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Velocity-aligned Doppler spectroscopy was used to measure the speed distribution functions of
HCI(v"=0-2J") produced in the 193 nm photodissociation of vinyl chloride. A mechanism which

is consistent with our present data as well with our earlier work is three center elimination of HCI
followed by concerted but nonsynchronous isomerization of the vinylidene fragment, with some of
the isomerization energy converted to kinetic energy of the recoiling fragments. In order to explain
the vibrational dependence of the translational and rotational energy distributions, the mechanism is
assumed to be vibrationally adiabatic. In addition, magic angle Doppler spectroscopy was used to
measure the speed distribution functions of Cl atoms produced in the photodissociation of vinyl
chloride and the three dichloroethylene isomers. Bimodal energy distributions were observed for
both spin—orbit states, with the @P,,,) fragment having more kinetic energy than@®;,). The

data are consistent with competitive reaction on two potential energy surfaces. Adiabatic correlation,
with some scrambling in the asymptotic region, provide a qualitative explanation of the spin—orbit
branching ratios. ©1995 American Institute of Physics.

I. INTRODUCTION nel, they should apply just as well to more complex systems
having multiple reaction paths.

A fundamental question in chemistry is how a molecule  To date there have been relatively few dynamical studies
behaves when multiple reaction pathways are available. Thef molecules having multiple transition states. One molecule
photodissociation reactions of chloroethylene molecules areshich has been studied in detail is ethylénExcitation of
an ideal case for studying this problem. While simple enougtithe double bond is followed by internal conversion to the
for accurate structural and dynamical calculations, thesg@round state, where H and,Hproducts are formed. Very
bichromophoric molecules have multiple transition states omlifferent mechanisms are involved for the two fragments.
several potential energy surfaces and display a compleklydrogen atoms are produced by a simple bond fission,
photochemistry. This paper is part of an ongoing study in While H, can be formed by three-center elimination, four-
which the yields and state distributions of the fragments argenter elimination, and H atom migration followed by mo-
used to deduce the microscopic reaction mechanism. lecular elimination. Because of a large exit channel barrier,

Considerable progress has been made in recent years ife peak translational energy of the, ftagment is much
relating product state distributions of photo-initiated reac-greater than zero.
tions to detailed features of the potential energy surface Replacing one or more hydrogen atoms with halogens
(PES.2 If a molecule reacts directly on the initially excited considerably increases the complexity of the systeh.of
PES, the rotational and vibrational populations of the fragthe chloroethylenes have a strong UV absorption band
ments are related to the shape of the Franck—Condon regigfound 190 nm, which is assigned to transitions fra(@C)
of the surfacee.g., via the rotational and vibrational reflec- 0 7 (CC), o*(CCl), and 4 Rydberg orbitals, as well as to
tion principles of Refs. 2 and)3If instead of reacting di- @nn—o” transition on the Cl atoms. Upon excitation, these
rectly the molecule is trapped in a long-lived resonance statg10lecules may undergas-trans isomerization, atomic de-
of the same PES, the product state distribution reflects thEichment, molecular elimination, and H or Cl migration.
properties of the transition stateBut if the molecule first 11€Se reactions may occur on the initially excited PES, on a
undergoes a radiationless transition, the product distributioffifferent excited PES following an adiabatic transition, or on
provides information about the PES on which the reactiorf"® ground PES following internal conversion.

finally occurs. For example, a barrier in the exit channel can ;I'hehfocu.s of thihs pa[:r)]er is maifnly IOE vinyl chlorid_e
impart internal and translational energy to the fragm('é-nts.(vC ). The primary photochemistry of VCI has been studied

Only when there is no exit barrier and the transition state ifxtenswely for seyeral decades. The earliest Warstab-
close to the product geometry is a statistical state distributio shed that the major channels are C—Cl bond rupture,
expected. While these general considerations were origi- CH,—=CHCI—-CH,—CH- +Cl,

nally developed for molecules having a single reaction chan-

AHY9s=89+2 kcal/mol (6N
Apermanent address: DOTY Scientific, Inc., 700 Clemson Rd., Columbia@nd HCI elimination. The latter may proceed by eithew
South Carolina 29223. elimination to produce vinylidene,
YPermanent address: Institute for Electronic Science, Hokkaido University,
Sapporo 060, Japan. CH,—=CHCI—-CH,—=C:+HClI,
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AH%9g=67+2 kcal/mol 2
or by «,8 elimination to produce acetylene,
CH,—=CHCI—CH=CH+HCI,

AH%g=23.7+0.4 kcal/mol. 3

These experiments were performed in the gas phase at rela-
tively high pressure, using flash photolysis or photosensi-
tized photolysis. Later bulk experiments employed a variety
of techniques including excitation in a chemical ldsand in
a cryogenic matrix? and IR multiphoton dissociatiot!.Re-
cent studies were performed under collisionlésslow col-
lision) conditions, using IR emissiod, time-resolved
FTIR'® time-of-flight mass spectroscopyand multiphoton
ionizationt>*81detection. Despite all of these previous stud-
ies, the reaction mechanism is still uncertain, owing to the
multiple pathways available for each product.

It is generally agreed that photoelimination of HCI oc-
curs on the groundS;y) PES. The early chemical laser study
by Berry! indicated that the primary mechanism for produc-

100 —

80 —

HCCCI + H; (4+5)

HCCH + HCI (2+3)

20 —

ing HCI is four-centera,B elimination. He observed a non- ‘C\?C’
statistical vibrational distribution which he attributed to an
impulsive mechanism. Berry introduced the idea of a local- 00
ized available energy, which he defined as the difference be- ' N, 8 A2l
tween the potential energy at the crest of the elimination /C=°\
cl

barrier and that of the separated products. In Berry’'s mecha-

1

nism, the localized energy is partitioned between internal

energy of HCI and relative translational energy of the frag-

ments. Later. Umemotet al1* measured the translational F'C-1- Reaction paths on the ground PES of vinyl chloride, taken from Fig.
L ) 4 of Ref. 21. The potential energigm kcal/mo) were calculated at the

energy distributiorp(E,) of HCl at 193 nm. They found that ;p5/6.31G4.p) level, using optimized geometries for HCI ang Blimi-

p(E,) has a most probable value f&>0. They concluded nation. Bold lines are for processes initiated by HCI elimination, solid lines

that HCI elimination is nonstatistical, and that only part of are for those initiated by fHelimination, and dotted lines for those initiated

h ner i vailabl he HCI fragment. in reem nFyH or Cl migration. The numbers denote the following specigsVCl,
uifheB:rgy s available to the HCI fragment, in agreement, -\ 251" (4} HCCCl, (5) H,. (6) HCCH-HCI 7-complex. (8

- . . . vinylidene, :CCH (9) chlorovinylidene, :CCHCI(10) CH5CCl, and (12
Different conclusions were reached in other experimentSCcH,CICH. Letters refer to transition states calculated in Ref. 21.

Using IR multiphoton dissociatiotalso on the ground PBS
Reiseret al!! revealed a preference far,a elimination of
HCI, and explained their data with a statistical, RRKM nisms for molecular elimination. For VCI they calculated
model. Using high resolution FTIR spectroscopy, Donaldsorthat the barriers for,a and o, 8 elimination of HCl are 69.1
and Leoné&® concluded that all of the available energy is kcal/mol and 77.4 kcal/mol, respectively, as shown in Fig. 1
partitioned statistically into the product modes of the transi{peaks A2 and Al, respectivelyThey also discovered a
tion state. Since HCI in the transition complex has a lower‘knockout” mechanism in whichH migration precedes four-
vibrational frequency that nascent HCI, the state distributiorcenter elimination of HCI, with a barrier of 87.7 kcal/mol
appears to be nonstatistical in the asymptotic region. (D1 in Fig. 1. Except fora,a elimination, the dissociation
The velocity of the CI fragment has been measuredhathways have substantial exit barriers. Their study predicts
by time-of-flight mass spectromett, by Doppler thata,« elimination is the dominant channel for HCI produc-
spectroscopy®!® and by photofragment imagirfy. These tion.
studies revealed an asymmetric, bimodal velocity distribu-  Studies in our laboratot§ were performed using 193
tion function, which is indicative of simultaneous reaction onnm to excite VCI and the three DCE isomers in a pulsed
two PES’s. Most likely there is competition between reac-molecular beam, and resonance-enhanced multiphoton ion-
tions on then,o* and the ground PES. A nonstatistical popu-ization (2+1 REMP) to measure the state distributions of
lation of spin—orbit states (:sz) was also observed. In con- the fragments. For the HCI channel we found that the rota-
trast, H atoms have an isotropic, Maxwellian velocity tional state distribution for the ground vibrational state,
distribution, which is indicative of a statistical reaction on v”"=0, is qualitatively different from those far"=1 and 2.
the ground PES. For VCI, for example, we found that H@I"=0) has a biex-
Recently, Morokuma and co-workers performed exten-ponential state distribution, with a lolvcomponent having a
sive calculations of the ground PES for all reaction channelsotational “temperatureT,,; near 300 K(not caused by col-
of VCI and dichloroethylen¢DCE).?1>2They systematically lisional relaxation and a high J component having
examined all three-center, four-center, and migration mechar,,~20 000 K. In contrast, the rotational state distributions
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for v">0 are Boltzmann-type, witfl,,~2,000 K. Neither tional populations and relative quantum yields, should help
distribution is statistical. characterize the nature of the transition states.

A plausible explanation of this dichotomy is that State-resolved speed distribution functions can also be
HCl(v"=0) is produced by three-centew,« elimination, used to clarify the mechanism of Cl elimination. We have
while v”>0 is produced by four-centes;,8 elimination. To  used the technique of magic angle Doppler spectroscopy
test this hypothesis we measured the state distributions fdMADS) (Refs. 19 and 26to determine the speed distribu-
a-deuterated VC[CH,CDCI, d-VCI).}” We discovered that tions of CI?P,,) and C[?P,,,) produced from VCI and the
the HCI yield fromd-VCl is only 25% of that from normal three DCE isomers.

VCI, showing that the mechanism is primariya elimina-

tion. This is in contrast to the behavior in solution, where

HCI e.Iir.nination occurs exclusively across the do.ubl.e bpnd"_ EXPERIMENTAL METHOD

Surprisingly, we found that the rotational state distributions

for HCI produced from the deuterated and normal com-  The pump-and-probe apparatus used in this experiment
pounds are indistinguishable, showing that some scramblingas been described previoushAll of the experiments were

of rotational population must occur, either before or after theperformed in a pulsed molecular beam machine equipped
transition state is reached. In another experiment we foundith a time-of-flight mass spectrometéFOF-MS). A 193

that the HCl rotational state distributions for all three isomersam ArF excimer lasefLambda Physik EMG150, 10 mJ/
of DCE are qualitatively similar to those of V&.Both ex-  pulse, 10 Hx was used as the photolysis source. The beam
periments show that the different behavior fof=0 and diameter was reduced te2 mm by passing it through an iris
v">0 is not due simply to a branching betweenx anda,8  and a 500 mm lens. An excimer-pumped, frequency-doubled
elimination. dye laser(Lambda Physik LPX200/FL3002-1 mJ/pulse

The nature of the scrambling process is still an operwas used to probe the nascent products by REMPI. The
question. One possibility is that H migrates back and forthprobe beam was focused with a 150 mm lens to a spot size of
between the two carbon atoms before HCl is eliminated. 1f~0.1 mm. HCl was detected using the'A state as the
we assume that elimination occurs through a singlgy., resonant intermediate levél.CI(*P5,) and CI°P,,) were
a,) transition state, the HCI state distributions originatingdetected at 474.464 and 475.616 nm, respectiien int-
from VCI andd-VCI will be identical, with the relative quan- racavity ¢alon narrowed the bandwidth of the fundamental
tum yields determined by the rate of H migration. Thisto 0.04 cm™. Pressure tuning of thetaon was used in the
mechanism is consistent with the finding of Riehl and Moro-VADS measurements and angle tuning in the MADS studies.

kuma (RM) (Ref. 2]) that the barrier fore-H migration is The photolysis laser was linearly polarized by a stack of
lower than that of any of the HCI elimination patfsee Fig. ten quartz plates, which could be rotated to select the polar-
1). ization direction. In conventional and velocity-aligned Dop-

A second possibility is thaa H atom shift(forming  pler measurements, the pump and probe lasers were counter-
CHCH,CI) and HCI elimination are concerted, producing propagated perpendicular to the direction of the gas
acetylene as the nascent product. The probabilities of formexpansion. In the MADS experiments, the lasers were
ing a HCI bond between Cl and-H or 8-H determine the aligned at a 135° angle, with the probe laser perpendicular to
relative quantum yields. the molecular beam.

Still a third possibility is that scrambling of the rota- ~ VCI was obtained from Fluka with a specified purity
tional population occurs in the exit channel after HCl has>99.5%. Before use, the sample gas was subjected to a
been eliminated. Subpicosecond isomerization of vinylidendreeze—pump—thaw cycle. The dichloroethylenes were ob-
to form acetylen® while the fragments separate may erasetained from Aldrich with specified purities of 99% ftnans-
the memory of the initial transition state to give identical DCE, 97% forcisDCE, and 98% for 1,1-DCE. They were
rotational state distributions far,« and .8 elimination. A stored in reservoirs and used without further purification. All
variant of this mechanism is the formation of a short-lived Sample gases were introduced into the vacuum chamber with
or = complext! in the exit channel. a pulsed valvéNewport BV-100 at a stagnation pressure of

In an attempt to identify the microscopic mechanism, we~200 Torr.
used the method of velocity-aligned Doppler spectroscopy
(VADS) (Ref. 25 to measure the speed distribution function
of individual rovibrational states of HCI. Since the exit bar- ;. DOPPLER PROFILE ANALYSIS
rier for three-center elimination is very sm##.5 kcal/mo)
compared with that for the four-center channg2.5 The use of MADS and VADS to extract the speed dis-
kcal/mo),?* substantially different kinetic energy distribu- tribution function has been described in a preliminary report.
tions should result from these two mechanisms. In principleWe review here only the essential results.
the three-center process is more likely to produce a statisticg[_ MADS
distribution, while the large barrier in the four-center mecha-
nism should channel an excess of energy into translation and The Doppler shift of a particle having a velociyand a
rotation. A concerted elimination mechanism could producespeedw along the line-of-sight is given by
a hybrid of the two limiting cases. State-specific speed dis-
tribution functions, coupled with our knowledge of the rota- v=vy(1l—w/c), (4)
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wherew; is the frequency at the center of the line and the  C. Deconvolution
speed of light. If the particle has a speed distributi¢n)v?
and anisotropy parametg; its conventional Doppler spec-
trum is given by®

It is necessary to correct the observed profiles for the
nonzero bandwidth of the probe laser and thermal motion of
the parent molecules along the line-of-sight. This is espe-
o 1 ) cially important for heavy fragments such as Cl and HCI.
D(W)If 2 [1+ BPy(cos 6,)Py(w/v) ]f(v)vedy, The deconvolution procedure has been discussed

lw| €U 81-33gy ; ;
(5) elsewhere: > Briefly, D(w,t) is expanded in a set of even

harmonic oscillator functions, i.e.,
where ¢, is the angle between the polarization vector of the no1

pump laser and the propagation vector of the probe laser. Of _ e
special interest is the magic anglg=54.74°. In this case D(w.t) ,—Z‘o & da(W.h), (10
P,(cos6,)=0, and the Doppler profile depends only ).

Differentiating D (w) with respect tow gives?® where®,;(w,\) is the (4)th harmonic oscillator eigenfunc-

tion with width parameteh. The expansion coefficients
2 dD(w) are given by the integral of the product ®f;(w,\) and the
flw)= v aw ' ©®) experimental Doppler profile. Both forward and inverse con-
wl=v volution of ®,; with a Gaussian transfer function can be
This method works for all values g8 but requires a high performed analyticallj? where the transfer function is a
signal to noise ratio to recové(v) accurately. convolution of the one dimensional Maxwell-Boltzmann
speed distribution and a Gaussiaalen transmission func-
tion. For our data, we found that 10 basis functions were
B. VADS sufficient to obtain a satisfactory fit @(w,t). The param-
eter\ was optimized by minimizing/. The fitted function

With this technique a delay is introduced between theyas then deconvoluted term by term, ai{d) was obtained
pump and probe laser pulses. It is required that the lasers ags analytical differentiation.

aligned coaxially(6,=m/2). At sufficiently long delay a par-
ticle with a velocity component perpendicular to the propa-
gation direction of the probe beam will fly out of the detec- V. RESULTS
tion rggion. Thi's discrimination. effect greatly enhances they ¢ fragments
velocity resolution of the experiment. S

The VADS spectrum can be derived from the conven- The angular distribution of the HCI fragments was mea-
tional Doppler profile by subtracting out the undetected parSured by Umemotet al* using a TOF-MS and rotating the
ticles. The fraction of particles detected after a defaig ~ Polarization direction of the photolysis laser. Their work
given by a delay functionF(v,w,t). If both laser beams Showed a nearly isotropic distributid=0.088+0.015 for

have Gaussian profiles, the delay function is givef by HCI averaged over all rovibrational states. Since one of our
) present objectives is to understand the reason for the differ-

Flo.wit)= p o [02—wA)t?lp2+ a??] @) ence between the rotational state distributions for(AG+0)

o p2+ a?t? ’ and HClv">0), it is necessary to determine whethgde-

pends onv” and J”. To do so, we measured conventional
(zero delay Doppler profiles of the HCK",J") fragments
a\fvith the polarization vector of the pump laser both parallel
and perpendicular to the propagation direction of the probe
laser. The parallel and perpendicular profil&, and D, ,
were recorded for th&(1), P(13), and Q(11) lines of the
00 band, theR(1) andP(9) lines of the -1 band, and the
R(3) line of the k-2 band of theF« X transition. An ex-

X F(v,w,t)f(v)v2dv. (8)  ample is shown in Fig. 2 for HG@"=0, J"=11). In every
caseD, and D, were indistinguishable, indicating thgtis
close to zero. In addition, conventional Doppler profiles for
the Q(11) and P(13) and delayed Doppler profiles for the
Q(11) andR(11) lines of the 6—0 band were nearly identi-

o) 2 p?+a’t® dD(w,t)| cal, indicating thavv—J correlation is negligible.
V)= 2

wherep?=r3+r3, r, andr, are the Gaussian widths of the
pump and probe laser profiles, andis the most probable

thermal speed of the parent molecule normal to the optic
axis. With this correction factor the VADS profile is given by

(" 1 1
D(W,t)—leI 2% 1—§,BP2(W/U)

If Bis zero, the product speed distributib(v) can be ex-
tracted from a VADS profile by differentiatin® (w,t) with
respect tow; i.e.,

wop dw | B Since HCI recoils isotropically, it is possible to use

wi=o VADS to measure the speed distribution function. We ac-

4t cordingly measured the VADS profiles for a number of rovi-
+7 D(w,t) : (9 brational lines using both shot=600 ng and long (t

wi=v =1400 n$ delay times under otherwise identical conditions.

While in principle p and a could be measured, in practice The following profiles were recorded®(1), R(4), R(8-12),
they are treated as free parameters that were adjusted to yidR{3-5), P(13), andQ(11-14 lines of the -0 band,R(5)
the samef(v) for different values ot. andR(12) of the 0—1 band,R(1), R(7), P(8), andP(9) of
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F(0-0) Q(11) F(1-1) R(1) F(1-1) P(9)

T T T a) t=600 ns ¢) t =600 ns

Av (cm'l) Av (cm'l)
FIG. 4. Same as Fig. 3, only for H@"=1). VADS profile are forJ"=1
[(@ and(b)] andJ"=9 [(c) and (d)].

delays. Figure 3 shows the VADS profiles for tR€3) and
L L L P(13) lines of the 6-0 band, while Fig. 4 showR(1) and

-1.0 -0.5 0.0 0.5 1.0 P(9) of the 11 band. These examples display a qualitative
difference between the profiles for low and highand for
AV(Cm_l) v”"=0 and v"=1. For v"=0, J'=3, increasing the delay

broadened the profile somewhat but did not introduce any
FG. 2. Doppler profles for theQ@D line of the F A" _additional structure, while fas”=0, J"=13 the profile splits
=0+X 3" ,0"=0 transition of HCI. Upper panel is for the propa{gation Into two peaks.at long delay‘_ For'=1, (_)n the other hand,
vector of the probe laser perpendicular to the polarization vector of thdd0th low and high)” show a single maximum at long delay.
photolysis laser; lower panel is for the vectors parallel to each other. The  The speed distribution functions were extracted from the
curve in the upper panel is a least squares fit of a linear combination o{/Apg profiles, using the procedure described in the previous
harmonic oscillator functions. The curve in the lower panel is a duplicate of . .
the upper panel curve. section. Values op~1.0 mm anda~150 K were obtained
by simultaneously minimizing? for t=600 and 1400 ns.
The p value is in good agreement with an experimental esti-
the 11 band, andR(3) andP(10) of the 1—2 band. Typical mate. The distribution functions recovered from all the
examples are plotted in Figs. 3 and 4 for both short and lon@/ADS profiles are shown in Fig. 5. It should be noted that
f(v) plotted without thev? volume factor is a one-
dimensional distribution function. The uniqueness of the
F(0-0) P(3) F(0-0) P(13) high J”, v"=0 distributions is apparent; the splitting of the
' ' ' ' ' ' VADS profiles at longt is clearly caused by a distribution
@)t=600ns, €)= 600ns, function peaked ab>0, so that at long delay the recoiling
fragments split into two populations, one moving towards
and the other away from the detector. The 1D average speed,
(v)=fvf(v)dv, plotted in Fig. 6, shows a monotonic in-
crease withd” for v"=0. There is no apparent trend for
v">0.
Be=1400ms To check the self-consistency of using the VADS
WY method, we calculated frofi{v) an upper bound oB. From
Eq. (5 the difference betweeb; andD, is given by

AD(W)=gﬁjl:[Pz(W/v)]f(v)vdv. (11)

3 4 Comparing this function with the experimental values of
Ay (em”) Av (em™) D,—D, gives|g|<0.1, in agreement with Umemott al*
o _ The 3D translational energy distributiong(E,), show
FIG. 3. Velocity-aligned Doppler spectt@/ADS) for HCI(v"=0), with  jije variation with J” even foru”=0. The reason for this is
short and long delay$a) and(b) are for low rotation(J”=3), while (c) and h h 2 ighi f b h . d
(d) are for high rotation(J"=13). Curves are least squares fits, as describedt_a_t t ?U weighing .aCth obscures t e_ SYStemat|C trends
in the text. visible in the 1D projections. The 3D distributions for all
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FIG. 5. One-dimensional speed distribution functions of @Gk0, 1, and  FIG. 7. Kinetic energy distributions for HGI"=0, 1, and 2. The shaded

2) obtained by inverting the VADS profiles. Individual curves are for differ- areas are the experimental distribution functions for all measured values of
ent values of” listed in the text. The intercepts of the distributions decreased. The heavy curve is the prior distribution for four-center elimination, while
monotonically withJ”, except for the two curves indicated by asterisks in the dashed curve is the prior distribution for three-four-center elimination.
the upper panel, which correspondX6=4 (upper curvg¢ andJ"=14.

= [E.p(E,)dE,, plotted in Fig. 8, shows this trend as well,
the states are lumped together in Fig. 7, where the shadegith E,=25+2, 21+2, and 181 kcal/mol for v"=0, 1,
areas indicate the range p{E,) for differentJ”. The trend and 2.
for p(E;) to narrow and shift toward lower energy a$ The distribution functions are consistent with the TOF
increases is clearly visible. The average energl,)  data of Umemotet al,* who measured an average over all

1400

1200

1000

800

600

400

<v> (m s'l)

200

FIG. 6. One-dimensional average spedds,(v)dv, for HCI(v") plotted as
a function of rotational quantum number. Dashed lines are least squares fits

e =0
4 p=1
B o V=2 T
- . § .
A S : _
I )
o —o
1 L ! 1 1 1 1 I
4 6 8 10 12 14 16 18 20

J"

included to guide the eye.

HCI states. Oump(E;) for HCI(v"=0) is broader and has
larger most probable and maximum values compared with
the TOF data, while the distribution far"=2 is narrower

and has a lower most probable energy. The averaged most
probable energy is 22 kcal/mol, compared to their value of
20 kcal/mol.

B. Cl fragments

A preliminary report showing the MADS profiles and the
speed and energy distribution functions for(®k,) and
CI(®P,;,) produced from the photodissociation of VCI ap-
pears in Ref. 19. Here we show in Fig. 9 the translational
energy distribution functions for VCI and the three DCE iso-
mers. Because the distribution functions extracted from
MADS profiles are very sensitive to noise, it was necessary
to take several scans for each product. The heavy curves in
this figure are averages over four scans, while the shaded
areas are the ranges observed with all the scans.
Qualitatively different behavior is seen for(@®,,,) and
CI(®P,,,). Bimodal p(E,) functions for C{>P5,) are clearly
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CICP

3/2)

V(Cl

<E> (kcal/mole)

o0 channel

5 i ! 1 L ] | | L 1
0 2 4 6 8 10 12 14 16 18 20

J"

trans-DCE

FIG. 8. Average kinetic energy of HGI(,J) as a function of rotational
quantum number fos”=0 (solid circleg, 1 (trianglesg, and 2(open circles

Solid lines are linear least squares fits. Dashed lines are the prior values for
three-centefupper setand four-centeflower sej elimination.

kumw!!tm
¥

cis-DCE

evident for all four compounds. The two peaks are of com-
parable height for VCI, while for the DCE isomers the low
energy peak is much higher. For the#8l,,,) product,p(E,)

is shifted towards higher energy in each case. For VCI there
is only a small shoulder at low energy; ftnansDCE the

two peaks appear to have merged, while ¢ and 1,
1-DCE and VCI the peaks are of comparable height. Similar 0 20 40 60
trends are also apparent in Table I, where the mean and

maximum energies are listed. The mean kinetic energy of E, (keal/mole) E, (kcal/mole)

CI(°Py) is on the average 6 kcalimol greater than forpg o inetic energy distributions for GPy) and CIZPy,), obtained by
C|(2P3/2)- The maximum energies differ by a comparableinverting magic angle Doppler spectra. The shaded areas indicate the range
amount. observed for four scans. The heavy curves indicate the average profile and

its decomposition into low and high energy components. The low energy

components are prior distributions, while the high energy components were
V. DISCUSSION obtained by subtraction.

A. HCI molecular elimination

1,1-DCE

The ground state electronic configuration of vinyl chlo- phe formed in both lineatFig. 11) and cis-states(Fig. 12,
ride is (1a')*(2a')*(3a’)*(4a’)*(5a')*(6a')*(1a")*  while dissociation to form triplet vinylidenéFig. 10 is
(7a’)?(2a")®. Absorption of a 193 nm photon induces a symmetry forbidden. Since VEA”) and
m—7* transition to the TA’ state with configuration HZC:Q:(3BZ)+HCI(X IS*) have the same overall state
..(7a")?(2a")*(3a")". Excited states lying below this en- symmetry (A”) but different occupation numberd5,3 vs
ergy are the A’ (m—=*) and the I"°A"(m—o*) states, the 13,5, a large barrier must exist for this path.
latter having a ...(&')%(2a")'(8a’)" configuration. We Triplet vinylidene was reported by Fahr and Ladfeas
mention for later reference a higher lying-o* state witha  a major product at 137, 139, and 151 nm. They inferred that
..(7a')}(2a")*(8a")" configuration. To determine on which the most probable pathway involves crossing of the initially
PES the reaction may occur, we constructed correlation digexcited singlet to a long-lived triplet state. In the present
grams for HCI elimination along the different reaction paths
shown in Figs. 10-12! The vertical excitation energies for
the low-lying electronic states of VCI, vinylidene, and acety-TaBLE I. Maximum and average kinetic energies of the Cl fragnient.
lene were obtained from Ref. 35.
A number of conclusions may be drawn from these dia-

Fragment energykcal/mol)

grams(i) In all cases HCI elimination on the initially excited CIPsy) CIP,,)

PES does not correlate with ground state produdtsin all Molecule Emax® (E)P Ernax (E)
cases HCI eliminat.ion 06y, is allowed since the orbital oc- vel 45-65 >3 5570 5
cupation numbers i€, symmetry are ')*%(a”)* for reac- transDCE 40-55 14 55-60 19
tants and products. This is in contrast tg élimination from cisDCE 25-40 12 35-50 17
ethylene along &,, dissociation path, which is symmetry ~ 1,1-DCE 45-50 12 45-60 22

forbidden. A large barrier is nevertheless observed for VCiﬁtT - - - —

. L. . he range is the spread in maximum energies indicated by the shaded
dissociation, showing that the C—Gtbond does not com-  (egions in Fig. 9.
pletely destroy th&,, symmetry.(iii ) Triplet acetylene may °Mean energy for the average distribution.
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150 A2 . I = a a’ 150 =A4at 1 S 2.k a'_a"
14 4 | A —3A 14 4 | 1A -1
2 13 5 0 3Az 13 5
6\ 15 3 lA:: -_— 3B ,;\ 15 3 lAn —_— _1
= 15 3 A 13 5 =) 15 3 3AM 0°B, | 14 4
100 |- A0 — — E 100}
E 14 4 = 14 4 | 3A
= £ —CA) | 14 4
§ ~
= A 14 4 23
} )
Bf 50 = g sof
= =
=
=
or14 4 | XA . 0F 14 4 | x1A—
i " H AR "
c=C - C=C: + | c=¢c _ ¢
I d a I +
H Cl H Cl H-ClI

FIG. 12. State correlation diagram for the decomposition of VCI to produce
HCI+ cis-bent acetylene. Notation is the same as in Fig. 10, except that the
product symbols refer to the electronic states of acetylene and vibrational
Ig}]uantum numbers of HCI. The\; state ofcissHCCH is unstable.

FIG. 10. State correlation diagram for the decomposition of VCI to produce
HCl+vinylidene. The numbers in the left and right columns indicate the
occupation numbers fa' anda” orbitals havingCg symmetry, witho,, as
the molecular plane. State labels in the center of the diagram refer to VCI o
the left and vinylidene on the right. The photon energy is indicated by the
horizontal dashed line.

detected in the electron diffraction measurement of Ewbank

. . . et al*® at 193 nm. It follows that the most likely mechanism
experiment, where there is much less available energy, the

production of a triplet fragment is unlikely. Production’, IS internal conversion followed by HCI elimination on the

acetylene would leave a maximum of 42 kcal/mol availableg.round PES. In the case of ethylene, internal conversion is a

for translation and HCI internal energy, whereas we observea:ghly efficient process, resulting from pseudomigration of a

up to 74 kcal/mol for these degrees of freedbisee Fig. 7, atom to form a zwitterionic state, which Interacts very
. A : o S strongly with the ground stat€.A similar mechanism is ex-
with no indication of a bimodal kinetic energy distribution.

Moreover, the triplet state of the parent molecule was noPect(_‘\(j for VCI.
’ P P Riehl and Morokum& located three transition states for

HCI elimination on the ground PES, correspondingater
and «,8 elimination and a four-center “knockout” mecha-
150 ata"l 2L a'_a"_ nism following H migration. The H—CI bond lengths in these
1447 AT 1 transition states are, respectively, 1.436, 1.789, and 2.356 A,
0 °Xr| 14 4 as compared with 1.269 A for free HCI and 2.374 A for HCI
153 | AT — in the parent molecule. The exit barriers heigfiteeasured
15 3| ‘A" with respect to the separated prodiiete 2.5, 52.6, and 62.8
14 4 | A ] kcal/mol. Of these, they,a transition state is closest to the
product geometry, with only a small exit barrier.

Since the reaction occurs on the ground PES, it is likely
to live for many vibrational periods. If the molecule eventu-
50 1 1 ally reacts along the,« path, which has a “loose” transition
state and small exit barrier, we would expect the fragments to

25 14 4 have a statistical state distributiéo test this possibility we

/ compared the observan(E;) with the expectation from a
XIA prior, statistical model. This model assumes that all acces-
" sible quantum states are equally populated, so that all the
[ HC=CH available energy is partitioned evenly among all degrees of
=C RS + . . . Lo . .40
\Cl H-Cl freedom. The prior kinetic energy distribution functiof®is

100

Energy (kcal/mole)

= =

0 . 1/2 Eavi—Et
p (UaJ!Et|EavI)°cEt 0 p,(Ey)
FIG. 11. State correlation diagram for the decomposition of VCI to produce

HCI+ linear acetylene. Notation is the same as in Fig. 10, except that the X (Eaqu— Ei— Eu)l/zd EU , (12
product symbols refer to the electronic states of acetylene and vibrational ) ) ] ) ]
quantum numbers of HCI. wherep,(E,) is the continuous density of vibrational states,
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calculated using the Whitten—Rabinovitch approximafibn, to give CHD=CHCI. The 25% relative yield of HCI from
andE,,, is the available energdy.For the four-center process d-VCI indicates that elimination of DCI through transition
Eav=124.2+0.4 kcal/mol, while for three-center elimination state A2 is more probable than isotopic scrambling through
E.n=81*2 kcal/mol. The prior distributionp®(E,) are the radical intermediate.
shown in Fig. 7, and the prior values of the average energy To explain the dichotomy between the rotational state
(E,)° are given in Fig. 8. It is apparent from these figuresdistributions for HClv"=0) and HClv">0), we propose
that the three-center prior distributions do not match the datahat the reaction is vibrationally adiabatic. Since the vibra-
while the four-center prior distributions are in much bettertional frequency of HCl is lower in the transition state than in
agreement, with the agreement improving idsincreases the isolated molecule, the vibrationally adiabatic barrier
from O to 2. height should decrease with vibrational quantum number.
While there is no requirement for a four-center mecha-This idea is consistent with the observation in Fig. 8 that
nism to produce a statistical distribution, it is difficult to <Et> decreases by approximately one-half of the HCI vibra-
reconcile a non-statistical distribution with a three-centefijgnal spacing per unit increase if. Since the exit barrier
path. Our result is in seeming contradiction with our earlierior 4 o elimination is much smaller than the vibrational
finding that the HCI yield fromd-VCl is 25% of that from  gpacing of free HCI, it is plausible that the adiabatic barrier
normal VCI, showing a preference faf,«a elimination. This disappears entirely far”>0.
problem_ is related to the rotf_;\tional scrambling process dis-  To restate this last point, as the fragments separate they
cussed in the Introduction, since any mechanism which acyre repelled by two barriers, a small, vibrationally adiabatic
counts fo_r the is_otopic yields must also explain why the ro-p5rier which is greatest for HGI"=0), and a large exit
tational distributions of HCI produced from VCl amVCl  parvier caused by vinylidene—acetylene isomerization. These
are identical. _ _barriers have qualitatively different effects. Repulsion by the
~ From the isotope experiment we deduce that HCl isgormer is directed along the reaction coordinate. We specu-
eliminated primarily by anx,a mechanism. We also kNow |56 that the hotter rotational population of HEI=0) and
that the vinylidene fragment isomerizes rapidly to formy . 1p scalaE,—J correlation shown in Fig. 6, are caused

acetylene. A key question is the relative time scales of thg, s girect energy release. A similar correlation between
elimination and isomerization steps. At one limit the pro- rotation and translation was observed by Jimieezal*® in

) lable to HCL At the other limit. the st e photodissociation of 3-cyclopentenone. Passage over the
energy 1s avarabie 1o ) € other imit, the SIeps areqq.qn parrier releases energy, which is partitioned between
concerted and synchronous, which means that HCI flies off at

. A . intramolecular excitation of acetylene and intermolecular re-
the same instant that the vinylidene H atom migrates from y

: %ulsion of the separating fragments. Since the reaction is
one carbon atom to the other. In this case we would expect &onsvnchronous we cannot predict how much the eneray dis-
highly nonstatistical translational energy distributférThe y P ay

tribution will deviate from the statistical limit. It would be

mechanism that we propose lies between these two limits,. . . .
brop . ﬁ“\lghly desirable to perform dynamical calculations on a glo-
namely, a concerted but nonsynchronous pair of steps. T%a

elimination reaction begins by passage through the three—aIIy accurattcfa PtEhS tobsee w(;wetr:etr_ ourl prog?sed Inlgcha:msm
center transition statéA2 in Fig. 1). At this point the frag- can account Tor the observed rotational and transiational €n-

ments are still moving fairly slowly. The most probable ergy distributions.

speed in the three-center statistical distribution is 0.024 A/fs, . ?j\sed on oulr mo‘?'e'- we expect that Shlowllc?% down ;he
while the lifetime for isomerization of vinylidene has been vinylidene—acetylene isomerization step should have a dra-

estimated to lie between 40 and 200 fs, with a lower boundnatic effect on the dynamics of HCI elimination. In a study

of 27 fs?* As the fragments separate a hydrogen atom or?f the infrared multiphoton excitation of 2-chloro-1,
. . H 44
vinylidene migrates to form acetylerfpassing through A21  L-difluorethylene(F,C—CHCI,CFB, Reiseretal.™ found

in Fig. 1), releasing an additional 53 kcal/mol, some 0fthat RC=C: is a_long—lived species with essentially no re-
which is converted to relative translational energy. This ad@/rangement taking place to form perfluoro-acetylene. A
ditional energy release is not along the reaction coordinats€miquantitative MO calculatidngives an activation barrier
and much of it goes into acetylene vibration. for the rearrang'ementZEZC:—>FCECF of ~60 kcal/mol,

To explain the identical rotational state distributions for @S compared with~3.0 kcal/mol for the rearrangement of
HCI produced from VCI andi-VCI, we propose that isotopic vinylidene to acetylen#® Using IR multiphoton excitation of
scrambling occurs in a separate stegfore the molecule CFE with TOF analysis, Sudbet al*’ found that p(E,)
reaches transition state A2. Riehl and Morokdm@und  could be fit with a RRKM model with(E;)~1.0 kcal/mol,
that the lowest energy transition stat€1 in Fig. 1 is and that essentially no translational energy is released to the
reached by H atom migration to produce the stablefragments after they pass the critical configuration in the exit
CHz—CClI radical. Formation of this species and the returnchannel. In our own preliminary study of the UV excitation
to VCI competes with three-center elimination. Since internalof CFE, we observed a Boltzmann-type rotational state dis-
conversion from ther,7* surface is initiated by migration of tribution for HC(v”=0).* These results are consistent with
a H atom>° the conformation of the molecule on the ground our understanding of the VCI reaction. In this case isomer-
PES already favors this low energy path. In the case ofzation of the perfluoro-vinylidene radical takes place too
d-VCI we propose that isotopic scrambling occurs by D mi-slowly to release energy to the fragments, and the product
gration to form CHD=CCI, followed by H back-migration state distributions are statistical.
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electronically excited state of the vinyl radical and does not
mix with the ground state. We cannot rule this out as a con-
ceivable reaction path, however, since it is possible that in

150 (= nonplanar geometry ther,7* and m,c* states are mixed.
From these considerations we see that there are two distinct
paths for Cl detachment, direct reaction on the* surface,
and indirect reaction on the ground PES following internal
conversion.

100

Our data in Fig. 9 show two components in the transla-
tional energy distributions of GP;,) and CI?P,,) pro-
duced by photodissociation of VCI and the DCE isomers.
Similar results were obtained by other workers. Umemoto
so L _ et all* observed bimodal distributions in the TOF spectra of
the Cl atoms. Bimodal distributions of the individual spin—
orbit states were observed by Mt al® using polarized
Doppler spectroscopy and by Suzuial?® using photof-
ragment imaging. Our data are in good qualitative agreement
o144 XA — with the data of Umemotet al}* and Suzukkt al.,?° except
that the latter observed a more pronounced high energy
shoulder in QF’P,,,) produced frontrans-DCE.

A natural interpretation of our data is that the bimodal
distributions are produced by the two reaction paths de-
scribed above, with the low energy component coming from
FIG. 13. State correlation diagram for the decomposition of VCI to producereactlon On.the ground_ PES and the_ high energy component
a vinyl radical and a Cl atom. Notation is the same as in Fig. 9, except tha?orreSpondmg to reaction on the excited surface, as first sug-
the product symbols refer to the electronic states of the vinyl radical. Alsogested by Umemotet al'* Here too we expect the reaction
the spin—orbit splitting of Cl is indicated. on the ground surface to be statistical. A comparison of
p(E,) with the prior distributiongnormalized by an adjust-
able scaling factgrin Fig. 9 confirms that this is the case.
The kinetic energy distributions for the high energy compo-

Figure 13 shows the correlation diagram for Cl detach-nent were determined by subtracting the priors from the total
ment from VCI with C; symmetry. The ground state frag- distributions. The average energies of the high energy com-
ments have a (@ )*(2a”)?(8a’)* configuration, which is ponent listed in Table Il and the maximum energies listed in
the same as that of tH&\’(n,o*) state of VCI. Because of Table | increase in the order @is-, trans, 1,1-, and VCI.
an avoided crossing of thge* and,7* surfacegshown as This sequence may reflect the relative locations of the nona-
dashed lines in Fig. 23the products correlate adiabatically diabatic crossing of the excited surfaces. For an outer-limb
with the 7,7 state. Although the grountr?) state of VCI  crossing the recoil energy should increase with crossing dis-
and the ground state fragments have different orbital contance, while the reverse is expected for an inner-limb
figurations, they are nevertheless correlated because of coorossing*®
figuration interaction of théA’ species of VCI. On the other After this paper was completed we learned of a new
hand, the'A”(m,0*) state of VCI correlates with the first study by Ebataet al>® in which the sum of the quantum

Energy (kcal/mole)

H

=¢
.
ClI

/H
=C +CICP)

=
..
T T

B. Cl atomic detachment

TABLE II. Properties of Cl produced on the ground and excited potential energy surfaces.

Ground PES Excited PES
Molecule Ftot ¢ Pf(zpslz)d F’f(zpllz)e l—‘0 Eav Ernp 1_‘1 Eav Emp
VCl 0.30 0.76 0.89 0.14 1.6 3.0 0.35 22 25
transDCE 0.15 0.42 f f 4.8 2.9 f 109 23
cissDCE 0.17 0.47 0.72 0.09 3.0 2.6 0.26 9.6 16
1,1-DCE 0.28 0.35 0.76 0.10 4.1 2.8 0.60 12 25

%Properties of the Cl atoms produced on the ground PES, summed over both spin—orbit states. The most
probable and mean kinetic energies are expressed in kcal/mol and are sums over both spin—orbit states.
PProperties of the Cl atoms produced on the excited PES, summed over both spin—orbit states.

“Total branching ratio, taken from Ref. 18.

dFraction of C(?P,,) produced on the excited PES, e.g., for VCI, 76% ofB},,) is produced on the excited

PES and 24% on the ground PES.

®Fraction of C(2P,,,) produced on the excited PES.

The speed energy distribution for @®,,,) produced frontrans DCE could not be resolved into slow and fast
components.

9Calculated for QPP only.
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yields for Cl and HCI produced frortranssDCE at 193 nm  greater probability of undergoing a nonadiabatic transition to
was found to be greater than unity. Their data implies thathe j =1/2 state’® This point is consistent with our observa-
some of the parent molecules decompose to yield two Clion that Cl produced frontis-DCE has both the lowest ki-
atoms. A kinematic analysis shows that when this occurs thaetic energy and the lowest value Bf.
kinetic energy distributions of both atoms lie under the sta- While we cannot determine the relative importance of
tistical component op(E;) (Fig. 9). This result is consistent structural vs dynamic factors, both of the proposed effects
with our assignment of the high energy componenp(&,) predictl’;>T"y, as observed. One must, nevertheless, be cau-
to reaction on an excited PES and the low energy componetious in invoking such simple models to explain the fine
to reaction on the ground PES. structure population of the fragments, especially when sur-
A striking property of the distribution functions shown in face crossing is involved. Recent work in this laboratory on
Fig. 9 and Tables | and Il is the tendency for(®B;,) to  the predissociation of Rydberg states of HCI has shown that
have more kinetic energy than(€®,,,). One possible expla- T is very sensitive to the potential energy surfatand con-
nation is that dissociation d, gives mainly C{?P5,) while  siderations such as adiabatic vs sudden recoil are insufficient
dissociation on thén,o*) surface gives a mixture of both in the case of HCI for predicting the asymptotic populations.
spin—orbit states. To test this idea we calculated the spin—
orbit branching ratio for each surface, as follows. The overall
branching ratio, VI. SUMMARY AND CONCLUSIONS

To=[CI(*P1/2) /[ CI(?P3;5)], (13 We have used velocity aligned Doppler spectroscopy to
was measured by Met al® Next we label the areas under M€asure the kinetic energy distribution functions of different
each component op(E,) as F(3/2,s), F(3/2,f ), F(1/ rovibrational states of HCI produced in the 193 nm photodis-
2.5), F(1/2.,f ), wheres and f refer to the low and high sociation of vinyl chloride. The average kinetic energy was
energy components, arie(j,s)+ F(j,f )=1 for each spin— found to vary inversely with the vibrational energy of HCI.

orbit state. The branching ratios for the individual sun‘ace§:or HCKU_ =0) the (_)ne—dimgnsional Kinetic energy was
are then given by found to increase with rotational energy, while fof>0

there was no apparent rotational dependence. A statistical
I'o=[F(1/2,8)/F(3/2,5)]T o (149 model assuming three-center elimination is inconsistent with
the data, while a four-center mechanism on the ground po-
for the ground PES, and by tential energy surface is in better agreement. This result is in
Fi=[F(2/2,f )IF(3/2,f )]T'o (150  seeming contradiction with an earlier isotopic experiment
which showed that HCI elimination is primarily,a. To rec-
oncile all of our observations we propose a mechanism in
. - which three-center HCI elimination followed by vinylidene—
on the excited surface 21%—59% of the Cl atoms are in th‘?acetylene isomerization occurs in a concerted, nhonsynchro-
J =172 state. . . . . .nous fashion. It is further proposed that isotopic scrambling
. Ong possmle. explanation of these branching ratios '$n vinyl chloride occurs by hydrogen atom migration, pro-
adiabatic correlation between the parent molecule and th8ucing the stable CH=CCI- intermediate. The dichotomy
etween the rotational state populations for BCE0) and
HCIl(v">0) is explained by a vibrationally adiabatic mecha-
nism.
Magic angle Doppler spectroscopy was used to measure
the kinetic energy distribution functions of @P,,) and
I(?P,,,) produced in the 193 nm photodissociation of vinyl
chloride and the three dichloroethylene isomers. Bimodal en-
ergy distributions were observed for both spin—orbit states,
£=RAEg/fv, (16) indicating competitive reactions on two potential energy sur-
faces. The @QPP,,,) product was found to have consistently
more kinetic energy than GP,,). Adiabatic correlation,
with some scrambling in the asymptotic region, is proposed
to explain the spin—orbit branching ratios.

for the (n,o™) surface. The results listed in Table Il show that
reaction on the ground surfaces give85% CI%P5),), while

with CI(?P,). A very crude model in which the vinyl radical
is described as &S,,, atom predicts that(n,¢*) also corre-
lates with C[?P5,).°>* A more sophisticated treatment, in-
cluding spin—orbit coupling of the excited states, is likely to
correlate the excited state of the parent molecule with bot
spin—orbit states of Cl. A criterion for adiabatic dissociation
is that the Massey adiabaticity parameter,

be greater than unif# In Eq. (16), R is a characteristic
recoil distanceAE,,=881 cm ! is the fine structure splitting
of the Cl atom, ana is the recoil speed. Taking=1 A, and
settingv equal to the most probable spedd8x10° cm/s on
the ground PES and 3:@.0° cm/s on the excited PESE has
a value of 9.2 and 4.3 on the lower and upper surfaces, ~xNOWLEDGMENTS
respectively. These large values are consistent with an adia-
batic mechanism, as compared wik0.8 for the photodis- We wish to thank Professor Keiji Morokuma for many
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