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We have studied the photodissociation of dimethyl sulfoxide, DMg@dAd DMSO-¢, at 193 nm

using the technique of photofragment translational spectroscopy with a tunable vacuum ultraviolet
product probe provided by undulator radiation on the Chemical Dynamics Beamline at the
Advanced Light Source. In contrast to previous investigations we have found the dissociation to
proceed via a stepwise mechanism involving multiple reaction channels. The primary dissociation,
S—C bond cleavage to eliminate a methyl radical, was found to have two competing channels with
distinct translational energy distributions. The translational energy distribution for the major
primary dissociation channel suggests that it proceeds in a statistical manner on the ground
electronic surface following internal conversion. In competition with this channel is a primary
dissociation that exhibits a translational energy distribution suggestive of dissociation on an excited
electronic surface with most of the available energy partitioned into translational and electronic
degrees of freedom. Secondary decomposition of thgSCDintermediate was found to proceed
exclusively via C—S bond cleavage, gBD—CD,;+SO. However, secondary decomposition of the
CH5;SO intermediate was found to exhibit competition between ;SIH-CH;+SO and
CH;SO—CH,SO+H. The dissociation to CHand SO was the major secondary decomposition
channel with the translational energy distribution indicating a barrier to recombination8of
kcal/mol. While a minor hydrogen atom elimination channel was found to play a role in secondary
decomposition of CE50 intermediates, no analogous secondary C—D bond cleavage was detected
from the CDSO intermediates indicating the importance of tunneling in the secondary
decomposition of CEBO. © 1997 American Institute of Physid$0021-960807)01702-9

I. INTRODUCTION determination of time zerb.Here we have continued the
) ] ) _investigation of this class of photodissociation using PTS to

When a molecule with two equivalent chemical bonds isgy,qy the UV dissociation of dimethyl sulfoxide, DMSO. At
excited above the threshold for dissociation of both bondsy g3 nm there is sufficient energy to break both of the C—S
how the rupture of the two bonds are temporally coupledyongs in DMSO. The dissociation can proceed in either a

becomes a salient question. For discussions of the temporébncertec[Reaction(l)] or stepwisgReaction(2)] manne?®
correlation of the dissociating bonds we adopt here the con-

venient experimental definitions of concerted and stepwise ~CHsSOCH—CH3+SO+CH;, AH=103 kcal/mol,
mechanisms, where concerted refers to cleavage of both @
bonds prior to rotation of the intermediate, and stepwise re-  cH,SO0CH,—CH,;SO+CH;, AH=51 kcal/mol, (2a)
fers to cleavage of the bonds in two distinct steps with the

lifetime of the intermediate exceeding its rotational pefiod. CH3SO—CH3+S0O, AH=52 kcal/mol. (2b)

Recently the question of a concerted versus stepwise dlss%— addition to dissociation to two methyl radicals and sulfur

ciation _has t?e‘?” addressed in our laboratory for such thre%ﬁonoxide, the following dissociation channels are also ther-
body dissociation processes as azomethamel acetond, modynamically accessible at 193 Afn

where the technique of photofragment translational spectros-

copy (PTS was demonstrated to be particularly adept at re- CH3SOCH—CH3SO+CH;—CH,SO+H+CHj,
solving the dissociation dynamics. Characterization of such _

correlations between dissociating bonds is difficult using AH=106 kcal/mol, ©)
time-resolved techniques for cases where the first step is pre-  CH,SOCH—C,Hs+S0O, AH=13 kcal/mol, (4)

dissociative rather than direct owing to the uncertainty in the
CH;SOCH,—CH,SO+CH,;, AH=2 kcal/mol. (5

dcurrent address: Chemistry Department, Brookhaven National Laboratory, ~The room temperature UV absorption spectrum of
Brookhaven, New York, 11973-5000. DMSO was recorded by Gollnick and Strack&he absorp-

PPermanent address: Dipartimento di Chimica, Univerdia Sapienza,” tion at 188 nm was attributed to(a* ) transition on the
00185, Rome, Italy.
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the gas phase UV photodissociation of DMSO have beewnf the undulator radiation at the Chemical Dynamics Beam-
reported by Cheret al. dissociating at 193 nfhiThey used line can be found in Ref. 11. The light is continuously tun-
LIF (laser induced fluorescencen both the A-X) and B-  able from 8-50 eV with a bandwidth of 2.5% providing an
X) transitions to probe the the SO products, ard REMPI  average of %10" photons/sec at the fundamental energy
(resonance enhanced multiphoton ionizatidm probe the and substantial power in the higher harmonics. The undulator
methyl radical products. They found the SO vibrational dis-radiation is passed through a harmonic filter that consists of
tribution to be inverted, peaked at=2. They also assigned a gas cell containing 30 torr of noble gas. For undulator
rotational temperatures for the SO products at 750—-1450 Kadiation at energies below the I.P. for the noble gas the filter
and reported the SO quantum yield at THIR12. The results is transparent. However, above the I.P. of the noble gas the
of the 2+1 REMPI measurements made on the methyl radiilter provides a>10* suppression of the light. By selecting a
cal products found them to be internally cold with only 1.9 gas with an I.P. between the fundamental and the second
kcal/mol of internal energy on average in each methyl. Baset\armonic energy of the undulator radiation, the higher order
on their measurements of the partitioning of the availablenarmonics from the undulator are efficiently filtered from the
energy the authors concluded that the dissociation of DMS®UV beam. The undulator radiation is then focused to 150
at 193 nm proceeds along a single reaction path to producg200 micrometers at the point of intersection with the dis-
SO+2CH; in a concerted three-body elimination, reaction 1.sociation products.

The inverted SO vibrational distribution was attributed to an A continuous molecular beam of either DMS@-br

elongated S—O bond length in the electronically exciteddMSO-d;, <1% in He, was generated by bubbling 40-60
DMSO. Since concerted elimination processes represent thgrr of He through a room temperature liquid sample and
exception for three-body dissociations, the suggestion thaixpanding the resulting mixture through a 0.25 mm stainless
DMSO dissociates in a concerted manner at 193 nm presenggeel nozzle into a source chamber maintained xal@ 4
it as a particularly interesting dynamical system for investi-torr. The nozzle was heated to 80 °C to inhibit cluster for-
gation. mation and the resulting molecular beam typically had a

In this study we have used PTS with VUV product ion- r.m_s. velocity of 1080 m/s with FWHM of 15%. After being
ization to investigate the dissociation dynamics of DMSQO-h skimmed twice the molecular beam was intersected at 90° by
and DMSO-¢ following absorption at 193 nm. We have the output of a Lambda Physik LPX200 excimer laser oper-
observed direct evidence that the dissociation to form SQiting on the ArF transitio(193.3 nm with laser fluence
and two methyl radicals proceeds via a stepwise mechanisrfanging 1-500 mJ/cfn The molecular beam was rotatable
Our SO photoionization measurements agree with the interahout the axis of the dissociation laser, with the dissociation
nal energy measured for the SO product by Ceeal, how-  |aser and detector axes fixed mutually perpendicular. Neutral
ever, our measured translational energy distributions suggephotofragments, which recoiled out of the molecular beam,
a much larger fraction of the available energy is partitionedraveled 15.1 cm where they were photoionized by the undu-
into internal excitation of the methyl radical products than|ator radiation, mass selected with a quadrupole mass filter,
reported from the 21 REMPI results. In contrast to the and counted as a function of time using a Daly ion couttter.
conclusions of Cheet al. we have found the dissociation to For detection of hydrogen atoms a similar apparatus was
be considerably more complex involving multiple decompo-ysed with modifications designed to increase sensitivity for
sition channels. We have identified competing dissociatiomm/e 1 photofragments which have been discussed
channels in both the primary dissociation involving C—Spreviously** In this configuration a pulsed molecular beam
bond cleavage to eliminate a methyl radical as well as thgf <19% DMSO-h in He, the dissociation laser, and the de-
secondary decomposition of the sufonyl intermediate. Thigector axis are all fixed mutually perpendicular. The disso-
study represents one of the first applications of vacuum ulciation laser intersects the unskimmed molecular beam 5 mm
traviolet (VUV) undulator radiation as a photofragment ahove the pulsed nozzle exit. Neutral photofragments that
probe in PTS experiments and demonstrates this technique {gcoil at 90° from the molecular beam pass through two de-
be a powerful new tool for investigations in chemical dy- fining apertures and travel 37.0 cm where they are ionized by
namics. electron impact, mass selected, and counted as a function of
time in the same manner as described above.

Center of mass translational energy distributions,
P(Eq)s, for the neutral photofragments were obtained from

For detection of all neutral photofragments except hy-the time of flight spectra, TOF, using the forward convolu-
drogen atoms, the experiments were carried out on théon techniqué®® The forward convolution technique in-
Chemical Dynamics Beamline at the Advanced Light Sourcevolves convolution of an initiaP(E;) over the instrument
(ALS) at Lawrence Berkeley National Laboratorthe ap-  response function to simulate the TOF spectra. The simu-
paratus will be described in detail in a forthcoming lated TOF spectra are then compared with the raw data and
publication!®!! The design is based on an apparatus curthe P(E) is iteratively adjusted until the best fit to the raw
rently used in our laboratory and described elsewheveth data is obtained.
the most significant difference being the use of tunable VUV~ DMSO-h;, 99%, and DMSO-g¢l 99.9% isotopic purity,
undulator radiation from the ALS for product ionization in were obtained from Aldrich and used without further purifi-
place of electron impact ionization. A complete descriptioncation.

Il. EXPERIMENT
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FIG. 1. TOF spectra for m/e 66CD;SO") at source angles of 12° and
22.5°. The forward convolution fit contains two contributions representing
the fast and slow channels for reacti@a) and fit with theP(E+)’s in Fig. 0.00 ' ' | '
0 10 20 30 40

2.
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. RESULTS FIG. 2. (a) c.m. translational energy distribution used to fit the slow contri-
: bution in the m/e 66CD;SO") TOF spectrgFig. 1). (b) c.m. translational

. energy distribution used to fit the fast contribution in the m/g®B;SO*
For all of the TOF spectra presented the open mrclesro,:gsypectra(,:ig . 46b:S07)

represent the data, the dashed lines are single channel con-

tributions to the forward convolution fit, and the solid line is
the overall fit to the data. ments, the primary dissociation channel that produces fast

photofragments is not observed at the/SD mass. The fail-

A. DMSO-ds ure to detect any of the primary channel that produces fast

The TOF spectra for m/e 6@D;SO") at source angles photofragments at m/e 64, demonstrates that thgSCD
of 12° and 22.5° are shown in Fig. 1. Each spectrum is thdragments from that channel are vibrationally much cooler
result of 2< 1P laser shots with the undulator radiation set atthan the primary channel that produces slow photofragments,
11.0 eV. Not only do these spectra directly identify LSS0  with an internal energy distribution distinct from the slow
as a primary dissociation product, reacti@a), but the spec- photofragment dissociation channel.
tra suggest that there is more than one dissociation channel The TOF spectra for m/e 1&D;") at source angles of
resulting in CQSO photoproducts. The spectrum at 12° ex-20, 35, and 50° are shown in Fig. 4 and were taken with the
hibits a clear shoulder-80 usec and the spectrum has beenundulator radiation set at 12.0 eV and without the use of the
fitted with two separate contributions. The presence of thdarmonic filter. The spectra have been fitted with three con-
contribution at earlier flight times is confirmed in the 22.5° tributions. The contribution at the earliest flight times is fit-
spectrum. The c.m. translational energy distribution for each
of the two contributions are shown in Fig. 2. The primary
dissociation channel that produces slow photofragniétigs 30
2(a)], is peaked around 8 kcal/mol and has a tail that extends °
beyond 30 kcal/mol. The primary dissociation channel that
produces fast photofragmenffig. 2(b)] is peaked at 26
kcal/mol and extends to 42 kcal/mol. Additional evidence for
two channels leading to GSO can be seen in Fig. 3, the
TOF spectrum for m/e 64CD,SO") at 12°, which was taken
under the same photoionization conditions as the m/e 66
spectra. Different dissociation channels leading to,8D
products demonstrate different dissociative ionization pat- ~10 L L I
terns as a result of the distinct internal energy distributions in 50 100 150 200 250
the CD,SO products. Figure 3 has been fitted with the time (usec)
P(Eq)’s in Fig. 2 and it is clear that while the primary dis-

it ; :FFIG. 3. TOF spectrum for m/e 64CD,SO") at a source angle of 12°. The
sociation channel that produces slow photofragments is Stlﬁt shown is from the twd®(E+)’s in Fig. 2 with the same fitting ratio used

eVident' with dissociative ionization' slightly favoring the i fit the m/e 66(CD,SO") spectra in Fig. 1. Note absence of the fast feature
translationally slower, and therefore internally warmer, frag-in the experimental data.
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(,LL ) FIG. 5. (a) Primary c.m. translation energy distribution used to fit the slow-
est contribution to the m/e A&D3) TOF spectra in Fig. 4, slow channel for
eaction(2a). (b) Secondary c.m. translation energy distribution for reaction
2b) used to fit the middle contribution to the m/e (BD3) TOF spectra in
Fig. 4 and the dominant contribution to the m/e @0O") TOF spectra in
Fig. 7.

FIG. 4. TOF spectra for m/e (&Dj3) at source angles of 20°, 35°, and 50°.
The forward convolution fit has three components. The fastest componen%
peaked~40 usec is fit with theP(E+) in Fig. 2(b) and represents the fast
channel for reactiof2a). The slowest and broadest component, peakgd
usec, is fitted with théP(E+) in Fig. 5@ and represents the slow channel
for reaction(2a). The middle contribution, peaked55 usec, is fitted with
the secondar(E+) in Fig. 5(b) and represents products from reacti@h).

duced in the slow photofragment primary dissociation is
shown in Fig. Bb). It is peaked at 8 kcal/mol and extends to
ted with theP(E+) for the primary channel which produced 32 kcal/mol.
fast photofragments observed at m/e 66, Fig),2confirm- TOF spectra for m/e 46S0") at source angles of 25, 40,
ing the fast methyl photofragments as the momentumand 50° are shown in Fig. 7 and were taken under the same
matched dissociation partners of the fast;SD fragments. photoionization conditions as the m/e 18 spectra. The fit to
The remaining two contributions are the broad contributionthe TOF consists predominantly of the signal from the sec-
peaked at~80 usec that are the methyl products from the
slow photofragment primary dissociation channel, reaction
(2a); and the contribution peaked55 usec representing me-
thyl products that result from secondary decomposition of
those primary CESO fragments produced with sufficient in-
ternal energy to undergo secondary dissociation, reaction
(2b). The P(E+) for the primary dissociation channel that
results in slow photofragments is shown in Figa)5 It is
peaked near zero with an exponential decrease extending be-
yond 30 kcal/mol. Since methyl radical products do not un-
dergo secondary decomposition, tRéE) in Fig. 5a) rep-
resents the complet®(E;) for the slow photofragment
primary dissociation channel. Figure 6 shows tREE;)
from Fig. 5a), along with theP(E+) from Fig. 2a), which is
the P(E+) for the slow photofragment primary GBO dis- 0.00 | |
sociation products that survive. The primaB(E;) for 0 10 20 30
CD;SO intermediates that undergo secondary decomposition kcal/mol
is the difference between Figs(a& and Za), shown as the
crossed-hatched region in Fig. 6. For a discussion of th&!G. 6. The c.m. translational energy distribution from Figg) Dverlayed

©
=
o

probability
@
(]
(@)

truncation in the primar)P(ET) for the Surviving CQSO on the c.m. translation energy distribution from Figa)5The area with the
photofragments, see Sec. IV B. TR¢E) for the secondary
decomposition of CESO intermediatefreaction(2b)], pro-

cross-hatches is the difference between Figa) &nd Za) and represents
the primary c.m. translation energy distribution for sulfonyl intermediates
that undergo secondary C—S bond cleavage.
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FIG. 7. TOF spectra for m/e 4680") from dissociation of DMSO-glat FIG. 8. Branching ratios for the dissociation of DMS@ahd DMSO-h at
source angles of 25°, 40°, and 50°. The dominant contribution to the for193 nm. Determination of the values is discussed in the text. The error in the
ward convolution fit is the result of reactiof2b) and is fitted with the  values is estimated to be10%.

P(E+) in Fig. 5b). The small contribution to the fit at 25°, peaked 25

usec, is from dissociative ionization of GBO photoproducts.

fragment primary dissociation channel. With the secondary

ondary decomposition of the GBO intermediates produced dissociation proceeding exclusively from the slow photofrag-
in the slow photofragment primary dissociation ChanneLment primary diSSOCiation, the flttlng ratios indicate that 56%
There is a small contribution to the m/e 48 TOF spectra fronPf the CD;SO fragments produced in the slow photofragment
dissociative ionization of CESO intermediates, which is Primary dissociation undergo secondary decomposition. The
peaked at-130 usec and is most evident in the 25° spec- best fits to the CEBO spectra, m/e 66, were obtained with a
trum. As mentioned above for the secondary,GPoducts, ~ratio of 44(primary, fast photofragment$6 (primary, slow
the primary P(E;) for CD,SO intermediates that undergo Photofragments This ratio of the fast primary C{3O prod-
secondary decomposition is represented by the difference b&cts to the surviving slow primary GSSO intermediates is
tween Figs. &) and 2a), (see Fig. 6 The m/e 48(SO") consistent with the measured ratios for the m/e 18 spectra.
spectra were fitted using the second®gE;) in Fig. 5(b), With 56% of the slow photofragment primary channel under-
confirming the secondary methyl contribution in the m/e 1890ing secondary decomposition the result is a ratio of 45:55
TOF spectra to be the momentum matched partner of the Sdor the fast photofragment primary channel to the surviving
Although the fits to the secondary decomposition of theslow secondary CESO products, which is consistent with
CD,SO intermediates at m/e 1&D5) and m/e 48(SO") the fitting ratio for the m/e 66 TOF spectra. The majority of
were not sensitive to the precise shape of the secondary aﬂle error in the branChing ratios obtained in this fashion re-
gular distribution, the fits did require that the secondary ansults from the ability to adjust the fitting ratios while main-
gu]ar distribution maintain forward/backward Symmetry_ taining a reasonable fit to all of the TOF data. We estimate
Branching ratios. The branching ratios are depicted in this error to be<10%.
Fig. 8. The branching ratios were obtained from the fitting
ratios of the three contributions to the m/e BD3) TOF
spectra. We, therefore, assumed that under the experimen%1
photoionization conditions the photoionization cross-section We were not able to observe TOF spectra for m/e 63
for the methyl radical products was independent of their in{CH;SO"). The inability to directly detect the CJ30O inter-
ternal energy. All kinematic considerations are accounted fomediate is the result of a number of experimental factors. As
in the fitting procedure. The ratio of the three channels usewill be shown, in comparison with the GBO intermediates,
to obtain the best fit to the m/e 18 spectra wag@d@mary, a greater percentage of the €3O intermediates produced in
fast photofragmeni$2 (primary, slow photofragment29  the slow photofragment primary dissociation undergo sec-
(secondary. This yields a ratio of 27:73 for the fast photo- ondary decomposition. In addition, the fast photofragment
fragment primary dissociation channel to the slow photo-primary dissociation is less prevalent in the case of

DMSO-h,
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FIG. 9. TOF spectrum for m/e 6&H,SO") at a source angle of 15°. The  F|G. 10. TOF spectrum for m/e (H*) with the detector, molecular beam,

forward convolution fit is from the primary and second&{E+)'s in Figs.  and dissociation laser mutually perpendicular. The forward convolution fit

10(a) and 1@b) according to reactiof3). contains three contributions. The fastest contribution, peaké@iusec, is a
two-photon dissociation involving C—S bond cleavage followed by second-
ary photodissociation of the methyl radical products. The slowest contribu-

DMSO-h;. Although this accounts for a reduction 6f30%  tion, peaked~105 usec; is from dissociative ionization of methyl radical

; ; ; i ; ; inti products. The middle contribution, peake®0 usec is fit with the primary

in the yield of .CH;SO Inj[ermedl.ates in the dissociation, the and secondar(E+)’s in Figs. 1Qa) and 1@b) according to reactiof3).

most substantial reduction in signal results from the neces-

sity to increase the resolution of the quadrupole mass filter to

permit sufficient discrimination between m/e 62 and m/e 63.

The increased resolution is accompanied by a severe reduc-

tion in transmission of the quadrupole. The low signal at m/daser power and was fitted assuming a stepwise mechanism

66 (CD;SO") from the the CRSO intermediate was likely for reaction(3). The translational energy distributions for the

the result of preferential photodissociation rather than photoprimary, CHSOCH;—CH3+SOCH;, and the secondary dis-

ionization, and the additional reductions in signal for thesociation, SOCH—-SOCH,+H, are shown in Fig. 11. The

CH,SO rendered it unobservable under the experimentab(E.)'s in Fig. 11 were also used to fit the TOF spectrum

conditions. _ for m/e 62 in Fig. 9, providing strong evidence that the m/e

Althgugh we were not able to detect any signal at m/e 635 TOF signal is the result of reactiof®). The primary
(CH;SO"), we observed a substantial signal at m/e 62. ThEP(ET) is peaked at 6 kcal/mol and exponentially declines

TOF spectrum for m/e 62CH,SO") at a source angle of 15° beyond 30 kcal/mol, and the second@¢E) is peaked at 4
is shown in Fig. 9. The spectrum was taken with the undukcal/mol and extends to 18 kcal/mol

Igtor radiation set at 12 eV w|th0ut the_ harmqnlc f|_|te_r. T_he TOF spectra for m/e 18CH) at source angles of 20°
signal at m/e 62 can be attributed to either dissociative ion- o A o

2 ; : -and 35° are shown in Fig. 12. The undulator radiation was
ization of CHSO intermediates or to secondary decomp03|-3et at 11 eV and the harmonic filter was used with argon
tion of the CHSO intermediates involving hydrogen atom '

T "
elimination[reaction(3)]. Direct evidence for reactio(8) is Th? fitting is anglogous to the m/e_ ]@[.)3) Spec”"?‘ d(_e-
shown in Fig. 10, the TOF spectrum for m/gH™"). The fit scribed above with the same three individual contributions.

to the m/e 1 TOF spectrum contains three contributions. Thg)Wlng to reasons discussed above, we were not able to ob-
slow contribution, peaked at 11l@sec, is the contribution serve spectra for the GBO fragment and we have therefore

from dissociatively ionized methy! radical products scattered®Ssumed th®(Ey) in Fig. 2b) from the fast photofragment
to 90°. The contribution at early times, peaked at/a@c, Primary dissociation channel of DMSQ:-h fitting the fast
exhibits a near quadratic dependence on the dissociation [§ontribution peaked-30 usec. The remaining two contribu-
ser fluence and has been fitted as a two-photon dissociatidiPns are the slow photofragment primary dissociation, the
with the first photon yielding methyl radical products and theslowest and broadest contribution peaked aroundu3ec,
second photon dissociating the methyl radicals to methylenand subsequent secondary decomposition of thgSCHin-
and hydrogen atoms. ThR(E;) for methyl radical photo- termediate, reactiori2b), peaked~40 us. The P(Ey) for
dissociation at 193 nm has been previously determined iffitting the slow photofragment primary dissociation, reaction
this laboratory* and was used in the fitting for the secondary (2a), is shown in Fig. 183 and is identical to the analogous
step in the two-photon dissociation. The remaining middleP(E+) for the deuterated case in Figidh The P(E;) used
feature, peaked at 50sec had a linear dependence on theto fit the secondary decomposition, Reacti@h), is shown

J. Chem. Phys., Vol. 106, No. 2, 8 January 1997
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FIG. 11. (a) Primary c.m. translation energy distribution used to fit the m/e FIG. 13. (8)
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Primary c.m. translation energy distribution used to fit the

62 (CH,SO") TOF spectrum in Fig. 9 and the middle contribution to the m/e
1 (H*) TOF spectrum in Fig. 10, reactidB). (b) Secondary c.m. translation
energy distribution for reactiof8) used to fit the m/e 62CH,SO") TOF
spectrum in Fig. 9 and the middle contribution to the m/¢HI") TOF
spectrum in Fig. 10.

slowest contribution to the m/e 1&H;) TOF spectra in Fig. 12, slow
channel for reactioii2a). (b) Secondary c.m. translation energy distribution
for reaction(2b) used to fit the middle contribution to the m/e (GHJ)
TOF spectra in Fig. 12 and the dominant contribution to the m/¢S48)
TOF spectra in Fig. 14.

in Fig. 13b). The TOF spectra for the momentum matchedReaction(2b), fitted with the secondar(E+) in Fig. 13b).
secondary SO fragments, m/e @80"), at source angles of At 20 and 30° there is a small contribution on the slow side
20, 30, and 45°, are shown in Fig. 14. The dominant contrifrom dissociative ionization of C}¥$O photofragments. Al-
bution is from decomposition of the GHO intermediates, though the secondaf§(Ey) is very similar to the analogous

P(E;) for the deuterated dissociatiofFig. 5(b)], it is
slightly broader. As with the fits to the DMSQsdlata, the
secondary angular distribution was not sensitive to the exact

600 shape of the distribution. However, the fits did require that
" 288 forward/backward symmetry be maintained.
-E’ Photoionization spectrum of the SO produdtigure 15
ot 300 shows the relative intensity of the TOF signal at m/e 48 and
8 <00 a source angle of 20° as a function of the photoionization
100 - energy from 8.25 eV to 11.0 eV. For this measurement, in
408 p== addition to the rare gas harmonic filter, the undulator radia-
tion passed throdga 3 mmthick MgF, window to further
§2 300 reduce background from residual high energy photons above
g 200 the transmission cutoff for MgFof about 11.2 eV. The en-
8 ergy distribution of the undulator radiation had a FWHM of
o 100 ] 3 2.5%. From Fig. 15 the ionization onset for the SO products
0 ) i s is ~9.5 eV. Taking into consideration the bandwidth of the

undulator radiation, this corresponds to an onset8f8 eV.
The vertical I.P. for sulfur monoxide is 10.32.02 eV’
The difference between the ionization onset for the SO prod-
FIG. 12. TOF spectra for m/e 16HS) at source angles of 20° and 35°. Uct and the vertical I.P. reflects an internal energy content in
The forward convolution fit has three components. The fastest componenthe SO of 0.56:0.15 eV.

peaked~40 usec; is fit with theP(Ey) in Fig. 2b) and represents the fast Branching ratios. The branching ratios are depicted in

channel for reactiof2a). The slowest and broadest component, peakeéd ; : ;
usec is fit with theP(Ey) in Fig. 13a) and represents the slow channel for Fig. 8. The ratio between the fast photofragment primary

reaction(2a). The middle contribution, peaked45 usec; is fit with the ~ channel, slow photofragment primary channel, _and second-
secondanP(E5) in Fig. 13b) and represents products from reacti@h). ary C-S bond cleavage was obtained from the fits to the m/e

0 50 100 150 200 25
time (usec)
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compare the signal intensity of the m/e 62 and m/e 15 TOF
spectra. Since there is no current information on the photo-
ionization cross-section for GJSO at 12 eV we make the
assumption that the photoionization cross sections of &H
11.0 eV and CHSO at 12.0 eV are equal and we estimate the
contribution of reaction 3 at.5% overall.

counts

IV. DISCUSSION
A. Primary dissociation [reaction (2a)]

Detection of the CESO product at m/e 66see Fig. 1,
provides strong evidence that the dissociation to sulfur mon-
oxide and two methyl radicals does not exclusively proceed
via a three-body process. The TOF spectrum for m/e 66 at
12° in Fig. 1 exhibits a shoulder on the fast side suggesting
two contributions to the spectrum, a contribution peaked at
80 usec, and a slower broad contribution peaked at 100
usec. The existence of two separate contributions is con-
firmed by the differing dissociative ionization at m/e 64
e ) (CD,SO") (see Fig. 3, indicating the production of two dif-

50 100 150 200 250300 ferent m/e 66 photoproducts with distinct vibrational energy
distributions. As discussed above we were not able to detect
the CHSO photoproducts due to experimental limitations
FIG. 14. TOF spectra for m/e 480") from dissociation of DMSO-hat (see Se_c Ill B. However, the fits to the TQF spec_tra at{ m/e
source angles of 20°, 30°, and 45°. The dominant contribution to the forl5 confirm the analogous fast and slow primary dissociations
ward convolution fit is the result of reactid@b) and is fit with theP(E;) in in the case of DMSO-(h
Fig. 13b). The small contribution to the fit at 20°, peaked.25 usec, is Fast photofragment primary dissociationThe P(Eq)
from dissociative ionization of C}$0 photoproducts. : . L .

for the fast photofragment primary dissociatireaction
(2a)] shown in Fig. 2Zb) is peaked at 24 kcal/mol and extends

" , to a maximum of 425 kcal/mol. Assuming the maximum in
15 (CHg3) spectra. The best fit to the data resulted from qhe P(E;) reflects the production of vibrationally/

ratio of 11:54:35, respectively, indicating 65% of the {0 rotationally cold products, and neglecting the internal energy

intermediates produc_e_d in the slovv_ primary step underg(())f the DMSO reactant® the maximum in the®(E-) repre-
secondary decomposition. The error in the ratios between the

L . . ents the available energy following photodissociation at 193
contributions in the m/e 15 fits is analogous to the case o? 9y gp

DMSO-d;, <10%. In order to estimate the percentage of thenm (148 kealimo). Given an available energy of 4 keal/

secondary hydrogen eliminatiofreaction (3)], we must mol and using AH{(DMSO)=-31.4 kcal/mol and
y hydrog iminat ' » W u AH:(CH3)=34.8 kcal/mol (see Ref. » the result is

AH{(CH3;SO=40+5 kcal/mol. Comparison of this value to
the value obtained from group additivity of
AH{(CH;SO=—15 kcal/mol(Ref. 6 suggests that the fast
primary dissociation might result in the production of an
excited electronic state of GBO, which lies~55 kcal/mol
above the ground electronic state. The lack of dissociative
ionization of the fast m/e 66CD;SO") product to m/e 64
(CD,SO"), as compared with the slow photofragment pri-
mary dissociation(see Figs. 1 and )2 indicates the fast
CD;SO product is vibrationally much cooler than the slow
CD;SO product. This also indicates that the electronically
excited CQSO products must undergo radiative relaxation
during the~30 usec collisionless flight to the detector since
nonradiative relaxation would result in vibrational excitation
which is not evident in the dissociative ionization at m/e 64
(CD,SO"). The large fraction of available energy partitioned
into translation(E..9=26 kcal/mol, and the fact that the
distribution is peaked at 24 kcal/mol suggests either direct
FIG. 15. Photoionization spectrum for m/e #80") photofragments from gicqqciation on a repulsive electronic surface or electronic
DMSO-H at a source angle of 20° for undulator radiation energies of 8.25— . . - . .
10.75 eV. The VUV had a roughly Gaussian shape in energy with FWHMpret'CiISSOCIatlon on a surface with a large barrier to recombi-
of 0.5 eV. nation.

counts
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From the absorption spectrum of Gollnick and Strdcke 0.15
the dominant absorption at 193 nm should bénd«m)
transition on the SO moiety. The fast photofragment primary A
dissociation may then be the result of electronic predissocia- I
tion involving a repulsive electronic surface. Comparison of
TOF spectra taken at m/e 18D,") and 35° with the disso-
ciation laser polarized at45°, 0°, 45°, and 90° with respect
to the detector axis demonstrated no difference in the overall
TOF spectra. Assuming an isotropic angular distribution for
the slow photofragment primary dissociation, a reasonable
assumption for a statistical dissociation on the ground elec-
tronic surface(see Sec. IV A no change in the relative in-
tensity of the fast photofragment channel to slow photofrag- 0.00 L [ R A
ment channel contributions in the TOF with polarization 0 10 20 30 40 50 60 70 BO 90
suggests a near isotropic angular distribution for the fast kcal/mol
photofragment primary dissociation. A first order approxima-
tion of the dipole moment for @77*‘—77) transition within FIG. 16. _Calculated prior distributions fo_rd_issocia_ti(_)n ofa rotationa!ly col(_:l

. . reactant into 4 and 6 atom fragments within the rigid rotor, harmonic oscil-

Cy, Ssymmetry places the dipole moment in the plane of thQator, and spherical top approximations with 97 kcal/mol of available en-
molecule along the=5-O bond. Based on a ground state CSCergy. The solid line is the calculated translational energy distribution. The
bond angle of 96.4{Ref. 7) the angle between the dipole dotted line is the internal energy distribution of the four atom product. The

_ ; o ; ; otted-dashed-dotted line is the internal energy distribution of the six atom
and the C-S bond is 48.2° leading to an anlsmrom};roduct. The dashed line is the primaR(E;) for the slow channel of

parameter’ of 8=0.34 in the limit of a prompt dissociation. reaction(2a) from Figs. §a) and 13a).
While in the excited state the CSC bond angle might be
expected to increase, this would only lead to a decrease in

the limiting value ofg. In addition, any rotational averaging kcal/mol?® the available energy following absorption at 193
of the reactant molecule prior to dissociation will also servenm (148 kcal/mo) is 97 kcal/mol. In the case of a statistical
to decrease the value ¢f. Our data for m/e 18 at various translational energy distribution, the extremely low probabil-
laser polarization angles is not sufficient to distinguishity for formation of products with a translational energy re-
within this small range of values f@8, 0<3<0.3. Therefore, |ease greater than half of the available energy severely limits
our measurement of an angular distribution for the fasbur sensitivity to theP(E+) above 50 kcal/mol. For compari-
photofragment primary dissociation channel, which appearson, Fig. 16 shows a prior distribution for dissociation of a
nearly isotropic in the laboratory frame, is consistent withrotationally cold molecule into two polyatomic fragments of
electronic predissociation from the® surface on evenavery four and six atoms each within the rigid rotor, harmonic
rapid timescale owing to our lack of sensitivity to the degreeoscillator, and spherical top approximations, and given 97
to which the distribution is anisotropic. kcal/mol of available energ$f The prior distribution repre-
Slow photofragment primary dissociationThe P(E1)  sents a completely statistical prediction against which the
for the slow photofragments primary dissociatipeaction  experimentally determined distribution may be compared.
(28] is shown in Figs. &) and 13a) for DMSO-¢; and  From Fig. 16 it is clear that the measurBqEy) (dashed
DMSO-h, respectively. Within experimental error, Figs. line) is in excellent agreement with the prior translational
5(a) and 13a) are the same. Note that tR§E ) in Fig. &)  energy distribution(solid line). Our results indicate that in
determined from the slow m/e 6€D;SO") photoproducts  the case of the slow photofragment primary dissociation the
differs from Figs. %a) and 13a) on the low energy side. As initial electronic excitation is followed by internal conver-
will be discussed below, a significant fraction of the slowsjon to the ground electronic surface and C—S bond cleavage
CDsSO products undergo secondary decomposition angb produce two open shell molecules with little or no barrier
therefore theP(E;) in Fig. 2@ represents only those to recombination.
CD;SO photofragments that survive. TREE+) in Figs. 5a)
and 13a) were determined from the methyl radical product
that does not secondarily decompose, and, therefore, repr
sents the complet®(E;) for the slow photofragment pri-
mary dissociation. Following the primary dissociatiofireaction (2a)] the
TheP(E+) for the slow photofragment primary dissocia- sulfonyl intermediates containing sufficient internal energy
tion [Figs. 5a) or 13@)], is peaked at 2 kcal/mol and de- will undergo secondary decomposition. We found no evi-
creases exponentially out beyond 30 kcal/mol. Translationallence for the secondary dissociation of products produced in
energy distributions of this type, peaked near zero with arthe fast photofragment primary dissociation. The fast photo-
exponentially decreasing tail, are characteristic of statisticafragment primary dissociatiosee Sec. IV Aresults in the
dissociation on the ground electronic surface involving littleproduction of electronically excited sulfonyl radicals with a
or no recombination barrier. From the endothermicity of thesubstantial fraction of the available energy appearing
primary C-S bond cleavage, (@H;-SOCH)=51 in translation. The predominant partitioning of the

©
—
o

probability

©
<
o)

—\

Ei Secondary decomposition of the sulfonyl
intermediate, CD ;SO/CH;SO
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available energy into translational and electronic degrees gfathways for secondary decomposition of the sulfonyl inter-
freedom and the lack of dissociative ionization of the fastmediate.

m/e 66 (CD,;SO") photoproduct at m/e 64CD,SO") are Secondary decomposition of the £&ID/CHSO interme-
consistent with the persistence of the sulfonyl radicals prodiate: C-S bond cleavage.Cleavage of the C—S borjde-
duced in the fast photofragment primary dissociation. action (2b)] was the dominant secondary dissociation chan-

In contrast with the fast photofragment primary dissocia-nel for the CHSO intermediates, and the only secondary
tion, sulfonyl intermediates produced in the slow photofrag-decomposition pathway detected for the £SD intermedi-
ment primary dissociation should contain ample internal enates. As discussed above in Sec. IV B the difference between
ergy to undergo secondary dissociation. As discussed in Sethe the overallP(Ey) for the slow photofragment primary
IV A, the slow photofragment primary dissociation is a sta-dissociation and th®(Ex) for surviving sulfonyl intermedi-
tistical, near prior, dissociation on the ground electronic surates(the cross-hatched area in Fig, fepresents the primary
face. Figure 6 shows the overall slow photofragment primanyP(E+) for the CD;SO/CD;SO fragments that undergo sec-
channelP(E;), with the P(E5) for the surviving CRSO ondary decomposition. In Fig. 6 the difference between the
fragments overlaid. The distributions are the same abov&VO distributions represents 55% of the total distribution,
~20 kcal/mol but at lower translational energy, and thusconsistent with 56:10% secondary decomposition deter-
higher internal energy of the products, the distribution for theMined from the C TOF spectra fitting ratios. For reasons
surviving CD;SO fragments begins to fall off. The difference dlscggsed in Sec. lll B we were unable to dl_rectly Qe_tect the
between the two distributions, the cross-hatched area in Figurviving CHSO photofragments, however, in the fitting we
6, represents the GISO/CD,SO fragments that undergo sec- assumed_the_ pnm_ar?(ET) for CH;SO intermediates that
ondary decomposition. The gradual decline in B{&) for secondarily dissociate to bg '.[he same as that for thgSCD
the surviving CRSO fragments toward lower translational Photofragments. From the fitting ratios in the £FHOF spec-

energy reflects the broad internal energy distribution of thdra we find that 64-10% of the CHSO intermediates un-

methyl partner fragment. In the case of atomic elimination adergo secondary decomposition. This corresponds to a quan-

given translational energy release reflects a well-defined jntm yield for the SO of 0.80.1 compared to thge quantum
ternal energy in the polyatomic partner fragment and the reyleld reported by Chel_et al. for SO of 1.02:0.12.

sult is an abrupt truncation of the(E;) for the surviving T_he P(Er) _dett_armmed for secondary_ C_.S bond cleav-
polyatomic fragment? In this case the broad internal energy age is shown in Fig. ) for CD;SO and in Fig. 1) for

o CH3;SO. The distributions are very similar, however, the
distribution in the methyl partner fragment allows a broadp(E ) for CH,SO decomposition is slightly broader and a
distribution of internal energy in the GBO fragments for a T 3 P gnzy

iven translational enerav release vielding a aradual trunc little flatter at the top of the distribution. This difference is
?'V f the P é ay yielding a graduai tru 8Iikely the result of competing C—H bond cleavage in the case
ion of the P(Ey). of CHzSO decomposition, which is discussed in the follow-

The onset of the truncation in tHé(ET) for surviving ing section. In addition, stiffer modes in the gproduct, as
CD,SO photofragments occurs at the point where Intema"ycompared to the CPproduct, might result in less vibrational
cold methyl radicals are produced along with sulfonyl radi-

o ) X excitation of the CH product and, therefore, a slightly faster
cals with internal energy equal to the height of the barrier tOP(ET) for the CHSO decomposition. The translational en-

s_econda_ry sulfonyl radical decomposition. The recombina-ergy distributionsFigs. 5b) and 13b)] are peaked at-8
tion barrier for secondary C~S bond cleavage-&kcal/mol | ca1/mol suggesting a barrier to recombinatione8 kcal/

(see the next sectignAdding the recombination barrier 1o | | one considers a dissociation model for simple bond
the C—S bond energy for the sulfonyl radical 662 kcall  htyre over an exit barrier where the available energy is
mol the barrier to secondary C-S bond cleavage-B0  partitioned in an impulsive fashion up to the height of the
kcal/mol. The onset of the truncation in the prim@¥Er)  parrier to recombination and statistically above the bafrier,
should therefore occur at37 kcal/mol since the available then the maximum probability in the translational energy dis-
energy following primary C—S bond cleavage~97 kcal/  tripytion will reflect the barrier to recombination. The suc-
mol. With the onset of the truncation reflecting production of cess of this model for different chemical systems with widely
internally cold methyl radicals, the portion of tHe(E;) differing available energies has shown that the barrier to re-
measured for the SUrViVing SUlfonyl intermediates bE|OWCombination is predominanﬂy responsib|e for energy parti_
~37 kcal/mol directly reflects the internal energy distribu-tioned into translation even when the available energy
tion of methyl radicals produced with surviving sulfonyl greatly exceeds the barrier heidhthe limiting case results
radicals. As can be seen in Figa2the P(Ey) lies almost  if all the potential energy of the recombination barrier ap-
entirely below 37 kcal/mol. pears in translation. Since it is possible for some portion of
Using the prior model, in Fig. 16, to predict the that potential energy to evolve into internal degrees of free-
internal exitation in the sulfonyl intermediate following dom as the dissociation proceeds, our measured maximum in
the  slow  photofragment  primary  dissociation, the P(E;) represents a lower limit to the recombination bar-
(Ein(CD3SO/CH;SO)) o, =58 kcal/mol with the distribution  rier. In the case of both the deuterated and nondeuterated
extending beyond 90 kcal/mol. Both cleavage of the C—SDMSO the fits to the data were not sensitive to the exact
bond [reaction(2b)], and cleavage of the C—H/C—D bond, shape of the secondary angular distribution, however, the fits
[reaction(3)], are, therefore, thermodynamically accessibledid require that the secondary angular distribution maintain

J. Chem. Phys., Vol. 106, No. 2, 8 January 1997



Blank et al.: Dissociation of dimethyl sulfoxide 549

forward/backward symmetry, demonstrating rotational aver-
aging of the CRSO intermediate prior to secondary C—-S
bond dissociation and providing direct evidence that reaction
(2) proceeds via a stepwise mechanfshin the case of a
concerted three-body elimination we would have measured a
strong correlation between the primary and secondary recoil o Jx
velocity vectors’
Our measurement of the SO internal energy found 11.5

*+3.5 kcal/mol on average, which agrees well with the more _;os cal/mol (S1)
accurate measurement of Chenal. who found an average T
of 8.9 kcal/mol with the vibrational distribution peaked at
v =228 From our results we conclude that SO products result=33 keal/mol (T1)
from a stepwise dissociatigmeaction(2)] with a statistical
primary dissociation followed by secondary decomposition
over a recombination barrier 6f8 kcal/mol. This suggests
that the dynamical partitioning of available energy into SO
internal degrees of freedom results from strong exit channel
effects in the secondary decomposition of the sulfonyl inter-
mediate.

From the measured branching ratios we find a quantum I

yield for CHy/CD; of 1.4+0.1. This is in excellent agreement H3C/S\CH3
with recent diode absorption gain measurements made by 0 keal/mol
Rudolph and co-workers who determined a quantum vyield of
1.4+0.1 for CD; from the dissociation of DMSOgdat 193  FIG. 17. A summary of the dissociation channels that we observed for
nm22 In addition, Rudolph and co-workers determined theDMSO following absor_ption at 193 nm. Thermodynamic values are from
fraction of nascent methyl radical products formed in thegefs' 5 and 6 and estimations for the energySf T1, ands2 are from

. . . “Ref. 7. Relative contributions of each channel are shown in Fig. 8.
vibrational ground state. Their measurements suggest an in-
ternal energy content of the Gbroducts in excess of the
REMPI measurements of Chetal® and below the internal severity of the approximations made in this estimation, it
energy content which had been previously determined foclearly suggests a larger internal energy content in the me-
CD; products in the dissociation of acetoneal 193 nn?*  thyl products than the REMPI measurements of Caeal.
For comparison we can make a qualitative estimate of the Secondary decomposition of the €30 intermediate:
vibrational energy in the methyl radical products based orC—H bond cleavage. The primary and secondary transla-
our overall picture of the dissociation of DMSQ-dt 193 tional energy distributions for reactiof®) that were deter-
nm. The fast primary dissociation accounts for 19% of themined from the fitting of the m/e 62CH,SO") and m/e 1
total methyl radical yield. Using the soft fragment impulsive (H*) TOF spectra are shown in Fig. 11. Our inability to
modef with 42 kcal/mol of available energigee Sec. IVA  detect any evidence of C—D bond cleavage in the, S
we estimatgE;,;(CH/CD3))~4 kcal/mol for the fast photof- intermediates suggests that secondary C—H bond cleavage
ragment primary dissociation. For the slow photofragmeninvolves tunneling through the dissociation barrier. The sec-
primary dissociation, which accounts for 52% of the totalondaryP(E+) [Fig. 11(b)], is peaked at-4 kcal/mol. Since
methyl radical yield, we use the prior modske Sec. IVA the C—H bond cleavage appears to involve tunneling, the
to estimate(E;,(CHy/CD3))~32 kcal/mol. The remaining barrier to recombination should be slightly higher than the 4
29% of the methyl radical products are the result of secondkcal/mol reflected by the maximum in thB(E;). This
ary decomposition of sulfonyl intermediates. As discussedglaces the barrier to secondary dissociation for readdn
earlier in this section, the forward barrier to C—S bond cleav-and reaction(3) in very close proximity of one anothésee
age in the sulfonyl radical intermediates 460 kcal/mol.  Fig. 17). Figure 11a) shows theP(E;) for the primary C-S
For sulfonyl radicals produced in the slow photofragmentbond cleavage, and although it is similar to the overall slow
primary dissociation we can again use the prior model as aphotofragment primar$(E;) in Fig. 13a), it is missing a
estimate of the internal energy distributigeee Fig. 1&  portion of the low energy side. In contrast, the primary
Truncating the distribution below 60 kcal/mol to representP(E;) for sulfonyl intermediates that undergo secondary
only those sulfonyl radicals that undergo secondary decomE—S bond cleavagé&he region cross-hatched in Fig) &
position yields (CH;SO/CD;SO);,,~67 kcal/mol. With  missing the high energy side in comparison to the overall
Do(CH;—SO~52 keal/mol*® (E;)=11 kcal/mol for sec- slow photofragment primaryP(E). This indicates that
ondary C—S bond cleavage, aff,(SO))~9 kcal/mol(see = CHZSO intermediates that go on to break a C—H bond are
Ref. 8 suggests very little energy remaining in internal en-internally cooler, and therefore translationally warmer, on
ergy of the methyl radical. Based on these estimates, overadiverage compared with those that break the C—S bond. The
the methyl radical products will contair17 kcal/mol of resulting overall picture for the secondary decomposition of
internal energy each on average. While we acknowledge thihe CHSO intermediates shows that the fraction of SB©

193 nm, 148 kcal/mol (S2)

HiC™ |+ CHj C=8:0+ H+ CHy
106 kcal/mol 107 kcal/mol

= + H3
103 kcal/mol

51 kcal/mol
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