cases when hy- 
drogen bonds between chains are involved, 
irreversible aggregates are formed [39]. This 
behavior may lead to a situation as discussed 
for the cellulose suspension, now with the 
aggregates serving as the structural units for 
mesophase formation rather than single, stiff 
chains as commonly expected. 

Presently known lyotropic LC celluloses 
are collected in Table 1. 

6 Lyotropic Liquid- 
Crystalline Cellulose 
Derivatives 

Lyotropic LC cellulose derivatives are 
formed in highly concentrated solutions 
(-20-70 wt%). As general goals for study- 
ing these mesophases, the following incen- 
tives might serve. 

To get more insight into the polymer- 
solvent interaction, especially to inves- 
tigate the correlation between chirality 
on a molecular level (chiral centers, chi- 
ral conformation) and the helical twist- 
ing power. 
To understand the cholesteric-isotrop- 
ic phase transition regarding interac- 
tions and models of the molecules in 
these two phases. Clearly experiments 
with changes in temperature, concentra- 
tion, substituents, solvents, and molec- 
ular mass will be very helpful in achiev- 
ing these goals and may serve as tests 
for the proposed ideas and models. 
To produce new materials and develop- 
ing better performance fibers and films 
by new processes. 

6.1 Supermolecular 
Structure and 
Optical Properties 

The optical properties of chiral nematic 
phases are closely related to their supermo- 
lecular structures, as stated by the consider- 
ations of de Vries. In particular, the planar 
textures exhibit beautiful colors correlated 
to the pitch P of the helicoidal structures 
by Eq. (1), if the selective reflection wave- 
length lies in the visible range, and many ex- 
amples are shown in Fig. 2. 

Cellulose derivatives exhibit Kuhn seg- 
ment lengths in the range 10- 100 nm in di- 
lute solution and are regarded as semi-flex- 
ible polymers. In the highly concentrated 
state, these solutions should in general lead 
to chiral mesophases, as predicted by theo- 
ry, and may exhibit iridescent colors. How- 
ever, several exceptions are found. Cellu- 
lose derivatives with similar chain stiffness 
to those leading to cholesteric phases will 
form microgels or gels instead. From a crude 
point of view, lyotropic LC cellulose deriv- 
atives ought to have the ‘right solubility’. 
This means, if they do not dissolve well, the 
high concentration necessary for forming 
a mesophase will not be obtained, and gels 
or some other structures will form instead. 
On the other hand, if they dissolve too well, 
the lyotropic liquid-crystalline state with 
the needed aggregates or clusters of a cer- 
tain shape will be passed and gel formation 
occurs in the end. A balanced solubility 
might be a necessity. 

Also, the shape of the entities in solution 
has to be of a certain geometry. Very large 
molecules might not be suitable and col- 
lapse into gels. Many of the lyotropic LC 
derivatives show, at low or semi-dilute con- 
centrations, aggregation or association be- 
havior, which will be reversible or irrever- 
sible, as investigated by light-scattering ex- 
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periments. Models have been developed for 
the extensively studied, fully substituted 
cellulosetricarbanilate (CTC) for which mo- 
lecularly dispersed chains are found in di- 
lute solutions, which are very much extend- 
ed for small molecules, and a random coil 
with some polymer-polymer contact for 
larger molecules [ 1 I ]  (Fig. 8 a). In the semi- 
dilute solution range (Fig. 8 b), reversible 
clusters appear, which according to a DSC 
study carry bound solvent [17]. 

Hydroxypropyl cellulose (HPC) is the 
most widely studied lyotropic LC cellulose 
derivative. Werbowyj and Gray discovered 
the lyotropic LC state for cellulosics of this 
derivative [43]. HPC exhibits poor solubil- 
ity and problems occur with handling at a 
molecular dispersed level, even at low con- 
centration. However, HPC has the advan- 
tage of being commercially available and is 
able to dissolve in water, hence rheological 
studies can be carried out with the large 
amount of materials needed. It has the dis- 

Figure 8. Schematic models for CTC in (a) dilute so- 
lution for small and large molecules, respectively, and 
(b) semi-dilute solution for small molecules. The 
dashed lines enclose domains with solvent shells 
(adapted from [ll]). 

advantage that a precise characterization of 
the substituents and their distribution along 
the chain is rather difficult to achieve. Pre- 
cise measurements on the phase behavior, 
even for narrow molecular mass fractions, 
have been performed as well as on the super- 
molecular helicoidal structures of the chiral 
nematic phase. Fully trisubstituted cellulose 
derivatives do not have this disadvantage, 
and therefore, are more suitable for basic 
studies. A large amount of information has 
been gathered on lyotropic cellulose deriv- 
ative mesophases (see Table 2) and is now 
available for the evaluation of various kinds 
of structures and will be discussed below. 

6.2 Handedness 

Cholesteric mesophases of cellulosics rep- 
resent a special kind of materials inasmuch 
as left-handed and right-handed twisted 
supermolecular structures occur. HPC in 
water exhibits a right-handed helicoidal 
structure in contrast to cellulosetriacetate 
(CTA) in trifluoroacetic acid (TFA), whose 
structure is left-handed. According to sim- 
ple modeling with springs [66], a left-hand- 
ed twist of the wires, corresponding to a left- 
handed helix conformation, leads to a left- 
handed supermolecular twisted structure, a 
right-handed conformation to a right-hand- 
ed cholesteric helix. This idea is confirmed 
by the theoretical considerations of Kimura 
et al. [25] and will be discussed in more 
detail in the section on the temperature de- 
pendence of the supermolecular pitch (Sec. 
6.3). The observation of the twist sense of 
the supermolecular structures, then leads, if 
the model is accepted, directly to the hand- 
edness of the chain conformations. In all 
conformational studies for cellulosics in the 
solid state, only left-handed helices and 2/1 
structures are established. The only pub- 
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Table 2. Cellulose derivatives forming lyotropic cholesteric mesophases. 

System 

HPC (hydroxypropyl cellulose)/H20 1431, CH,OH, C,H,OH [44] 

HPC (hydroxypropyl cellulose)/Cl,CHCOOH, CH,COOH, DMAc [45 -471 

HPC (hydroxypropyl cellulose)/pyridine, 2-methoxyethanol, 1,4-dioxane [48] 

HPC (hydroxypropyl cellu1ose)lrn-cresol [49] 

Celluloseacetatebutyrate/CH3COOH, MEK, DMAc [45] 

CTA (cellulose triacetate)/dichloroacetic acid (DCA) [45] 

CTA/TFA (trifluoroacetic acid) + chlorinated alkanes [50] (left-handed) 

CTAlTFA [5 11 left-handed 

CTC (cellulosetriphenylcarbamate)/2-pentanone, methyl ethyl ketone [52] right-handed 

EC (ethyl cellulose)/glacial acetic acid [45] left-handed [52] 

EC (ethyl cellulose)/dichloro acetic acid [45] right-handed [53] 

EC (ethyl cellulose)/glacial acetic acid + dichloro acetic acid [53] left- + right-handed 

Handedness 

right-handed 

CDC (cellulosediphenylcarbamate)/pyridine (by + concentration) [52] 

CTUdiethylene glycol monoethyl ether (DEME) 154, 551 

right- + left-handed 

left-handed 

CTC/DEME+ 2-pentanone [57] left- + right-handed 

CTC/methyl ethyl ketone + 2-pentanone [52] 

Cellulose acetate-trifluoro acetatelTFA [56] 
Acetoxypropyl-aceto cellulose/acetic acid, dibutyl phthalate 175, 621 

3CI-CTCIDEME or other solvents [57, 111 

righ-handed 

left- + right-handed 

left-, right-handed 

right-handed 

CTC+ 3CI-CTC/TRIMM [5X] left- + right-handed 

CTC + 3CI-CTC/DEMH [58, 41 (all compositions) right-handed 

CA (acetyl cellulose)/TFA, other solvents [76] left-handed 

(Acety1)ethyl cellulose (AEC, DSeth= 2.5)/CHCI3, CH,Cl,, DCA, 
left- + right-handed 

(Acety1)ethyl cellulose (AEC, DS,,, = 2.5)/CHC12COOH [60] right-handed 

2-Ethyloxypropyl cellulose/acetonitrile, dioxane, methanol [59] (also thermotropic) right-handed 

Acetoacetoxypropyl cellulose/acetic acid [62] left-handed 

Phenylacetoxy cellulose (PAC; DS = 1.9), 4-methoxyphenylacetoxy cellulose 

aqueous phenol, acetic acid, m-cresol [60, 611, (by acetyl composition in rn-cresol) 

(4MPAC; DS = l.X)/CH,Cl, 1631 (also thermotropic) (left-handed) 

Trimethylsilyl cellulose (TMSC; DS = I .55), p-tolylacetoxy cellulose 

CTC/MAA (methyl acetoacetate) [17] 

CTC/glycols 1.551 

3-Methy1, 3-methoxy, S-flUOrO, 3-chloro, 3-CF3-CTCldifferent solvents [ 1 11 

4-Methyl, 4-methoxy, 4-chloro, 4-bromo-CTC/different solvents [ 1 11 

3,4-Chloro-CTC/different solvents [ 111 

Regio-selectively substituted CTC (in 2,3,6 position along the chain; 
meta position at the phenyl ring with CI, methyl, H)/EMMAc [64] 

6-0-trityl-2,3-0-hexyl cellulose/acetic acid, tetrahydrofuran [65] 

6-0-trityl-2,3-0-pentyl cellulose/tetrahydrofuran [65] 

(TAC; DS =0.5- l.X)/CH,Cl, [63] (also thermotropic) (left-handed) 

left-handed 

left- or right-handed 

right-handed 

left-handed 

right-handed 

left- or right-handed 

left-handed 

right-handed 
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lished right-handed helix for cellulose trini- 
trate might actually be a left-handed one, 
since the conformational energy is lower for 
the left-handed structure. 

The problem that has to be solved then is: 
How might a right-handed supermolecular 
structure be formed whose bases have to be 
right-handed helical conformations? It can 
be simply visualized that, for example, a 
left-handed threefold helix will easily turn 
into a right-handed threefold one, if the 
dimer is considered as the building unit of 
the chain conformation. Only the pitch has 
to be doubled. Different positions of 0 6  at 
adjacent residues or solvent attached to the 
chain may provide such dimers and lead to 
a reversal of the twisting direction of the cel- 
lulosic chain. 

The same cellulose derivatives, fully or 
not fully substituted, sometimes show in one 
solvent a right-handed, and in another sol- 
vent a left-handed supermolecular structure. 
In this case a mixture of the solvents with a 
certain composition then leads to a so-called 
compensated cholesteric structure, which is 
nematic-like, that is, the twisting power 
P-' = O  or the pitch is infinite (see Fig. 9). 
This structure resembles a nematic phase, 
not only from a structural modeling point of 
view, but rather nematic-like schlieren tex- 
tures are observed (see Fig. 2e). A twist in- 
version was also observed for cellulose de- 
rivatives with two different side groups sta- 
tistically distributed along the chain at a cer- 
tain composition. Ethyl cellulose (degree of 
substitution DS =2.5) was acetylated and in- 
version occurred at an acetyl DS as low as 
0.19 for (acety1)ethyl cellulose in m-cresol 
(Fig. 5 a). The ethyl-acetyl composition 
may change when other solvents are used. 
Another example is provided by a fully 
trisubstituted carbanilate. The distribution 
of 3-chlorophenyl- and phenyl-carbamate 
groups at about a I : 1 ratio random along the 
cellulose chain leads to a compensated 

.i 
/ 
i 

Figure9. Twisting power P-' of a mixed solvent 
system: CTUDEME + 2-pentanone (c = 0.8 g/ml, 
T =  298 K; spectroscopic method, Can0 technique); 

volume fraction of 2-pentanone (adapted from 
171). 

structure in triethylene glycol monomethyl 
ether (TRIMM) (Fig. 10; the abbreviations 
of solvents are summarized in Table 4). 
Cellulose tri(3-chloropheny1)carbanilate in 
the same solvent exhibits a right-handed 
structure; CTC itself is left-handed. On the 
other side, both pure trisubstituted com- 
pounds in DEMH show structures with 
right-handed twist sense. A variation of the 
two side groups along the chain does not 
change the twist sense of the structures at 
all. However, it should also be noted that the 
twisting power as a function of composition 
cannot be represented by a single straight 
line connecting the two initial twisting 
powers of the pure compounds (see Fig. lo). 

Recently, regio-selectively substituted 
tricarbanilates were investigated and a 
strong influence of the twisting power found 
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Figure 10. Twisting power P-' as a function of com- 
position for a copolymeric CTC-3Cl-CTC/solvent 
system; solvent TRIMM 0 (0.8 g/ml, room tempera- 
ture), and DEMH A (0.7 g/ml, room temperature) 
(adapted from [4]). 

for the substituents dependent on their 
placement in the 2, 3, 6 position at the an- 
hydroglucose residue (Fig. 11). The twist- 
ing power P-' of a trisubstituted LC cellu- 

0.W45 

0.0030 
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F I  - 
. 
n 
=. 0.0000 
.- - 
. 

-0.0015 - 

-0.0030 

O.OLM5 
270 280 290 300 310 320 330 340 

T I K  

Figure 11. Temperature dependence of the twisting 
power P-' of various right- and left-handed cholester- 
ic structures of cellulose derivatives regio-selective- 
ly  substituted inEMMAc. HHH (c=O.9 g/ml) 0, CCC 
(0.7 g/ml) ., CCH (0.7 g/ml) A, MMC (0.7 g/ml) v, 
CCM (0.8 glml) 0, MMM (0.7 g/ml) 0, HHF 
(0.9 g/ml) A ,  HHF (0.8 g/ml) 0 (for abbreviations, 
see Table 3; adapted from [64]). 

lose derivative/solvent system predomi- 
nantly depends on the substituent in the 2 
and 3 position of the anhydroglucose unit. 
The 6 position is of minor importance. 
These conclusions are also supported by 
investigations on 2,3-di-O-alkylcellulose, 
6-0-alkylcellulose [67] and 6-O-trityl-2,3- 

Table 3. Overview of cellulose derivatives and their corresponding polymer code for the position of substitu- 
tion 2, 3, 6 at the anhydroglucose unit with phenyl urethane by fluoro (F) in the para, and by chloro (C), meth- 
yl (M), and hydrogen (H) in the meta site. 

Cellulose derivative 

~~ 

Cellulosetris(3-chlorocarbanilate) 
Cellulose-2,3-bis-( 3-~hlorocarbanilate)-6-(carbanilate) 
Cellulose-2,6-bis-( 3-~hlorocarbanilate)-3-(carbanilate) 
Cellulose-2,3-bis-(carbanilate)-6-(3-chlorocarbanilate) 
Cellulosetricarbanilate 
Cellulose-2,3-bis-(carbanilate)-6-(4-fluorocarbanilate) 
Cellulose-2,3-bis(4-fluorocarbanilate)-6-(carbanilate) 
Cellulose-2,3-bis-( 3-chlorocarbanilate)-6-(3-methylcarbanilate) 
Cellulose-2,3-bis-( 3-methylcarbanilate)-6-( 3-chlorocarbanilate) 
Cellulosetris(3-methylcarbanilate) 

ccc 
CCH 
CHC 
HHC 
HHH 
HHF 
FFH 
CCM 
MMC 
MMM 
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0-alkyl cellulose [65] ,  which were found to 
be sensitive to the kind of alkyl substituents. 
Experiments carried out with various phe- 
nyl carbamates suggest that P-* is also 
strongly influenced by the substituent at the 
phenyl ring, mostly by the position of the 
substituent, but less by the kind of substit- 
uent attached. Almost the same twisting 
power is observed for a chlorine or a meth- 
yl group in the meta position at the phenyl 
ring. This is also true for the same substitu- 
ents in the para position in the same solvent. 
However, a twist inversion from right- to 
left-handed structures occurs by going from 
the cellulosetri(3-chloropheny1)carbamate 
to cellulosetri(4-chloropheny1)carbamate in 
several glycols as the solvent (see Fig. 5 b). 
Because of this reversal of the twist, a bal- 
anced regio-selective trisubstitution along 
the chain leads to a compensated lyotropic 
derivative/solvent system. 

The handedness of the twist of the super- 
molecular structure may also be changed by 

(b) 

0 
HO+CHFCHFO)I- CmH,m+, 

O\. 

- \ \  
I I I I I I 

0 1 2 3 4 5 6  

a variation of the side group length of a di- 
ethylene glycol solvent (Fig. 12a, cf. also 
Fig. 2 0 .  In this case a strong linear depen- 
dence of the clearing temperature T, is also 
observed, which is considerably lower for 
a longer side group. The compensation of 
the chiral structure does not specifically 
influence the phase transition temperature 
(Fig. 12b). These findings clearly demon- 
strate that a fine balance exists between the 
solvent and the polymer chain, and that the 
chirality of the supermolecular structure is 
strongly influenced by this interaction, even 
with a nonchiral solvent involved. It is note- 
worthy that the Kuhn segment length I, for 
the right-handed system 3Cl-CTUEMMAc 
(for the abbreviations of the solvents, see 
Table 4) and the left-handed system 4C1- 
CTC/EMMAc differs by almost a factor 
two, i.e., 37.6 nm versus 20.2 nm. On the 
other hand, the left-handed system 3C1- 
CTC/EMMAc is comparable in chain stiff- 
ness with the right-handed 3,4Cl-CTC/ 

Figure 12. (a) Solvent dependent twisting power P-' at T=298  K, and (b) clearing temperature T, for CTC/sol- 
vent systems (c=O.8 g/ml, DP=90) with the variation of the length of the alkyl side group of the solvent (adapt- 
ed from [4]). 



470 IX Cellulosic Liquid Crystals 

EMMAc with 1,=24.8 nm [11]. In contrast, 
if commercially available methyl cellulose 
(DS =1.6-1.7) is substituted to DS=3 with 
the appropriate phenylcarbamate groups 
(3C1, 4C1), these derivatives exhibit no 
mesophase in dioxane, in fact only gels are 
formed, although the Kuhn segment length 
is comparable with those of 3CI-CTC (in 
dioxane this is 49.5 nm) with 32.8 nm (3C1) 
and 26.8 nm (4C1) [ 111. 

It should be emphasized that the compen- 
sation of the twist and changes in the pitch 
for statistically trisubstituted LC deriva- 
tiveholvent system, e.g., 3Cl-CTC-CTCI 
TRIMM, occur when no full turn of the con- 
formational helix with one kind of substit- 
uent group most probably exists. At present, 
a suitable explanation cannot be provided 
for this behavior of lyotropic LC cellulose 
derivatives. 

6.3 Temperature 
Dependence of the Pitch 

The pitch of cellulosic mesophases can be 
determined by the methods introduced 
earlier, by spectroscopic means, or directly 
with the Grandjean-Cano technique. Its 
variation with temperature then leads to the 
temperature gradient. Most cellulose deriv- 
ativeholvent systems exhibit a positive 
temperature gradient for values of pitch that 
according to Kimura and co-workers are 
caused by polar and steric effects (see 
Fig. 7). Lyotropic mesophases of ethyl cel- 
lulosekhloroform show a negative temper- 
ature gradient, in contrast to LC ethyl cel- 
1uloseIdichloroacetic acid with a positive 
one. All possibilities are found for CTC me- 
sophases, left- and right-handed twists with 
positive and negative temperature gradients 
(see Table 4, cf. also Fig. 2 c), and can be ac- 
counted for by the graphs in Fig. 7. The spe- 

cial case for lyotropic systems that show a 
compensation of the twist, which means that 
the pitch tends towards infinity, is also in- 
cluded in this representation. A strong neg- 
ative or positive gradient is then observed 
in this region. The compensation of the twist 
leads to a nematic-like structure, which is 
confirmed by texture observations, and 
schlieren textures appear in the polarization 
microscope (see Fig. 2e). 

The temperature dependence of the pitch 
can be described with Kimura and co- 
workers’ equation [Eq. ( 5 ) ] ,  and some gen- 
eral conclusions derived. For most systems, 
polar and steric interactions have to be con- 
sidered, as for the left-handed twisted struc- 
ture of CTCIDEME (Fig. 13) or for the 
right-handed one of 3C1-CTC-DEME (Fig. 
14a). Here a break in the pitch versus the 
temperature curves can be detected, which 

- 400 

- 440 

E, . 
&I 

- 480 

Figure 13. Pitch P as a function of temperature Tfor 
the left-handed LC system CTCIDEME (c=0.8 g/ml) 
(adapted from [4]). 
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Table 4. Overview of the temperature, concentration gradients, and handedness of the pitch for various sol- 
vents a,b. 

EMM 

EMB 

EDM 
EMMAc 
EMEAc 
EMBAc 
EDAc 

DIOX 

DEMM 
DEME 
DEMB 
DEMH 
DEDM 

DEMEAc 
DEMBAc 

DEMCl 

cHEX 

@ A  W TRIMM A 
@ A A W  TRIME O A W  
0 
O A  
@ A  0 TRIDM A 

O n  

@ A  0 TRIMCl A 0 

@ A  0 AcBL @ A U  

P<O: ap iaT<o :  A 
P>O: 0 aPiaT>o:  A 

ap iaT=o :  A 

a Adapted from [4]. 

Mono- and disubstituted glycols with alkyl groups 

List of solvents and their abbreviations: 

Ethylene glycol monomethyl ether 
Diethylene glycol monomethyl ether 
Triethylene glycol monomethyl ether 
Ethylene glycol monoethyl ether 
Diethylene glycol monoethyl ether 
Triethylene glycol monoethyl ether 
Ethylene glycol monobutyl ether 
Diethylene glycol monobutyl ether 
Diethylene glycol monohexyl ether 
Ethylene glycol dimethyl ether 
Diethylene glycol dimethyl ether 
Triethylene glycol dimethyl ether 

Substituted glycols with alkyl/acetate groups: 
Ethylene glycol monomethyl ether acetate 
Ethylene glycol monomethyl ether acetate 
Ethylene glycol monobutyl ether acetate 
Diethylene glycol monoethyl ether acetate 
Diethylene glycol monobutyl ether acetate 

Ethylene glycol diacetate 
Ethylene glycol monoacetate 

Glycol monochlorohydrins: 
Diethylene glycol monochlorohydrin 
Triethylene glycol monochlorohydrin 

1,3-Dioxolane 
2-Acetyl-y-butyrolactone 
Cyclohexanone 
Ethylmethyl ketone 
Methylpropyl ketone 
Methyl acetoacetate 

Substituted glycols with acetate groups: 

Cyclic systems and others: 

EMM 
DEMM 
TRIMM 
EME 
DEME 
TRIME 
EMB 
DEMB 
DEMH 
EDM 
DEDM 
TRIDM 

EMMAc 
EMEAc 
EMBAc 
DEMEAc 
DEMBAc 

EDAc 
EMAc 

DEMCl 
TRIMCl 

DIOX 
AcBL 
xHEX 
MEK 
MPK 
MAA 



472 IX Cellulosic Liquid Crystals 

410 - 

\ 

a 390 - 

370 - 

350 - 

3 3 0  

380 

360 

340 

might be due to a conformational change of 
the cellulosic chain. Different polymer-sol- 
vent interactions might be caused by another 
conformation. Predominant polar interac- 
tions are rare, as are twist inversions with 
changing temperature gradients. (Acety1)- 
ethyl cellulose represents an example with 
positive and negative temperature gradients 
of the pitch (Fig. 15). The fully trisubstitut- 
ed derivative (DSeth = 2.5 fixed, DS,, =0.5) 
exhibits predominantly steric interactions 
with a positive slope in the diagram. This 

650 
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E 
2 450 
h 
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25 30 35 40 45 

Temperature / "C 

Figure 15. The value of the pitch P as a function of 
temperature for LC (acety1)ethyl cellulose/chloro- 
form (45 wt%, DS of ethyl groups 2.5). The filled and 
unfilled symbols represent the samples with acetyl DS 
below and over the compensation of the twist (0.19), 
respectively. Acetyl DS=0.05 0, 0.06 0, 0.08 a, 
0.30 w ,  0.42 0,  and 0.50 A (adapted from [l]). 

0.5 0.6 0.7 0.8 
c l g m l - '  

Figure 14. Pitch P for 
the right-handed system 
3CI-CTC/DEME as a 
function of (a) tem- 
perature ( c  = 0.8 g/ml) 
and (b) concentration 
(T=25"C) (adapted 
from [4]). 

situation changes when enough free hydrox- 
yls are present for the not fully substituted 
derivatives, and polar interactions are intro- 
duced. The turning point occurs in the vi- 
cinity of the twist inversion at DS,, =O. 19 
as predicted by Eq. ( 5 ) .  

6.4 Concentration 
Dependence of the Pitch 

Theoretical considerations are rare for the 
concentration dependence of LC cellulos- 
icholvent systems and the same is true for 
experimental studies. In many instances it 
is difficult to keep a constant concentration 
over a longer time during which experi- 
ments are carried out. If a functionality 
P=kc-" is assumed ( k :  a constant, c: con- 
centration, m: a variable that might depend 
on the stiffness of the molecules as well as 
on the solvent, the temperature, and the mo- 
lecular mass), the value of m is 2 for some- 
what stiff LC poly-y-benzyl-L-glutamate in 
dioxane and 3 for semi-flexible LC HPC in 
water. A detailed study of LC CTC/MAA 
[17] led to a value of m=2.4 for lower con- 
centrations between 38 and 44 wt%, inde- 
pendent of the temperature. At a higher con- 
centration of 44-50 wt%, a value of rn = 1.1 
at 20 "C was determined, which increases 
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to 2.3 at 35°C with temperature. Above 
35 “C, the exponent rn remains constant, in- 
dicating the limiting value of the system 
considered. The smaller value at a higher 
concentration might be interpreted in terms 
of a stronger twisting of the nematic sheets 
being hindered. Since the limiting value for 
m is between the ones observed for poly-y- 
benzyl-L-glutamate and HPC, it can be con- 
cluded that CTC exhibits a stiffer chain con- 
formation than HPC. Actually, the persis- 
tence length of HPC in dimethyl acetamide 
is listed as 6.5 nm [69], and for CTC in 
dioxane as 11 nm [70]. These data confirm 
the conclusions drawn. 

Generally, a decrease in the pitch with in- 
creasing concentration occurs for most lyo- 
tropic LC cellulosics. However, in some 
cases, such as CTC/ketone systems or CTC 
in some glycols, an increase in pitch is ob- 
served (see Fig. 14b), and in rare cases a 
sharp change has been detected in the con- 
centration gradient of the pitch, quite simi- 
lar to the temperature gradient. 

6.5 Molecular Mass 
Dependence of the Pitch 

An increase of the pitch with molecular 
mass has been observed for LC cellulose 
acetate in trifluoroacetic acid and for CTC 
in DEME (cf. also Fig. 2d). The pitch rap- 
idly changes at low molecular masses and 
remains almost constant above a DP of 150 
for the left-handed CTC/DEME system 
[54]. At very high molecular masses, the LC 
state was not obtained, gels formed instead. 
A similar leveling off was observed for the 
clearing temperature T, (Fig. 16). For the 
pitch P as well as for the clearing tempera- 
ture T,, an analytical expression was de- 
rived with fitted parameters as a function of 
the molecular mass M ,  [4]. This observa- 
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Figure 16. Molecular mass M ,  dependence of (a) the 
reflection wavelength A,, and (b) the clearing temper- 
ature T, for narrow fractions of the left-handed system 
CTC/DEME (0.8 g/ml, T=293 K, method UV-VIS 
and ORD) (adapted from [54]). 

tion is opposite to the findings for LC hy- 
droxypropyl cellulose HPC and acetoxypro- 
pyl cellulose APC. In these systems, hydro- 
gen bonding may lead in dilute solution to 
the formation of irreversible aggregate, as 
discussed for several cellulosic systems 
[39], which might result in a different be- 
havior when LC systems are formed. 

It was demonstrated that the molecular 
mass of CTC [54], a derivative of cellu- 
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lose, which is synthesized without degrada- 
tion, can be determined by using the graphs 
in Fig. 16 as well as the molecular mass of 
cellulose itself. The experimental knowl- 
edge of the selective wavelength 1, or the 
clearing temperature T, leads directly to 
the molecular mass M,. A rough estima- 
tion of the selective color observed in the 
polarizing microscope already gives good 
results (see Fig. 2d). 

6.6 Solvent Effects 

The interaction of nonchiral solvent with the 
chiral cellulosic chain plays a decisive role 
in the formation of lyotropic liquid crys- 
tals. Depending on this interaction, right- or 
left-handed supermolecular structures are 
formed, or no twisting at all may occur; this 
was extensively studied for a variety of CTC 
derivatives and solvent systems [ 11, 551. 
NMR and IR experiments suggest that the 
acidity of the N-H group of the carbamate 
changes depending on the substituent at the 
phenyl ring in the meta, para, or ortho posi- 
tion. Likewise, steric hindrance may pre- 
dominantly occur for certain positions. If 
these findings are accepted, dipolar interac- 
tions are different for protic or aprotic sol- 
vents and changes in the LC helicoidal 
structures are to be expected. Experiments 
have been carried out to determine the free 
and bound solvent of CTC dissolved in 
MAA [17]. Only in the dilute state is all the 
solvent free. Even in the semi-dilute state 
most of the solvent is bound, and in the 
liquid-crystalline phase almost all solvent 
seems to be bound. On the other hand, light- 
scattering experiments [ 1 11 also clearly 
indicate that in the semi-dilute state of var- 
ious CTC in EMMAc and in other glycols 
clusters are formed, which are of different 
geometry for small and large molecules and 

are capable of binding solvent. These clus- 
ters have to be regarded as the basic units 
of the lyotropic LC state. X-ray diffraction 
of lyotropic LC cellulosics confirms the 
cluster formation, since a diffraction ring 
with a d-spacing of the diameter of the con- 
formational helix of CTC was detected. 
Such a Bragg reflection can only be ob- 
served if packing of the chains is present. 
A similar diameter of the cellulosic chain 
was also confirmed by electron diffraction 
of single crystals of CTC with solvent built 
in. 

The effect of a particular solvent on the 
chirality of a lyotropic phase can be altered 
by the mixing of solvents and additivity of 
the chiral quantity as the twisting power P-' 
or the pitch is observed in a first approxi- 
mation. This may even lead to a compensa- 
tion of the twist, as represented in Fig. 9. 
Another example is provided in Fig. 17, 
where CTC was dissolved in a mixture of 
ketones and the right-handed twist pre- 
served. 

x MEK 

Figure 17. Pitch P of a mixed solvent system: CTC/ 
MEK+ 2-pentanone (c=0.6 g/ml, room temperature, 
method: Can0 rings); xMEK: volume fraction of MEK 
(methyl ethyl ketone) (adapted from [ 161). 
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The order parameters S represent a basic 
quantity for a thermodynamic description of 
liquid crystals, and has been determined 
with an extrapolation method of Haller [ 121 
for several CTC liquid-crystalline systems. 
A value of S near 0.5 was found at the be- 
ginning of the anisotropic-biphasic region 
(see Fig. 2g), independent of the concentra- 
tion and molecular mass distribution, and S 
decreases rapidly in the biphasic region 
[ 171. In the anisotropic region, the order pa- 
rameter increases slightly with decreasing 
temperature and reaches approximately 
S=O.7-0.8 for the systems studied. As an 
example, the dependence of the order pa- 
rameter S on temperature is shown for the 
right-handed supermolecular structure of 
3CI-CTC/DEME in Fig. 18. The mean field 
theory of Maier and Saupe [30] states for a 
one component system that S has a value of 
0.4289 at the first order phase transition at 
T,. The order parameter S increases with de- 
creasing temperature T to about 0.65 at a 
T*=T/T,  of about 0.9. Although some ex- 
perimental deviations from the expected 
value at the phase transition temperature T, 
are normally observed for nematic-isotrop- 

ic transitions, the order parameter shows 
small deviations at lower temperatures. In 
this respect, the order parameter of 0.7-0.8 
for the cellulosic systems appears somewhat 
high at lower temperatures (T* =0.9), espe- 
cially when considering synthetic polymer 
systems for which the curves of the order 
parameter lie far below the ones for small 
rod-like molecules. 

6.8 Phase Behavior 

Although several theories for phase transi- 
tions exist for stiff and semi-flexible chains, 
experimental investigations are rare. The 
published data are mostly concerned with 
the critical concentration for mesophase for- 
mation at a certain temperature. It was found 
that the critical concentration varies with the 
nature of the solvent, but is not affected by 
the degree of polymerization, as predicted 
by Flory’s theory and verified for HPC in 
dimethylacetamide and acetoxypropyl cel- 
lulose (APC) in dibutyl phthalate with poly- 
disperse molecular mass. However, for cel- 
lulose acetate in trifluoroacetic acid and 
cellulose in N-methyl-morpholine-N-oxide, 
a dependence was found on the degree of 
polymerization. Careful studies of fraction- 
ated HPC in water confirm a molecular mass 
dependence. A curious intermediate region 
was detected (Fig. 19) with two transitions 
which are not due to changes in the nature 
of the phases but to sharp changes in their 
composition [72]. It was suggested that the 
changes occur in the isotropic phase, and the 
isotropic-anisotropic transition is driven by 
entropic factors. This phase behavior might 
be a consequence of the tendency for an 
aqueous system to demix on heating, which 
is different from most lyotropic cellulose 
derivatives. 

Studies of phase diagrams of cellulose- 
tricarbanilate in MAA [17] and EMMAc 
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Figure 19. Phase diagram of a narrow fraction of 
HPC (molar substitution MS = 5.0, M ,  = 209 x 
lo3 g/mol) in H,O. Onset of phase separation by tur- 
bidimetry 0, transition temperatures with scanning 
Calvet calorimeter 0 (adapted from [2] and [72]). 

[l 11 as solvents show basically very little 
influence of the molecular mass or the mo- 
lecular mass distribution above a certain de- 
gree of polymerization (Fig. 20); a narrow 
biphasic region, almost independent of the 
molecular mass distribution, and a bending 

3481 isotropic (i) ' 
I 

I- 328 
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298 L 

'8 I .+! I eholesteric (ch) 1 ch) * I 
I 
4 

0- 
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Figure 20. Phase diagram for the right-handed 
system 3Cl-CTC/EMMAc. Experimentally deter- 
mined phase boundaries 0; theory of Warner and 
Flory with anisotropic dispersion interaction and an 
aspect ratio of x=20 + +. Vp', Vp" volume fraction of 
the polymer in the isotropic and anisotropic phase at 
equilibrium, respectively (adapted from [ 1 11). 

of the curves at higher temperatures are 
apparent. This bending might be due to a 
change in the Kuhn segment length at ele- 
vated temperatures. Best agreement with 
theoretical considerations is obtained with 
the Warner-Flory lattice model with aniso- 
tropic interactions. However, the small bi- 
phasic region cannot be explained. The 
Kuhn segment length for 3C1-CTC in 
EMMAc was determined as 37 nm at room 
temperature, and the diameter of CTC 
amounts to approximately 18 A (1.8 nm) 
from diffraction studies. Therefore an as- 
pect ratio of x=20 seems appropriate. 

An interesting phenomenon occurs when 
two quite similar cellulose derivatives, CTC 
and 3Cl-CTC, are mixed in one solvent, 
TRIMM. Complete mixing occurs at the 
borders of the polymer compositions, but in 
the vicinity of a 1 : 1 ratio demixing takes 
place and can be studied by measuring the 
pitch of the liquid-crystalline phase (Fig. 
21). A single pitch is observed at the bor- 
ders and two pitches near the center of the 
graph. This finding is confirmed by obser- 
vations in the polarizing microscope, where 
one selective color appears at each border, 
red and blue, respectively, and both colors 
are seen in various domains for a 1: 1 mix- 
ture. ORD measurements, as depicted in 
Fig. 22, can also be regarded as proof of the 
demixing at a 1 : 1 polymer ratio. 

According to recent investigations, clus- 
ter formation and bound solvent have to be 
considered, which will influence the phase 
behavior considerably. Also, the interpreta- 
tion of careful measurements has to take into 
account the fact that a high molar mass frac- 
tion mixed into the sample will not turn into 
a liquid crystal, and a too low molar mass 
fraction may have an influence on the clear- 
ing temperature, as shown in Fig. 16. 

At higher concentrations, a further aniso- 
tropic phase termed the columnar phase has 
been observed for some lyotropic LC cellu- 
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Figure 21. Pitch P of the ternary system CTC + 3C1- 
CTUTRIMM as a function of the composition of 
CTC/3CI-CTC (c=0.8 g/ml; polymer mixture/sol- 
vent; T=293 K);xcTc: weight fractionofCTC (adapt- 
ed from [73]).  
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Figure 22. Optical rotatory power 0 as a function of 
wavelength for the ternary system CTC + 3Cl-CTCI 
TRIMM with 50 wt% CTC A and two adjacent thin 
samples of CTC/TRIMM and 3CI-CTCITRIMM 0 
(adapted from [71]. 

losics. A phase transition from the chiral ne- 
matic phase to the columnar one was con- 
firmed by DSC measurements [4]. X-ray fi- 
ber diffraction led to a hexagonal packing, 
and an orientation occurs along the cellulos- 
ic chain axis when the samples are stretched. 

7 Thermotropic Liquid 
Crystals of Cellulosics 

Cellulose and oligocellulose derivatives 
have been studied and a variety of thermo- 
tropic LC phases established, i.e., cholester- 
ic and columnar structures for cellulose de- 
rivatives, discotic columnar and smectic- 
type for the oligomers, depending on the 
side group and the main-chain lengths. A list 
of compounds exhibiting thermotropic me- 
sophases is presented in Table 5. 

In particular, derivatives of the easily 
available HPC were used in early investiga- 
tions, although experimental data are some- 
times difficult to obtain and to interpret be- 
cause of high clearing temperatures causing 
degradation and irreversible changes during 
the measurements. Later, fully substituted 
derivatives, e.g., trialkyl cellulose, cellulose 
trialkanote, and trialkylester of (tri-O-car- 
boxymethyl) cellulose, were synthesized 
for a comparison of their thermal behavior 
and theoretical studies. In a further devel- 
opment, regio-selectively substituted deriv- 
atives as 6-0-a-( 1 -methylnaphthalene)- 
2,3-0-pentyl cellulose [68] were introduced 
for chirooptical investigations. 

2-Ethoxypropyl cellulose [59], an ethyl 
ether of HPC forms excellent thermotropic 
and lyotropic mesophases, the lyotropic 
ones with acetonitrile, dioxane, and metha- 
nol. Both thermotropic and lyotropic sys- 
tems exhibit cholesteric phases with a right- 
handed helicoidal supermolecular structure, 
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Table 5. Cellulose derivatives forming thermotropic LC mesophases. 

Compound Remarks 

2-Acetoxypropyl cellulose (APC) 174, 751 thin films 

2-Hydroxypropyl cellulose (HPC) [76] 

Trifluoroacetate ester of HPC [77] 

Propanoate ester of HPC [78] 

Benzoate ester of HPC [79] 

2-Ethoxypropyl cellulose [59] 

Acetoacetoxypropyl cellulose [62] 

Trifluoroacetoxypropyl cellulose [77, 801 

Phenylacetate and 3-phenylpropionate of HPC [S7] 

Phenylacetoxy, 4-methoxyphenylacetoxy, p-tolylacetoxy cellulose, 
trimethylsilyl cellulose [63] 

Trialkyl cellulose (TALC) [81] 

Cellulose trialkanoate (CTAL) [82] 

Trialkyl ester of (tri-0-carboxymethyl) cellulose (CMC) [83] 

Oligocellulose derivatives [84, 31 tri-0-(2-methoxyethoxy)ethyl cellulose, 

6-0-a-( l-methylnaphthalene)-2,3-0-pentyl cellulose [68] 

tri-0-heptyl cellulose (DP = 1 1 )  right- + left-handed 

right-handed, biphasic 

right-handed 

banded texture 

leading to cellulose 

and exhibit excellent ORD and CD spectra 
(Fig. 23) in the thermotropic state. The pitch 
dependence on temperature for thermo- 
tropic mesophases follows Kimura et al.'s 
[25] predictions, although it should be em- 
phasized that the empirical relationship 

t? 
0 

Wavelength (nm) 

Figure 23. Spectra by ORD (a) at 140°C and CD, 
(b) at 152 "C of a thin layer of ethoxypropyl cellulose 
that forms a thermotropic right-handed helicoidal 
structure (adapted from [2]). 

[Eq. (7)] established for lyotropic LC po- 
ly(alky1) glutamates holds also for different 
esters of HPC [75]. In addition, these deriv- 
atives exhibit a coinciding clearing and 
compensation temperature, T, and T,, which 
might just happen accidentally. However, 
2-ethoxypropyl cellulose shows a finite 
pitch at the clearing temperature, as is gen- 
erally observed for lyotropic cellulose de- 
rivatives. X-ray investigations on thermo- 
tropic (acetoxypropyl) cellulose [75] cast 
as a film or on 3-phenylpropionate of HPC 
[57], stretched and exhibiting a banded tex- 
ture upon relaxation, show a reflection at a 
d-spacing correlated with the diameter of 
the helix chain conformation [16 A (1.6 nm)]. 
For the latter derivative, a meridional reflec- 
tion of the well-oriented fiber pattern was 
clearly visible, corresponding to a fiber re- 
peat of 5.02 A (0.502 nm), which is the rise 
per glucose unit in cellulosics. From these 
data on the stretched sample, cluster forma- 
tion in the thermotropic LC phase has been 
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concluded for well-aligned chains (prob- 
ably a 3/2 helix). 

A thorough investigation on thermotrop- 
ic LC cellulosics has been carried out by the 
Kyoto group (see [3] j on the thermal behav- 
ior and phase transitions of fully substi- 
tuted trialkyl cellulose (TALC), cellulose 
trialkanate (CTAL), and the trialkyl ester 
of (tri-0-carboxymethyl) cellulose (CMC j 
with a variation of side-group lengths. 
Besides regular cholesteric phases, a hexag- 
onal columnar phase of high viscosity and 
low birefringence for CTAL was observed 
(see Fig. 24). The clearing temperature de- 
pends differently on the lengths of the side 
groups for ethers and esters, as does the en- 
tropy change ASc, supporting the idea that 
different structured phases are present for 
the ester and ether compounds. 

The dependence of the clearing tempera- 
ture T, of trialkyl cellulose on the side-group 
lengths can be predicted if a reference sam- 
ple with known persistence length q of the 
cellulosic chain and diameter D is available 
at T, . The following relationship for the seg- 
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Figure 24. Dependence of side-group length N on T, 
and T,,, for thermotropic cellulose derivatives: trialkyl 
cellulose 0, cellulose trialkonates A, trialkylesters of 
CMC (no mesophase) (adapted from 131). 

mental axial ratio holds 

(9) 

where r denotes reference. The tempera- 
ture dependence of q can be taken from in- 
trinsic viscosity and light-scattering studies; 
q=432 exp(-5.0xlO~'Tj (A> for triheptyl 
cellulose (300 K <  T <  370 K). D may be esti- 
mated. Figure 25 shows the comparison be- 
tween this estimation and experimental data. 

The importance of the chain length (DP) 
dependence of the thermotropic systems is 
stressed by an investigation on cellulose tri- 
decanoate (CTD). Narrow fractions have 
been used and the clearing (T ,  j and melting 
(T,) temperatures studied as a function of 
DP (see Fig. 26). T, appears almost inde- 
pendent of DP, whereas T, drops for small 
DP. For DP<5, a discotic columnar phase 
was established, while for longer chains a 
hexagonal columnar structure was present. 
The molecular axis thus changes in the col- 
umns: perpendicular for small DP and par- 
allel for large DP. This change occurs at a 
DP of about 10, but cannot be observed be- 
cause the melting temperature here lies 
above T,. 

An interesting phenomenon occurs for 
the oligomeric tri(2-methoxyethoxy) ethyl 
cellulose (TMECj 185,861 and triheptyl cel- 

0 I...,..._JO 
Carbon number 

Figure 25. Clearing temperature T, of trialkyl cellu- 
lose as a function of carbon number of the side group. 
Prediction: solid curve (adapted from [3]). 
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Figure 28. Molecular mass (DP) dependence of the 
clearing temperature T, for narrow fractions of trihep- 
tyl cellulose (THC). Solid line: predictions by various 
models (adapted from [3]). 
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Figure 26. Clearing (T,) and melting (T,) tempera- 
tures of fully decanoated cellulose as a function of DP 
(adapted from [3]). 

lulose (THC) [86], where the rare case of a 
temperature-induced inversion of the twist 
is observed, represented by the twisting 
power P-' = 0 in Fig. 27. The compensation 
temperature T, increases with chain length 
for THC, as does the clearing temperature 
T,. At high DP, however, T, levels off 
(Fig. 28), as observed for the lyotropic LC 
CTC/DEME system. This behavior can 
qualitatively be predicted by an Onsager- 
type model or a lattice type model with 
freely jointed chains or worm-like chains 
(Fig. 28) (see [ 3 ] ) .  

I 1 

- 0 . 4 1  

Temperature ("C) 

Figure 27. Twisting power P-' of an oligomeric 
tri(2-methoxyethoxy) ethyl cellulose (TMEC) (adapt- 
ed from [3]). 

Concluding Remarks 

A basic understanding of the structure and 
behavior of liquid-crystalline cellulosics 
has yet to evolve. From a conceptual point 
of view, the chirality of the cellulosic chain 
is most sensitively expressed in the super- 
molecular structure of the cholesteric phase, 
which may be described by the twisting 
power P-' or the pitch. At present, no infor- 
mation is available about domains or do- 
main sizes (correlation lengths) of supermo- 
lecular structures. The chirality in the co- 
lumnar phases has not been addressed at all. 
The principal problem, i.e., how does chi- 
rality on a molecular or conformational lev- 
el promote chirality on the supermolecular 
level, has not been solved. If this correlation 
were known, it would enable the determina- 
tion of the conformation of cellulosic chains 
in the mesomorphic phase and the develop- 
ment of models for the polymer-solvent 
interactions for lyotropic systems. On the 
other hand, direct probing of this interaction 
would provide a big leap towards an under- 
standing of lyotropic phases. 

Turning to the phase diagram: The free 
energy that determines the phase behavior of 
a system contains chiral and nonchiral quan- 
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tities. Several models that are used for the 
description of cholesteric phases do not con- 
tain chiral properties. On the other hand, the 
basic building units in the application of the- 
ories concerning lyotropic phases are still not 
clear. Although a big impact in progress for 
an understanding of the cholesteric phases 
would result from statistical and thermody- 
namic considerations, the fine details have to 
be introduced by chirality evaluation through 
experimental data as a first step. 

Further important data for an understand- 
ing of liquid-crystalline phases of cellulos- 
cis can be provided by a number of investi- 
gations, such as flow behavior, induced cir- 
cular dichroism, and many more. A collec- 
tion of literature and details is given in [2]. 
We have limited ourselves to a discussion 
of basic chirality and phase behavior. 
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- smectogens 2:425 
- terminal aliphatic chains 
break 
- columnar phases 2: 786 
- nematic MCLCP 3: 93 
breakdown, active matrix displays 
bremsstrahlung, X rays 1: 6 I9 
bridging groups, MCLCP 3: 41 
Bridgman flexible bellows with slide wire 
brightness, displays 2: 287 
brightness contrast ratio, ferroelectric devices 
brightness enhancement, STN 2: 218 

3: 347 

1: 73 

3: 433 

- AFLCD 2: 679 

2: 610, 626, 629, 653 
- SLM 1: 767 

2: 17 1 
2: 5 17 

2: 895 

2: 339, 358 

2: 362 f 

2: 417 

2: 230 

1: 369 

2: 638 
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Brillouin scattering 
broad band dyes, guest-host effect 2: 274 
broadband dielectric spectroscopy 3: 227 
broken aspects, textures 1: 439 
broken tilt cone symmetry 
bromination 
- heterocyclic cores 2: 733 
- hydrocarbon cores 2: 709 
bromine atoms, main chain mesogens 
bromo derivatives, polycatenars 2: 877 
bromo substituents 3: 19 
bromobiphenylcarboxylic acids, synthesis 2: 433 
brushes, chiral nematics 2: 350 
bubble domains, ultrasonic fields 
building blocks, synthesis 1: 98 
bulk fluids, molecular modelling 
bulk phases, LCE 3: 277 
bulk properties, smectic AIC 2: 452,457 
bulk SHG, optical properties 1: 577 
bulk systems, large-scale simulation 
bulky substituents 3: 6, 17 
buoyancy method, density measurements 
Burgers vector 2: 773 f 
- defects 1: 425,447 
butadiene 3: 128, 174 
butanol, chiral smectics 2: 496 

1: 719-726; 2: 770 

3: 216 

3: 56 

1: 557 

1: 77 

1: 83 

1 : 332 

CIIC2 chevrons, ferroelectric devices 2: 644 
Cadiot-Chodkiewicz coupling 1 :  99 
cadmium selenium TFT address 2: 233 
caesium tetradecynoate water 3: 377 
Cahn nomenclature 1: 11 7 
calamitic compounds 1: 134 f 
- density measurements 
calamitic-discotic dimers 1: 166 
calamitic MCLCP 3: 39 
calamitic mesogens 1: 87 
- magnetic properties 1: 209 

calamitic molecules, IQENS 1: 690 
calamitic thermotropics, displays 
calamitics 1: 19 
- flowiviscosity 1: 454 
calorimeter, phase transitions 
calorimetric data, phase transitions 
cameras, X rays 
Canada balsam 1: 437 
Cano technique 3: 460 
Cano wedge, chiral nematics 
Canon technology, ferroelectric devices 2: 648 
capacitance method, elastic constants 1: 270 
capillary colums, gas chromatography 1: 857 
capillary flow, shear viscosity 2: 143 
capillary tubes, X rays 
capillary, flow alignment 1: 459 
E-caprolactones, living polymerization 3: 133 
carbamates, cellulosics 3: 454 
carbanions 3: I27 

1: 336, 340 

- XRD 1:635 

1 : 73 1 f 

1: 313, 316 
1: 308, 321 f 

1: 621 f, 627 

2: 347 f, 351 

1: 63 1 

carbenium ions 3: 137 
carbocyclic compounds 2: 958 
carbocyclic rings, smectogens 2: 412 
carbohydrates 
- amphotropics 3: 308 
- living systems 3: 426 
carbon atoms, intercalated smectics 2: 808 
carbon black, radiation detection 
carbon-carbon bonds, dimers 2: 823 
carbon-carbon double bonds, chiral smectics 
carbon tetrachloride, vortex formation 1: 520 
carbonaceous phases 2: 693 
carbonyl connectors, antiferroelectrics 2: 687 
carbonyl groups 
- antiferroelectrics 2: 666 
- chiral smectics 2: 505 
carborundum 3: 10 
N-carboxyl anhydrides (NCA) 3: 70 
carboxylate ligands, metallomesogens 2: 906 
carboxylatepyridine complexes 2: 905 
carboxylic acid group, polypeptides 3: 70 
carboxylic groups, biaxial nematics 2: 935 
carcinogenicity, heterocyclic cores 2: 726 
carcinogens, chromonics 2: 981 
Carnahar-Starling equation 1: 55, 64 
Cam-Helferich-Orsay approach 1: 5 16 f, 521 
Can-Helfrich theory 
- chiral nematics 2: 389 
- dynamic scattering 2: 247 
- smecticA 2:483 
Cam-Purcell-Meiboom-Gill spin echo pulse 

sequence 1: 599 
Cartesian representation, tensor properties 
cationic copolymerizations 3: 177 f 
cationic polymerization, olefins 3: 136 
caustics, textures 1: 430 
cell gap 
- dynamic scattering 2: 251 
- Heilmeier displays 2: 281 
cell preparation, guest-host effect 2: 266 f 
cell spacing 2: 267 
cell thickness, displays 2: 287 
cellobiose derivatives, synthesis 2: 741 
cellooligosaccharide derivatives 2: 866 
cells 
- dynamic scattering 2: 243 

cellulose derivatives 3: 453 ff 
- lyotropic 3: 463 
- thermotropic mesophases 3: 478 
cellulose triacetate (CTA) 3: 465 f 
cellulose tricarbanilate (CTC) 3: 465 f 
cellulose triphenyl 3: 458 
cellulosic liquid crystals 3: 453482 
central core 1: 19 
central nervous system 3: 435 
cephalin, amphotropics 3: 307 
cetylpyridinium bromide, surfactants 3: 387 
CGH synapses 1 :  8 12 

1: 833 

2: 498 

1: 198 

- STN 2:216 
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chain branching, heterocyclic cores 2: 733 f 
chain breaking, living polymerization 3: 124 
chain copolymerizations, living 3: 171 f 
chain flexibility, aromatic MCLCP 3: 4 
chain lengths 
- living polymerization 3: 124 
- polyesters 3: 16 
chain number, polycatenars 2: 880 
chain packing, frustrated 3: 26 
chain packing efficiency, MCLCP 3: 45 
chain polymerization, SCLCP 3: 123 ff 
chain position, polycatenars 2: 880 
chain-spacer interactions, dimers 2: 806 
chain stretching, block copolymers 3: 66 
chains 
- chiral smectics 2: 497 
-- smectogens 2: 41 1 
- synthesis 1: 88 
chaos theories, living systems 
characterization methods, biaxial nematics 2: 937 
charge camers, columnar discotics 
charge mobility anisotropy, columnar discotics 
charge transfer reactions, solvents 
charge transfer systems 2: 945-967 
charge transport, columnar discotics 2: 781 
CHARMM force field, molecular modelling 
Chatelain data, light scattering 
Chatelain method 2: 129 
chemical hinge effect 3: 239 
chemical structures 
- cubic phases 2: 888 
- dichroic dyes 2: 260 
chemical vapor deposition 
chemically doped materials 2: 787 
chemically linked multiol-alkyl amphiphiles 
Chen-Lubensky model, phase transitions 
chevrons 
- displays 1: 755 
- dynamic scattering 2: 246 
- external fields 1: 506 
- ferroelectrics 2: 576,610,626,633 ff 
- instabilities 1: 516, 521 
- living systems 3: 436 

- textures 1:439 

chiral alkyl chains, antiferroelectrics 
chiral center incorporation, nematics 
chiral centers labelling 1: I16 
chiral chains, antiferroelectrics 2: 686 
chiral chromonics 2: 998 
chiral combined polymers 
chiral compounds, swallow-tailed mesogens 
chiral coupling, ferroelectrics 2: 582 
chiral derivaties, synthesis 2: 701 
chiral dimers 2: 813 
chiral dopants, chromonics 2: 998 
chiral electron acceptors 2: 960 
chirdl ferroelectrics, external fields 

3: 401,436 

2: 784 

1: 852 
2: 792 

1: 77 
1: 699 

2: 23 1 

3: 3 13 
1: 289 

- SLM 1: 767 

- XRD 1: 654 
2: 673 
2: 303 

3: 55 f 
2: 853 

1: 508 

chiral groups, MCLCP 3: 46 
chiral liquid crystals, surface alignment 
chiral lyotropics/dicotics, external fields 
chiral nematic phases, columnar 2: 758 f 
chiral nematic state, cellulosics 3: 455 ff 
chiral nematics 1: 21, 123, 323 
- Frederiks transitions 1: 272 
-~ synthesis 2: 303-324 
-~ thermography 1: 825 
chiral salicylaldimine ligands 2: 916 
chiral smectics 
- light scattering I: 709 
- synthesis 2: 493-514 

chiral spacers 3: 210 
chirality 
- amphotropics 3: 331 
- blue phase transitions 
- cellulosics 3: 453 f 
- ferroelectrics 
- living systems 3: 404 
- phase transitions 
Chisso- 101 3 mixture, ferroelectric devices 
chitin, cellulosics 3: 453 
chitobiose derivatives, synthesis 2: 741 
chloranil 2: 702, 712 
p-chloranil 3: 74 
chlorination, hydrocarbon cores 
chloroacrylates 3: 123 
chloroform, organic solvents 3: 30 
chlorosuhstituents 
- cellulosics 3: 468 
- polyesters 3: 19 
cholestanyl derivatives 1: 873 
cholesteric configurations, guest-host effect 
cholesteric doping, Heilmeier displays 
cholesteric flexoelectric domains I: 504 
cholesteric helix 
cholesteric isotropic phase transition 
cholesteric mesophases, cellulosics 3: 466 
cholesteric nematics, chiral 2: 303 
cholesteric oily streaks 3: 436 
cholesteric phases 
- cellulosics 3: 455 ff 
- dynamic scattering 2: 250 

cholesteric-smectic A transitions 1: 381 
cholesteric textures 1: 438, 442 
cholesterics 1: 323 
- blue phases 1: 485 
- Brillouin scattering 1: 722 
- EHD behavior 1: 526 f 
- flow/viscosity 1: 466 f 
- light scattering 1: 708 
- NMR 1: 845 
- Saupe theory 2: 61 
- solvents 1: 873 
- symmetry 2: 554 
- thermography 1: 823 

I:  544 
1: 5 14 

1: 21; 3: 208 

- XRD 1:635 

1: 18, 105 f, 115-132 

1: 323 

2: 516 ff, 543 ff, 548 ff, 653 

I :  292 f 
2: 656 

2: 707 f 

2: 273 
2: 278 

1: 501; 2: 288 
3: 288 

- LCE 3:295f 
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- ultrasonic field 1: 557 
- Volterra process 1: 418 

see also; chiral nematics 
cholesterol acetate 2: 335 
cholesterol benzoate 2: 335 
cholesterol derivatives 
cholesterol 
- amphotropics 3: 309 f 
- living polymerization 3: 174 
cholesterolbenzoate 3: 419 
cholesteryl 1: 140; 2: 310 
cholesteryl derivatives, solvents 1: 873 
cholesteryl nonanoate (CN) 
- blue phase transitions 
- lateral substituents 1: 135 
cholestrogen 1: 124 
cholin, amphotropics 3: 327 
chromane 1: 140 
chromic sulfuric acid, homeotropic alignment 
chrominance, guest-host effect 2: 272 
chromium 
- diketonate ligands 2: 912 
- lyotropic metallomesogens 2: 927 
chromium compounds, cell preparation 2: 267 
chromonics 2: 981-1007 
chromophores 

- NLO systems 3: 253,261 
cinnamic acid esters, swallow-tailed mesogens 

circular components, chiral nematics 2: 338 
circular dichroism 1: 229, 846 
- cellulosics 3: 459 
- chiral nematics 2: 304 
cis-trans back reactions, chiral nematics 2: 368 
clamped crystal condition, ferroelectrics 2: 540 
Clark-Lagerwall convention 3: 2 17 
Clark-Lagerwall effect 1: 509 
classification 
- chiral nematics 2: 307 
- combined polymers 3: 53 ff 
- liquid crystals I: 17-23 
- nematic MCLCP 3: 93 
clathrate hydrates, surfactants 3: 343 
Clausius-Clapeyron equation 
- calamitic compounds 1: 340 
- external fields 1: 481,487 
- gas chromatography 1: 860 
- high-pressure experiments I: 355 
clearing parameters 1: 23 
clearing process, nematics 2: 108 
clearing temperatures 
- alkyl substituted mesogens 
- amphotropics 3: 309 
- biaxial nematics 2: 937 
- block copolymers 
- cellulosics 3: 458, 479 
- charge transfer systems 2: 946,957 
- chiral smectics 2: 496 

2: 336 ff 

2: 303; 3: 395 

I: 323 

3: 112 

- LCE 3 ~ 2 9 7  

2: 851 

2: 835 ff 

3: 68 ff 

- columnar discotics 2: 784 
- combined polymers 
- diffusion 1: 590 
-~ dimers 2: 804 
- heterocyclic cores 
- lateral substituents 1: 151 
- metallation 2: 734 
- NLOsystems 3:257 
- phase transitions 1: 358 
- phasmids 2: 869 
- polyesters 3: 16 
- shear viscosity 2: 150 

- terminal substituents 
clearing threshold, ultrasonic properties 
cleavage a, solvents 1: 852 
cleaving, sample preparation 2: 764 
cling film, X rays 
clouding, surfactants 3: 359, 368 f 
clusters 
- cellulosics 3: 455 
- isotropic phase 2: 92 

CN groups, lateral substituents 
coacervate precipitates, surfactants 3: 385 
coatings 
- chiral nematics 2: 345 
- tin-indium oxide 2: 484 
cobalt, lyotropic metallomesogens 2: 927 
coherence length, MBBA 2: 25 
coherent scattering 1: 681, 687 
coil-coil diblock copolymers 3: 66 f 
coils, aromatic polyesters 3: 8 
Cole-Cole equation 2: 183 
Cole-Cole plots 1: 233; 2: 100 
Cole-Cole relaxation, ferroelectrics 
Cole-Davidson equation, dielectric properties 
collective modes, ferroelectrics 2: 6 18 
colodial solutions, nematics 2: 170 
color 
- charge transfer systems 
- chiral nematics 2: 306 
- chromonics 2: 988 
- dichroic dyes 2: 259 
- ferroelectric devices 2: 630, 645, 653 
- Heilmeier displays 2: 281 
- laser addressed devices 
- STN displays 2: 215, 218 
- thermochromic effect 1: 123 
- thermography 1: 823, 827, 833 
color filters, cell preparation 2: 267 
color neutrality, ferroelectrics 2: 598 
color variations, living systems 
colored dyes, chromonics 2: 100 1 
colored twisted nematic cells 
coloring effects, cellulosics 3: 453 
column-column repulsion, chromonics 2: 986 
column length, chromonics 2: 982 
columnar nematics 2: 757 ff 

3: 53 ff, 59 ff 

2: 727, 738 

- STN 2:226 
1: 146 f 

1: 552 

1: 632 

- XRD 1: 641,651 
1: 135 

2: 61 8 
1 : 234 

2: 946 

2: 478 

3: 394 

2: 395 
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columnar phases 
- discotics 2: 693, 750 ff 
- physical properties 
- polycatenars 2: 880 ff 
- swallow-tailed mesogens 2: 857 

columns aggregations, chromonics 2: 98 1 
combined polymers 3: 5 2 4 5  
- SCLCP 3:212 
competing fluctuations, re-entrants 1: 402 
complex forming salts, discotics 1: 174 
complexation, hydrogen bonding 2: 969 ff 
component numbers, surfactants 3: 381 ff 
composite materials, block copolymers 3: 67 
composition dependence, chiral nematic pitches 

compound separation, solvents 1: 882 
compounds 
- amphotropics 3: 305 
- antiferroelectric 2: 684 f 
- biaxial nematics 2: 934 
- cellulose derivatives 3: 478 
- chiral nematics 
- dielectric properties 2: 120 
- polycatenars 2: 876 
compounds list, high-pressure experiments 
computer simulations 

~ elastic properties 1: 278 
~ molecular theories 1: 40 
concentration dependence, pitch 3: 472 
concentration ranges 
- amphotropics 3: 305 
- surfactants 3: 342 
concurrence, singular points 1: 449 
condis crystals, definitions 1: 23 
conductivity 
- Can-Helferich mode 1: 524 
- columnar discotics 2: 784 
- columnar phases 2: 766 f 
- dynamic scattering 2: 243,249,253 
- light scattering 1: 704 
- nonchiral smectics 2: 484 
- phase transitions 1: 314 
- tensor properties 1: 192 
conductors, doped columnar 2: 795 
cone mode viscosity, ferroelectrics 
configuration labels, chirality 1: I15 
configurations 
- active matrix displays 
- nematics 2: 185 

- TN displays 2: 199 
conformation 
- cellulose derivatives 3: 454 
- mesogens 1: 667 
- molecular modelling 1: 79 

- optical properties 1: 575 
- polypeptides 3: 70 

1: 200, 253 

- XRD 1: 668 

2: 365 

2: 306 f, 51 1 

1: 373 

2: 602 f, 613 

2: 230 

- STN 2 ~ 2 0 9  

- NMR I: 603 

- SCLCP 3 ~ 2 1 6  
- solvents 1: 852 
conformers 
- dimers 2: 816 

- substituted mesogens 
- swallow-tailed mesogens 
conical interfaces, surface alignment 
conjugation, singular points 1: 449 
connectors, antiferroelectrics 2: 686 
conoscopy, biaxial nematics 2: 938 
constituent units, charge transfer systems 
constitutive hydrodynamic equations 
constrained nematics, randomly 2: 189 
continous defects, cholesterics 1: 423 
continuum theory 1: 25-39,253 
- chiral nematics 2: 337, 369 f 
- columnar phases 2: 769 ff 
- nematic MCLCP 3: 95 
contrast enhancement, ferroelectrics 2: 610 
contrast ratio 

- displays 1: 745; 2: 287 
- dynamic scattering 2: 251 
- guest-host effect 2: 272 
- Heilmeier displays 2: 277 
- laser addressed devices 
- positive mode dichroic LCDs 2: 294 
- TN displays 2: 204 
controlled living polymerization 3: 126 
converse piezoeffect, ferroelectrics 2: 524 
conversion rule 1: 117 
cooling runs, scanning calorimetry 1: 3 13 
Cope rearrangement, NMR 1: 844 
copolyesters 3: 19 
- aromatic 3: 10 

copolymerization effects, MCLCP 3: 46 
copolymers 

- XRD 1:671 
copper 
~- ligands 
- X ray spectrum 
copper carboxylates, charge transfer systems 

copper complexes 
~- biaxial nematics 2: 935 
-~ lamellar phases 2: 759 
copper tetracarboxyphthalocyanine 
core disjunctions, defects I: 427 
core length, hydrogen bonding 
core systems 
- nematics 2: 53 
~~ smectogens 2: 418 
core units 
- chiral nematics 2: 307 
~- smectogens 2: 411 
- synthesis 1: 88 

- MCLCP 3:40 
2: 836 f 

2: 855 f 
1 : 536 

2: 945 
I: 454 f 

- AFLCD 2:680 

2: 478 

- MCLCP 3: 34, 104 

- SCLCP 3:208 

2: 907 f, 915, 923 
1: 620 

2: 962 

2: 98 1 f 

2: 970 
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cores 
- amphotropics 3: 330 
- dicotics 2: 693 f 
- nematic MCLCP 3: 95 
- polycatenars 

- semirigid anisometric 2: 801 
corkscrew structures, chromonics 2: 999 
correlation, Fourier transform I: 775 
correlation length 
- cyanobiphenyls 2: 27 
- fluctuations 1: 377 
- phase transitions 1: 282 

correlation times, NMR 1: 607 
coruleoellagic acid, heterocyclic cores 
cosurfactants 3: 381 f 
Cotter approach, nematics 1: 55 
Cotton effect 1: 846 
Coulomb gauge, phase transitions 
Coulomb interaction 
- antiferroelectrics 2: 665 f, 672 
- diffusion 1: 585 
Coulomb potentials, molecular modelling 
counteranions, living polymerization 3: 136 
countercations, living polymerization 
counterions, surfactants 3: 344 
coupling 
- chiral nematics 2: 377 

coupling constants 
- external fields 1: 479 

cracks, thermography 1: 832 
crankshaft moieties, aromatic polyesters 3: I3 
crankshaft monomers, aromatic MCLCP 3: 6 
crenellated phases, XRD 1: 657 
critical behavior 
- N-SmA transitions 
- nematics 2: 71 
- SmA-SmC transitions 2: 30 
critical micelle concentration, surfactants 3: 342 f 
critical point, phase transitions 1: 287,309 
critical point fluctuations 1: 384 
cross-linked elastomers, combined polymers 3: 56 
cross polarization, NMR 1: 599 
cross-propagation, living polymerization 3: 171 
cross relaxation, nematic-polymer interface 

2: 187 
crossbar switch n by n* 
crosslinking 

- networks 3: 231 

crossover behavior, phase transitions 
crystal BIC materials, synthesis 
crystal phases 
- definitions 1: 18 
- nonchiral smectics 

2: 866, 879 ff 
- SCLCP 3:208 

- XRD 1:641 

2: 722 

1: 287 

1: 73 

3: 128, 132 

- LCE 3 ~ 2 8 3  

- NMR 1: 843 

2: 26 f 

1: 800 

- LCE 3:280,287 

- SCLCP 3 ~ 2 1 1  
1: 3 11, 325 

2: 428 

2: 441 ff 

crystal structures 
- chromonics 2: 992 
- polycatenars 2: 883 
crystalline packing, XRD 
cubane, ring systems 1: 140 
cubic crystals, definitions 1: 23 
cubic phases 
- polycatenars 2: 880 ff 
- surfactants 3: 350 
- thermotropic 2: 887 14 

Curie--Weiss law 1: 208, 243 
- ferroelectrics 2: 528, 532 f 
- I-N transitions 2: 25 
Curie law 
Curie point, SCLCP 3: 241 
Curie temperature, ferroelectrics 2: 517 f, 532 ff 
curvature elasticity, 3-dim 
cut-off frequencies, nematics 2: 180 
cyano compounds, re-entrants 1: 391 
cyano derivatives, polycatenars 2: 878 
cyano end groups, smectogens 2: 418 
cyano groups 
- chiral smectics 2: 506 
- NLO systems 3: 251 
cyano mesogens, molecular modelling 
cyano, terminal substituents 1: 147 
cyanobiphenyls 

- - optical properties 
- - phase shifts I: 572 
- biaxial nematics 
- charge transfer systems 2: 946 f 
- dimers 2: 803 f, 825 
- displays 1: 747 
- elastic properties 2: 60, 71 
- enthalpy curves 1: 321 
- external fields 1: 480 
- ferroelectrics 2: 522 f 
- living systems 3: 156 ff, 166 f, 419 
- metallomesogens 2: 902 
- nematics 2: 48 
- photoacoustic/photopyroelectric data 
- re-entrants 1: 396 
- shear viscosity 2: 152 
- surface alignment 1: 540 
- synthesis 2: 426 f 
- texturesidefects 1: 444 f 
- viscoelastic properties 2: 177 
- viscoelastic ratios 1: 706 

cyanocyclohexanes, nematics 2: 55 
cyanophenyl derivatives 2: 841 
cybotactic groups 
- phase transitions 1: 340 
-- substitued mesogens 2: 835 

cyclic dimersioligomers 1: 166 
cyclic systems, cellulosics 3: 471 

1: 667 f 

- XRD 1:641 

1: 206; 2: 521, 541 ff, 550 f 

1: 263 f 

1: 78 

- 5CB 1: 81,85,89 
1: 223 

2: 940 f 

1 : 329 f 

see also: alkylcyanobiphenyls (nCBs) 

- XRD 1 ~ 6 5 1  
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cycloadditions 1: 100 
- solvents 1: 852 
cycloaliphatic rings, para-linked 3: 40 
cyclobutane 1: 142 
cycloheptane 1: 140 
cyclohexadiene 1: 137 
cyclohexanate esters 2: 706 
cyclohexane mesogens, chiral nematics 2: 33 1 
cyclohexane rings, amphotropics 3: 322 
cyclohexanes 1: 88, 100, 137; 2: 49,739 
- discotics 1: 172 
cyclohexanones 1: ; 2: 95 
cyclohexyl a-fluorohexanoates 2: 503 
cyclohexylarenes, 4-E-substituted 1: 96 
cyclometalated complexes 2: 918 ff 
cyclopentane 1: 142 
cyclopentanone 1: 142 
cyclophanes, mesogenic properties 1: 154 
cyclopropane 1: 142 
cyobatic groups, fluctuations 1: 378 

Damman grating, SLM 1: 798 
dangling chains, anchoring I :  541 
dark brushes, chiral nematics 2: 350 
Darwinian selection, living systems 3: 403 
database Liqcryst 1: 98 f 
de Broglie relationship 1: 681 
de Gennes-Meyer theory 3: 98 
de Gennes theory 
- cholesteric phases 1: 708 
- ferroelectrics 2: 556 
- fluctuations 1: 379 
- I-N transitions 1: 321 
- light scattering 1: 701 
- nematics 2: 171 
- penetration depth 1: 709 
- phase transitions 
de Vries equation 
Debye-Pellat equation, dielectric properties 
Debye-Scherrer camera 1: 622 
Debye-Waller factor, XRD 1: 642 
Debye description, ferroelectrics 
Debye equations 1: 233 f, 247 
Debye temperature, Mossbauer studies 
decacyclenes, synthesis 2: 714 
decaline 1: 140 
decoupling, SCLCP 3: 207 
defect crystals 1: 450 
defects 1: 406453 
- blue phases/TGB 1: 130 
- chiral nematics 2: 350 f 
- columnar phases 
- elastic properties 
- ferroelectric devices 2: 634, 647 
- nematic MCLCP 3: 93-120 
- SmA-SmC transitions 2: 35 
- ultrasonic properties 1: 558 

1: 284 f 
1: 227; 3: 458,463 

1: 234 

2: 531 ff, 621 

1: 728 

2:  773 ff 
I: 259 ff 

XRD 1 ~ 6 4 1  

deformations 
~ columnar phases 2: 771 
- Dupin cyclides 1: 433 
- elastic properties 
-- external fields 1: 491 
-- ferroelectrics 2: 555 f 
~- flexoelectric smectic phases 
- helical superstructure 3: 63 

- nematic MCLCP 3: 96 
- nematics 2: 67, 184 
- networks 3: 235 ff 
- smectics 1: 544 
- solute-solvent interactions 1: 840 
- strong 1:413 
~- thermography 1: 823 
deformed helix ferroelectric effect 1: 503, 510 
deformed helix mode (DHM), ferroelectrics 
dehydration, synthesis I: 100 
deisotropization, nematic MCLCP 3: 105 
delta winglets, heat exchangers 
dendrimers 
- block copolymers 3: 67 
- smectogens 2:412 
density functional approach 1: 58 
density wave vector, smectics 
density, phase transitions 1: 332 f 
deoxinojirimycin derivatives, amphotropics 3: 32 1 f 
deposition, silicon nitride layer 
deprotection, hydrocarbon cores 2: 71 9 
detection, cellulosic mesophases 3: 455 f 
detectors 

- selection criteria 
detergents 

~ amphotropics 3: 307 
- surfactants 3: 341 
deuterated derivatives, hydrocarbon cores 
deuterium, coherent scattering 
deuterium NMR 
deuteron nuclear resonance 3: 61 
deuterons, aliphatic 2: 753 
developed biomesogenic living systems 
device structures 
- ferroelectric 2: 629 ff 
- thermography I: 825 f 
dextrorotary orientation 1: 124 
diacetylenes, synthesis 1: 99 
diacid chloride, organic solvents 
dialkylazoxybenzeneiPCB, charge transfer 

dialkylbenzenes, synthesis 2: 733 
dialkylketonoxime benzoate 2: 853 
diamagnetic properties, nematics 
diamagnetic susceptibility 1: 28 
diamagnetism 1: 204 ff 
diamines, synthesis 2: 696 
diarylazines, cyclometalated complexes 2: 920 
diaiylethenes/bishct~roarylethenes 1: 98 

1: 253, 264 

2: 567 f 

- LCE 3:277 

2: 587 f 

1: 829 

1: 32 

2: 23 1 

- FLCP 3:227 
1: 63 1 

2: 7 19 
1: 68 1 

1: 596 f, 610, 842 

3: 429 ff 

3: 3 1 

systems 2: 948 

2: 1 13 15 
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diarylmercury complexes, metallomesogens 2: 901 
diastereoisomers, chirality I: 115 
diazaazulene 1: 140 
dibenzopyrene 
- discotic cores 1: 173 
- synthesis 2: 712 
diblock sequences, living polymerization 
dichlorobenzene, synthesis 2: 733 
dichloroethane, organic solvents 3: 3 1 
dichroic color sensitive polarizer 2: 216 
dichroic displays 1: 745, 752 
dichroic dyes, guest-host effect 2: 259 ff 
dichroic LC displays, guest-host effect 
dichroic mixture formulations 
dichroic parameters, guest-host effect 
dichroic phase change effect display 2: 204 
dichroic polymer LCDs 2: 298 
dichroic ratio 
- dyes 2: 259 ff, 268 ff 
- LCE 3:294 
Dickerson dedecamer, living systems 
dicopper complexes, diketonate ligands 2: 91 1 
dicyanoethenyl substituents 2: 949 
dicyclohexylcarbodiimides, polypeptides 3: 70 
dielectric anisotropy 
- negative 2: 243 
- nonchiral smectics 2: 48 1 
- positive 2: 221 
- ultrasonic properties 1: 562 
dielectric biaxiality, ferroelectrics 2: 610 
dielectric losses, DTA measurements 
dielectric neutral basic materials, STN 2: 226 
dielectric permittivity, nematics 1: 28 
dielectric properties 1: 231-252, 373 
- charge transfer systems 
- columnar discotics 
- columnar phases 2: 775 
- ferroelectrics 2: 520 f, 599, 622 

- nematics 2: 91-112 
dielectric regime 
dielectric relaxation 
- ferroelectrics 2: 622 
- nematics 2: 182 
dielectric reorientation, smectic A 2: 48 1 
dielectric spectroscopy, ferroelectrics 2: 6 17 ff 
dielectric states, ferroelectrics 2: 524 
Diels-Alder reaction 
- heterocyclic cores 2: 736 f 
- hydrocarbon cores 2: 713 f 
- solvents 1: 852, 880 
diethylammonium flufenamate, chromonics 2: 985 
differential ordering effect (DOE), NMR 1: 606 
differential scanning calorimetry (DSC) 1: 312, 354 
differential thermal analysis (DTA) 
diffraction, SLM 1: 773, 806 
diffraction approach, optical propagation 
diffraction patterns, chromonics 2: 991 
diffraction techniques 1: 621 ff, 635 ff 

3: 172 

2: 258 f 

2: 268 ff 
2: 274 f 

3: 393 

1: 358 

2: 960 
2: 788 ff, 794 

- LCE 3 ~ 2 8 5  

1: 524; 2: 249 

1: 354 

2: 362 

diffuse scattering, XRD 1: 649 
diffusion constants 1: 84, 591 
diffusion control, solvents 1: 852 
diffusion tensor 1: 582 
diffusion 1: 582-83 
- anisotropic 1: 848 
- IQENS 1:689 
- LCE 3:294 
- surfactants 3: 344 
diffusivity, phase transitions 1: 320 
difluorophenyl pyrimidines, synthesis 2: 436 
digital full color displays 
digitally tuneable fiber laser 
digitally tuneable wavelength filter 
dihydrooxazine 1: 137 
dihydrophenantrene 1: 140 
2,6-dihydroxynaphthalene (DHN) 3: 14 
diisobutyl silanediol (DIIBSD) 2: 756 f; 3: 308 
diisocyanate, polyurethane preparation 3: 35 
diketonates 2: 434 
- ligands 2: 909 ff 
diketone complexes, smectogens 2: 41 3 
dilatometers, density measurements 1: 332 
dilute solutions, chromonics 2: 98 1. 987 ff 
dilution 
- mesogenic groups 3: 214 f 
- solvent applications 1: 850 
dimeric mesogens, chiral nematics 
dimerization, solvents 1: 852 
dimers 2: 802 
- biaxial nematics 2: 935 
- chromonics 2: 988 
- cubic phases 2: 888 
- discotic 2: 801-833 
- heterocyclic cores 2: 725 
- hydrocarbon cores 
- mesogens 1: 81, 163 
- re-entrants 1: 396 
- surface alignment 1: 540 
dimethyl aminopyridine. hydrocarbon cores 
Dino flagellate chromosome, living systems 
dinonanoyl biphenyl mixtures 2: 949 
diodes, active matrix displays 2: 230 
diol derivatives, cubic phases 2: 889 
diols 
- amphotropics 3: 308, 3 15 
- chiral nematics 2: 327 
- mesogenic properties 1: 169 
- polyurethane preparation 3: 35 
dioxaborinanes 1: 102, 137 
dioxalane-2-one 1: 142 
dioxanes 
- disubstituted 2: 51 
- optically active 2: 510 
dipalladium organyl, amphotropics 3: 332 
diphenol, solvents 3: 3 1 
dipolar correlation, nematics 2: 98 
dipolar couplings, NMR 1: 596 
dipolar groups, smectogens 2: 416 

2: 657 
1: 806 

1: 803 

2: 327 

2: 716 f 

2: 714 
3: 436 
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dipoledipole interactions 
- charge transfer 2: 945 
- ferroelectrics 2: 519 

- phase transitions 1: 339 
- surface alignment 1: 540 
dipole moments 
- chiral smectics 2: 498 
- dielectric properties 1: 23 1 f 
- molecular modelling 1: 44, 80 
- nematics 2: 98 
- tensor properties 1: 189 
dipole reorientation, nematics 2:  91 
Dirac delta function 1: 79 1 
direct adressing, TN displays 2: 205 
direct binary search (DBS), CGH 
direct current fields, dynamic scattering 2: 244 
direct current Ken effect 1: 571 
directions, easy 1: 414 
director alignment, shear viscosity 2: 143 
director defects 1: 406 
director deformations. smectics 1: 544 
director distortions, nematics 2: 61 
director distribution 1: 477 
- elastic properties 
director-field interactions, distortions 1: 488 
director fields, surface alignment 
director fluctuations 
director gradients, nematics 
director helix, chiral nematics 
director orientation 
director reorientation, optical properties 
director rotation 
- chiral nematics 
- viscosity measurement 2: 156 
director states, ferroelectnc devices 
director structures, NMR 1 : 6 12 
directors 
- biaxial nematics 
- calamitics 2: 14 
~~ chiral nematics 2: 303 
- chiral smectics 2: 493 
- chromonics 2: 991 
- dyes 2:268 
- ferroelectrics 
- large-scale simulation 1: 82 
- molecular theories 1: 43 
- nematic MCLCP 3: 94,99 f 
- nematics 1: 26 
- nematics 2: 171 
- torsional elasticity 1: 258 
Dirichlet problem, defects 1: 447 
disc, micelle shapes 3: 346 
disc-like molecules, discotics 2: 749 
disc shape, cubic phases 
disc-shaped amphiphiles 3: 330 f 
disclination pairs, core disjunction 
disclination points/lines 1: 444 
disclinations 3: 95 

- NMR 1: 601,840 

I: 789 

1: 259 f 

1: 535 
1: 700; 2: 173 f, 186 

1: 3 1 

1: 455, 471; 2: 142 
I: 257 

I: 571, 574 

2: 336 f 

2: 645 

2: 933 f 

2: 548, 556, 603 

2: 894 

1: 427 

- biaxial nematics 2: 937 
- cellulosics 3: 463 
- chiral nematics 
- columnar phases 2: 774 
- defects 1:414,429 
- elastic properties 
- nematic MCLCP 
- ultrasonic properties 1: 558 
- Volterra process I: 419 
discontinous defects, cholesterics 1: 423 
discotic compounds 1: 134 f 
discotic cores, large 1: 173 
discotic ferroelectrics, external fields 1: 514 
discotic phases, LCE 3: 289, 300 

2: 350 ff 

1: 260 f 
3: 94 ff, 102 ff 

discotic stationary phases, gas chromatography 
1: 858 

discotics (discogens) 
- density measurements 1: 341 
- external fields 1: 505 f, 514 
- flowiviscosity 1: 454,464 f 
- high-pressure experiments 1: 361 
- mesogenic properties 
- physical properties 
- re-entrants 1: 400 

disinclinations see: disclinations 
dislocations 
- chiral nematics 2: 354 
- columnar phases 2: 774 
- loop theory 1: 288,381 
- phase transitions 1: 291 

- Volterra process 1: 4 19 

disodium cromoglycate (DSCG) 
disordered crystals, calamitics 2: 19 
Disperse red, NLO systems 3: 248 
dispersion 
- molecular theories I: 44 
~ nematics 2: 133 
dispersive interactions, charge transfer 

systems 2: 945 
displacements, columnar phases 2: 772 
display devices, FLCP 3: 228 
displays 1: 731-762 
- antiferroelectrics 2: 679 
- block copolymers 3: 88 
- dynamic scattering 2: 252,486 
- nonchiral smectics 2: 480 
- twisted nematics 2: 199 

see also: Heilmeier displays 
Displaytech microdisplays 2: 650 
dissipation, nematics 1: 36 
dissymmetry 1: 11 7 
distilbazole ligands, metallomesogens 2: 903 
distortion aligned phase (DAP) 
distortions 
- chiral nematics 
- columnar phases 2: 771 

1: 22, 88, 133 f; 2: 693-748 

1: 171 f 
2: 749 ff 

- XRD 1: 635,657 

- TGB 1 :  131 

- XRD 1: 660 
2: 98 1 ff 

1: 741 

2: 303, 382 ff 
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- director-field interactions 1: 488 
- discotic phases 1: 657 
- dynamic scattering 2: 244 
- elastic properties 1: 262 
- ferroelectric devices 2: 650 
- nematic MCLCP 3: 94 
- nonchiral smectics 2: 464 
- ultrasonic properties 
dithiane 1: 137 
dithio ligands, metallomesogens 2: 914 
dithiobenzoate, sulfur containing ligands 
dithiolene ligands, metallomesogens 2: 9 13 
dithiolium, synthesis 2: 725 
divalent head groups, surfactants 3: 379 
divergence temperature, dimers 2: 8 14 f 
divergence 
- pretransitional 1: 823 
- rotational viscosity 2: 160 
- shear viscosity 2: 152 
DNA 
- chromonic nature 2: 1003 
- living systems 3: 394 ff, 407 
DOBAMBC 1: 508; 2: 494 
dodecycloxy derivatives 2: 857 
dodecyl dimethyl amine oxide, surfactants 
dodecyl dimethyl ammoniopropanesulfonate 3: 376 
domain mode, smectics 1: 512 
donor sets, metallomesogens 
donoriacceptor (EDA) interactions 
dopants 
-~ chiral nematics 
- chromonics 2: 998 
~- nonchiral smectics 2: 484 
doped columnar conductors, applications 2: 795 
doping 
- charge transfer systems 2: 952 
- chemically 2: 787 
- dynamic scattering 2: 243, 250 
Doppler effect, Mossbauer studies 
double bond effects, STN 2: 224 
double bonds, living polymerization 
double cell dichroic LCDs 2: 291 ff 
double helix, DNA 3: 407 
double kinked moieties 3: 10 
double layer compensated STN displays 2: 216 
double melting points, amphotropics 3: 308 f 
double pertitectic form, chromonics 2: 988 
double swallow-tailed mesogens 2: 855 ff 
double tailed, amphotropics 3: 327 
double twist helical structures 
DPPC, diffusion 1: 591 
Drehung, nematics 2: 63 
droplets, nematic MCLCP defects 3: 105 
drugs, chromonics 
DSC, phase transitions 
DTA, phase transitions 1: 354 
dual frequency adressing, displays 
duality phenomena, living systems 
Dubois-Voilette-de Gennes-Parodi model 

1: 550, 557 

2: 91 3 

3: 341 

2: 9 15 ff 
2: 945 ff 

2: 303, 495, 509 

1: 727 

3: 127 

1: 129 

2: 98 1 ff 
1: 312, 358 

2: 294 
3: 393 f 

2: 246 f 

Dupin cyclides 
duplexes, living systems 3: 428 
duromers, LCE 3: 277 
dye concentration, Heilmeier displays 
dye doped twisted nematic displays 
dye guest-host (DHG) displays 2: 399 
dye polymer alloys 3: 248 
dyes 
- chromonics 2: 981 ff 
- dichroic 2: 259 ff 
- displays 1: 745 
- guest-host effect 2: 257 ff, 271 f 
- laser addressed devices 2: 476 

dynamic light scattering, nematics 
dynamic properties 
- chiral nematics 
- nematics 2: 170-198 

dynamic random acces memory (DRAM), SLM 

dynamic scattering displays 1: 748 
dynamic scattering mode (DSM) 
dynamic scattering 2: 243-256 
- SmA phases 2: 483 
dynamics 1: 74 f 
- nematics 1: 35 f 
- neutron scattering 1: 687 

1: 430; 2: 365 

2: 275 
2: 277, 283 

- SCLCP 3 ~ 2 1 1  
1: 702 

2: 374 ff 

- STNiTN 2:213 

1: 768 

1: 556; 2: 243 

E phases, calamitics 2: 12 
easy directions, defects 1: 414 
EBBA 
- anchoring 1: 544 
- atomistic simulations 1: 83 
- density measurements 1: 340 
- metabolemeter 1: 348 
- p-V-Tdata 1: 371 
- solvents 1: 872 
EDA complex formation, phase transitions 
edge disclinations 
- chiral nematics 2: 354 
- Volterra process 1: 41 9 
effective crosslinking density, SCLCP 3: 23 1 
effective domains, textures 3: 109 
effusity, phase transitions 1: 320 
Eglington-Glaser reaction 1: 99 
Ehrlich magic bullet, chromonics 
Eigen evolution experiment 3: 415 
eigenwaves, SLM 1: 764 
Einstein diffusivity-viscosity law 1: 585 
Einstein relation, atomistic simulations 
Einstein summation convention 1: 192 
Ekkcel I-2000, aromatic polyesters 3: 10 
elastic anisotropy, nematic MCLCP 3: 97 
elastic constants 
- adjustment 2: 225 
- external fields 1: 510 
- ferroelectrics 2: 592, 654 

1: 339 

2: 984 

1 : 84 

2: 63, 79 ff 
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- Frederiks transitions 1: 270 
- nematics 1: 26 
- nematics 2: 69, 171 
- nonchiral smectics 2: 464 
- thermography 1: 823 
- twistkplaylbend 1: 274 

elastic incoherent structure factor (EISF) 
elastic moduli, SCLCP 3: 236 
elastic properties 1: 253-280, 373 
- charge transfer systems 2: 960 
- chiral nematics 
- nematics 2: 60-90 
elastic torques 1: 460, 572 
elasticity, nematic rubbers 3: 230 
elastomers 1: 20, 379 
- cross-linked 3: 56 
- networks 3: 234 
- physical properties 3: 277 26 

electric field effect, LCE 3: 294 
electric field induced deformations 
electric field SHG (EFSHG) 1: 577 
electric fields 1: 477-534 
- axis orientated 2: 388 f 
- ultrasonic properties 1: 562 
electric permittivity 
electric poling field, theoretical models 3: 244 
electrical conductivity, columnar phases 2: 766 f 
electrical properties 
- columnar discotics 

see also: Frank eleastic constants 
1: 691 

2: 368 ff 

- SCLCP 3:229 

1: 265 

1: 2 15 f 

2: 784 ff 
- HAT6 2: 781 
- LCE 3 ~ 2 8 5  
electrically addressed displays 2: 480 
electrically controlled birefringence (ECB) 

electrically induced transitions 2: 39 
electroclinic effect 
- ferroelectrics 2: 583 ff 
- SmA-SmC* transitions 2: 33 
- smectics 1: 511 
- surface alignment 1: 545 
electroclinic response, cholesteric helix 
electroclinic switching, SCLCP 3: 225 
electrode patterns, positive mode dichroic 

electrohydroynamic instabilities 
electrokinetic coeficients, instabilities 1: 520 
electrolytes 
- chromonics 2: 1000 
- surfactants 3: 385 
electrolytic mode, instabilities 
electromagnetic radiation, optical properties 
electromechanical properties 

- polydomains 3: 300 

electron acceptor molecules, columnar 

1: 741 ; 
2: 199 

1: 504 

LCDs 2:295 
1: 5 15 f 

1: 5 19 
1: 569 f 

- LCE 3 ~ 2 9 6  

- SCLCP 3:240f 

nematics 2: 757 

electron donor pairs, charge transfer systems 2: 947 
electron donors, living polymerization 3: 123 
electron donordacceptors 2: 945 ff 
electron-electron double resonance (ELDOR) 
electron-nuclear double resonance (ENDOR) 

electron paramagnetic resonance (EPR) 
- solvents 1: 874 
electron spin resonance (ESR) 
- guest-host effect 2: 257 
- nematics 2: 137 
- viscosity 2: 159 
electronic mobility, columnar discotics 
electronic response, optical properties 
electronic structures 1: 204 
electrooptic applications, HATn 2: 782 f 
electrooptic behavior, SCLCP 3: 223 ff, 245 
electrooptic device, thermography 1: 825 
electrooptic switching, hydrocarbon cores 
electrooptical effect 
- chiral smectics 2: 494 
- displays 2: 290 
- hydrogen bonding 2: 973 
- smectics 1: 766 
electrooptical performance, STN 
electrooptical properties 1: 373, 477 
- dynamic scattering 2: 251 
~- ferroelectrics 2: 604 
- guest-host effect 2: 271 f 
- Heilmeier displays 2: 275 
- TN displays 2: 202 
- viscosity 2: 622 f 
electrooptics, surface-stabilized states 
electrostatic interaction, molecular theories 
electrostriction, ferroelectrics 2: 524 
elementaly pinch, defects 1: 448 
ellagic acids 
- cubic phases 2: 894 
- phasmids 2: 866 
Elliott toroid camera 1: 626 
elliptically shaped biaxial nematics 
elongated groups, dichroic dyes 
elongation, LCE 3: 278 ff, 291 
emission spectroscopy 1: 845 
emissions, X rays 1: 619 
EMMA, cellulosics 3: 469 ff 
enantiomer mixtures, blue phase transitions 
enantiomeric excess, ferroelectrics 2: 576 
enantiomeric purity, pitch band 

measurements 1: 845 f 
enantiomers 
- chiral nematics 2: 336 
- chirality 1: 105 f, 115 
- living systems 
enantiomorphic properties, chiral nematics 
enantiotropic behavior, anthracenes 2: 700 
enantiotropic phases, diketonate ligands 
enatiomeric excess, spacers 3: 46 
encapsulation technique, chiral nematics 

1: 61 5 
1: 61 5; 

I: 845 
1: 845 

1: 586, 595, 613, 682 

2: 784 
1 : 576 

2: 701 

2: 2 13 

2: 596 ff 
1: 44 

2: 934 
2: 266 

1: 323 

3: 405 ff 
2: 371 

2: 91 0 

2: 398 
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endcapping, polypeptides 3: 70 
energy conservation, chiral nematics 2: 375 
energy profiles, molecular modelling 1: 74, 79 
engineering, thermography 1: 827 
enolate anions, living polymerization 3: 127, 132 
entanglement slippage, SCLCP 3: 234 
enthalpy 
- biaxial nematics 2: 936 
- phase transitions 1: 308,321,332 
- phasmids 2: 868 
enzyme catalyzed evolution 3: 415 
epitaxygens, mesogenic properties 1: 168 
equilibrum equations 
- nematics 1: 26 f 
- smectics 1: 32 f 
erase mechanism, high frequency 2: 390 
erbium doped fiber amplifier (EDFA) 
Ericksen-Leslie theoly, nematics 2: 170 
Ericksen-Leslie viscous coefficients 
escape into the third dimension 3:  95 f 
escaped radial director fields, nematics 2: 75, 188 
ester groups 
- aromatic MCLCP 3: 3 
- linking 3: 40 
- smectogens 2: 421 
ester linkages, nematics 2: 53 
ester spacers, SCLCP 3: 207 
esterification, chirality 1: 106 
esters 2: 694 
- aromatic 2: 497 
- cellulosics 3: 454 
- dynamic scattering 2: 243 
- phasmids 2: 866 
-- shear viscosity 2: 152 
- solvents 1: 883 
- substituted mesogens 2: 841 
- terminal chains 2: 501 
ethanolamin, amphotropics 3: 327 
ethanones, chiral nematics 2: 328 
ethenes, ethynyl bridges 1: 97 
ether linkage, AFLCD 2: 680 
etherification 1: 107 
ethers 2: 702 f 
- biaxial nematics 
- cellulosics 3: 454 
- living polymerization 3: 127 
- terminal chains 2: 501 
ethyl ammonium nitrate, surfactants 3: 386 
ethyl cellulose (EC) 3: 466 
ethylene complexes, hydrogen bonding 2: 969 
ethylene glycol 
- amphotropics 3:  315 
- cellulosics 3: 471 
- surfactants 3: 386 
ethylene oxide (EO) 
- endcapping 3: 70 

- surfactants 3: 359 ff 
ethylene units, MCLCP 3: 28 

1: 804 

1: 38 1 

2: 935 f 

- SCLCP 3 ~ 2 0 7  

ethynyl bridges, linking blocks 
Euler angles 
- flowlviscosity 1: 469 
- tensor properties 1: 190 
- ferroelectrics 2: 617 
Euler buckling, ferroelectric devices 
Euler equations, instabilities 
Euler-Lagrange equations 
- elastic properties 1: 273 
- nematics 1: 30; 2: 60 
- smectics 1: 35 
eutectic mixture, Tait parameters 
eutetic point formation, metabolemeter 
Ewald sphere, XRD 1: 643 
excimer-exciplex chemistry, solvents 1: 852 
excimer quenching, solvents 1: 874 
excitons, columnar discotics 
expansion, thennography 1: 824 
expansivity, thermal 1: 333 
experimental methods 
- diffusion 1: 585 f 
- elastic properties 1: 279 
- optical properties 2: 128 f 
- phase transitions 1: 308 ff 
- shear viscosity 2: 145 
extended range, chromonics 2: 993 
extended viewing angle (EVA) 2: 2 16 
external electric field effect 2: 399 
extinction coefficient 
- dichroic dyes 2: 259 
- optical properties 

1: 97 

2: 632 
1: 5 16 

1: 371 
1: 35 1 

2: 790 ff 

1: 22 1 

F phases, smcctics 2: 16 
FA-006, ferroelectric devices 2: 656 
Fabry-Perot based wavelength filters 
Fably-Perot etalon, Brillouin scattering 
Fabry-Perot resonator 1: 579 
Faetti theory, nematics 2: 77 
failure modes, guest-host effect 2: 273 
fan textures I: 436 
fanned-out inputs, SLM 1: 798 
Faraday-Curie balance, nematics 2: 116 
Faraday balance 1: 213 
fast exciton migrations, columnar discotics 
fast responding STN displays 
faults, thermography 1: 832 
Felici model, dynamic scattering 
fences, block copolymers 3: 77 
Fergason approximation 2: 339 
ferrielectric phases (FIP) 1: 120 
- external fields 1: 513 
ferrielectric states, ferroelectrics 2: 525 
ferrocene, metallocen ligands 2: 92 1 
ferrocene derivatives, metallomesogens 2: 902 
ferroelectric behavior, SCLCP 3: 208 ff 
ferroelectric block copolymers 3: 87 
ferroelectric compounds, phase transitions 
ferroelectric dichroic LCDs 2: 296 

1: 809 
1: 719 

2: 795 
2: 21 9 

2: 248 

1: 359 
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fcimelectric displays 1: 754 
fei-roelectric host materials, synthesis 
ferroelectric liquid crystals (FLC) 

fei-roelectric mixtures. nonchiral sinectics 
ferroclectric monodoinain, elastomers 3: 63 
fcrroelectric properties. SinC* polymers 
fcrroelectric smectics 1: 120 

~ chiral I:  508 

ferroelectric switching 
rei-roelectric systems. NLO 3: 265 
ferroclcctric TGB. external fields 
ferroelcctric transitions I :  373. 480 
ferroelectricity 

~ hydrogen bonding 2: 971 
ferroclectrics 2: 5 15-064 

chiral sinectic 2: 494 
- coluinnar discotic 2: 794 

doping 2: 952 
~ sinectic 2: 487 
ferromagnetisin I :  204. 208. 212 
fc\ ei- strips, therniography I :  830 
fiber arrays. SLM I :  795 
fibers. sample preparation 2: 764 
Pick diffiision law I :  582 
field cycling, NMR I :  600 
field effect transistor, addressing 1: 753 
field induced distortions. chiral neinatics 
field untwisting, cholcstcric helix I :  501 
filled phases, shallow-tailed compounds 
filled smcctics 

2: 435 
I :  508: 3: 88 

2: 4 1 1 

3: 2 17 1' 

~ SLM 1: 766 f 

- XRLI 1: 635.655 
2: 712; 3: 223 

I : 487 

columnar phases 2: 765 ff 

2: 3x2 fi 

1:  159 

charge transfer systems 2: 949 
swallow-tailed mesogens 2: 855 

film compensated STN displays 2: 2 I7 

filters. \va\ elength tuncablc 
fingerpint technique. cellulosics 3: 459 
fingerprint textures 1 : 428 
- chiral neiiiatics 

~ chroinonics 2: 997 
~ ultrasonic fields I :  559 
first-order transitions 
Fizeau interference fringes 2: 130 
flat film camera I :  622 
flaLellagic acid, heterocyclic cores 
tlexibel substituents, polyesters 3 :  16 
flexible cyclic coinpounds I :  154 
flexible spacers 
~ MCLCP 3 : 4 2 f  

~ SC'LCP 3: 207 
~ textures 3: 109 
tlexoelectric effccts 

I : 803 

2: 3.38 ff, 313 f 

1: 479 1.. 309 

2: 722 

cholesteric helix 1: 503 f 
eutemal fields 1: 303 E 
light scattering 1: 704 

tlcxoelectric structure. clnsticit) 1: 258 

flexoclectricity 
- chiral iicinatics 
- ferroelectrics 
- SCLCP 3:241 
flcxoclcctrooptic effect 2: 560 f 
Floryyl luggins interaction 
Hot-y ~ 1 luggiiis parameter 
- block cop<jlyiliers 
~ SC'LC'P 3: 233 
Flory rolameric state model 
Flory theory 

~ aroinatic MC'LC'P 3: 3 
~ cellulosics 3: 462. 475 

smelling 3: 232 
flow 1 : 4 5 4 4 7 6  

theiiiiography 1 : 827 
flow alignment 
~ columnar phases 2: 776 
~ nematics 1: 458. 470 

~ shear Liscosity 
~ SinC phase 1: 473 
flou distribution, ultrasonic propcrties 
tlo\?.-induced textures, nematic MCLC'I' 
tlow propertics. chiral neiiiatics 2: 379 
fluctuations 

chiral neniaticn 2: 342 
~~ columnar phases 2: 771 

elastic properties I :  259 ff 
phase transitions 

sinectic A-C transitions 2: 453 

2: 382. 392, 404 
2: 5 16. 555 f. 653 

3: 172 f 

3: 66 f, 72 

2: 822 ff 

2: 144. 154 

1: 549 
3: 114 ff 

1: 282. 308, 377 

tluhenamic acid salts 2: 999 
tluid-lluid phase ti-ansition, metabolenictcr 
fluid Iaycrs, texturcs 1 : 434 
fluid siiiectic phases. XRD 
fluidity. re-entrants I : 39 1 
fluor organyl, amphotropics 
fluorene derivative\, swallow-tailed inesogcns 
f1uorene:lluoreiione I :  I40 
tluorescence 

~~ polariLed 1: 847 
~~ solvcnts 1: 852. 874 
~~ coluinnar discotics 
fluorescence dichroic LCDs 2: 299 
fluorescent dichroic dyes 
fluorescent materials. hydrocarbon cores 
lluoriiiated chains. polycatenars 2: 875 
fluorinated methyl I :  147 
fluorination, ferroelectric debiccs 2: 656 
lluoro aromatics, STN 
fltioro substitution. sinectogens 2: 424 
Iluorocarhons. surfactants 3: 347, 353 
IlLiorosuhstittient, cellulosics 3: 46X 
flygarc mcthod, neniatics 
focal conic textures 
~~ chiral neiiiatics 2: 343 ff 

focal cur\ es. textui-csldefects 
focal surfaces, textures 

I : 352 

I :  656 

3: 3 13 
2: 85 I 

2: 784, 790, 795 

2: 259 f 
2: 7 12 

2: 22 1 

2: 1 1  5 

nonchiral sincctics 2: 470 f 
1: 440 

1 :  430, 435 1' 
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Foerster transfer rate, columnar discotics 
foggy phases 
- cholesteric helix 1: 503 
- external fields 1: 485 
force field, molecular modelling 
forced Rayleigh scattering 1: 708 
form optical activity 1: 122 
formaldehyde, reagents 2: 716 
formamides, surfactants 3: 386 
formulations, chiral nematics 2: 305 
Fourier series, surface alignment 
Fourier spectroscopy 1: 600 
Fourier transform 
- SLM 1:773 

fourth rank tensor, ferroelectrics 2: 614 
fourth state of matter, amphotropics 3: 305 f 
Fox microspheres living systems 3: 414 
fractional volume changes, phase transitions 
fragmentation reactions, solvents 1: 852 
frame rate control, Gray levels 
frame rate, FCOASLM 1: 773 
frame time, TN displays 
Frank-Oseen approach, optical properties 
Frank-Oseen energy 2: 27 
- anchoring 1: 543 
- nematics 1: 26, 36 
- phase transitions 1: 285 
Frank constants 
~- chiral nematics 2: 350 
- cholesteric helix 1: 503 
- columnar phases 2: 771 
- light scattering 1: 701 
- molecular theories 1: 60 
- nematic MCLCP 3: 95 
- nematics 2: 79, 175 

- nonchiral smectics 2: 464 
see also: eleastic constants 

Frank energy, field interactions 
Frank theory, nematics 2: 60 
Franklin relations, diffusion 1: 584 
Franks camera 1: 625 
Frederiks distortion technique, nematic MCLCP 3: 98 
Frederiks threshold 
- nematics 2: 117 

- TN displays 2: 202 
Frederiks transitions 
- chiral nematics 2: 369 ff, 382 ff 
- displays 1: 733 ff 
- elastic properties 1: 266 ff 
- external fields 1: 488, 497 
- light scattering 1: 701 
- nematics 2: 64 ff, 80, 191 
- smectics 1: 505 f 
- ultrasonic properties 1: 562 
free energy, chiral nematics 
free radical polymerization, SCLCP 

2: 790 

1: 72 

1: 536 

- XRD 1 ~ 6 4 2  

1 : 333 

2: 207 

2: 205 
1: 227 

- NMR 1:612 

1: 489,495 

- STN 2: 209 

2: 369 f 
3: 123 

free standing film, smectic AIC 
freedom degree, optical properties 
freeze etching technique, textures 
freezing, unified forces 3: 399 
freezing point, chromonics 2: 1001 
Frenkel conduction, active matrix displays 
frequency 
- Brillouin scattering 
- dynamic scattering 2: 253 
- electric permitivities 1: 245 
- ultrasonic properties 1: 550 
frequency splitting, nematics 2: 91 
friction coefficients, chiral nematics 
Friedel-Crafts acylation 1: 91, 98 
- hydrocarbon cores 2: 714 
- smectogens 2: 428 
Friedelkcrafts cyclization, SCLCP 3: 137 
Friedelkcrafts synthesis 2: 50 
Friedel classification, nematic MCLCP 3: 93, 102 
frustrated chain packing, MCLCP 
frustrated phases 1: 129 
frustrated smectics 
- phase transitions 1: 296 

frustration re-entrants R1 1: 392 
fugacy, gas chromatography 1: 860 
functional groups 1: 117; 2: 411 
functional spacers, MCLCP 3: 42 
furanes 2: 723 
- heterocyclic cores 2: 736 
- synthesis 1: 104 
fused twins, mesogenic properties 
fusibility, aromatic MCLCP 3: 3 

2: 446,456, 460 
1: 2 18 
1: 413 

2: 232 

1: 719, 724 

2: 374 

3: 26 

- XRD 1: 635,656 

1: 163 

Y rays 
- Mossbauer studies 1: 727 
- thermography 1: 833 
G phases, smectics 2: 17 
galactosylglycerols 3: 328 
gallic acid, heterocyclic cores 
gas chromatographic applications 1: 839-895 
gauche conformation 
- molecular modelling I: 79 
- solvents 1: 854 
- terminal substituents 1: 146 

gauche conformers 
- substituted mesogens 2: 836 
- swallow-tailed mesogens 2: 855 f 
gauche form 2: 8 15 
gauche intcractions, amphotropics 3: 33 1 
gauche link 2: 823 
Gaussian model, phase transitions 1: 282, 303 
Gaussian transit characteristics, columnar 

phases 2: 791 
Gay-Beme interaction 
- diffusion 1: 585 
- phase transitions 1: 341 

2: 723 

- MCLCP 3 ~ 4 0  
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Gay-Berne theory, nematics 2: 80 
gel phases, surfactants 3: 354 ff 
gelatine-gum arabicum, encapsulation 1: 825 
Gelbhart-Barboy expansion, nematics 1: 55 
Gelbhart-Ben-Shad theory 1: 274 
gels, chromonics 2: 998 
gemini surfactants 3: 345, 380 
generic model, dimers 2: 815 ff 
genesis, living systems 3: 399 f 
gentiobiosides, amphotropics 3: 335 
ghost effect, AFLCD 2: 679 
giant optical nonlinearity (GON) 
Gibbs free energy 1: 48 
- elastic properties 1 : 274 
- mesogenic properties I: 138 
- phase transitions 1: 310 
Ginzburg criterion 
Ginzburg energy, LCE 3: 283 
Ginzburg-Landau parameter 1: 38 1 
Ginzburg-Landau theory, LCE 3: 287 
Ginzburg temperature 1: 282 
glancing angle diffraction techniques 
glass capillary tubes, X rays 1: 63 1 
glass process, combined polymers 3: 60 f 
glass transition, hydrogen bonding 2: 974 
glass transition temperature 
- aromatic polyesters 3: 9 
- living polymerizatin 3: 153 
- polyesters 3: 16 

glass, sample preparation 2: 764 
glassy freezing materials 3: 56, 62 
globular shape, cubic phases 
D-ghCitol, surfactants 3: 371 
glucofuranosides 3: 3 I9 
glucopyranosides 3: 3 18 
glucosidic bonds, cellulosics 
glycerols 
- amphotropics 3: 315 
- surfactants 3: 386 
glycols, cellulosics 3: 47 1 
glycoparanoside derivatives, synthesis 
glycosides 2: 889; 3: 308 
glycoximate ligands, metallomesogens 
gold, isonitrile ligands 2: 906 
gold black, radiation detection 1: 833 
Goldstone modes 
- dielectric properties 1: 244 
- ferroelectrics 
- nematics 2: 170, 182, 191 

Gooch-Tarry curve 
- cell preparation 2: 267 
- displays 1: 742 
- TN displays 2: 201 
Gouy balance 1: 213 
graft copolymers 3: I72 ff, 190 ff 
grain boundaries 
- chiral nematics 2: 355 

1: 572 

1: 3 11; 2: 453 

1: 635 

- SCLCP 3: 207,242 

2: 894 

3: 453 f 

2: 74 1 

2: 9 I3 

2: 571 f, 603, 617 ff 

- SCLCP 3 ~ 2 2 3  

- columnar discotics 2: 784 
- textures 1: 439 
grainy textures 
grand process, living systems 3: 394 ff 
Grandjean-Cano disclinations 
- chiral nematics 2: 348 
- guest-host effect 2: 267 
Grandjean-Can0 technique, cellulosics 3: 459 
Grandjean-Can0 wedge 1: 427 
Grandjean textures 
- chiral nematics 
- cholesteric helix 1: 505 
- displays 1: 749 
- displays 2: 290 
- EHD behavior 1: 526 
- external fields I: 498 

grating losses, SLM 1: 806 
grating, Damman 1: 798 
grating, transient 2: 182 
Gray cyanobiphenyl nematics 3: 420 
gray levels 
- addressing 2: 207 
- ferroelectric devices 2: 636 
grayscale, ferroelectric devices 2: 632 
grid pattern, dynamic scattering 2: 25 1 
Grignard reactions 1: 95, 100 
Grignard reagents 2: 733 f 
group dipole moments, nematics 2: 94 
group priority I :  11 7 
group transfer copolymerizations 3: 174 f 
group transfer polymerization (GTP) 3: 78 
- olefins 3: 127 
groups, definitions 1: 19 
guest-host effect 2: 257-302 
guest-host interactions, displays 1: 745 
guest-host materials, SCLCP 3: 247 
guest-host systems 
- charge transfer systems 
- substituted mesogens 2: 849 
- swallow-tailed mesogens 2: 855 
Guinier camera 1 : 623 
gyromagnetic ratio 1: 587 

2: 994; 3: 110 

2: 304, 338 ff, 343 f 

see also: textures 

2: 945 

Hagenbach-Couette effect, shear viscosity 
half integral strength, nematic MCLCP 
half waveplate, SLM 1: 765 
half-width at half-maximum (HWHM), XRD 
Hailer fit 3: 458 
- chiral nematics 2: 348 
- nematics 2: 115, 122, 129 
- rotational viscosity 2: 160 
halogen derivatives. solvents 1: 882 
halogen substitution, saturated cores 2: 741 
halogenated salicylaldimine ligands 2: 916 
halogenated solvents, living polymerization 
halogenes, substituents 1: 135, 147 
halogeno end group. smectogens 

2: 145 
3: 97 

1: 648 

3: 127 

2: 418 
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halogens, chiral centers 2: 503 
Halperin-Nelson-Young concept, bond ordering 

1: 291 
Halperin theory, block copolymers 
Hamiltonians 
- molecular theories 1: 51 
- NMR 1: 840 
- phase transitions 
handedness 
- cellulosics 3: 465 f 
- chiral nematics 2: 337 
- ferroelectrics 2: 544 
hard core repulsion, Maier function 
hard particles theory, elastic properties 
hard rod fluid, phase diagram 1: 63 
harmonic potentials, bond stretches 
HATn materials, electrical properties 2: 782 ff 
HBA, atomistic simulations 1: 83 
HBPD, thermobarogram 1: 350 
He-Ne laser addressed devices 2: 478 
head-tail equivalence, antiferroelectrics 
headgroups 
- amphotropics 3: 3 11 f 
- surfactants 3: 341 ff 
heat capacity 
- OCB 2:450 
- phase transitions 1: 308 
- thermography 1: 828 
heating modes, scanning calorimetry 
Heck coupling, hydrocarbon cores 2: 707 
Heck reaction, synthesis 
Heilmeier displays 1: 740, 745 
- cell preparation 2: 267 
- dichroic 2: 204, 292 
- guest-host effect 2: 258 ff, 275 ff 
Heisenberg ferromagnet 2: 170 
Helferich-Hurault mechanism 1: 273 
Helferich model 
helical axis, cholesterics 1: 466 
helical C* states, ferroelectrics 2: 568 ff 
helical smectic C* compounds 2: 623 
helical smectic phases I: 126 
helical structures 
- cellulosics 3: 453 ff 
- light scattering 1: 708 
helical superstructures, chiral smectics 2: 494 
helical twist distortions, chiral nematics 2: 303 
helical twisted power (HTP) 
- chiral smectics 2: 507 
- chromonics 2: 998 
- ferroelectrics 2: 549 
helicity 1: 18 
- chiral nematics 2: 309, 336, 382 
helicoidal structures 
- optical properties 1: 226 
- thermography 1: 823 
helielectrics 
- ferroelectrics 2: 525 
- nonchiral 2: 577 

3: 77 

I:  282 f 

1: 56 
1: 277 

1: 73 

2: 665 f 

1: 3 I3 

1: 93, 98 

1: 562; 2: 380 ff 

helium saturation, phase transitions 
helix compensation, chiral nematics 
helix untwisted state, combined polymers 
Helmholtz energy 
- chiral nematics 2: 376 
- dimers 2: 817, 824 
- displays 1: 737 
- elastic properties 1: 274 
heptanoate, synthesis 2: 700 
heptyl, Tait parameters 1: 371 
heringbone structure, fluctuations 1: 383 
Hermann theorem, ferroelectrics 2: 553 f 
herringbone textures 3: 332 
- chromonics 2: 983 ff, 990,994 
hetero-intermolecular hydrogen bonding 2: 969 
heteroatoms, saturated cores 2: 741 
heterocycles 1: 143, 882 
- aromatic polyesters 3: 10 
heterocyclic cores, discotics synthesis 2: 720 ff 
heterocyclic mesogens, chiral nematics 2: 330 
heterocyclic rings 
- aliphatic 2: 854 
- aromatic 2: 500 
- optically active 2: 508 
- smectogens 2: 412,420 
heterocyclic unit, linkage 1: 88 
heterodane detection, light scattering 
heteronuclear chemical shift correlation (HETCOR) 

hexaalkanoyloxy benzenes, discotics 
hexaalkoxy compounds, biaxial nematics 2: 935 
hexaalkoxytriphenylenes (HATn) 
- columnar discotics 2: 781 ff 
- electrical properties 2: 782 ff 
hexaamides, charge transfer systems 2: 962 
hexaaminobenzene, charge transfer systems 
hexacatenar mesogens (hexacatenars) 2: 866 
hexacyclens 2: 742 
hexadecyldimethyl ammonium chloride 3: 34 1 
hexadecylglucopyranoside 3: 308, 3 18 
hexadecylpyridinium bromide solutions 3: 386 
hexadeoxyribonucleotide duplex 3: 414 
hexaesters 2: 694 
- biaxial nematics 2: 936 
- charge transfer systems 
hexaethylene glycol monododecyl ether 3: 34 1 
hexagonal columnar phases, discotics 2: 693, 750 
hexagonal lyotropic phases, LCE 3: 300 
hexagonal phases 
- polycatenars 2: 883 
- surfactants 3: 350 f 
hexagonal smectic phases, external fields 
hexahexylthiotriphylene (HHTT) 2: 754 ff 
hexakis(alkoxyphenoxymethy1) derivatives 2: 698 
hexakis(alkylsu1fone) derivatives 2: 698 
hexakis(phenyLethyny1)benzene 1: 173 
hexakispentyloxytriphenyleneiTNF complexes 2: 955 
hexalkanoxytriphenylenes, discotics 2: 749 ff 
hexamethylene diamine, polypeptides 3: 70 

1: 357 
1: 123 

3: 63 

1: 704 

1: 605 
2: 749 ff 

2: 962 

2: 954 

I: 507 
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hexa-n-octanoate 
- benzene 2: 751 ff 
- discotic cores 1: 173 
hexasulfones, amphotropics 3: 332 
hexatic B-smectic A transition 
hexatic phases, calamitics 2: 5 
hexatic phases, XRD 
hexatic properties, fluctuations 1: 383 
hexatic smectic B phase 

hexatic structures 2: 10 
hexaynes, charge transfer systems 2: 957 
hexylcarbonyl group, substituted mesogens 
HHTT, electrical properties 
high frequencies, dynamic scattering 2: 247 f 
high-frequency stabilization, ferroelectrics 2: 610 
high-NLO activity, molecular design 3: 246 
high-pressure experiments, phase transitions 
high-resolution IQENS 1: 688 
high-resolution X-ray studies, columnar 

hindered rotation 
- antiferroelectrics 2: 665 ff 
- ferroelectrics 2: 573 
historical developments 1: 1-16, 89 f 
HOBA, EHD behavior 1: 528 
hockey puck phases, block copolymers 3: 77 
Hoffman elimination, solvents 1: 877 
holes 
- chevrons 2: 637,644 
- columnar discotics 2: 784 
- positive mode dichroic LCDs 
hollow column structures 2: 999 
hollow prism method 2: 129 
holograms, computer-generated (CGH) 1: 786 
holographic interconnects, SLM 1: 792 
holographic replay, polarization insensitive 
homeotropic alignment 
- chiral nematics 2: 345 
- displays 2: 284 
homeotropic alignment, chromic sulfuric acid 
homeotropic nematics, external fields 1: 495 
homeotropic orientations, nonchiral smectics 
homeotropic sample cell, light scattering 
homochirality, living systems 3: 405 
homodyne detection, light scattering 
homodyne set-up, shear viscosity 
homogeneous alignment 
- cell preparation 2: 266 
- displays 2: 284 
- nematic regime 2: 244 
homogeneous distortions, ultrasonic properties 
homologous series 
- birefringence 2: 136 
- elastic data 2: 72 
homologues, nematic 1: 589 
homopolyesters 3: 19 
- SCLCP 3: 207 f 
homopropagation, living polymerization 

2: 36 

1: 639, 661 f 

2: 440 
see also: smectic phases 

2: 837 
2: 766, 784 

1: 353 f 

structures 2: 753 

2: 294 

1: 790 

3: I12 

2: 470 
I: 705 

1: 704 
2: 148 

I: 550 

3: 17 1 f 

homotropic group theory, nematic MCLCP 3: 99 f 
Hooke law 
- ferroelectrics 2: 539, 614 
- torsional elasticity 1: 254 
hopping 
- columnar discotics 2: 790 
- excitons 2: 795 
- Scher-Lax model 2: 767 
Homer-Emmons reactions 1: 93,97 
host birefringence, displays 2: 288 
host impact, Heilmeier displays 
host materials, synthesis 2: 435 
host mesogens, double swallow-tailed 
host mixtures 
- antiferroelectrics 2: 689 
- chiral smectics 2: 507 
host molecules, guest-host effect 
hot cathode X ray tube 
Huckel model, free-electron 1: 571 
hue, dichroic dyes 2: 259 
human component, living systems 
Hurst exponent, nematics 2: 191 
Huxley-Holmes mirror-monochromator 

hybrid aligned cells, elastic properties 
hybrid aligned nematics (HAN) 
hybrid alignment, displays 2: 284 
hybrid optoelectronic neural networks 
hydrazine derivatives, cubic phases 2: 893 
hydrocarbon chains 
- columnar phases 2: 754 
- substituted mesogens 2: 840 
hydrocarbon groups, chiral nematics 
hydrocarbon mixtures, gas chromatography 
hydrocarbons 
- amphotropics 3: 313 
- living polymerization 3: 127 
- surfactants 3: 353 
- solvents 1: 882 
hydrocoloid systems, surfactants 3: 354 
hydrodynamic equations, nematics 2: 170 
hydrogen 
- coherent scattering 
- NLO systems 3: 254 
hydrogen bond formation 1: 340 
hydrogen bond networks 
- amphotropics 3: 316 f 
- cellulosics 3: 454 
hydrogen bonded systems 2: 969-978 
hydrogen bonding 
- charge transfer systems 
- cubic phases 2: 888 
- surfactants 3: 343 
hydrogen bridging, charge transfer systems 
hydrogen substituent, cellulosics 3: 468 
hydrogenated chains, polycatenars 2: 875 
hydrophilicity 
- amphotropics 3: 305 
- surfactants 3: 341 

2: 279 

2: 855 

2: 257 
I:  620 

3: 435 

camera 1: 626 
1: 272 

2: 78 ff 

1: 8 I3 

2: 345 
1 : 858 

1 : 68 1 

2: 945 

2: 949 
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hydrophobic-hydrophilic interface, NMR 1: 602 
hydrophobic effect, micelle formation 3: 342 
hydrophobic interactions, chromonics 2: 986 f 
hydrophobicity, surfactants 3: 341, 346 
hydroquinones (HQ) 3: 7, 19 
- synthesis 2: 695 
hydrosylation 
- chiral copolymers 3: 58 
-- combined polymers 3: 62 
- olefins 3: 123 ff 
hydrotopes, surfactants 3: 384 
hydroxal groups, cellulosics 3: 454 
hydroxy groups, chiral smectics 2: 496 
hydroxy substitution, smectogens 2: 424 
hydroxybenzoic acid (HBA) 3: 7, 12 
hydroxyl group, polypeptides 3: 70 
6-hydroxy-2-naphthoic acid (HNA) 3: 14 
hydroxypropylcellulose (HPC) 3: 465 f 
hyperbranching, block copolymers 3: 67 
hyperpolarizability 1: 570 
- ferroelectric systems 3: 265 f 
- NLO activites 3: 246 f 

hypersound velocities, Brillouin scattering 
hypsochromic elanogated groups 2: 266 
hypsochromic shift, chromonics 2: 988 
hysteresis curves, ferroelectrics 2: 525 

- SCLCP 3: 243 f 
1: 724 

I phases, smectics 2: 16 
Idemitsu polymer FLC 2: 651 
illumination spectrum, thermography 1: 827 
illuminations, SLM 1: 772, 794 
image plates, X ray techniques 
images, real time 1: 832 
imidazole derivatives, mesogenic properties 
imino linking groups 3: 40 
iminomethyl, spacers 2: 846 
iminopyridine complexes, metallomesogens 2: 905 
immortal polymerization 3: 134 
improper ferroelectrics 2: 537 f 
improved Alt-Pleshko addressing technique 

(IAPT) 2:207 
in fiber devices, SLM 
in plane switching (IPS) 
- ferroelectrics 2: 597 

incidence angle, thermography 1: 827 
inclinations, ferroelectric devices 2: 639 
incoherent quasi-elastic neutron scattering 

incommensurate smectic phases, XRD 1: 656 
incompressibility 
- nematics 1: 27 
- smectics 1: 34 
increment systems, diamagnetic anisotropies 2: 124 
indanes, ring systems 1: 140 
indanone, synthesis 2: 713 
index ellipsoid, ferroelectrics 2: 609 

1: 628 

1: 169 

1: 818 

- LCD 2: 199 

(IQENS) 1: 687 

indicatrix, optical 
indium tin oxide (ITO) 1: 732, 768 
- coatings 2:484 
- laser addressed devices 2: 474 
- TN displays 2: 200 
induced phase transitions 2: 38 ff 
inertia tensor, atomistic simulations 
inertial mode, instabilities 1: 525 
infinite periodic minimal surface (IPMS) 
inhomogeneous distortions, ultrasonic properties 

initial stages, living polymerization 
initiation reactions, chain polymerization 3: 123 f 
injection modes, instabilities 1: 5 18 
injection molding, aromatic polyesters 3: 10 
inorganic compounds, NMR 1: 869 
inositol 
- amphotropics 3: 308,327,330 ff 
- synthesis 2: 740 
inositol derivatives, mesogenic properties 
instabilities 1: 515 f 
-~ columnar phases 2: 772 
-- electrohydrodynamic 1: 477 
- planar cholesteric textures 

instrumentation, density measurements 1: 332 
intensity 

1: 2 16 f 

1: 83 

2: 897 

1: 555 
3: 123 ff 

1: 178 

1: 499 
- XRD 1: 647 

- SLM 1:768 
- XRD 1 ~ 6 4 1  
intensity reflection coefficient, chiral nematics 2: 360 
interaction parameters, mesogenic groups 
interaction types 1: 44, 585 
- charge transfer systems 2: 945 f 

see also: intermolecular interactions 
intercalated dye molecules, chromonics 
intercalated smectics, dimers 2: 807 f 
intercalation, chromonics 2: 1000 
interchain interactions, MCLCP 3: 4,45 
intercolumn couplingheparation 2: 755 
interconnects I: 775, 785 f 
interdigitated gel phases 3: 354 
interdigitated monolayers 3: 349 
interdigitated smectic phases, re-entrants 
interdigitated smectics, dimers 2: 808 
interface defects 1: 415 
interface deformation, elastic properties 
interface thickness, block copolymers 
interfaces 
- nematic 1: 30, 543 

- surface alignment 1: 535 
interference method 2: 129 f 
interference pattern, biaxial nematics 2: 938 
interferometry, radiation detection 1: 833 
interlayer stacking structures, calamitics 
interlayers, nonchiral smectics 2: 441,45 1 
intermaterial dividing surface (IMDS) 
intermediate phases, surfactants 3: 348, 356 ff 
intermediate pitch systems, chiral nematics 

2: 8 16 

2: 997 

1 : 395 

1: 264 
3: 86 

- NMR 1: 602 

2: 12 

3: 84 

2: 401 
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intermicellar headgroup interactions 3: 359 
intermolecular interactions I: 40, 65, 253 
- cubic phases 2: 888 
- hydrogen bonding 2: 976 
- nematics 2: 186 
- phase transitions 1: 310 
intermolecular interference 1: 682 
intermolecular motions, NMR 1: 844 
intermolecular potentials, molecular modelling 1 : 8 1 
interpenetrable layers, anchoring 1: 541 
intramolecular association, lateral substituents 1: 153 
intramolecular interference 1: 682 
inverse salts, mesogenic properties 
inversion centers, ferroelectrics 2: 552 
inversion walls 
- nematic MCLCP 3: 97 
- textures 3: 110 
- rotational viscosity 2: 156 
iodine silver 3: 396 
ionic forces, charge transfer systems 
ionic polymerization 3: 123 
ionic surfactants 3: 376 
ionization energy, columnar discotics 
iridescent colors 
iridium, ligands 2: 903, 917 
iron 
- ligands 2:912,917 
- lyotropic metallomesogens 2: 927 
iron tricarbonyl derivatives 2: 923 
king model 3: 244 
isocontrast curves, Heilmeier displays 
isodesmic behavior, chromonics 2: 988 
isomer separation 
- gas chromatography 1: 857 
- solvents 1: 882 
isomerization 1: 92 
- solvents 1: 852, 875 
isonitrile ligands, metallomesogens 2: 906 
isopentyl nitrite, reagents 2: 727 
isophthalic acid (IA) 3: 12 
isoprene matrix, block copolymers 3: 67 
isotropicxholesteric transitions, light scatterin 
isotropic-nematic transition (I-N) 1: 279 f, 321 f; 
2: 23 f 
- scattering 
isotropic fluids, dielectric properties 
isotropic instabilities 1: 516 f 
isotropic interfaces, nematic I: 543 
isotropic liquids 2: 19 
isotropic model, electric poling field 
isotropic modes, EHD behavior 
isotropic nematics, Brillouin scattering 
isotropic phases, order fluctuations 
isotropic states, nematics 
isotropically labeled samples, neutron 
diffraction 1: 682 
isotropization 
- living polymerization 

1: 170 

2: 945 

2: 784 
1: 825; 3: 453 

2: 280 

1: 71 3 

1: 7 13, 720 
1: 23 1 f 

3: 244 
1: 527 

I: 720 
2: 174 

2: 9 1 

3: 162 f 
- MCLCP 3:41 f, 102 

itaconates, SCLCP 3: 207 
IUPAC 1: 17 

Jcouplings, NMR 1: 843 
J phases, smectics 2: I7 
Jahn-Teller type smectic A-C transitions 
Jelley aggregates, chromonics 2: 988 
JOERS-Alvey scheme, displays 1: 760 
jogs, defects 1: 429 
joint transform correlator JTC 
Jones matrices, SLM 1: 763 f 
Joule heating, tensor properties 

2: 453 

1: 783 

1: 192 

K transitions, X rays 
Kapton, X rays 1: 632 
Kapustin-William domains (KPD) 1: 5 16 f, 52 1 
Kawasaki mode coupling, fluctuations 1: 381 
Keating theory, chiral nematics 
Kelker MBBA, living systems 3: 393 ff, 420 
Kelvin chirality, ferroelectrics 2: 543 
Kernpunkt, Lehmann convention 1: 416 
Kerr cell, cholesteric helix 
Kerr effect 
- direct current I: 571 
- external fields I:  484 f 
- nematics 2: 175, 181 
Kerr ellipsometry, charge transfer systems 
keto groups, hydrocarbon cores 
ketoximesters, substituted mesogens 2: 841 
Kevlar 
- amphotropics 3: 308 
- block copolymers 3: 67 

- polyamides 3: 22 
Kiedrowski model, living systems 
Kimura model, cellulosics 3: 461 
kink angles, ferroelectric devices 
kinked comonomers, aromatic MCLCP 
kinked moieties, aromatic polyesters 
kinks, defects 1: 429 
Kirkwood correlation factor 1: 232 
Kirkwood-Frohlich equation 1: 232 
Kleman theory, nematic MCLCP 
Knorr condensation, heterocyclic cores 
Kobayashi model 1: 61 
Konvergenzpunkt, Lehmann convention 
Kosterlitz-Thoules mechanism, dislocations 1: 291 
Kozhevnikov theory, ultrasonic properties 1: 551 f 
Krafft point, surfactants 3: 343 
Krafft temperature, chromonics 2: 982 
Kramers-Krohnig relation 1: 223, 245 
Kramers-Kronig transformation, cellulosics 3: 459 
Krat-Kennedy equation, phase transitions 
Kratky camera 1: 627 
Kroehnke reaction, synthesis 1: 98 
Kronecker delta, tensor properties 
Kt-Sa, polypeptides 3: 71 

1: 619 

2: 366 

1: 503 

2: 956 
2: 714 

- MCLCP 3 ~ 2 6  

3: 414 

2: 639 
3: 6 

3: 10 

3: 93 
2: 727 

1: 41 6 

1: 359 

1: 194 
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Kuhn divergence, living systems 
Kuhn segment, cellulosics 

3: 416 
3: 454 ff, 462,464 

lactic acid, chiral nematics 
D-lactides, living polymerization 3: 133 
lactones 
- amphotropics 3: 320 
- optically active 2: 508 
- swallow-tailed mesogens 2: 854 
laevorotary orientation 1: 124 
Lambert reflectors, displays 2: 289 
lamellar decorations, nematic MCLCP 3: 107 
lamellar packing, polypeptides 3: 71 
lamellar phases 
- discotics 2: 759 f 
- polycatenars 2: 880 ff 
- surfactants 3: 349 f 
lamellar regime, block copolymers 3: 67, 77 
laminar flows, thermography 1: 827 
Landau-de Gennes theory 1: 279 ff 
- anchoring 1: 542 
- chiral nematics 2: 366 
- I-N transitions 
- nematic elastomers 3: 229 f 
- nematics 2: 60, 175 
- optical properties I: 574 
Landau energy, LCE 3: 283 
Landau expansion 
- ferroelectrics 2: 578 ff, 618 f 
- helical C* state 2: 589 
- nematics 2: 174 
- smectic A discotics 2: 762 
Landau-Ginzburg coefficients 1: 282 
Landau-Ginzburg Hamiltonian, critical 
Landau-Khalatnikov equations 2: 61 8 
Landau-Khalatnikov mechanism I: 564 
Landau-Lifshitz theory, phase transitions 
Landau-Peierls instabilities 1: 285, 647 
Landau theory 1: 3 10 
- blue phases 1: 708 
- external fields 1: 478 
- ferroelectrics 
- helical C* state 
- SmA-SmC transition 1: 327 
Landold-Bomstein tables 
- nematics 2: 93 
- refractive indices 2: 128 
Langevin alignments, antiferroelectrics 2: 683 
Langevin functions, ferroelectrics 2: 520, 527, 530 
Langmuir crystals 2: 78 
Langmuir-Blodgett films 
Langmuir-Schafer deposition technique 3: 254 
Langsverbiegung 2: 63 
Laplace equation 1: 445 
large-scale simulation, molecular modelling 
Larmor frequency 
laser induced phonon spectroscopy 3: 292 
laser recrystallization method 2: 238 

2: 327 

1: 321; 2: 23 f 

1 : 303 

1: 366 

2: 516 ff, 530 ff 
2: 569 

1: 85; 2: 957 

1: 82 
1: 596; 2: 173 f 

laser-addressed devices, nonchiral smectics 
lasers, wavelength tuneable 1: 803 
lateral linked twins 1: 164 
lateral segments, substituted mesogens 
lateral substituents 
- combined polymers 3: 55 
- mesogenic properties 
- nematics 2: 54 
- polyesters 3: 15 
- smectogens 2: 422 
laterally substituted liquid crystals 
lattice models 
- elastic properties 1: 277 

see also: Flory theory 
lattice orientational order, XRD 
lattice parameters 
- columnar phases 2: 752 
- cubic phases 2: 896 
lattice vibrations 
lattices, reciprocal 1: 641 
laurate, surfactants 3: 34 1 
layer packing, smectics 1: 126 
layer shrinkage, ferroelectric devices 
layer spacing 
- dimers 2: 806 
- ferroelectrics 2: 564 
- smectogens 2: 418 
layer thickness 
- ferroelectric devices 2: 654 
- Gooch-Tany curves 2: 201 
- substituted mesogens 2: 850 
layered structures, chromonics 2: 999 
layering, immiscible components 3: 197 
layers 
- chiral nematics 2: 336 
- cubic phases 2: 893 

- nonchiral smectics 2: 471 
- rotational viscosity 2: 157 

- textures 1: 407 f, 434 
- tilted smectic 2: 626 
lead, ligands 2: 906, 924 
leading structures, synthesis 1: 89 
leakage, active matrix displays 2: 23 1 
leaks, scanning calorimetry I: 313 
leapfrog algorithm, molecular modelling 
lecithin 2: 338, 345; 3: 307 f 
Legendre functions 
- flow/viscosity 1: 465 
- molecular theories 1: 41 
- tensor properties 1: 195 
Legendre polynorninals 3: 244 
Lehmann convention 1: 416 
Lehmann nomenclature 2: 128 
Lehmann rotation, chiral nematics 2: 377 ff 
Lehmann texture painiting 
Lehn helicates, living systems 3: 415 
Leitz-Jelley microrefractomer 2: 129 

2: 473 f 

2: 843 ff 

1: 135, 151 ff 

2: 835-863 

3: 462 
1: 648 

1: 727; 2: 771 

2: 633 

displays I: 732 

- STN 2 ~ 2 1 6  

1: 75 

3: 393 f 
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length differences, polyester moieties 
length ratio, spacers 3: 54 f 
lengths, elastomer properties 3: 277 f 
Lennard-Jones interaction, diffusion 1: 585 
Lennard-Jones theory, nematics 2: 80 
lenses, SLM 1 : 8 19 
Leslie coefficients 
- chiral nematics 2: 374 
- columnar phases 2: 775 
- rotational viscosity 2: 165 
Leslie-Ericksen theory 
- chiral nematics 2: 337 f, 377 
- flow/viscosity 1: 454 f 
- nematics 1: 702 
- rotational viscosity 2: 165 
- ultrasonic properties 
Leslie viscosity 
- diffusion 1: 584 
- external fields 1: 490 

- light scattering 1: 704 
- nematics 2: 175 

lettering scheme 1: 17 
Levi-Civita tensor 
- flowiviscosity 1: 456 
- molecular theories 1: 43 
Lewis acids, living polymerization 
liberation, living systems 3: 402 
life parameters, guest-host effect 
life transitions, biomesogenic reflections 3: 404 
Lifshitz point 1: 328, 501 
Lifshitz terms, ferroelectrics 2: 589 
ligands 
- metallomesogens 2: 902 ff 

ligated twins, mesogenic properties 
light band centers, ultrasonic properties 
light intensities, ferroelectrics 2: 605 
light scattering 1: 699-7 18 
- cellulosics 3: 453 
- instabilities 1: 525 
- Leslie coefficients 2: 166 
- N-l transitions 
- nematics 2: 67 
- quasielastic 2: 170 
~- shear viscosity 2: 147 
light valves, SLM 1: 784 
lightning defects, ferroelectric devices 
lignin, cellulosics 3: 453 
limitations, dynamic scattering 
line defectsisingularities, MCLCP 
line pairs, FCOASLM 1: 772 
line shapes, deuterium NMR 
line singularities, chiral nematics 
line width, laser addressed devices 
linear dichroism 1: 846 
- tensor properties 1: 200 
linear electroptic effects, ferroelectrics 

3: 10 

1: 549 f 

- flows 1: 455,465 

- NMR 1 ~ 6 1 2  

3: I34 

2: 271 f 

- ROMP 3: 142 
I :  163 

1: 551 

2: 24 f 

2: 634 

2: 25 1 
3: 99 f 

1: 597 
2: 350 

2: 478 

2: 596 f 

h e a r  optics 
h e a r  polarizers 1: 766 
linewidth 
- Mossbauer studies 1: 727 
- spectroscopy 1: 840 
linkages, benzenes 2: 695 
linking 
- chiral smectics 2: 496 
- drugs/dyesinucleic acids 2: 985 f 

- polypeptides 3: 70 

- substituted mesogens 
linking groups 1: 19, 87 
- ethynyl bridges 1: 97 
- mesogenic properties 
- nematics 2: 47, 137 
- smectogens 2: 413, 420 
Liouville theorem 

- re-entrants 1: 399 
lipids, amphotropics 3: 308, 327 f 
lipophilics, amphotropics 3: 306, 3 11 
liquid crystal displays (LCDs) 2: 199 f 
liquid-gas type transitions 1: 310 
liquid-nematic transition, isotropic 1: 479 
living anionic polymerization, polypeptides 3: 70 
living polymerization, SCLCP 3: 123 84 
living ring opening metathesis polymerization 3: 78 
living systems 3: 393452 
local layer geometries, ferroelectrics 
London penetration depth, phase transitions 
long-chain phenylene bis(benzoates) 
long pitch 
- chiral nematics 
- chiral smectics 2: 495 
- ferroelectrics 2: 628 
long-range order 
- calarnitics 2: 18 

longe-range translational diffusion 
Lorentz factor, XRD 1: 647 
Lorentzian band, shear viscosity 2: 149 
Lorenz-Lorentz equation 
Lorenz spectral density 1: 704 
loss angle, FLCP 3: 228 
loss modulus, LCE 3: 292 
low-angle diffraction pattern 1: 638 
low frequencies, dynamic scattering 
low-frequency permittivities 1: 235 
low-molecular mass materials, neutron 

low-pressure chemical vapor deposition 

low-surface energy, block copolymers 3: 89 
Lubensky model, fluctuations 1: 382 
Luckhurst potential, dimers 2: 8 16 
Luisi minima vita approach 3: 4 I5 
luminance, guest-host effect 2: 272 

2: 394 f; 3: 293 

- MCLCP 3: 3,40 

- SCLCP 3 ~ 2 0 7  
2: 847 f 

1: 135, 144 ff 

- ESR 1 ~ 6 1 3  

2: 629 ff 

2: 835 f 
1: 285 f 

2: 400 f 

- XRD 1: 644 
1: 69 1 

1: 218 f, 232 f 

2: 244, 249 

scattering 1: 682 

(LPCVD) 2: 238 
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lutetium, phthalocyanine ligands 2: 924 
lyotropic blue phases, chromonics 2: 998 
lyotropic mesophases 
lyotropic nematic polymers, light scattering 
lyotropic nomenclature 1: 18 
lyotropic phases 
- aromatic MCLCP 3: 3 

lyotropic polymers, banded textures 
lyotropic surfactants 3: 341-392 
lyotropic systems 
- chromonics 2: 981 
- cubic phases 2: 887, 893 
- external fields 1: 493 
- hydrogen-bonded 2: 977 
- metallomesogens 2: 926 

lyotropic textures 1: 409 
lyotropics 1: 11 
- chiral 1: 514 
- density measurements 1: 341 
- elastic properties 1: 264 
- surface alignment 1: 546 

1: 591; 3: 463 
1 : 705 

- LCE 3 ~ 3 0 0  
3: 116 

- XRD 1: 635 

2MBCB, atomistic simulations 1: 83 
M gels, chromonics 2: 998 
M phases, chromonics 2: 982 
M ribbons, chromonics 2: 996 
Mach-Zehnder interferometer 2: 132 
macrocycles, hydrocarbon cores 2: 719 f 
macrocyclic complexes, metallomesogens 2: 926 
MacroModel, molecular structure 1: 79 
macroscopic flow, chiral nematics 
macroscopic polarization, ferroelectrics 2: 541 ff 
macroscopic properties 
- hexatic smectic B 2: 447 
- smectic A 2: 443 
- smectic C 2: 457 
- elastomers 3: 291 ff 
macroscopic structures 1: 477 
macroscopic surface alignment 
macroscopic tensor properties 1: 194 
magic angle spinning (MAS) 
magnesium myristate, amphotropics 3: 306 
magnetic applications 
magnetic birefringence see: birefringence 
magnetic field effect, LCE 3: 294 
magnetic field induced deformations 
magnetic fields 1: 477-534; 2: 382 f 
magnetic properties 
magnetic resonance 1: 586, 595-618 
magnetoelectric methods, nematics 2: 117 
magnetometers 1: 2 13 
magnetooptical methods, nematics 2: 65 
Maier function, hard-core repulsion 
Maier-Meier equations 1: 236 f 
Maier-Saupe theory 
~ biaxial nematics 2: 933 

2: 379 

1: 536 f 

1: 599 

1: 212, 602 ff 

1: 265 

1: 28, 190, 204-215; 2: 113 

1: 56 

1: 44 f, 279 f, 332 

- cellulosics 3: 458 
- dimers 2: 816 ff 
- electric poling field 3: 244 
- nematics 
- optical properties 1: 574 
main chain liquid crystalline polymers (MCLCP) 
- aromatic 3: 3-25 

- semiflexible 3: 26-5 1 
main chain polyesters, charge transfer systems 2: 956 
main chain polymers, hydrogen bonding 2: 974 
main chainiside chain polymers, combined 3: 52-65 
main chains, SCLCP 3: 207 
main spacer, linked side chain mesogens 3: 53 ff 
malondialdehyde, diketonate ligands 
Maltese cross 
Malvern-3 scheme, ferroelectric devices 2: 648 
manganese 
- cyclometalated complexes 2: 920 
- ligands 2: 912, 924 
D-mannitol, surfactants 3: 37 1 
mapping, thermography 1: 830 
marbled textures, nematic MCLCP 
Marcelja theory, dimers 2: 823 
Marmcci-Greco model, textures 3: 1 I6 
mass conservation, chiral nematics 
match box micelle, surfactants 3: 353 
matched filters, SLM 1: 777 
material parameters 
- device influences 2: 208 
- TN displays 2: 203 
matrices, living systems 
matrix addressing, AFLCD 2: 679 
matrix growth kinetics, living systems 3: 416 
matrix-matrix switches, SLM 1: 798 
Mauguin behavior 
- defects 1: 428 
- displays 1: 740 
Mauguin limit 
- chiral nematics 
- nematics 2: 65 
- pitch systems 2: 400 
- TN displays 2: 200 
mauve, chromonics 2: 984 
Maxwell equations 2: 356 f 
- instabilities 1: 517 
- optical properties 
MBBA 1: 89 
- anchoring 1: 544 

- charge transfer systems 2: 946 f 
- clearing thresholds 1: 552 
- coherence length 2: 25 
- conformational effects 1: 575 
- defects 1: 406 
- dielectric properties 2: 11 9 
- diffusion 1: 588 
- dynamic scattering 2: 246 
~- elastic properties 2: 60, 71 

2: 80, 92 f 

- SANS 1: 686 

2: 91 1 
1: 410; 3: 100 

3: 106 

2: 375 

3: 4 11 

2: 341, 356 

1: 215, 569 f 

- bulk SHG 1: 577 
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- isotropic phase 2: 174 
- living systems 3: 393 ff 
- metabolemeter 1: 348 
- polygonal textures 
- Rayleigh scattering 1: 701 
- rotational viscosity 2: 164 
- solvents 1: 872 
- sound velocity 
- Tait parameters 1: 370 
- threads 3: I00 
- volume changes 1: 335 
- vortex formation I: 520 
MBBAiCanada balsam, textures 1: 438 
McMillan-de Gennes theory 
McMillan theory 1: 61,284 f 
- fluctuations 1: 379 
- light scattering 1: 714 
- smectic A discotics 
- smectogens 2:416 
mean field behavior, SmA-SmC transitions 2: 3 1 
mean field model, smectic A discotics 
mean field theory 
- elastic properties 1: 277 
- fluctuations 1: 377 
- light scattering I: 714 
- N-SmA transition 1: 60 
- N-SmA-SmC 1: 293 
- phase transitions 1: 299,310 
measuring cell, photoacoustic 
mechanical field effect, networks 3: 234 f 
mechanical instabilities, columnar phases 
mechanical properties 

1: 41 1 

I: 72 1 

2: 26 f 

2: 760 f 

2: 760 f 
I: 46 f 

1: 3 18 

2: 772 

- LCE 
- MCLCP 3:26 

3: 277 f, 295 f 

- monodomains 3: 292, 279 
- polydomains 3: 291,298 

mechanical torque measurements, nematics 
mechanically induced SmA--SmC transitions 
mechanics, molecular modelling 
medical thermography 1: 830 
medium resolution IQENS 1: 695 
Meissner effect 
melt polycondensation, combined polymers 
melt transesterification, MCLCP 3: 26 ff 
melting point equation 1: 359 
melting process, calamitics 2: 4 
melting temperatures 
- amphotropics 3: 308 f 
~- biaxial nematics 2: 937 
- chiral nematics 2: 306 
- heterocyclic cores 2: 727 
- lateral substituents 1: 15 1 

- polyesters 3: 8, 16 
- shear viscosity 2: 150 
melting 
- alkanes 3: 355 
- cellulosics 3: 463 

- SCLCP 3: 229 ff 
2: 11 8 

2: 38 
1: 72 f 

1: 285 f, 380 f; 2: 184 
3: 53 ff 

- MCLCP 3: 4,41 f 

membrane dynamics, living systems 
memory effect 
- chiral nematics 2: 390 
- displays 2: 289 
mercury, carboxylate ligands 2: 906 
merocyanine chromophores 3: 253 
mesh structures, surfactants 3: 356 
meso-tetra@-alkyl-pheny1)porphyrins 2: 729 
mesogen conformation, XRD I: 667 
mesogen effects, living polymerization 3: 156 f 
mesogen-jacketed block copolymers 3: 67 
mesogenic groups 

- NLO systems 3: 250 
mesogenic properties 
mesogenic units, SCLCP 3: 207 
mesogens 
mesomorphic properties 
- polycatenars 

mesophase behavior, discotics 2: 694 ff 
mesophase formation, cellulosics 3: 462 
mesophase stabilization, terminal groups 
mesophase structures, XRD 1: 635 
mesophase symmetry I: 122 
mesophases 1: 18, 133 f 
- defects 1:443 
.- density measurements 1: 332 
- diffusion 1: 588 

- lamellar 1: 437 
MET(MNT) mixture, thermobarogram 1: 352 
metu position 
~- cellulosics 3: 468 
- phasmids/polycatenars 2: 866 
~- substituents 2: 848 
metabolemeter 1: 348 f 
metachromic color change, intercalated dyes 
metacyclophanes, synthesis 2: 7 19 
metal complexes, mesogenic properties 1: 170 
metal containing liquid crystals I: 74; 2: 901-932 
metal containing materials, cubic phases 2: 893 
metal-insulator-metal matrix address 2: 230 ff 
metal oxide semiconductor transistor (MOSFET) 

metal porphyrins, applications 2: 783 
metallocen ligands 
metallogens, synthesis 2: 433 
metallomesogens 
- amphotropics 3: 332 f 
- lamellar phases 2: 759 
- nonchiral smectics 
metalloporphyrins 
- copolymerizations 3: 181 f 
- living polymerization 3: 133 f 
methacrylates 
- anionic polymerization 3: 130 
- living polymerization 
- NLOsystems 3:255 

3: 432 

- MCLCP 3:40 

1: 133-1 86; 2: 1000 

I: 19, 78 f, 657 

2: 866 f, 879 ff 
- SCLCP 3:207-275 

1: 88 

- IQENS 1: 695 

2: 1002 

2: 239 

2: 92 1 ff 

1: 171 ff; 2: 837, 901-932 

2: 41 1 

3: 123 ff, 133 
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methacrylonitriles, living polymerization 3: 133 
methoxy links, smectogens 2: 422 
methoxy substituents, polyesters 3: 19 
methoxybenzoic acid, hydrogen bonding 
methyl, NLO systems 3: 254 
methyl branched primary alcohols, chiral nematics 

2: 313 
methyl groups 
- chiral smectics 2: 496 
- smectogens 2: 423,425 
methyl groups, lateral substituents 
methyl orange, chromonics 2: 981 
methyl red, mass diffusion 1: 710 
methyl substituents 
- cellulosics 3: 468 

- polyesters 3: 19 
- synthesis 2: 704 
methyl substituted dioxanes, optically active 

methylene 3: 207; 1: 337 
methylene groups, intercalated smectics 
methylene units, biaxial nematics 2: 937 
methylpropylketone, cellulosics 3: 471 
Metropolis algorithm 1: 76 
micelle formation2: 981, 986; 3: 342 ff 
microconfined environments, NMR 1: 610 
microdensitometer scanning 2: 941 
microdisplays, ferroelectric devices 2: 650 
microdroplets/cylinders, nematic dynamics 2: 184 
microencapsulation, thermography I: 825 
microfocus diffraction tubes 1: 621 
microgrooved surfaces, chiral nematics 2: 345 
microphase separation 
- amphotropics 3: 313 f, 330 
- block copolymers 3: 66, 86 
microphase-stabilized ferroelecrtric LC (MSFLC) 

microscopic anchoring mechanism, solid substrates 

microscopic preparations, defects 1: 406 
microscopic structures I: 477 
microscopic surface order, nematics 
microscopic tensor properties 1: 194 
microtomy methods, textures 1: 413 
microwave detector, thermography 1: 833 
middle phases, amphotropics 3: 307 
Miesowicz viscosity 1: 7042: 147 
- chiral nematics 2: 380 
Miesowitz notation 1: 456 
migration, columnar discotics 
Miller indices 1: 643 
- cubic phases 2: 896 
minima vita approach 3: 415 
miscellaneous type 1 chiral nematics 
Mischphasen, flussigkristallin 2: 946 
miscibility 1: 17; 2: 1000 
mixed phases, charge transfer systems 
mixed surfactants 3: 383 f 

2: 969 

1: 135 

- MCLCP 3:41 

2: 510 

2: 807 

3: 87 

1: 541 

1: 540 f 

2: 790, 795 

2: 323 

2: 946 

mixtures 
- antiferroelectrics 2: 680, 689 
- benzene derivatives 2: 696 
- biaxial nematics 2: 938 
- chiral nematics 2: 305 
- chiral smectics 2: 495 
- Cole-Cole plots 2: 100 
- dichroic 2: 271 f 
- displays 1: 733 
- dynamic scattering 2: 243 
- hydrogen bonding 2: 976 
- MBBAICPB 2:946 
- molecular theories 1: 41 
- NAC multicritical point 2: 34 
- nematics 2: 102 
- nonchiral smectics 
- re-entrants 1: 391, 394 
- refractive indices 2: 135 
- rotational viscosity 2: 163 
- solvent 3: 30 

mobility anisotropy, columnar discotics 
Mobius strip 
mode coupling model, LCE 3: 288 
model potentials, molecular theories 
modelling defects, nematics 1: 32 
modelling sofware 1: 72 
modes 
- displays 2: 284 
- laser addressed devices 
- normally whiteblack 2: 204 

see also: Goldstone modes 
see also: White-Taylor modes 

modulated smectic phases, XRD 
modulated smectics, dimers 2: 812 
modulated structures, mean field model 
moieties 
- amphotropics 3: 306 
- aromatic MCLCP 3: 3 
- charge transfer systems 2: 949 
- chiral nematics 2: 307 
- dimers 2: 801 
- NLO systems 3: 254 

- surfactants 3: 341 
molar masddistributions, MCLCP 3: 47 
molding, aromatic polyesters 3: 15 
molecular aggregation, chromonics 2: 988 
molecular asymmetry 1: 115 ff 
molecular biology, living systems 
molecular deformations 1: 842 
molccular design, high NLO activities 
molecular development, living systems 3: 406 
molecular dynamics, NMR 1: 607 
molecular engineering 
molecular interactions, phase transitions 
molecular mass dependence, pitch 3: 473 
molecular matrices, living systems 3: 41 1 f 
molecular modelling 1: 72-86 

2: 411, 472 

- W7-W82 2 ~ 6 4 0  
2: 784 

1: 426; 3: 99 

1: 46 

2: 473 

1: 656 

1: 301 

- SCLCP 3:207 

3: 393 

3: 246 

2: 260; 3: 123-206 
1: 339 
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molecular motion 
- charge transfer systems 
- neutron scattering 1: 691 
molecular packing, substituted mesogens 
molecular properties 1: 80 
molecular reorientations, local 2: 187 
molecular shapes 
-- cubic phases 2: 894 
- dimers 2: 829 f 

- re-entrants 1: 400 
- unconventional 1: 153 f 
molecular size, hydrophobic groups 3: 347 
molecular structures 1: 78 
- amphotropics 3: 309 ff 
- birefringence 2: 137 
- chromonics 2: 983 
- columnar discotics 
-- combined polymers 
- rotational viscosity 2: 160 
- symmetry 1: 118 
molecular theories 
- dimers 2: 814 ff 
- elastic properties 
- ferroelectrics 2: 558 ff 
- nematics 2: 60 
- refractive indices 
- statistical 1: 134 f 
molecular transforms, XRD 1: 641 
molecular weight 
- block copolymers 3: 81 
- combined polymers 
- living polymerization 3: 124, 152 f 

molybdenum, carboxylate ligands 2: 908 
molybdenum complexes, ROMP 3: 142 
momentum conservation, chiral nematics 2: 375 
monitoring boundary effects, ultrasonic properties 

monoacrylhydrazide, cubic phases 2: 889 
monochromic mixtures, guest-host effect 
monoclinic symmetries, ferroelectrics 2: 609 
monocrystals, textures 
monodentate ligands, metallomesogens 2: 902 
monodomains 

- mechanical properties 3: 292 
- optical properties 3: 284 f 
monolayer structures, smectics 2: 9 
monolayers 
- bolaamphiphiles 3: 325 
- surfactants 3: 349 
monomer addition, living polymerization 
monomer micelle exchange rate, surfactants 
monomer structures, aromatic MCLCP 
monomeric components step-growth, MCLCP 
monomers, dimers 2: 818 
monophilic mesogens, amphotropics 3: 3 10 
monosaccharides, hydrogen bonding 2: 969 

2: 956 

2: 849 

- MCLCP 3 ~ 3 9  

2: 782 ff 
3: 53 ff 

1 : 40-7 1 

1: 274 f 

1: 217 f 

3: 57 ff 

- SCLCP 3: 213 f 

1: 565 

2: 274 

1 : 4 10 

- LCE 3:279f 

3: 127 
3: 344 

3: 6 
3: 28 

monostearin, surfactants 3: 34 1 
monostilbazole ligands, metallomesogens 2: 903 
monotropic nematic phases, diketonate ligands 
Monte Carlo simulation, molecular modelling 
MOPAC, molecular modelling 1: 80 
morphology, side chain block copolymers 3: 183 f 
mosaic textures 1: 440 
Mossbauer studies 1: 727 ff 
motional narrowing, NMR 1: 598 
MPP theory, flowiviscosity 1: 454 
multiblock sequences, living polymerization 
multicritical point 
- N--SmA-SmC 1: 655 
- phase transitions 1: 328,367 
- re-entrants 1: 393 
multidimensional spectroscopy, magnetic resonance 

multifluoroalkanes, amphotropics 3: 3 14 
multiol, amphotropics 3: 3 18 
multiple correlations, SLM 1: 777 
multiple sequences, NMR 1: 599 
multiplexing, Heilmeier displays 2: 28 1 
multiplexing phase change dichroic LCDs 
multiwire proportional counters 1: 629 
multiynes 2: 697, 704 
- charge transfer systems 
muscovite, sample preparation 2: 764 
myelin, living systems 3: 395 
myelin textures 1: 409 
Mylar sheet, X rays 
myohaemoerythrin, living systems 3: 434 
myoinositol ester, synthesis 2: 740 
myristic acid, amphotropics 3: 306 
mytilitol derivatives, synthesis 2: 740 

2: 910 
1: 74 f 

3: 172 

1: 600 

2: 29 1 

2: 957 

1: 632 

N-A transitions, external fields 
N-I transitions 
- chromonics 2: 987 
- density changes 1: 333 
- dimers 2: 803 f 
- external fields 1: 479 
- fluctuations 1: 378 
- optical fields 1: 574 
N-O donor sets, metallomesogens 
N-Sm transitions 
- fluctuations 1: 379 
- light scattering 1: 714 
N-SmA transitions 
- critical behavior 1: 650 
N- SmA-SmC point 
- multicritical 
- phase transitions 1: 289 
N-SmC-SmA transition, re-entrant behavior 
N phases, chromonic 2: 982 
n to n* holographic switch 
nafcillin sodium, chromonics 2: 985 
nafoxidine 2: 999 
nafoxidine chloride 2: 985 

1 : 48 1 
1: 47, 59, 321; 3: 153 

2: 915 ff 

1: 283 f, 324; 2: 26 ff 

1: 328, 385; 2: 33 

1: 367 

1: 796 
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nanophase separatioon, block copolymers 
naphthalene compounds, ferroelectric devices 
2,6-naphthalene dicarboxilic acid (NDA) 
- nematics 2: 52 
- solvents 1: 882 
naphthalene hexaynes 2: 957 
naphthalene moieties, aromatic polyesters 
naphthalenes 1: 140 
naphtoquinone 2: 260 
naphtyl, substituted mesogens 2: 837 
narrow band dyes, guest-host effect 
Navier-Stokes theory 
- flowiviscosity 1: 454 
- instabilities 1: 517, 523 
neat phases 
- amphotropics 3: 307 
- surfactants 3: 349 
needles, block copolymers 3: 77 
Nee1 walls, defects 1: 415 
negative dichroic dyes, guest-host effect 2: 259 ff 
negative dielectric anisotropy materials 2: 48 1 
Nehring-Saupe theory 
- ferroelectrics 2: 559 
- nematics 2: 61 
neighbor lists, molecular modelling 
nematic-isotropic transitions see; N-I transitions 
nematic-smectic A-C multicritical point (NAC) 

3: 72 

3: 14 
2: 657 

3: 13 

2: 274 

1: 77 

1: 328, 385; 2: 33 
see also N-SmA-SmC point 

nematic-smectic A transitions see: N-SmA transition 
nematic biaxiality, induced 1: 483 
nematic double cell dichroic LCDs 
nematic elastomers, SCLCP 3: 229 
nematic ground state deformations, ferroelectrics 

2: 555 f 
nematic mesophase, diffusion 1: 588 
nematic phases 
- Brillouin scattering 1: 720 
- calamitics 2: 6 f 
- combined polymers 3: 54 
- dielectric properties 1: 235 
- discotic 2: 694 f, 757 f 
- ferroelectric 2: 794 

- order parameters 1: 41 
- polycatenars 2: 882 
- powder pattern 1: 638 
- surfactants 3: 353 f 

nematic properties, LCE 3: 280 
nematics 2: 47-59 
- chiral 2: 303-334 
- director-field interactions 1: 488 
- flowlviscosity 1: 454 f 
- instabilities 1: 5 15 
- light scattering 1: 699 
- material requirements 2: 654 
- melting processes 2: 5 
- surface alignment 1: 535 

2: 291 f 

1: 17 ff, 47 

- LCE 3 ~ 2 9 1  

- XRD 1:649f 

- Volterra process 1: 418 
nematogenic side groups 3: 249 
Nenitzescu reaction 1: 100 
networks 2: 974,3: 229 ff 
Neumannprinciple 
neural networks 1: 810 
neutron scattering 
Newton equations, molecular modelling 
nickel, ligands 2: 9 14 f, 924 
nickel, X ray absorption curve 1: 622 
nitration, hydrocarbon cores 2: 709 
nitrile ligands, metallomesogens 2: 902 
nitro, terminal substituents 1: 147 
nitro derivatives, polycatenars 2: 878 
nitro groups, combined polymers 3: 56 
nitrobenzene derivatives, charge transfer 2: 948 
nitrobiphenylcarboxylic acids, synthesis 2: 433 
nitroester, phasmids 2: 866 
nitrogen, six-atom ring systems 
nitrogen saturation, phase transitions 
nitrostiIbenes, NLO systems 3: 256 
nitroxide spin probes, EPR 
nomenclature 1: 17-23 
- charge transfer systems 
- discotics 2: 750 
- phasmiddpolycatenars 2: 865 ff 
nonabelian quaternion groups 3: 101 
nonadiabatic scanning calorimetry 
nonaoate, synthesis 2: 700 
nonaromatic compounds, ring systems 
noncalamitic charge transfer systems 2: 952 
nonchevron structures, ferroelectric devices 
nonchiral helielectrics, ferroelectrics 2: 577 
nonchiral smectics 
- ferroelectrics 2: 628 
- synthesis 2: 411440 
noncollective modes, ferroelectrics 2: 620 
noncoplanar aromatic moieties, polyesters 
nondestructive testing, thermography 
nondiscotic molecules, columnar phases 
nondisplay applications 1: 763-822 
nonenantiomorphic properties 2: 37 1 
nonergodic systems, re-entrants 1: 399 
nonionic solutes, chromonics 2: 1001 
nonionic surfactants 3: 359 ff 
nonlinear optical properties 
nonlinear optics (NLO) 
- chiral nematics 
- ferroelectrics 2: 527 f 

1: 201; 2: 541 ff, 609,615 

1: 680-698; 3: 61 
1: 74 

1: 137 
1: 357 

1: 845 

2: 954 

1: 3 17 

1: 139 

2: 655 f 

3: 20 

2: 755 f 
1: 83 1 

1: 569-581; 3: 242 ff 

2: 394 f 

- FLCP 3:227 
- LCE 3: 293,299 
nonmesogenic dopants, chiral nematics 
nonmesogenic solutes 1: 859 
- thermodynamic properties 1: 884 
nonmetallomesogens, nonchiral smectics 2: 41 1 
nonpolar rings, mesogenic properties 
nonpolarity, ferroelectrics 2: 522 
nonracemic terminal chains, chiral smectics 
nonselect states, transmission spectra 

2: 303 

1: 140 

2: 498 
2: 213 
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nonyl groups, substituted mesogens 
norbornenes 
- living polymerization 3: 185 f 

normal-metal-superconducting transition 1: 380 
normal mode, laser addressed devices 2: 473 
normal phases, surfactants 3: 348 
normally whiteiblack, TN displays 
Norrish type I reactions, solvents 
Norrish-Yang type I1 reactions 
- solvents 1: 874 
Nose-Hoover thermostat 1: 75 
nuclear magnetic resonance (NMR) 1: 213,595 ff, 

- cellulosics 3: 453 f 
- columnar LC 2: 752 f 
- diffusion 1: 586 
- guest-host effec 2: 257 

- nematics 2: 116 f, 137 
- phase transitions 1: 362 
- solvents 1: 874 
- surfactants 3: 357 
- tensor properties I:  200 
- viscosity 2: 159 
nucleation, defects 1: 448 
nucleation sites, guest-host effect 2: 273 
nuclei textures 
nucleic acids 
- chromonics 2: 981 ff 
- living systems 3: 407 
nucleoprotein geometries, living systems 
Nusselt number 1: 828 

2: 841 

- ROMP 3: 145 f 

2: 200 
1: 852 

1: 850 

840 

- LCE 3 ~ 2 8 5  

1: 417; 3: 107 

3: 407 

OBBA, volumddensity changes 1: 336 
oblique mesophases, discotics 2: 694 
oblique phases, polycatenars 2: 883 
OCB 

~ atomistic simulations 1: 83 
~ Brillouin scattering 1: 72 1 
- metabolemeter 1: 348 
~ nonchiral smectics 2: 442 
- re-entrant phases 1: 659 
- synthesis 2: 426 f 
OCB compounds, nonchiral smectics 2: 442 
octa substituted porphyrins 2: 727 
octa(a1koxy)phthalocyanine 2: 73 1 
octa(alkoxycarbonyl)phthalocyanine 2: 734 
octa@-alkoxylpheny1)phthalocyanine 2: 735 
octa(alkoxymethy1)phthalocyanine 2: 730, 736 
octa(a1kyl)phthalocyanine 2: 733 ff 
octaethyleneglycolmonotrisiloxylpropylether 3: 34 1 
octanoate 2: 700 
octanol, surfactants 3: 382 
odd-even effect 
- antiferroelectrics 2: 686 
- dimers 2: 803 
- spacers 3: 43 

oils, surfactants 3: 384 
oily streaks 1: 410; 2: 351 
Oldane-Barbero paradox, nematics 2: 76 
olefin isomerization, solvents 1: 854 
olefinations, synthesis 1: 92 
olefins 
- hydrosylation 3: 123 ff 
- transfer polymerizations 3: 127 
oligo(ethy1ene oxide), spacers 2: 801 
oligo(siloane), spacers 2: 801 
oligomers 
- cellulosics 3: 477 
- chitinicellulose-based 2: 741 
- discotic 2: 801-833 
-~ mesogenic properties 
-~ SCLCP 3: 212 
oligophenyls, transition temperatures 1: 136 
OmIs, synthesis 2: 430 
Oms, synthesis 2: 428 
oncology, thermograpby 1: 830 
one pitch double cell dichroic LCDs 
one to n* holographic switch 
one to n* shadow logic switch 1: 799 
onium ion, living polymerization 
Onsager approach, cellulosics 3: 462 
Onsager theory 1: 44 f 
~- flowiviscosity 1: 455, 471 
- nematics 1: 37; 2: 80, 103 
- phase transitions 1: 279 f 
ontogenesis, living systems 3: 394 
operating regimes, displays 1: 740 
operating voltage, displays 2: 286 
operation modes, TN displays 
OPHOB/OPHOFB complexation, hydrogen 

bonding 2: 971 
optical absorption coefficient, phase 

transitions 1: 319 
optical activity 1: 11  8 
- ferroelectrics 2: 549 
- high-pressure experiments 1: 363 
optical anisotropy 
- ferroelectrics 2: 608 

optical applications, chiral nematics 
optical contrast, defects 1: 428 
optical correlation, SLM 1: 773 f 
optical harmonic generation 1: 577 
optical indicatrix, ferroelectrics 2: 609 
optical methods, high-pressure experiments 

optical neural networks 
optical path, smectic structures 
optical power limiting (OPL) 
optical propagation 
- Bragg approach 2: 362 f 
- chiral nematics 2: 356 f 
optical properties 1: 215-230 
~ biaxial nematics 2: 937 
- cellulosics 

1: 162 f 

2: 292 
1: 793, 795 

3: 137 

2: 199 

- STN 2: 221 
2: 394 f 

1: 355, 
360 

1: 8 10 
1: 226 

1: 579 

3: 453, 464 f 
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~ charge transfer systems 
~ chiral nematics 
- guest-host effect 2: 271 f 
- monodomain LCE 
- nematic MCLCP 3: 105 
- nematics 
- nonlinear 
- polydomain LCE 
- thermography 1: 824 
~ unactivated states 2: 200 
optical purity, chiral nematics 
optical reflectivity, OCB 2: 450 
optical rotary dispersion (ORD) 
- chiral nematics 2: 336 
- ferroelectrics 2: 549 
optical rotation, cellulosics 
optical second harmonic generation, surfaces 
optical systems 1: 4 f, 775 
optical textures 
- chiral nematics 2: 343 f 
- chromonics 2: 982,989 ff 
- NLO systems 3: 262 
optical transmission 
- ferroelectrics 2: 604 f 
- nematics 1: 561 
- ultrasonic properties 1: 550 
optical vector processor 1: 81 1 
optically active centers, chiral smectics 2: 493 
optically addressed SLM (OASLM) I: 771 
optically connected parallel machine switch 
optimized parameters for liquid simulation 
optoelectronic X ray imaging devices 1: 630 
order breakdown, calamitics 2: 3 
order-disorder patterns, biomesogenic 3: 418 f 
order-disorder transition temperature (ODT) 
order fluctuations, isotropic phase 2: 174 
order parameter-director coupling, anchoring 
order parameters 1: 41 
- amphotropics 3: 305 
- calamitics 2: 18 
- cellulosics 3: 458, 475 
- chiral nematics 2: 342 
- defects 1:406 
- dichroic dyes 2: 259 f, 266 
- external fields 1: 482 
- ferroelectric helical C* state 2: 568 f 
- ferroelectrics 2: 537 
- guest-host effect 2: 268 ff 
- Heilmeier cells 2: 279 
- I-N transitions 2: 23 
- large-scale simulation 1: 82 

- phase transitions 
- Pikin-lndenvom 2: 592 

- smectic A-C transitions 2: 452 
- tensor properties 1: 194 
- thin films 2: 461 
- viscosity coefficients 1: 464 

2: 956 
2: 303 f, 343 f, 382 

3: 284 f 

I: 739; 2: 128 14 
1: 569-581; 3: 242 ff 

3: 281 f 

2: 309 

2: 340, 399; 3: 459, 463 
1: 540 

1: 800 
1: 77 

3: 68 f 

1: 542 

- NMR 1 ~ 6 0 9  
1: 280 f, 339 

- SCLCP 3 ~ 2 3 8  

order types 
- phase transitions 1: 336 
- XRD 
ordered phases, chromonics 2: 998 
ordered smectic phases, XRD 1: 649,664 
ordered textures, nematic MCLCP 3: 114 
ordering, surfactants 3: 343 
ordoelectric polarization, external fields 
organic compounds, NMR 1: 861 
organic liquid crystals, modelling 1: 74 
organic solutes, surfactants 3: 343 
organic solvents 

~ amphotropics 3: 332 

organizations, supramolecular 3: 394 ff 
organo nickelipalladium chemistry 1: 94 
organometallic compounds, NMR 1: 869 
organonitrile ligands, metallomesogens 2: 902 
organo siloxanes, chiral nematics 2: 396 
organyls, amphotropics 3: 312 f, 332 
Orgel model, living systems 3: 414 f 
orientability, mechanical 3: 237 
orientation 

~ block copolymers 3: 83 
- chiral smectics 2: 493 
- drawn fibers 3: 52 
- nonchiral smectics 2: 470 f 

- shear viscosity 2: 142 

orientational anisotropy, elastic properties 1: 253 
orientational correlation 
orientational fluctuations, below TC 2: 177 
orientational order 
- calamitics 2: 3 
- discotics 2: 693 
- generic model 2: 819 
- long-range 2: 170 
- nematics 2: 136 
- neutron scattering 1: 682 
- optical-field-induced 1: 574 

orientations 
- nematics 1: 550, 651 

- solvents 1: 839, 852 
- surface alignment 
- transition states 1: 848 
oriented gas, guest-host effect 2: 257 
Omstein-Zernike equation 1: 58 
Orsay energy, smectics 1: 32 
ortho position 
-- phasmids/polycatenars 2: 866 
- substituents 2: 841 
orthoesters 1: 102 
orthogonal phases 
orthogonal smectics 2: 7,470,493 
orthopalladated metallomesogens 2: 837 
orthorhombic symmetries, ferroelectrics 2: 609 

1: 644 f, 649 

1: 494 

- MCLCP 3 ~ 3 0  

- SCLCP 3 ~ 2 1 6  

- textures 3: 105 

1: 5; 12: 19 

- XRD 1 ~ 6 4 1  

- NMR 1: 603 

1: 535, 544 

1: 22; 2: 5 
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Oseen-Frank expression 
- antiferroelectrics 2: 578 
- ferroelectrics 2: 559 f, 614 
- helical C* state 2: 589 
Oseen theory 
- chiral nematics 2: 375 
- diffusion 1: 584 
- ferroelectrics 2: 556 f 
- nematic MCLCP 3: 95 
- nematics 2: 60 
OSI, synthesis 2: 430 
Osipov model 2: 592; 3: 461 f 
osmometry, chromonics 2: 988 
out-board terminal dipoles, smectogens 
oxarole derivatives, static dielectric constants 2: 97 
oxathiane 1: 137 
oxatruxenes, synthesis 2: 724 
oximesters, substituted mesogens 2: 837, 841 
oxiranes 1: 142; 2: 506; 3: 133 
oxyalkyls, SCLCP 3: 207 
oxybenzoic units, MCLCP 3: 28 
oxycarbonyl connectors, antiferroelectrics 2: 687 
oxygen atoms, azoxybenzene units 3: 56 
oxygen inertness, columnar discotics 
oxygen, living polymerization 3: 127 

2: 416 

2: 792 

n: defects, nematic MCLCP 3: 101 
n: systems, charge transfer 2: 945 
P phase, chromonics 
P"4 
- density measurements 1: 340 
- diffusion 1: 588 
- domain pattern 2: 245 
- elastic data 2: 65 

2: 993 f 

- IQENS 1:695 
- NMR 2: 176 
- shear viscosity 2: 155 
- structure factors 1: 683 
packing 
- block copolymers 3: 83 
- calamitics 2: 11 
- cellulosics 3: 454 
- chromonics 2: 982 
- crystalline 1: 667 
-- ferroelectrics 2: 558 
- helical smectics 1: 126 
- smectogens 2:418 
- substituted mesogens 2: 849 
~- thermotropic nematics 1: 54 
page blanking, displays 2: 486 
paints, overheating components 1: 832 
palladium 
- cyclometalated complexes 2: 918 
- ligands 2: 903,914 f 
palladium organyls 2: 960 f 
pallado nematogens 2: 962 
para position 
- phasmidsipolycatenars 2: 866 

- substituents 2: 846 
pardinked aromatic rings, MCLCP 3: 40 
pardinked polymers, aromatic MCLCP 3: 3, 22 f 
paraazoxycinnamic acid, living systems 3: 397 
paraelectric phases, fenoelectrics 2: 525, 539 
paraffinic chains, polycatenars 2: 865 f, 879 ff 
parafins 3: 308 f 
paramagnetism 1: 210, 204 f 
- ferroelectrics 2: 51 7 
parasite, cellulosics 3: 468 
parasitic scattering, X rays 
Pariser-Pam-Pople model, optical properties 
parity, chiral nematics 2: 309 
Parodi equation, flowiviscosity 1: 455, 465 
Parodi model 
- chiral nematics 2: 377 
- rotational viscosity 2: 165 
Parsons approximation, molecular theories 
Parsons-Lee approximation, thermotropic 

nematics 1: 54 
partial fluorination, ferroelectric devices 
passive layers, STN 
passive matrix adressing, TN displays 
pattern formation, optical 1: 574 
PCH3 
- energy minima 1: 80 
- molecular modelling 1: 78 
PCH5, atomistic simulations 1: 83 
Peierk-Landau instability 
- columnar phases 2: 754 
- nonchiral smectics 2: 444, 465 
Peierls argument, fluctuations 1: 380 
pendant acrylate groups, elastomers 3: 63 
pendant chains, synthesis 1: 88 
penetration depth, phase transitions 1: 285 
pentacatenars 2: 869 
pentanol, chiral smectics 2: 496 
pentayne esters, charge transfer systems 
pentyl, Tait parameters 1: 371 
peptide helices, living systems 3: 408 
peptide nucleic acids, chromonics 
peptide surfactants, amphotropics 3: 308 
perceived contrast ratio (PCR), guest-host 

Percus-Yevick approximation, nematics 1: 55 
perfluoration, amphotropics 3: 309 
perfluoro arenes, charge transfer systems 
perfluoro chains, polycatenars 2: 875 
perfluorocarbon groups, surfactants 3: 341 
perfluorooctanoic acid, surfactants 
perhydrochrysene 1: 140 
perhydrophenantrene 1: 140 
perhydrotetracene 1: 140 
periodic distortions, ultrasonic properties 
periodic structures, external fields 
periodicity 
- columnar discotics 2: 792 
- cubic phases 2: 896 
Perkin reaction, synthesis 1: 91 

1: 622 
1: 57 1 

1: 60 

2: 656 
2: 21 7 

2: 205 

2: 958 

2: 1004 

effect 2: 272 

2: 964 

3: 34 1 

1 : 554 
1: 492 
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permeation, chiral nematics 2: 380 
permittivity 
- columnar discotics 2: 789 
- dielectric 
- ferroelectrics 2: 622 

- tilted smectic layers 
persistence length, nematic MCLCP 
pertubation theory 
- tensor properties 1: 191 
~- time-dependent 1: 570 
perturbations, chiral ferroelectrics 2: 583 
- dichroic dyes 2: 260 
perylene 2: 712 
- dichroic dyes 2: 260 
phase array antennae, SLM 
phase behavior 
- amphotropics 3: 335 
- cellulosics 3: 475 
- combined polymers 
- NMR 1: 602 
- nonionic surfactants 
- SCLCP 3:212ff 
phase change effect dichroic displays 2: 284, 292, 

phase compensation, STN 2: 216 
phase delays, switcheable 1: 820 
phase diagrams 
- chromonics 2: 988 ff 
- hard-rod fluid 1: 63 
- N-SmA-SmC multicritical point 
- N-SmA transition 1: 324 
- pyridineicarboxylic acid systems 
- re-entrants 1: 391 
- side group coil systems 3: 83 
phase modulation, binary 1: 770 
phase only matched filter (POMF) 
phase problem, XRD 1: 636 
phase ranges, ferroelectric devices 
phase separation 
phase sequences 
- cubic phases 2: 888 
- re-entrants 1: 392 f 
phase structures 
- calamitics 2: 3 19 
- chromonics 2: 981 
- optical properties 1: 223 
phase symmetry, optical properties 
phase transitions 1: 20,279-376 
- elastomers 3: 277 ff, 290 
- high-pressure experiments 1: 356 
- induced 2: 38 ff 
- living systems 3: 399 f 
- optical properties 1: 224 
- rod-like crystals 2: 23 24 
- temperature shifts 1: 478 
- ultrasonic properties 1: 563 
- under pressure 1: 366 
phase types, combined polymers 3: 59 ff 

1: 231 f, 506 

- FLCP 3:228 
2: 626 

3: 98 

1: 820 

3: 57 ff 

3: 359 ff 

295 

1: 328 

2: 972 f 

1: 778 

2: 654 
1: 849; 3: 66 

1: 217 f 

phases 1: 17 ff 
- optical properties 

phases assignment, combined polymers 
phasmidic compounds, mesogenic properties 
phasmids 2: 865--885 
- columnar phases 2: 755 
pHB, atomistic simulations 1: 83 
phenanthrenes 
phenolipyridine interactions, hydrogen bonding 

2: 976 
phenyl benzoates, SCLCP 3: 207 
phenyl groups, biaxial nematics 2: 935 
phenyl mesogens, chiral nematics 2: 314 
phenyl moieties, aromatic MCLCP 3: 6 
phenyl rings 

- amphotropics 3: 322 
- cellulosics 3: 458 
- charge transfer systems 2: 948 
- NLO systems 3: 251 
- substituted mesogens 2: 840 ff 
phenylacetoxy cellulose (PAC) 3: 466 
phenylacetylene macrocycles, synthesis 2: 7 19 
phenylalkyl substituents, polyesters 3: 18 
phenylazosalicylic acid esters, substituents 
phenylbenzoates 2: 429 
- cyano terminated 2: 414 
phenylbenzothiazole 1: 140 
phenylbenzoxazole 1: 140 
phenylcyclohexanes, displays 1: 747 
phenylene derivatives, aromatic MCLCP 3: 6 
phenylethylbiphenyl mesogens, chiral nematics 

phenylpyrimidines 1: 747; 3: 3 15 
phenylsilane compounds, cell preparation 2: 267 
phenylurethane, cellulosics 3: 468 
phlogopite mica, interfaces 1: 536 
phoney dyes, guest-host effect 
phosgene, polypeptides 3: 70 
phosphatidylinositol, amphotropics 3: 307 
phospholipids 
- amphotropics 3: 327 
- textures 1: 409 
photo-Fries, solvents 1: 852, 875 
photoacoustic methods, phase transitions 
photoacoustic spectroscopy 1: 565 
photochemical reactions, solvents 
photochemically induced transitions 2: 39 
photoconduction, columnar phases 2: 768 
photocyclization, phenantrenes 2: 701 
photodecomposition, dichroic dyes 
photomultiplier, X rays 1: 628 
photon correlation spectroscopy 1: 712 
photophysical reactions, solvents 
photopyroelectric method, phase transitions 
photostability, dichroic dyes 2: 260 ff 
phthalocyanine based gas sensors 2: 792 
phthalocyanine ligands, metallomesogens 

1: 2 18 
- XRD 1: 635 

3: 54 
1: 16 1 

1: 140; 2: 701 f 

- AFLCD 2: 680 

2: 837 

2: 314 

2: 269 

1: 3 18 

1: 85 1, 874 

2: 265 f 

1: 874, 878 
1: 320 

2: 923 f 
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phthalocyanines 2: 730 f, 739 
- applications 2: 783 
phylogenesis, living systems 3: 394 
physical properties 
- chiral nematics 2: 335 
- columnar phases 
- combined polymers 3: 59 ff 
- dichroic mixtures 
- discotics 2: 749 32 
- elastomers 3: 277-302 
- guest-host effect 2: 271 f 
- laser addressed devices 2: 478 
- nonchiral smectics 2: 441 29 
- orientation-dependent 1: 189 f 
- side group coil systems 3: 82 
- SmA mixtures 2: 472 
- smectic A-C transition 2: 452 
- under pressure I: 373 
- see also individual Vpes 
Pi cell, displays 1: 744 
piezocoefficient, external fields I: 479 
piezoelectric coefficients, SmC* polymers 3: 222 
piezoelectric effect, ferroelectrics 2: 524, 539 f, 550, 

piezoelectriclff exoelectric analogies 2: 559 
piezoelectric properties, combined polymers 3: 57 
piezoelectric tensor 1: 191 
piezoelectricity 
- elastomers 3: 63 

2: 775 f 

2: 271 f 

586 

- LCE 3 ~ 2 9 8  
- SCLCP 3: 241 
Pikin-Indenbom order parameter 
pincements, chiral nematics 2: 354 
pinches, chiral nematics 2: 354 
piperazine 1: 137 
piperidine 1: 137 
pipet shaped biaxial nematics 2: 934 
pirimidine, cyclometalated complexes 
piston displacement, phase transitions 
pitch length 1: 846 
- biphenyls 2: 317 
- chiral nematics 
pitch lines, cell preparation 2: 267 
pitch, cellulose mesophases 3: 470 ff 
pitchicell thickness ratio, ferroelectrics 
pitches 
.~ chiral nematics 
~~ ferroelectric devices 2: 654 
- guest-host effect 2:  273 
pixel pitch, SLM 1: 780 f 
pixels 
- active matrix displays 

- displays 1: 747 
- displays 2: 486 
- ferroelectric devices 2: 630 
- positive mode dichroic LCDs 
- smart 1:810 
- TN displays 2: 205 

2: 592 f 

2: 92 1 
1: 370 

2: 305, 336 

2: 628 

2: 365 f, 400 ff, 495 

2: 230 f 
- CGH 1: 787,794 

2: 295 

plage a noyaux 1: 417; 3: 107 
see also: schlieren textures 
see also: textures 

planar alignment, chiral nematics 
planar configurations, nematics 2: 75 
planar radiaVpolar director fields 
planar sample cell, light scattering 
planar textures 1: 434 
- external fields 1: 499 

~ walls 1: 440 
Planck constant, NMR 1: 840 
plastic crystals, definitions 1: 23 
plate movement, shear viscosity 
platelet textures 1: 440 
plates, positive mode dichroic LCDs 
platinum, ligands 2: 903, 913, 917 
platinum complexes, chromonics 2: 1004 
pleochroic dyes 
- guest-host effect 2: 259 ff, 265 f 
- positive mode dichroic LCDs 
pleochroichegative dichroic dyes admixtures 
plug flow I: 467 
P h o n i c  25R4, surfactants 3: 374 
Pockel modulators 1: 579; 2: 527 
Pockels coefficients, SCLCP 3: 245 
point defects, chiral nematics 2: 350 
point defectsisingularities, MCLCP 
point symmetries, ferroelectrics 2: 546 
Poiselle flow 1: 467 
Poiseuille flow 2: 380 ff 
Poisson distribution 3: 126 
polar achiral polyphilics, external fields 
polar compounds, charge transfer systems 
polar functional groups, smectogens 
polar groups, core end 2: 415 
polar interactions, phase transitions 
polar materials, ferroelectrics 
polar oils, surfactants 3: 381 
polar salicylaldimine ligands 2: 916 
polar smectics, phase transitions 
polar substituents, polycatenars 
polarity, nematics 1: 26 
polarizability 2: 114, 136 
- anisotropic 1: 51 
- columnar phases 2: 775 
- dielectric properties 

- mesogens 1: 220 
polarization 1: 570 
- chirality I :  105 
- ferroelectrics 2: 516 ff 
- macroscopic 2: 541 ff 
- magnetic 1: 206 
- optical properties 
- ordoelectric 1: 494 
- photopyroelectric method I:  320 
- spontaneous 1: 119; 2: 494 f, 665 
- tensor properties 1: 190 
polarized 1R spectroscopy, antiferroelectrics 

2: 345 

2: 188 
1: 705 

2: 146 

2: 295 

2: 292 
2: 296 

3: 97 ff 

1: 508 
2: 949 

2: 41 I 

1: 340 
2: 520 ff 

1: 32, 296 
2: 875 f 

1: 23 1 f 
- MCLCP 3 ~ 3 9  

1: 216 f 

2: 666 
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polarized modes, displays 2: 284 
polarized optical absorption 1: 845 
polarizers 
- cell preparation 2: 267 f 
- electrooptic measurements 2: 606 
- ferroelectric LCDs 2: 297 
- Heilmeier displays 2: 281 
- nematic MCLCP 

polarizing microscopy, textures 1: 4 10 
poling fields, theoretical models 3: 244 
poling, NLO systems 3: 261 
polyacrylates 
- molecular weights 3: 216 

polyaddition, MCLCP 3: 33 
polyamides, biaxial nematics 2: 940 
pol yamides 

- paralinked 3: 22 
poly(P-aminoester)s, MCLCP 3: 38 
polyarenes, aromatic MCLCP 3: 3 
poly(aromatic amide)s, MCLCP 3: 26 
poly(y-benzyl-L-glutamate) (PBLG) 3: 67 f 
polybutadiene 
- block copolymers 3: 70 

~ living polymerization 3: 149 
polycatenar compounds 
- mesogenic properties 
- thermotropic cubic phases 2: 891 
polycatenars 2: 865-885 
poly( 1,3-cyclohexadiene) block, copolymers 3: 74 
polydentate ligands, metallomesogens 2: 923 ff 
polydimethylsiloxane, surfactants 3: 341, 346 f 
polydispersity, living polymerization 3: 125 ff, 169 f 
polydomains 
- mechanical properties 3: 291 
- optical properties 3: 281 f 
polyepichlorohydrin, NLO systems 3: 257 
polyesters 

~ aromatic MCLCP 3: 7 ff 
~ charge transfer systems 

3: 100, 108 
- SLM 1: 763 f 

- SCLCP 3: 207,225 

- MCLCP 3 ~ 3 6  

1: 160 f 

2: 956 
- defects 3: 102 f 
- MCLCP 3: 28 ff 
poly(ethy1ene oxide) spacers, MCLCP 3: 44 
poly(ethy1ene oxide)alkylethers, surfactants 3: 359 
poly(ethy1ene terephthalate) (PET), MCLCP 3: 26 
poly(L-glutamic acid), living systems 3: 408 
polygonal textures 1: 435 
poly(n-hexylisocyanate) (PHIC) 3: 74 
poly(HNAiHBA), Vectra 3: 14 
polyhydroxy surfactants 3: 369 
polyimides, chiral nematics 2: 337 
polyisocyanates, block copolymers 3: 74 f 
poly(L-lysine), living systems 3: 408 
polymalonates, combined polymers 3: 54 
polymer analogues reactions, SCLCP 3: 149 f 
polymer backbones, living polymerization 3: 163 f 
polymer dispersed dichroic LCDs 2: 297 

polymer dispersed liquid crystals (PDLC) 

polymer dispersed smectic devices 
polymer liquid crystals 1: 20 
- external fields 1: 488 
- ferroelectric 1: 512 
- surface alignment 1: 546 

polymer rubbing, chiral nematics 
polymeric complexes 

~ self-assembly 2: 973 
- uraciUdiamino pyridine systm 2: 975 
polymeric salicylaldimine ligands 2: 91 7 
polymeric systems, XRD I: 635 
polymerization 
- block copolymers 3: 66, 78 
- living anionic 3: 70 

- spontaneous 3: 218 f 
polymers 
- density measurements 1: 341 
- diketonate ligands 2: 91 1 
- discotic 2: 776 
- external fields 1: 485 

1: 12, 826; 
2: 400 

2: 487 

- XRD 1: 669 
2: 345 

- SCLCP 3: 124f 

- NMR 1:608 
- SANS 1: 684 
polymesomorphisms, discotics 2: 693 
polymethacrylates 
- living polymerization 3: 130 

polymethylene spacers, MCLCP 3: 42 
poly(methylsiloxanes), living polymerization 3: 123 
polymorphism, smectic 
poly(naphto1ate-aminophenol-terephthalate) 3: 15 
poly(naphto1ate-benzoate) structure 3: 15 
polynorbornenes 
- living polymerization 3: 186 

polyoxyethylenes 
- display devices 3: 228 
- surfactants 3: 387 
polypeptides, copolymers 3: 67 ff 
poly@-phenylenebenzobisthiazole) 3: 248 
poly( 1,4-phenylene terephthalamide) 3: 22 
poly@ara-phenylene), block copolymers 3: 74 
poly-@-phenylene terephthalate) (PPDT) 3: 22 
poly-(p-phenylene terephtha1ate)esters 3: 16 
polyphilic liquid crystals, amphotropics 3: 334 
polyphilics, external fields 1: 508 
polyphosphazenes, SCLCP 3: 207 
polysaccharides, cellulosics 3: 453 f 
polysiloxane/stilbazole, self-assembly 2: 974 
polysiloxanes 

- SCLCP 3 ~ 2 0 7  

1: 653; 2: 805 f 

- ROMP 3: 145 ff 

- MCLCP 3: 36,45 
- SCLCP 3:207ff 
- SmC* polymers 3: 219 
poly(styrene-P-isoprene) (PSI) 3: 68 
poly(styrene-0-n-hexyl isocyanates) (SHIC) 3: 74 
poly(styrene-P-polyphenylene) 3: 73 



Index Vol. 1-3 519 

poly(styrene-block-butadiene) 3: 172 
polystyrenes 
- living polymerization 3: 186 
- polypeptides 3: 70 
polytartrate, chemical structure 3: 2 10 
polytetrafluoroethylene (PTFE) 2: 345 
poly(P-thioester)s 
- defects 3: 103 

poly {(N-trifluoroacetyl-L-lysine)-P-sarcosine} 3: 7 1 
polyurethanes, MCLCP 3: 33 f 
polyvinyl alcohol (PVA) 
- cell preparation 2: 266 
- chiral nematics 2: 345 
Poniewierski-Stecki relations, nematics 2: 79 
Poniewierski-Sluckin theory 1: 68 
porphyrins 2: 727 
- aggregation 2: 945 
- applications 2: 783 
- ligands 2: 925 ff 
position codes, substituent 3: 468 
positional isomorphism, aromatic polyesters 3: 15 
positional order, calamitics 2: 3, 19 
positive dielectric anisotropy materials 
positive lens, SLM 1: 773 
positive mode dichroic LCDs 2: 292 f 
potassium, alkanoate ligands 2: 906 
potassium stereate, surfactants 3: 354 
potassium tetradecanoate, surfactants 3: 3 79 
potentials, molecular modelling 1: 73 
Potts model, fluctuations 1: 384 
powder diffraction 1: 636 f 
powder samples, Debye-Scherrer camera 
prealbumin dimer, living systems 3: 393 
precipitates, surfactants 3: 385 
precursor copolymers, living polymerization 
precursor polymers, living polymerization 
precursors 
- building blocks 1: 98 
~ NLO systems 3: 250 

~ synthesis 1: 91 
preintelligent operation modes, living systems 3: 404 
preparation, MCLCP 3: 27 ff 
pressure, flow/viscosity I: 462 
pressure dependence 
- chiral nematic pitches 2: 365 
- rotational viscosity 2: 164 
pressure-temperature phase diagram 
- calamitics 1: 340 
- discotics 2: 762 ff 
pressure transducer, metabolemeter 1: 349 
pressure-volume-temperature behavior 1: 369 
pretransition behavior, density measurements 
pretransitional dynamics, N-SmA phase 2: 183 
pretransitional effects 
- antiferroelectrics 2: 675 f 
- confined geometry 2: 188 
pretransitional light scattering 
pretransitional properties, thermography 1: 823 

- MCLCP 3:38 

2: 481 

1: 622 

3: 174 
3: 149 ff 

1: 339 

1: 7 13 

pretransitional region, LCE 3: 277 
primordial earth, living systems 
projection systems, laser addressed devices 
propagation reactions 

~ chain polymerization 3: 123 f 
- living polymerization 3: 171 
propanes, chiral nematics 2: 32 1 
propanoate esters, cellulosics 3: 478 
propanonitriles, chiral nematics 2: 320 
propyl, Tait parameters 1: 371 
Prost model, phase transitions 
proteins, living systems 3: 406 f 
proton decoupling, NMR 
proton donor-acceptor pairs 2: 949 
protonic solvents, living polymerization 3: 127 
protrusion, surfactants 3: 344 
pseudo-Bragg law, XRD 1: 636 
pseudowalls, textures 1: 439 
pulse modulation, Gray levels 2: 207 f 
purine bases, chromonics 2: 1003 
purine nucleosides, chromonics 2: 988 
purity 
~ dichroic dyes 2: 259 
- optical 2: 304, 309 
pycnometers, density measurements 1: 332 
pyramidal compounds 1: 176 
pyramidics, hydrocarbon cores 2: 715 
pyranose sugars, synthesis 2: 741 
pyrazines 1: 101, 104, 137 
pyrenes, columnar discotics 2: 794 
pyridazines 1: 137 
- disubstituted 2: 52 
pyridineicarboxylic acid systems, hydrogen 

bonding 2: 969 ff 
pyridines 1: 137 
~ disubstituted 2: 51 

~ ligands 2: 904 f 
~ reagents 2: 695, 724 
pyridinium salts, dynamic scattering 
pyrillium, synthesis 2: 720 f 
pyrimide 1: 137 
pyrimide bases, chromonics 2: 1003 
pyrimidine host mixtures, antiferroelectrics 
pyrimidine nucleosides, chromonics 2: 988 
pyrimidines 1: 101; 2: 436 
- disubstituted 2: 52 
pyroelectric transducer, phase transitions 
pyroelectricity 

3: 394 
2: 478 

1: 297 

1: 599, 604 

2: 243 

2: 689 

1 : 320 

- FLCP 3 ~ 2 2 7  
~ LCE 3 ~ 2 9 8  
~ SCLCP 3:241 

~ ferroelectrics 
pyrogallol, synthesis 2: 719 
pyrrole trimcthyl ester, synthesis 2: 728 

2: 516 f, 528, 552 

quadratic torques, ferroelectrics 
quadruplexes, living systems 3: 428 
quadrupolar coupling, NMR 1: 843 

2: 599 f 
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quadrupolar splitting, NMR 1: 841 
quadrupole interactions, NMR 1: 596 
quadrupole-quadrupole interactions 2: 946 
quadrupole splitting 
quality control, thermography 1: 832 
quantum mechanical techniques, molecular 

quasibookshelf structures (QBS), chevrons 
quasielastic light scattering, nematics 
quasielastic neutron scattering (QENS) 1: 586, 681 
quasihomeotropic geometries, ferroelectrics 2: 625 
quasilong-range order, XRD 1: 647 
quater wave plate, SLM 
quater wave plate dichroic displays 
quaternion groups, nematic MCLCP 
quatemization, solvents 1: 855, 880 
quenching, solvents 1: 874 
Querverhiegung, nematics 2: 63 
quinoaxaline 1: 140 
quinoline 1: 140 
quinones, synthesis 2: 695 
quinquiphenyl 1 : 136 

2: 753; 3: 61 

modelling 1: 78 
2: 637 

2: 170 

1: 766 
2: 282 f 
3: 101 

ra structure, NMR 1: 842 
racemic compounds 
- chiral nematics 2: 306 
- swallow-tailed mesogens 2: 853 
racemic materials, chiral nematics 
racemic structures, ferroelectrics 2: 549 
racemication, polycondensation 3: 55 
radial configuration, nematics 2: 185 
radiation, guest-host effect 2: 259 
radiation detection, thermography 
radiation fluxes, ultrasonic properties 
radical polymerization 3: 78 

Raman experiments, antiferroelectrics 2: 667 
Raman scattering 1: 682, 719 
random coil polymers, aromatic polyesters 
random copolymers, living polymerization 
randomly constrained nematics 2: 189 
rank, tensor properties 
Raoult law 1: 861 
Rapini-Popular terms 2: 77 
rational routes, hydrocarbon cores 
Rayleigh interferometer 2: 13 1 
Rayleigh scattering 
re-entrant behavior 
- high pressure experiments 
- metabolemeter I :  349 
re-entrant phase transitions 
re-entrant phases 
re-entrant phenomenon 
- living systems 3: 397 
~ nematics 2: 98 
re-entrants, definitions 1: 23 
R1 re-entrants 1: 393 f 
R3 re-entrants 1: 402 

2: 342 

1: 833 f 
1: 55 1 

~ SCLCP 3: 123 f 

3: 8 
3: 17 1 

1 : 189 f 

2: 705 

1: 699 f, 708; 2: 172 

1: 363 

1: 304, 391405 
1: 658; 2: 365 f 

reactants, solvent applications 1: 849 
reactive centers, living polymerization 
reactivity, chemical 1: 848 
reagents, hydrocarbon cores 2: 694 ff 
real space structures, Fourier transform 
real time images, thermography 
rearrangement, NMR 1: 844 
Rebek self-replication model 3: 415 
reciprocal lattices, XRD 1 : 64 1 
recoil energy, Mossbauer studies 
rectangular phases 
- biaxial nematics 2: 933 
- columnar discotics 2: 693 f, 750 
- polycatenars 2: 883 
rectus, Cahn nomenclature 
red-green-blue (RGB) filters 2: 21 8 
red-green-blue (RGB) polarization, chiral 

nematics 2: 395 
red shift 

~ chromonics 2: 988 
- external fields 1: 486 
redistribution, XRD 1: 636 
reduction, synthesis 1: 100 
reductive sustituent removal, hydrocarbon 

reflection band, chiral nematics 2: 340 
reflection, thermography I: 823 
reflections 
- chromonics 2: 992 
~ cubic phases 2: 896 
reflective mode, diyplays 2: 480 
reflective monochrome displays 
reflectivity 

- optical properties 1: 224 

reflectors 
- cell preparation 2: 267 
~ dynamic scattering 2: 244 
reflux, hydrocarbon cores 2: 708 
refraction 
~ phase transitions 1: 373 

refractive indices 
~ cellulosics 3: 457 
- chiral nematics 
- fluctuations 1: 262 
- mesogens 1: 220 
- nematics 
- optical properties 
- thermography 1: 824 
~ Vectra 3: 105 
~ wavelength filters 1: 809 
refractometers 
~ chiral nematics 2: 348 

~ nematics 2: 129 

Reinitzer cholesterol, chiral nematics 
Reinitzer cholesterolbenzoate 3: 420 

3: 123 

1: 643 
1: 832 

1: 727 

1: 11 5 

cores 2: 710 

2: 63 1 

- OCB 2~4.50 

- XRD 1: 659 

- XRD 1: 636 

2: 304, 341 f, 348 

2: 67, 128, 182 
1: 215-230, 576 

see also: Abbe refractometers 
2: 335 
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relatedness, living systems 3: 393 ff, 419,434 
relaxation method, rotational viscosity 2: I57 
relaxation rate, Brillouin scattering 
relaxation 
- columnar discotics 2: 789 
- combined polymers 3: 60 
- dielectric properties 
- ferroelectrics 2: 6 18 
- flow-induced textures 3: 114 ff 

- nematics 2: 91, 99 

- ultrasonic properties 1: 563 
relaxation time 
- ac calorimetry 1: 315 
- dipole reorientation 1: 232 
- dynamic scattering 2:  249 
- external fields 1: 485 

reminescent contrast, displays 2: 289 
Renn-Lubensky model, fluctuations 1: 382 
renormalization group 
reorientation 
- directors 1: 265 
- ferroelectrics 2: 520 
- molecular 2: 187 
- optical-field-induced 1: 572 
- side chain mesogens 
- smectic A 2: 481 
- transient laser-induced 
replay field, CGH 1: 788 
residues, cellulosics 3: 454 
resistivity 
- columnar discotics 2: 792 
- dichroic dyes 2: 259 
- dynamic scattering 2: 243 
- tensor properties 1: 192 
resolution, ferroelectric devices 
response times 

1: 723 

1: 245 f 

- LCE 3:284 

- NMR 1: 598 

- NMR 1: 841 

1: 288, 31 I 

3: 60 

2: 18 1 

2: 630, 657 

- AFLCD 2 ~ 6 7 9  
- FCOASLM 1 ~ 7 7 3  
- nonchiral smectics 2: 485 
retardance, wavelength filters 1: 806 
retardation, chiral nematics 2: 304 
retardation factor, nematics 2: 92 
retardation plates, chiral nematics 
retention, gas chromatography 1: 857 
reticulated textures, chromonics 2: 995 
reverse mode, laser addressed devices 
reverse twist, chiral nematics 2: 336 
reversed phases, surfactants 3: 348 
Reynolds number 1: 517 
RGB filters see: red-green-blue filters 
rhenium, cyclometalated complexes 2: 920 
rheology 
- elastomers 3: 62 f 

rhodium, ligands 
rhodium carboxylates, charge transfer systems 

2: 395 

2: 475 

- SCLCP 3 ~ 2 3 6  
2: 904, 908, 91 7 

2: 962 

ribbon structures, surfactants 3: 356 f 
rigid anisometric segments, MCLCP 3: 26 
rigid materials, aromatic MCLCP 3: 3 
rigid rod-like polymers, NLO 3: 267 
ring bromination, heterocyclic cores 
ring configuration, active matrix displays 
ring containing substituents, lateral 
ring inversion, NMR 1: 844 
ring opening metathesis copolymerizations 3: 18 1 
ring opening metathesis polymerization 
(ROMP) 3: 78, 142 ff 
- oxiranes 3: 133 
ring structures 
-- nematics 2: 47 
-~ smectogens 
ring substituents, hydrocarbon cores 
ring systems 
- large 1: 172 f 
- mesogenic properties 
- SCLCP 3:209 
RNA 
- chromonic nature 2: 1003 
- suprachiral structures 3: 405 
rochelle salt, ferroelectrics 2: 5 15 
rocksalt substrates, homeotropic alignment 3: 112 
rod-coil diblock copolymer systems 3: 70 ff 
rodkoil systems, block copolymers 3: 76 f 
rod-like compounds, mesogenic properties 
rod-like crystals, phase transitions 2: 23 24 
rod-like mesogens, laterally substituted 
rod-like molecules 
- isotropic states 2: 91 

rod-like phases, biaxial nematics 
rod--rod side groups, block copolymers 
rods, micelle shapes 3: 346 
rotational modes, ferroelectrics 
rotational symmetry operations 
rotational viscosity 
rotator phases, surfactants 3: 355 
routes, chain polymerzation 
RU3 11 56, chromonics 
rubbers 

2: 733 

1: 155 f 
2: 230 

2: 4 12,4 18 
2: 708 

1: 136 ff 

1: 135 f 

2: 835 ff 

- MCLCP 3 ~ 3 9  
2: 933 

3: 66 

2: 613 ff 
1: 11 8 

1: 456,470 f; 2: 155 f 

3: 123 f 
2: 98 1 

- LCE 3: 277,295 
- SCLCP 3:230 
rubbing 
- chevrons 2: 644 
- ferroelectric devices 2: 649 
ruffigallol 1: 173; 2: 700 
rufigallol hexaalkanoates, ellagic acid 2: 866 
ruler micelles, surfactants 3: 353 
ruthenium complexes, ROMP 3: 142 
ruthenium 
- carboxylate ligands 2: 908 
- lyotropic metallomesogens 2: 927 
ruthenocene, rnetallocen ligands 2: 923 
Ryckaert-Bellemans potential, dimers 2: 827 
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S distortions, external fields 1: 489 
saccharides, pyran rings 2: 741 
salicylaldimine complexes, magnetic 

salicylaldimine ligands, metallomesogens 
salt-like compounds, mesogenic properties 
salting out/in, surfactants 3: 385 
salts, mesogenic properties 1: 170 
sample cells, light scattering 
sample environment, X rays 
sample geometries, ferroelectrics 2: 625 f 
sample preparation, discotics 2: 764 
sanidic aromatic polyamides, biaxial nematics 
sanidic polyesters 3: 18 
saturated cores, discotics 2: 739 ff 
saturated systems, solvents I: 872 
Saupe ordering matrix, tensor properties 
Saupe-Nehring theory 
- elastic properties 1: 277 
- ferroelectrics 2: 559 
- nematics 2: 61 
Saupe theory, nematics 2: 79 
SAW, ultrasonic properties 1: 550 
scaling law, cone mode viscosity 2: 602 f 
scaling, phase transitions 1: 287 f 
scanning calorimetry, phase transitions 
scattering centers, nonchiral smectics 2: 485 
scattering experiments 
scattering geometries, shear viscosity 2: 147 
scattering mode devices I: 748 f 
Scher-Lax model, columnar phases 2: 767 
Schiff base compounds, charge transfer 

Schiff base mixtures, re-entrants 
Schiff bases 
- chiral nematics 
- chiral smectics 
- dichroic dyes 2: 260 
- dynamic scattering 2: 243 f 
- laser addressed devices 2: 476 
- salicylaldimine ligands 2: 915 
- shear viscosity 2: 152 
- smectogens 2: 418 
Schiller theory, flowiviscosity 1: 454 
schlieren textures 1: 417 
- biaxial nematics 2: 937 
- cellulosics 3: 457 ff 
- chiral nematics 
- chromonics 2: 982, 994 
- nematicMCLCP 3: 106 
- nematic 1: 446 
- nonchiral smectics 2: 470 
- smectics 2:461 

- triphenylene 2: 757 
Schroder-van Laar equation 2: 305 
Schwarz P surface, cubic phases 
screw disclinations 
- chiral nematics 2: 353 

properties 1: 2 10 
2: 9 15 ff 
1: 170 f 

1: 705 
1: 632 

2: 940 

1: 197 

1: 313 

1: 621, 649,68 1 

systems 2: 948 
1: 394 

2: 306, 3 13 
2: 493, 496 

2: 344 ff 

- TBBA 3: 100 

2: 898 

- TGB 1: 131 
- Volterra process I: 419 

scylloinositol 
second harmonic generation (SHG) 
- chiral nematics 2: 396 
- ferroelectrics 2: 554 f 

- SCLCP 3:242 
second order transitions 1: 309 
- external fields 1: 478 
segments, block copolymers 3: 66 f 
segregation 
- elastic properties 1: 264 

seignette electricity, ferroelectrics 2: 530 
Seiko scheme, displays 1: 758 
selection criteria, solvents 1: 851 
selective reflection 
- chiral nematics 
- phase transitions 1: 361 
- temperature dependence 1: 823 
selectivity, gas chromatography 1: 858 
selenoethers, synthesis 2: 702 
self-assembled aggregates, surfactants 3: 34 1 
self-assembly, hydrogen bonded complexes 
self-beating scattering, nematics 2: 172 
self-difiaction, optical properties 1: 573 
self-diffusion 
- nematics 2: 173 
- translational 2: 186 
self-diffusion coefficient, surfactants 3: 344 
self-exclusion, MCLCP 3: 39 
self-healing, block copolymers 3: 89 
self-organization 
- block copolymers 3: 66 
- living systems 3: 404 
self-organizing periodicity, columnar discotics 
self-replicationheproduction, living systems 3: 404 
semirigid materials, aromatic MCLCP 3: 3 
separation efficiency, gas chromatography 
sequential monomer addition 3: 127 
serin, amphotropics 3: 327 
shadow routed crossbars, SLM 
SHAKE procedure, molecular modelling 
shallow-tailed compounds 1: 158 f 
shapes 
- biaxial nematics 2: 934 
- charge transfer systems 2: 945 
shear effect, cholesteric symmetry 
shear flow, nematic MCLCP 3: 105 
shear gradients, flowiviscosity 1: 466 
shear moduli 
- elastomers 3: 63 

- XRD 1: 660 
2: 739; 3: 330 ff 

1: 577 

- LCE 3 ~ 2 9 7  

- MCLCP 3:48 

2: 335 ff, 349 

2: 969 ff 

2: 792 

1: 858 

1: 798 
1: 75 

2: 554 

- LCE 3: 279 
- SCLCP 3 ~ 2 3 6  
shear properties, thermography I: 827 
shear stress 1: 253 
- wind tunnels 1: 827 
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shear viscosity 
- flow phenomenon I: 455 
- nematics 1: 469 
shear viscosity coefficients, determination 
shell electrons, X-rays I: 619 
shift invariance, correlators 1: 777 
shifts 
- chromonics 2: 988 
- phase transitions I: 478 
short-pitch chiral nematics 2: 403 
short-pitch chiral smectics 2: 509 
short-pitch materials, DHM 2: 587 
short-range dipoledipole interactions 
short-range order 
- calamitics 2: 18 

shrinkage, aromatic polyesters 3: 15 
shutter-based switch 1 to 16 
side chain mesogens 
- main chain mesogen linked 3: 57 ff 
- main chain spacer-linked 3: 53 ff 
side chain polymers 
- hydrogen bonding 2: 973 
- living polymerization 3: 123 84 

side group coil diblock copolymer systems 3: 78 f 
side groups, block copolymers 3: 66 
side groups liquid crystalline polymers 

sigmatropic rearrangements, solvents 
sign convention, ferroelectrics 
signal-to-noise ratio (SNR), SLM 
silane derivatives, chiral nematics 
silanediols, hydrogen bonding 2: 969 
silanols, amphotropics 3: 308 
silica layers, displays 1: 732 
silicon, phthalocyanine ligands 2: 924 
silicon monoxide evaporation, chiral nematics 
silicon nitride layer, active matrix displays 
a silicon noveltry filter 
silicon TFT matrix address 
silicone oil, vortex formation 
siloxane compounds, cubic phases 
siloxanes, chiral nematics 2: 396 
silver, ligands 2: 903 f 
silyl, phthalocyanine ligands 2: 925 
Simon equation, phase transitions 1: 357 
Simon-Glatzel equation 
Singer-Kuzyk-Sohn model, electric poling 

single bond, nematics 2: 47 
single crystal experiments 1: 840 
singular points, nematic MCLCP 3: 97 f 
singular pointsilinesiwalls, defects 
sinister, Cahn nomenclature 
Sirius Supra Brown RLL 2: 981 
six-membered rings, mesogenic properties 
SmA-C* transitions, ferroelectric 1: 48 1 
SmA-hexatic smectic B transitions 

2: 142 f 

1 : 240 

- XRD 1: 648 

1: 799 

- SANS 1 ~ 6 8 5  

(SGLCP) 1: 20 
1: 852, 876 

2: 559 f 
1: 776 
2: 338 

2: 345 
2: 23 1 

1: 8 18 
2: 234 

1: 520 
2: 889 

1: 358; 2: 165 

field 3: 244 

1: 413 f 
I: 11 6 

1: 136 

1: 291 f 

SmA-SmA critical point 1: 302 
SmA-SmC transitions 1: 65,289 f, 326,478; 2: 29 ff 
SmA-SmC* transitions 2: 32 
SmA*-SmC* transitions, ferroelectrics 
SmA phases 
- flowiviscosity 1: 474 
- interdigitated 1: 395 
SmA-TGB,+holesteric, multicritical behavior 1: 368 
SmAdlSmA,, fluctuations 1: 384 
small-angle light scattering, nematic MCLCP 
small-angle neutron scattering (SANS) 1: 684 

2: 57 I f 

3: 11 1 

- LCE 3:292 
~ SCLCP 3:237 
smart pixels 1: 810, 814 
SmC*-SmA-TGB,, multicritical behavior 1: 368 
SmC/C* phases, flowiviscosity 
smectic A dichroic LCDs 2: 298 
smectic A phases, LCE 3: 289, 297 
smectic arrangements, amphotropics 3: 3 12 
smectic C phases, LCE 3: 297 f 
smectic C* states, ferroelectrics 2: 546 
smectic layering, immiscible components 3: 197 
smectic materials 2: 427 ff 
- requirements 2: 654 
smectic mesogens, nonchiral 2: 471 
smectic mesophase, diffusion I: 590 
smectic order parameters, XRD 
smectic phases 1: 17, 43, 60 
- Brillouin scattering 1: 722 
- combined polymers 3: 54 
- dielectric properties I: 240 
- dynamic scattering 2: 250 
- EHD behavior 1: 527 
- ferroelectrics 2: 613 
- flexoelectrics 2: 613 
- light scattering 
- nonchiral 2: 441 ff 
- order parameters 
- powder patterns 1: 639 
- solvents 1: 849 
- substituted mesogens 2: 848 
- swallow-tailed mesogens 2: 855 

~ ultrasonic field 1: 559 

smectic polymorphism, dimers 2: 804 
smectic structures, calamitics 2: 7 
smectic transitions (C,I,F,G) 
smectics 1: 21 
- EHD behavior 1: 526 
- external fields 
- Frederiks transitions 1: 273 
- melting processes 2: 5 
- nonchiral 2: 41 1 4 4 0  
- orthogonal 2: 7,470,493 
-- surface alignment 1: 544 
- torsional elasticity 1: 258 
- Volterra process 1: 418 
smectogenic side groups, NLO systems 
smectogens synthesis 

1: 470 f 

1: 646 

1: 709 f 

1: 41, 664 

- XRD 1: 635,652 

2: 41 f 

1: 505 f 

3: 249 
2: 41 1 ff 
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smooth surfaces, anchoring 1: 541 
SneIIs law, SLM 1: 774 
soap phases, chromonics 2: 982 
soaps 
- amphotropics 3: 306 f 
- surfactants 3: 341,349,356 
sodium caprilateldecanoliwater, surfactants 3: 382 
sodium dodecanoate 3: 341 
sodium dodecyl sulfate 3: 341 f, 377 
sodium octanateioctanalimethyloctanoate 3: 382 
soft crystals, description 1: 20 
soft modes, ferroelectrics 2: 617 
softening point, amphotropics 3: 328 
solanin, amphotropics 3: 309 
Soleil-Babinet compensator 2: 216 
solid phase crystallization method 
solid state, description 1: 20 
solubility 
- aromatic MCLCP 3: 3 
- cellulosics 3: 453, 464 
- dichroic dyes 2: 259 f 

-- surfactants 3: 341 f 
solubility factor, solvent applications 
solute-solvent interactions 1: 840 
solutes 
- chemical reactivity 1: 848 
- diffusion 1: 590 

- nonmesogenic 1: 859 
- chromonics 2: 1001 
solvents 
- amphotropics 3: 305, 332 
- cellulosics 3: 463, 474 f 
- chemical reactions 1: 839-895 
- crosslinked polymers 3: 232 
- living polymerization 3: 123 ff 

- surfactants 3: 386 
sound velocity, Brillouin scattering 1: 72 1 
space symmetry 1: 11 8 
space-time behavior, ferroelectrics 2: 601 
spacer chains, chiral nematics 
spacer length 
- combined polymers 3: 59 

- NLO systems 3: 257 
- polyacrylates 3: 2 19 
spacer model, NMR 1: 609 
spacer substituent effects, MCLCP 3: 46 
spacers 
- charge transfer systems 2: 952 
- dimersloligomers 2: 801 ff 
- ferroelectric devices 2: 650 
- flexible 3: 42 f 

- linking types 3: 53 f 
- living polymerization 
- SCLCP 3:207 

2: 238 

- MCLCP 3 ~ 2 7  

1: 849 

- NMR 1 ~ 8 4 1  

- MCLCP 3: 30f  

2: 307 

- LCE 3: 292 

- LCE 3 ~ 2 8 3  

3: 159 f 

- substituted mesogens 2: 843 ff 
- textures 3: 109 
spacing 
- ferroelectrics 2: 564 
- interlayers 2: 441 
spatial configurations, symmetry 1: 117 
spatial frequency pixels 1: 780 
spatial light modulation (SLM) 
spatiotemporal coherences, living systems 3: 402, 

specific volume, phase transitions 1: 332 
spectral bandwith 
- chiral nematics 2: 349 
- dichroic dyes 2: 259 
spectral transmission, dynamic scattering 
spectroscopic applications I :  839 57 
spectroscopic methods 
- cellulosics 3: 459 
-- guest-host effect 2: 257 
spheres, micelle shapes 3: 346 
spherical harmonics, tensor properties 
sphingolipids, amphotropics 3: 327 
spin, NMR 1: 596 f 
spin-glas, re-entrants 1: 399 
spin Hamiltonian, ESR 1: 613 
spin--lattice relaxation 

- nematics 2: 173, 188 
spin-spin coupling 
- guest-host effect 2: 258 

spin-spin interactions 1: 208 
spirals origin, textures I: 442 
spiro ring systems 1: 141 
spiropyran units, NLO systems 3: 253 
splay bend deformation, ferroelectrics 2: 558 
splay-bend director, light scattering 
splay-bend-twist deformations, external fields 

splay deformation 
- directors 1: 544 
- elastic properties 1: 267 
- torsional elasticity 1: 256 
splay director distortions, nematics 2: 62 
splay distortions 
- nematic MCLCP 3: 94 
- nonchiral smectics 2: 464 
splay elastic constants 
- nematic MCLCP 3: 98 
- nematics 2: 171 
- smectic A 2: 444 
splay elastic deformations, chiral nematics 
splay Frederiks cell, displays 
splay Frederiks distortion, external fields 
splay-twist director states, ferroelectric devices 

splitting, columnar phases 2: 753 
splitting, NMR 1: 841, 844 
sponge phases, surfactants 3: 361 

1: 763 

429 

2: 25 1 

1: 197 

~ MBBA 2: 177 

- NMR 1: 840 

1: 704 

1: 491 

2: 370 
1: 735 

1: 498 

2: 646 
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spontaneous polarization 
- antiferroelectrics 2: 665 
- chiral smectics 2: 494 ff 
- ferroelechic devices 2: 654 
- ferroelectrics 2: 526 ff, 533 ff, 573 
spontaneous polymerization, SmC* polymers 3: 2 18 
spoon shaped biaxial nematics 2: 934 
SQUID magnetometer I: 213 
stability 
- dichroic dyes 2: 259 
- exchange 1: 519 
- hydrogen bonding 2: 973 
- mechanical 1:253 
stabilization 
- chromonics 2: 986 f 
- ferroelectrics 2: 610 
stable free radical polymerization (SFRP) 
stacking 
- calarnitics 2: 12 
- charge transfer systems 2: 962 
- chromonics 2: 982,986 
- columnar discotics 2: 781 
- discotics 2: 694, 750 
- bowl-shaped molecules 1: 122 
stacking faults, XRD 1: 641, 664 
Stanford vector matrix multiplier 
star-like compounds, mesogenic properties 
states, definitions 1: 18 
static dielectric constants, nematics 2: 92 
static light scattering, nematics 
static properties, chiral nematics 2: 342 f 
static random access memory (SRAM) 
stationary phases, gas chromatography 
statistical binary copolymers 3: 192 f 
statistical mechanics 1: 40 
statistical molecular theory 1: 58 
statistical synthesis, hydrocarbon cores 
steady state patterns, external fields 1: 492 
Steglich method, hydrocarbon cores 2: 701 
step growing, living polymerization 3: 125 
stepped drops, textures 1: 430 
stereochemistry, definitions 1: 23 
stereoisomers, chirality 1: 115 
steric energy, molecular modelling 
steric fixation, chirality 1: 105 
steric interactions, cellulosics 3: 454 
steric packing, ferroelectrics 2: 558 
sterical arrangement, amphotropics 3: 306 
sterically coupled fields, ferroelectric devices 

sterol based mesogens, chiral nematics 2: 3 11 
stiff substituents, polyesters 3: 17 
stilbazole complexes, ligands 2: 904 
stilbene, NLO systems 3: 251, 260 
Stille reaction 1: 94 
stochastic dynamics, molecular modelling 
Stokes law, ferroelectrics 2: 620 
storage mode, chiral nematics 
storage model, ultrasonic fields 

3: 80 

1: 798, 811 
1: 167 

1: 699 

1: 768 
1: 857 

2: 705 

1 : 72 

2: 635 

1: 75 

2: 390, 396 
1: 557 

storage modulus, LCE 3: 292 
strain 1: 253 f 
strain induced transitions, LCE 
strain tensor 1: 37 
strands, sample preparation 2: 764 
streaks 2: 35 1 
street defects, ferroelectric devices 
strength, disclinations 3: 95 
stress I: 253 f 
stress matrices 1: 35 
stress optical coefficient, LCE 3: 281 
stress responses, networks 3: 235 
stress-strain relation, LCE 3: 277 ff, 291 
stress tensor 1: 455 
striations, dynamic scattering 2: 247 
strong anchoring, elastic properties 
structural formulas, mesogens 1: 87 
structural modifications, aromatic MCLCP 3: 4 f 
structural properties, TGB phases 1: 294 
structural studies, XRD 1: 635-679 
structural transformations 1: 549 f 
structure deformations, solute-solvent 

interaction 1:  840 
structure factors, neutron scattering 
structure--property relation 
- combined polymes 
- living polymerizatin 

3: 292 

2: 634 

1: 260 

1: 683 

3: 52 ff, 59 ff 
3: 152 f 

- MCLCP 3: 39 ff 
- SCLCP 3 ~ 2 0 8  
structurcs 1: 78 
-- biaxial nematics 
- cellulosics 3: 453 ff 
- chromonic 
- columnar phases 1: 668 
- dichroic dyes 2: 260 
- dimers 2: 801 ff 
- discotic 2: 749-780 
- hydrogen bonding 2: 969 
- living polymerization 3: 127 ff 
- magneticielectric field influences 
- nematics 2: 6 
- nonchiral smectics 
- ordered smectic phases 
- periodic I: 492 
- polycatenars 2: 882 ff 
- polyesters 3: 29 f 
- polysiloxanes 3: 37 
- polyurethanes 3: 36 
- SmC* polymers 3: 222 
- supertwist 1: 497 
- surfactants 3: 348 ff 
- ultrasonic properties 1: 564 
styrene 
- living polymerization 3: 128 
- NLO systems 3: 255 
styrene isoprene (SI) diblock copolymers 
styrene matrix, block copolymers 3: 67 
sublayer swelling, SCLCP 3: 2 15 
subphase sequences, antiferroelectrics 2: 685 

2: 934 f 

2: 981 ff, 999 

I: 477 

2: 41 1 
I: 664 

3: 67 
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substituents 
- amphotropics 3: 306 ff, 332 
- aromatic MCLCP 3: 6 
- combined polymers 3: 55 
~- lateral 2: 422, 836 
- living polymerization 3: 123 

- NLO systems 3: 250 
- polyesters 3: 15 
- smectogens 2: 411 
substituents position codes, cellulosics 3: 468 
substituted derivatives, unsymmetrically 2: 705 
substituted sugars, discotics 1: 177 
substrate layers, columnar discotics 
substrate surfaces, chromonics 2: 987 
suface stabilized states, ferroelectrics 2: 544 ff 
sugar derivatives 
- amphotropics 3: 330 
- synthesis 2: 742 
sugar phosphate chain, DNA chromonics 
sugars, amphotropics 3: 308 
sulfanilamides, chromonics 2: 984 
sulfolane, reagents 2: 726 
sulfur containing ligands, metallomesogens 
superconductivity 
- ferroelectrics 2: 528 
- nematics 2: 183 
superconductor analogy, phase transitions 
superconductors 1: 377, 393 
superdisk benzene, hydrocarbon cores 2: 720 
superdisk structures 
- heterocyclic cores 2: 735 
- hydrocarbon cores 2: 698 
superfluid helium analogy, phase transitions I: 289 
supermolecular structures, cellulosics 3: 453, 464 f 
superposition, defects 1: 449 
superstructure, helical 3: 64 
supertwist dichroic effect displays (SDE) 
supertwist structures, external fields 
supertwisted birefringence effect (SBE) 
supertwisted nematic displays 
supertwisted nematics (STN) 
suprachiral structures, RNA 3: 405 
supraconducting quantum interference device 

supramolecular hydrogen bonding 2: 969 
supramolecular organizations, living systems 

surface alignment 1: 535-548 
- chromonics 2: 991 
- ferroelectric devices 2: 647 
- shear viscosity 2: 143 
surface conditions, continuum theory 
surface defects, ferroelectric devices 
surface extrapolation length, distortions 
surface-like elastic constants, nematics 
surface orientational order, nematics 
surface relaxation, columnar discotics 
surface SHG, optical properties 

- MCLCP 3:41 

2: 793 

2: 1003 

2: 913 ff 

1: 284 f 

2: 296 
1: 497 

1: 743 
1: 746; 2: 208 

2: 199 f, 399 

(SQUID) 2: 116 

3: 394 f 

1: 25 
2: 635 f 

2: 73 

2: 792 

1: 489 

1: 540 

1: 578 

surface stabilized ferroelectric LC (SSFLC) 
- device (SSFLCD) 2: 494,630 
- flowlviscosity I: 473 
surface temperature, thermography 1: 827 
surface tension, nonchiral smectics 2: 464 
surface tensor model, dimers 
surface treatment, chevrons 2: 645 
surfaces 
- textures 1: 409, 430 

surfactant complexes, lyotropic metallomesogens 

surfactants (surface active agents) 3: 341-392 
- amphotropics 3: 306 
susceptibility 2: 118; 3: 243 
- diamagnetic 1: 28, 209 
- dielectric 1: 236 
- elastic 1: 265 
- external fields 1: 479 
- ferroelectrics 2: 520 f, 535 f, 584 f 
- magnetic 1: 204 
- molecular 1: 42, 209 
- N-SmA transitions 2: 27 
- nematics 2: 113 
- nonlinear 1: 570 
- phase transitions 1: 280 
- tensorproperties 1: 190 
Suzuki reaction 1: 94 
swallow-tailed liquid crystals 2: 835-863 
swallow-tailed mesogens 2: 850 ff 
swelling 
- polypeptides 3: 72 

switch matrix address, MOSFET 2: 239 
switcheable phase delays, array antennae 
switches, holographic 1: 793 
switching 
- chevron interfaces 2: 636 
- chiral nematics 2: 345 
- columnar discotics 2: 794 
- columnar phases 2: 765 
- displays 1: 756 
- ferroelectric devices 2: 645 
- ferroelectrics 2: 597, 600 f 
- hydrocarbon cores 2: 712 
- QBS geometry 2: 649 

- V-shaped 2: 675 f 
switching speed 
- displays 2: 284, 287 
- guest-host effect 2: 273 
switching time, dynamic scattering 2: 253 
symmetry 1: 115-132 
- chiral nematics 2: 308 
- ferroelectrics 
- re-entrants I: 391 
symmetry breaking, living systems 
symmetry changes, external fields 
synapses, neural networks I: 810 

2: 545 ff 

2: 823 

- XRD 1:659 

2: 927 

- SCLCP 3: 215,232 

1: 820 

- SCLCP 3: 216 f, 223 ff 

2: 546 ff, 609 

3: 399 
1: 483 
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syndiotactic diads, block copolymers 3: 80 
syndiotacticities, living polymerization 3: 130 
synergetics, living systems 3: 405 
synergistic interactions, combined polymers 3: 59 
Synperonic A, surfactants 3: 364 
synthesis 
- biaxial nematics 2: 935 ff 
- chiral nematics 2: 303-334 
- discotics 2: 693-748 
- living polymerization 3: 127 f 
- nonchiral smectics 2: 41 1 4 4 0  
- phasmids/polycatenars 2: 866 
- polyamidedpolysiloxanes 3: 37 
- polyesters 3: 29 f 
- polyurethanes 3: 33 
- SGLC coil systems 3: 78 
- strategies 1: 87-113 
synthesis routes 

- aromatic polyesters 3: 7 
- SCLCP 3:208 

T distortions, external fields 
tacticity 
- block copolymers 3: 80 
-- living polymerization 3: 167 f 
tails, SCLCP 3: 208 f 
Tait equation, phase transitions 1: 370 
Talbot-Rayleigh interferometer 2: 13 1 
tantalum pentaoxide layer 2: 232 
TAPA, charge transfer systems 
target molecules, synthesis 1: 91 
target structures, building blocks 
TBBA 
- diffusion 1: 590 
- schlieren textures 3: 100 
TBDA, volumeidensity changes 1: 336 
TBnAS, synthesis 2: 428 
Teflon, block copolymers 3: 89 
temperature control, X ray experiments 
temperature dependence 
- chiral nematic pitches 
- columnar discotics 2: 784 
- density 1: 333 
- director fluctuations 2: 179 
- displays 2: 291 
- optical properties 2: 132 
- phase transitions 1: 309 
- pitch 3: 470 
- refractive indices 1: 224 
- rotational viscosity 2: 160 
- selective reflection 1: 823 
- shear viscosity 2: 150 
- SmB,,,SmA transitions 2: 36 
temperature effect, viscosity coefficients 
temperature independent paramagnetism (TIP) 
temperature range 
- amphotropics 3: 305 
- dynamic scattering 

1: 489 

2: 950 ff 

1: 98 

1: 633 

2: 365 

1: 464 
1 : 207 

2: 243, 251 

temperatures, Mossbauer studies 
template structures, nonchiral smectics 
TEMPO, ESR 1: 613 
tensile modulus, SCLCP 3: 238 
tensor components, ferroelectrics 
tensor increment, susceptibility 2: 124 
tensor properties 
- torsional elasticity 
terephthalate units, MCLCP 3: 28 
terephthalic acid (TA) 3: 7 
terminal aliphatic chains 
terminal aliphatic rings, smectogens 2: 414 
terminal branches, swallow-tailed mesogens 
terminal chains, chiral nematics 
terminal groups 1: 19 
- nematics 2: 47, 56 
- smectogens 2: 413,417 
- synthesis 1: 87 
terminal linked twins 1: 164 
terminal polar compounds, charge transfer 

systems 2: 949 
terminal substituents 1: 135, 146 f; 3: 251 
termination reactions, chain polymerization 3: 123 f 
terphenyl diesters, optically active 2: 509 
terphenyl mesogens, chiral nematics 2: 3 14 
terphenyl moieties, aromatic MCLCP 3: 6 
terphenyls, nematics 2: 48 
terpolymers, SCLCP 3: 208 
tertiary amines, solvents 3: 3 1 
testicles, thermography 1: 83 1 
tetraalkanoates, ellagic acids 2: 866 
tetraalkylammonium 3: 343 
tetraazaporphyrin, synthesis 2: 729 
tetrabenzocyclododecatetraene, synthesis 2: 7 17 
tetrabenzotriazaporphyrin, synthesis 2: 735 
tetrabutylammonium 3: 132 
tetracatenar compounds, mesogenic properties 
tetracatenars 2: 869, 876 
tetrachlorethane, pyridine acceptor 3: 30 
tetracyanoethylene (TCNE) 2: 950 f 
tetracyano-p-quinodimethane (TCNQ) 
tetradecanoic acid, amphotropics 3: 306 
tetraesters, synthesis 2: 695 
tetrafluorobenzene 1: 137 
tetrahydrofurane 1: 142 
tetrahydropyran, synthesis 2: 741 
tetrahydropyrane 1: 137 
tetrakis(oligo(ethy1ene-oxy)phthalocyanine) 2: 736 
tetralene I :  140 
tetramethylbenzidine 2: 948 
tetrapyrazinoporphyrazine 2: 734 
tetrazine, dichroic dyes 2: 260 
tetrols, amphotropics 3: 325 
texture transformations 
texture transitions, smectics 1: 506 
textures 1: 406453 
- cellulosics 3: 455 
- chiral nematics 
~- chromonics 

I : 720 
2: 41 1 

2: 617 f 

1: 42, 189-103, 204 
1: 254 f 

1: 125; 2: 496 

2: 853 
2: 307 

1: 160 

2: 722, 950 f 

1: 444 f, 557 

2: 304, 338 ff, 350 f 
2: 982 ff, 989 ff, 994 ff 
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- columnar phases 2: 775 
- displays 2: 290 
- EHD behavior 1: 526 
- ferroelectric devices 2: 638 
- living systems 3: 393 
- nematic MCLCP 3: 93-120 
- NLO systems 3: 262 
- nonchiral smectics 2: 470 
- smectics 2: 461 

see also: Grandjean textures 
see also: schlieren textures 

thallium, carboxylate ligands 2: 906 
theoretical models 
-- polyimonodomains 3: 287 f 

thermal behavior, NLO mesogenic groups 3: 258 
thermal characteristics, phase transitions 
thermal conductivity, chiral nematics 
thermal effects 
- chiral nematics 2: 397 f 
- optical properties 1: 575 
thermal expansion coefficients 1: 332 
- discotic network 3: 290 

-- SCLCP 3 ~ 2 2 9  

1: 308 
2: 377 

- LCE 3 ~ 2 7 9  
- SCLCP 3:237 
thermal mapping 1: 83 1 
thermal methods, phase transitions 
thermal reactions, solvents 1: 876 
thermally addressed displays 2: 480 
thermistors, ac calorimetry 1 : 3 15 
thermobarograms, phase transitions 
thermobarometric analysis (TBA) 1: 349 
thermochromic effect 1: 123 
thermochromic mixtures, chiral nematics 
thermodynamic properties, nonmesognic 

thermography 1: 823-838 
thermomechanical coupling, chiral nematics 
thermometers 1: 830 
thermotropic behavior 
- graft copolymers 3: 190 ff 
- living polymerization 3: 124 ff, 154 ff 

- side chain block copolymers 3: 183 ff 
- spacers 3:42 
tbermotropic calamitic liquid crystals 
thermotropic calamities, melting processes 2: 4 f 
thermotropic cellulosics 3: 477 f 
thermotropic cubic phases, XRD 
thermotropic hydrogen bonded compounds 
thermotropic mesogens, magnetic properties 
tbermotropic nematics, packing effects 
thermotropic phases 
- aromatic MCLCP 3: 3 
- cubic 2: 887-900 
- optically negative 2: 939 
thermotropic polymers, banded textures 
thermotropic properties I: 18 ff 
thermotropic quasi-liquid crystals (QLC) 3: 253 

1: 308 f 

1: 348 f 

2: 305 

solutes 1: 884 

2: 377 

- SCLCP 3: 207 69 

I: 87 ff 

1:  641 
2: 976 

1 : 209 
1: 54 

3: 116 

thennotropic systems, external fields 
thermotropic textures 1: 407 f 
thermotropics, solvents 1: 872 
THES, atomistic simulations 1: 83 
thiadiazoles, synthesis 1: 104 
thiatruxenes, synthesis 2: 724 
thick films, orderparameters 2: 462 
thick layers, rotational viscosity 
thick walls, ferroelectric devices 
thickness, Heilmeier cell 2: 279 
thilirane, ring systems 1: 142 
thin film diode, active matrix displays 2: 230 
thin film silicon PIN diode (TFD) 2: 230 
thin film transitor (TFT), active matrix 

displays 2: 233 
thin films 
- hexatic B 2: 450 
- SmA-SmC transition 2: 35 
- SmBh,,SmA transitions 2: 37 
- smectic C 2: 460 
thin layers, rotational viscosity 2: 157 
thin walls, ferroelectric devices 2: 639 
thioacetals, amphotropics 3: 329 
thioalkyl side chains, polyesters 3: 16 
thioester groups, smectogens 2: 421 
thioethers, synthesis 2: 702 f 
thiopenes, synthesis 1: 104 
thiopyran derivatives, noncalmitic systems 2: 953 
thiranes, optically active 2: 506 
third components influence, surfactants 3: 381 ff 
third harmonic generation (THG) 
threads 
- nematic MCLCP 3: 99, 106 
- thinithick 1: 418 
three dimensional video 1: 817 
three ring materials, STN 
three ring systems 1: 138 

threshold characteristics, displays 
threshold voltage, nonchiral smectics 
thresholdless antiferroelectricity (TLAF) 2: 665 f, 

tigerskin textures 2: 990, 994 
tilt alignment, nonchiral smectics 
tilt angles 

- chiral smectics 2: 496 
- ferroelectrics 2: 599 f, 607, 654 
- Frederiks cell 1: 734 
- SmA-SmC transitions 2: 30,452 
- SmC phase 1: 640 
- SmC* polymers 3: 222 

1: 493 

2: 158 
2: 639 

1: 577 f 

2: 223 

- SCLCP 3 ~ 2 0 9  
2: 275, 286 

2: 485 

675 f, 682 

2: 47 1 

- AFLCD 2 ~ 6 8 1  

- STN 2 ~ 2 0 8  
- XRD 1:641 
tilt plane, antiferroelectrics 
tilt-polarization coupling, external fields 
tilt SmA device 2: 482 
tilted chiral phases I :  21 
tilted columns, discotics 2: 750 

2: 67 1 
1: 479 
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tilted gel phases, surfactants 3: 354 
tilted hexatic phases 
- smectics 2: 461 

tilted phases 
- calamitics 2: 5 
- smectic 2: 13 
tilted smectic layers, ferroelectrics 
tilted smectics 2: 470, 493 
tilted stacks, chromonics 2: 988 
tilted-orthogonal smectic transitions, fluctuations 

time scales, NMR 1 :  607 
time-resolved diffraction 1: 687 
tin, phthalocyanine ligands 2: 924 
titanium complexes, ROMP 3: 142 
tobacco mosaic virus 3: 408 
tolanes, ethynyl bridges 1: 97 
toluene, reagents 2: 712 
toluenes 
-~ living polymerization 
-- thermotropic behavior 3: 197 
topographies, anchoring 1: 541 
torque 
- elastic properties 1: 259 
- flowiviscosity 1: 457 
- generation under flow 
- rotational viscosity 2: 155 
torque coupling, ferroelectrics 2: 597 
torsion angles, cellulosics 3: 454 
torsional elasticity 1: 253 f 
torsional energy barriers, molecular modelling 
torsional shear flow, nematics 
total reflection method, nematics 
tracer technique, diffusion 1: 585 
trans-cis back reactions, chiral nematics 
trurzsicis conformers, MCLCP 3: 40 
trans conformation 
- biaxial nematics 2: 935 
- molecular modelling 1: 79 
- polycatenars 2: 875 
- terminal substituents 1: 146 
trans form, dimers 2: 8 15 
trunslgauche interconversions, solvents 1: 854 
trans link, dimers 2: 823 
trans-vinylene linking groups 3: 40 
transesterification, MCLCP 3: 26 ff 
transfer copolymerizations 3: 174 
transfer reactions, chain polymerization 
transient laser-induced molecular reorientation 
transient patterns, external fields 
transition metals, NMR 1: 871 
transition sequences, isotropic 2: 760 
transition temperatures I: 20 
- alkyl chain homologs 
- amphotropics 3: 310 ff 
- biaxial nematics 
- chiral nematics 
- chiral smectics 2: 493 

- XRD 1: 663 

2: 626 f 

1: 382 

3: 130, 158 

1: 468 

1 :  75 
2: 150 

2:  129 

2: 368 

3: 123 f 
2: 1 8 1 

1: 493 

2:  472 

2: 936 f 
2: 3 11 ff 

- combined polymers 
- dimers 2: 803 f 
- generic model 2: 819 
- heterocyclic cores 2: 720 ff 
- hydrocarbon cores 2: 695 ff 

- linking groups 
- living polymerization 3: 153 
- mesogenic properties 
- phasmids 2: 868 ff 
- polycatenar compounds 
- smectogens 2: 418 
- substituted mesogens 
- triphenylene derivatives 
transitions 
- external fields 1: 478 
- fluctuations 1: 379 

see also: phase transitions 
translation dislocations 1: 447 
translational diffusion, IQENS 1: 689 
translational difhsion induced rotation (TDIR) 
translational order 
- calamitics 2: 3 

translational properties, dimers 2: 801 
transmission electron microscopy 3: 107 
transmission spectroscopy 3: 459 
transmission techniques, high-pressure 

transmission 

- displays 2: 287 
- dynamic scattering 2: 251 
- ferroelectrics 2: 604, 645 
- guest-host effect 2: 270 f 
- Heilmeier displays 2: 277 
- optical properties 1: 225 

- TN displays 2: 202 
transmittance, optical 2: 677 
transparence, solvents 1: 851 
transparent windows, X rays 
transport properties 
- columnar discotics 2: 791 
- phase transitions 1: 308 
transverse pressure, flow/viscosity 1: 462 
trapping times, columnar discotics 2: 792 
triacetates, cellulosics 3: 465 
trialkoxycinnamic acids, biaxial nematics 
trialkyl cellulose 3: 478 
triazacarbonyl, amine ligands 2: 926 
triazine 1: 101, 137 
tribenzocyclononatrienes, synthesis 2: 7 15 
tribenzocyclononene derivates, oligomers 
triblock sequences, living polymerization 
tricarbanilates, cellulosics 3: 465 
tricarboxamides, synthesis 2: 697 
tricatenar compounds, mesogenic properties 
tricatenars 2: 874 f 

3: 56 ff 

- I-N 2: 24 
1: 145 f 

1: 133 ff 

1: 161 f 

2: 836 f 
2: 758 f 

2: 186 

- XRD 1: 644 

experiments 1: 358 

- AFLCD 2: 681 

- STN 2 ~ 2 1 0  

1: 632 

2: 935 ff 

1 : 167 
3: 172 

1: 160 
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triclinic symmetries, ferroelectrics 2: 609 
tricritical behavior, SmA-SmC transitions 2: 30 f, 

tricritical point 
- anchoring diagram 1: 538 
~ external fields 1: 482 
- fluctuations 1: 377 
- phase transitions 
tricyclodecane, chiral nematics 2: 328 
tricycloquinazolines, synthesis 2: 726 
triesters, phasmids 2: 868 
triethylamines 3: 3 1 
triethylene glycol monomethyl ether (TRIMM) 

3: 467 ff, 476 
trifluoroacetic acids, cellulosics 3: 465 
trimers 
~ hydrocarbon cores 2: 716 
~ mesogenic properties 1: 163 
- oligomeric systems 2: 813 
trinitrofluorene (TNF) 
- charge transfer systems 
- columnar nematics 2: 757 
trinitrofluoronone (TNF) 3: 332 
triphenyl, cellulosics 3: 458 
triphenylene compounds, columnar phases 
triphenylene derivatives, discotics 
triphenylenes 2: 702 f 
~ charge transfer systems 2: 954 
- discotic cores 1: 173 

triplet excitons, columnar discotics 
triplet quenching, solvents 
tripodal materials, amphotropics 3: 327 
triptycene, mesogenic properties 1: 168 
tris(dimethy1amino)sulfonium 3: 132 
tristable switching, antiferroelectrics 2: 675 
Triton X-100, surfactants 3: 364 
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