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The elimination of H in the photodissociation of mono- and di-chloroethylenes was studied with a
pump-and-probe technique. A 193 nm excimer laser was used to photodissociate the parent
molecules, and a tunable dye laser was used to probetffradinent by 2-1 resonance-enhanced
multiphoton ionizatioREMPI). The nascent rotational state distributions gfX 1E§ 2w"=0-4)

were extracted from the REMPI spectra, and were found to have Boltzmann-type distributions. The
maximum and average translational energies for some of the rovibrational levels woktd
measured using magic angle Doppler spectroscopy. The translational energy of the fragments plus
the internal energy of Hwas found to exceed the available energy for a three-center elimination
mechanism. It is concluded that a migration mechanism plays a significant role,in H
elimination. © 1995 American Institute of Physics.

I. INTRODUCTION while for v”">0 linear Boltzmann plots were always ob-
served. Similar results were reported by Settal. for DCE®
Chloroethylene molecules are prototypical cases forrhe similarity of the rotational distributions for these mol-
Studying the phOtOdiSSOCiation dynamiCS of SUbStitUte%CL“es suggests a common mechanism. A dichotomy be-
olefins! The photochemistry of these molecules has beemyeen HClv"=0) and HClv">0) was also observed in the
investigated for many years, and a brief history of this sub+ranslational energy distributions of HCI/VC[Here and
ject is presented in the previous pajkereafter referred to throughout the paper HCI/VCI refers to the HCI fragment
as paper)l” The very large oscillator strengths of these mol-produced by photodissociating VCI, with corresponding no-
ecules near 193 nm correspond tara ™ excitation of the  tation for other parents and fragmentEhe former showed a
double bond. Molecules excited by this transition do not positive correlation between the 1D average translational en-
react directly, but rather undergo nonadiabatic transitions elgrgies and the rotational angular momentum, whileufor0
ther to other excited states or to the ground state. The prihere was no correlation.
mary dissociation products are Cl, HCI, H, ang (end their Another notable aspect of the HCI channel are the rela-
organic partners, listed in order of relative yielddhe  tye quantum yields of HCI for different parent molecules.
branching fractions for the dichloroethyle@®CE) isomers  The HCI/VCI yield is four times that of HCI/CKCDCI*
are given in Table I. indicating a preference for three center eliminati8eE) to
This paper is part of a continuing study of the photodis-produce vinylidene. Measurements of the translational en-
sociation dynamics of vinyl chlorid&/Cl) and DCE. Previ-  ergy distribution of HCI indicated, however, that the recoil
ous papers dealt with the state distributions of the Cl, H, an@nergy is greater than expected for a simple 3CE mechanism.
HCI fragments**°A summary of these results is helpful for Tq reconcile these observations we proposed a mechanism in
comparison with the dynamics of Helimination, which is  which a,a elimination of HCI and isomerization of vi-
the subject of the present study. The Cl atom is producegylidene to form acetylene occur in a concerted, nonsynchro-
both on an excited potential energy surf4B&ES and onthe  nous fashion, so that some of the energy released by the

ground surface. For VCI~80% of the Cl atoms are pro- jsomerization step is transferred to the recoiling fragménts.
duced on the excited PES, while for DCE this fraction drOpS The 0n|y previous report of the ZHfragment is that

to 40%-—45%. Reaction on the excited surface is prompt,of Ausloos etal,” who excited partially deuterated
producing anisotropically recoiling fragments with nonstatis-/c|(CH,CDCId-VCI) at 147 nm in the presence of radical
tical distributions of kinetic energy. In Contrast, the groundscavengers and detected the Organic fragments with a gas
surface reaction gives isotropic, statistical products. chromatograph. The reported quantum yields are 5% for H
The other photofragments are produced exclusively omnd 1% for HD. Many of the issues involved in HCI
the ground PES. The hydrogen atom reaction is a simpl@jimination—the nature of the product state distributions,
bond rupture on the ground PES. The most striking feature ofhree center vs four center mechanisms, the role of atom
the HCI channel is that the rotational populations formigration, the effects of exit channel barriers—apply also to
HCI(v"=0) and HC[v"=1 and 2 are qualitatively different. H, The reaction enthalpies for,¥Cl are®
For v”"=0, bimodal distributions were observed for five par-

ent moleculegVCI, CH,CDCI, and the three DCE isomers CH,CHCI—HCCCI+H,, AH8:57 kcal/mol (1)
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a stable ethylidene intermedigi@H=—CH;, CCI=CHs, and

CCI=CH,CI), followed by H, elimination. The bridged tran-

sition state for the H shift has a barrier of 68.8 kcal/mol for
CH1 VCI, 65.5 and 68.7 kcal/mol foris- and transsDCE, and

140 — D3

120 —

/I(;::; 75.0 kcal/mol for ethylene. The elimination step has a sub-
/ sequent barrier of 103.6 kcal/mol for VCI, 109.7 for DCE,
100 — N} and 109.5 for ethylendFor VCI there is also a higher tran-
c1 A sition state at 115.3 kcal/mdiThe barriers for H migration

are the lowest of any process on the ground PES, although
the subsequent barriers to elimination of frbm the result-

ing radical are about 6 kcal/mol higher than for direct 3CE
from VCI and DCE, and 14 kcal/mol higher than for direct
3CE from ethylene. It is important to note that direct 3CE
from cis- andtransDCE is not possible, while for 1,1-DCE
hydrogen migration does not lead tg Elimination.

The third mechanism is direct four center elimination
(4CE). True transition states were not found for this pathway,
although second order tops converging to a migration path
were located. Because the energies of these tops are very
high (140.9, 151.9, and 125.3 kcal/mol for VCI, DCE, and
ethylene, this pathway does not play a role in our experi-
ments.

FIG. 1. Reaction paths on the ground PES of the dichloroethylene isomers, _In this paper, we present a study of the UV photoel!ml-
taken from Fig. 2 of Ref. 10. The potential energi@s kcal/mo) were  Nation of H, from VCI and DCE. The fact that the absorption
calculated at the MP2/6-31@(p) level, using optimized geometries for cross section of chloroethylenes are about three orders of
HCI, H,, and C} elimination. Bold lines are for processes initiated by HCl magnitude larger than that of ethylene at 193 nm is a con-
elimination, solid lines are for those initiated by Br Cl, elimination, and . . .
dotted lines for those initiated by H or Cl migration. The numbers denote thes'derable advantag°’e?|’wo types of information were ob-
following speciesi(1) cis-DCE, (2) transDCE, (3) 1,1-DCE, (4) HCI, (5) tained from these experiments. First, we measured the rota-
HCCCI, (6) Ha, (7) CICCCI, (8) Cl,, (99 HCCH, (10) :C=CHCI, (1) tional populations of Hv"=0-4). Second, we used magic
:RC;(ig.lz, and (12) :CCH,. Letters refer to transition states calculated in angle Doppler spectroscopy to characterize the translational
energy distributions for several rotational states of\MCI.
Because of the large energy spacing of the rovibrational
states of H and the smaller amounts of energy available to
the products, these measurements can be used to discriminate
el‘r)etween possible reaction mechanisms.

8+9
6+7

4+5

For cis-DCE, AH3=53 and 95 kcal/mol for the two
pathways'’ The calculated enthalpies of formation toéins-
and 1,1-DCE are, respectively, 0.1 and 0.6 kcal/mol great
than forcis-DCE 1°
Although there have been no previous studies of the dy-
namics of H elimination from DCE, there have been exten- || ExXPERIMENT
sive studies of K elimination from ethylené! In a recent
series of papers, Lee and co-workers examined the photodis- We will only give a brief summary of our apparatus here,
sociation of ethylene and its isotopomers at 193'Am?  since a detailed description has been presented elsewhere.
They found that(i) the quantum vyields of H and Hare  Our apparatus is a pulsed molecular beam machine equipped
approximately equal(ii) acetylene and vinylidene are pro- with a standard Wiley—McLaréhtime-of-flight (TOF) mass
duced in a ratio of 2:3; andii) the kinetic energy distribu- spectrometer. A pump and probe technique was used in these
tion of H, is peaked near 20 kcal/mol, indicating a concertedexperiments. An ArF(193 nm excimer laser(Lambda
process with a substantial exit barrier. Physik EMG150 was used to photodissociate the parent
Recently Morokuma and co-workers performed exten-molecules, while the K product was probed via 21
sive ab initio calculations of the ground state potential en-resonance-enhanced multiphoton ionizati®EMPI) by a
ergy surfaces of VCi,DCE!° and ethylené® A diagram of  frequency-doubled excimer-pumped dye lasgrambda
all the pathways for molecular elimination from VCI is Physik LPX200/LPD300R The pump laser beam had a typi-
shown in Fig. 1 of paper I, while the corresponding diagramcal fluence of 40 mJ/cfmand was collimated with a 50 cm
for DCE is shown in Fig. 1 of the present paper. Their cal-lens. The H ion was detected by a dual microchannel plate.
culations revealed three pathways that could lead to HThe TOF tube was equipped with a pair of deflection plates
elimination. The lowest energy path for VCI, 1,1-DCE, andthat were biased to pass only;Hons. The plates were
ethylene is 3CE via a late transition state, with barriers ofgrounded to allow Hl to pass through, and otherwise held at
97.2, 101.4, and 93.8 kcal/mol, respectively. These barriera potential difference oft200 V to shutter out the heavier
are considerably larger than those for 3CE of HE9.1, ions. In the rotational population measurements the signal
76.6, and 76.1 kcal/mol for VCkLis-DCE andtransDCE). from the microchannel plate was averaged typically 100
The second mechanism is a hydrogen atom shift to fornimes and recorded on a digital oscilloscogkeeCroy
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9450A), while in the Doppler measurements the signal was 10 prrrem—r—rrrre
averaged typically 30 times with a boxcébtanford Re- A
search and recorded on a computer. - Hp/VCL (0-3) Q(11) .
For measurements of the rotational population of L
H,(v">0) the pump and probe laser beams were counter-
propagated along an axis perpendicular to the molecular
beam axis. The lasers and molecular beam intersected be-
tween the reflector and extractor plates in a plane normal to
the TOF axis. The chloroethylene molecules were introduced
into the reaction chamber via a pulsed valiNewport BV-
100V, 0.5 mm diamfitted with a Teflon tip, located approxi-
mately 3 cm from the reaction zone. Fop(H'=0), the ArF
laser was shut off and the dye laser served as both pump and
probe. In the Doppler experiments the pump beam propaga-
tion vector,ky, was aligned at a 135° angle with respect to
the probe beam propagation vectof, The pump beam was
polarized with a pile of ten quartz plates set at the Brewster
angle, oriented in such a way that the polarization vector of
the pump beang,, formed a magic anglés4.749 with k. .
In addition, the polarization vector of the probe beaa, Laser Fluence (ml/cm )
made a 45° angle with respect to the plane contaikipand
& . This combination of pump and probe alignment core-ig 5 ampiitude of the REMPI signal for th@(11) line of H,(u"~3)VCl
sponds to the “double magic angle” geometry of Hall andas a function of fluence of the photolysis laser. The solid line is a least
Wu_18 squares fit of a power law, with the fitted value of the exponent listed in the
The rotational population of X 'S ,v"=0-4) was plot.
measured using-21 REMPI with theE,F state as the reso-
nant intermediate levef We recorded branches for all the In some experiments we measured the fragment concen-
(v'=00") bands. Forv"=1 throughv"=4, the probe ation as a function of pump intensity. This was accom-
wavelengths of 210245 nm were generated by doubling thgjished by placing an Niabsorption cell in the path of the
fundamental frequency of stilbene or Coumarin dyes, using gump laser beam. The laser intensity and REMPI signal were

BBO() crystal forA=220 nm and a BBQI) crystal other-  recorded on every shot as the Npressure was varied.
wise. The fundamental frequency was not separated from the

second harmonic until after the reaction zone, where the iny; RESULTS
tensity of the doubled beam was monitored. We confirmed in ) ) ]
test runs that this arrangement did not affect the results. The Five different types of experiments were performed. In

probe beam had a typical pulse energy of 0.5-1.0 mJ anti€ first two we studied the effects of varying the pump in-
was focused with a 15 cm focal length lens. The delay bel€NSIty and delay times. These diagnostics were needed to

tween the pump and probe pulses was set between 30 and 88t@blish that the jifragment is produced by single photon

ns to maximize the signal to noise ratio. excitation. The main results of this study were obtained in

For Hy(v"=0), wavelengths between 201.65 and 206.46the third and fourth sets of experiments, in which we mea-
nm were generated by first doubling the fundamental 01s.ured the rotational populations and kinetic energy distribu-

Rhodamine 610 in a BBQ) crystal, then mixing the doubled tions of H. In a final experiment we searched for,Olvhich
frequency with the fundamental in a BBIO crystal to pro- is another possible photofragment of DCE.

duce sum frequency generati®FG. As before, the beams A. Intensity dependence

were not separated until after they passed through the reac- - . . . .
tion zone. Again a test showed that the presence of the fun- The variation of th_e I5|5|gna_l with pump Ias,er Intensity
damental and second harmonic frequencies did not interfervevr?j m((aa,‘:sgrzti;jlfirslggou':si rztritl3”::]:;\6:'2%(1}-2:;)/%2”06
with the experiment. The SFG beam had a typical energy o Hhv™=2)/1, - 9 yp

40 pJd/pulse(measured after the reaction zonand was fo- dependence plot for thQ(11) line of H,(v"=3)/VCI. The .
. slopes of the log—log plots over three decades are all unity
cused wih a 7 cmfocal length lens.

The purity of the chloroethylenes was checked by NMR,WIthIn one standard deviation, confirming that photodissocia-

confirming the manufacturer’s claim®/Cl: >99.5% from tion is caused by a single pump photon.
Fluka; 1,1-DCE: 98%transDCE: 99%:;cis-DCE: 97%; all
DCE'’s obtained from Aldrich The reagents were used with-
out further purification. The neat sample gases were stored in The previous experiment proves that only one pump
a reservoir at~180 Torr. The background pressure in the photon is absorbed by the parent molecule. We also con-
chamber was normally 16 Torr during a run, while the firmed that the probe alone does not produce apsignal
pressure in the reaction zone was estimated to be on tHer v”>0. (Forv”=0 only one laser was usedt is conceiv-
order of 1073 Torr. able, however, that ££15/VCl or C,CH,CI/DCE produced by
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. . decay curve, based on the mean speed calculated from a
magic angle Doppler spectrum of,Hsee Sec. Il D. It is

HZ/VCI (0-2) Q(7) clear from the figure that Hflies 02ut of the reaction zone
much faster than does the &ICH radical. At short delays the
data overlap the simulated curve, showing that thefreig-
ment flies out of the field of view immediately after the
photolysis pulse. The absence of signal at long delays places
an upper bound of 10% for the+1l’ mechanism(The dis-
crepancy with the calculation at intermediate times is most
likely due to the simplification of using the mean speed in
the simulation. This approximation was necessary because
the complete speed distribution function of Ebuld not be
extracted quantitatively from the Doppler profjl¥ery simi-
lar results were obtained for th@(11) and Q(13) lines of
H,(v"=2).

1.5

0,t) (arb. units)

0.5

D(w=

0.0
0.0 05 1.0 15 20 25 3.0

Delay (us)

C. Rotational populations
The rotational populations of Hn different vibrational
statesv” were extracted from th€ branches of the 21

r_ " e .
FIG. 3. Delay time study of the Jv"=2, J"=7)/VCl signal. The abscissa is REMPI Spe‘_:t?z()f thé,F—X(v"=0«v") transition, using
the delay between the pump and probe lasers, while the ordinate is tHE1€ EXPression;

REMPI signal of H at the center of the Doppler profile. The filled circles Poareln A P "
are experimental data witholerror bars. The shaded area was calculated I(v",3"0",3") =CP(",J")g,(3")
assuming a +1’ process, as described in the text. The dashed line was xq(v',w") s3I (23" +1) 3

calculated assuming that,Hlies out of the field of view immediately after
absorbing one photon from the pump Iager, with a kinetic energy equal 1y herel (v',d";0",3") is the signal intensity corresponding to
the mean value calculated from the magic angle Doppler profile. the E,F(v , ,J’)HX(U”,J”) transition, C is an apparatus
constantP(v”,J") is the population of Kv",J"), g,(J") is
the nuclear spin degeneratyfor oddJ” and 3 for evenl”),
the pump photon absorbs an additional photon from the(v’,v”) is the Franck—Condon factor, arg8{J’,J") is the
probe beam to release,Hi.e., by a 11" process This rotational line strength.
process is unlikely, however, since the probe wavelength for From the observed peak heights we can determine the
high v,J states is greater than 225 nm, while the extinctionrelative rotational state populations within a single vibra-
coefficient for simple olefinic hydrocarbons falls off very tional level, provided that the line strength factor is known.
rapidly for A>190 nm?° A transient absorption measurement If the upper state of K were unperturbed, this quantity
of vinyl for A<190 reported by Fahr and Lauférshowed would be simply the Hol-London factor. But in fact the
strong absorption only at 168.33 and 164.71 nm. The absorpaner well E is accidentally perturbed by the outer wéll
tion coefficient of ethylene is of comparable magnitude atThe effective rotational line strengths have been determined
170 nm and falls off 1000-fold at 190 nff. experimentally and theoretically by Zare and Kt for the

The possibility that vinyl absorbs a probe photon andtransitions(v’ =0<v"=0,1,2. The line strengths are close
undergoes secondary decomposition can be tested by me@a, but differ from, unity.
suring how rapidly the Hsignal decays with increasing de- We have recorded the rotational spectra for
lay between the two laser pulses. If, iere produced by H,(v"=0-4/VCl, H,(v"=0-4/1,1-DCE, H(v"=2-4)/ cis-
only the pump laser, its decay would be determined by thédCE, and H(v"=2)/transDCE. The resulting populations
rate at which H flies out of the probe beam, whereas if it of H,(v”"=0-2/VCl and H,(v"=0-2)/1,1-DCE are shown in
were produced by secondary photolysis its decay rate woullfigs. 4 and 5 in the form of bar graphs and in Figs. 6 and 7
be governed by fly-out of the much heavier vinyl or chlo- as “Boltzmann plots,” where the correction for even and odd
rovinyl radical. nuclear spin statistics has been includ@he highest inter-

A time delay study was performed on a set of rotationalnal energy observed was 75.4 kcal/mol, corresponding to
levels for H(v"=2)/VCI. Figure 3 shows a typical result for J"=17,v"=3. As shown in the figures, all the rotational state
the Q(7) line of H,(v"=2)/VCI. The data points are the ve- distributions have linear Boltzmann plots, with temperatures
locity aligned Doppler signdD (w,t) measured at the central around 3000 K.
absorption frequency. The shaded area is the calculated sig- In Fig. 8 we compare the rotational distributions of
nal assuming the speed distribution for the vinyl radical re-H,(v"=2) produced from the three DCE isomers. It is seen
ported in paper I(The width of this area is mainly due to that the three isomers have different rotational temperatures,
uncertainty in the focal diameter of the laser beams, whichn the order 1,1<cis-<trans. This is in contrast with the
was estimated from measurements of the beam profiles to lidCl fragment, which has nearly the same rotational state
between 0.5 and 1.0 minThe dashed line is the predicted distributions for all three isomers.
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FIG. 4. Rotational population of jfv"=0, 1, and 2 produced from VClI, FIG. 5. Same as Fig. 4, only for;4,1-DCE.

calculated from the peak heights in the REMPI spectrum using empirical
line strength factor§Ref. 23 and corrected for nuclear degeneracy. The

ordinate is in arbitrary units, and the scales of the different panelsotlo . . .
indicate relative yields. Error bars are single standard deviations obtaine&lj Unl'k_e the case fo_r Cl detachment in paper |, 'the.5|gnal to
from two or more scans of the spectrum. noise ratio was not high enough to extract quantitative speed

distribution functions. Nevertheless, we can obtain from the

In Figs. 9 and 10 are plotted the rotational state distripudata the maximum speed and the first few moments of the
tions for Hy(v"=3 and 4 obtained from VCl,cis-DCE, and distribution function. In the Appendix we show that, in the

1,1-DCE, where we have assumed that the unknown rotsgbsence of-J correlation?® these moments can be extracted

tional line strengths for”=3 and 4 are independent 6f. ~ @S & simple quadrature,

Since the true line strengths are probably not constant, the J5v"D(v)dv

rotational temperatures in these plots are not reliable. The (v")=(n+1) T7D(o)dy | 4)

JoD(v)

comparison of the relative Hpopulations produced from

different parent molecules is nevertheless meaningful, an@fhe results are displayed in Fig. 12.

the Boltzmann plots do reveal trends in the data. In particu-

lar, it is seen that Kcis-DCE is hotter than KH1,1-DCE,

while H,/1,1-DCE and H/VCI have approximately the same

rotational temperatures, continuing the pattern found for Using the same experimental conditions as in the

lower vibrational states. H, elimination study, we searched unsuccessfully for
The relative quantum yields of Hproduced from the CI,/1,1-DCE and Clcis-DCE, using 2-1 REMPI with the

DCE isomers were measured fof=2, J’=3. These yields spectroscopically aIIowev’ lH state as the intermediate

were found to be in the ratio 1.0:0.18:0.13 for 1,tans,  resonance staté:?® To calibrate the sensitivity of our mea-

andcis-DCE, respectively. Summing over all rotational lev- surement, we fII’St detected the;CREMPI signal from a

els (and extrapolating to largd”), the relative quantum known Cl, gas sample. Our failure to observe, Places a

yields forv”=2 are 1.0:0.32:0.18. The yields oEMCl and  rough upper bound on its quantum yield of 0.1%.

H,/1,1-DCE were found to be comparable, with the 1,1-

yield tending to be 10%—20% larger.

E. Cl, elimination

IV. DISCUSSION

D. Maximum and mean translational energy The results of Secs. Ill A and Ill B demonstrate thgt H

Doppler profiles were recorded for thé=2,J"=3,5, 7, is produced by a single photon of the pump laser. Under our
9, and 11 levels of HVCI. A typical result is shown in Fig. experimental conditions, rotational and translational relax-
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FIG. 6. Boltzmann plots of the nascent rotational populations 6 'H=0, FIG. 7. Same as Fig. 6, only for 1,1-DCE.

1, and 2 produced from VCI. The ordinate is in arbitrary units, and the
scales of the different panels dotindicate relative yields. The solid line is
a least squares fit of a Boltzmann distribution function, with the fitted tem-

peratures listed in each panel. The dashed line is the prior distribution fofowy minimum at the center, which is suggestive of a nonva-
4CE,w_hiIe 'the dot—dash line is for 3CE. Note the different energy scales fohishing Sensitivity tov-J correlation. To obtain an estimate
each vibrational level. . . . .
of the error introduced by ignoring vector correlation, we
have simulated Doppler profiles for model distributions hav-

ation do not occur even for the fastest recoiling fragmentsing peak kinetic energies between 10 and 20 kcal/mol. Pos-
We may therefore use our data to investigate the reactiofible consequences of vector correlations were investigated
mechanism. by varying a parameteg,, along with trial velocity distri-
butions(see Appendix At the magic angleg, includes the
combined effect of/-J correlation and a small but unknown

Our first concern is with the energetics of the reaction.sensitivity of the two-photon probe transition to this correla-
We begin by noting that energetically we cannot distinguishtion. Small, positive values aj, are consistent with the ob-
between the direct 4CE and the H migration mechanismsserved Doppler profiles with shallow central minima. Plau-
since they both yield chloro- or dichloro-acetylerid,, and  sible simultaneous variations ig, and f(v) leading to
accordingly we refer to them both as a 4CE pathway. Theacceptable agreement with the experimental Doppler profiles
very high internal plus translational energy observed for H suggest that the mean kinetic energy could be up to 15%
proves the existence of a 4CE pathway. From Efjsand lower than the value obtained directly from the second mo-
(2), the available energy for JVCl produced by 3CE is 57 ment analysis of the raw Doppler profile.
kcal/mol, while for 4CE it is 101 kcal/mol. These numbers The results of the moment analysisithout correcting
should be increased by5 kcal/mol to account for internal for correlation are shown in Fig. 12 for Hv"=2,
energy of the parent molecule. Figure 12 shows that thd”=3-11). ForJ"=13 we did not record the Doppler profile,
maximum recoil energies for J{b"=2)/VCl exceed the 3CE but the decay curve is very similar to those@€7) (shown
limit. in Fig. 3 and Q(11), indicating that the mean translational

An estimate of the fraction of Himolecules having re- energy is~20 kcal/mol. It is apparent that fa}’=13 ap-
coil energies above this limit may be obtained from the meamproximately half of the Hv"=2) fragments have total en-
kinetic energies. In the absence of correlation between rotaergy greater than the 3CE limit.
tion and velocity?®?® the mean translational energy is pro- A similar conclusion was reached for higher vibrational
portional to the second moment of the Doppler profile at thdevels, where Doppler measurements were not performed.
magic angle. The profile in Fig. 11, however, shows a shalfor v”=3, the highest rotational level that can be populated

A. Energetics: Three- vs four-center reaction
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FIG. 8. Same as Fig. 6, only forb"=2) produced by photodissociating FIG. 9. Same as Fig. 6, only for X»"=3) produced fromcis-DCE, 1,1-
trans., cis-, and 1,1-DCE.(The prior distributions are not shown in this DCE, and VCI. Notice that while the trends are reliable, the rotational tem-
figure) Notice that the data in panét) are identical to those in Fig.(@), peratures are inaccurate because of the lack of empirical line strength factors
redrawn to scale. In this figure only, the ordinates indicate relative yieldsfor Hp(v"=3). The data points correspond to rotational lev#ls10—-17.

from different parent molecules.

by deuterium labeling that the total quantum vyield for the

by 3CE isJ"=12, while we observed"=17. Forv"=4, the  three-center path is 1.5 times that for the four-center path. It
highestJ” that can be populated by 3CE is 9, while we was suggesteti,though not proven, that the minimum at
observed]’=13. The discrepancy would be even greater ifJ"=5 is indicative of 3CE dominating at lo& and 4CE at
the relative translational energy were taken into account. high J. The striking similarity between the rotational popu-

Similar considerations apply to DCE. Magic angle Dop-lations of H, for all three molecules suggests a common
pler profiles were measured fdf=3, 5, 7, 9, and 11 of mechanism.
H,(v"=2)/1,1-DCE. Although the signal/noise ratio was in- For ethylene, Stolovet al? fit the rotational Boltzmann
sufficient for quantitative analysis, from the widths of the plots with biexponential functions, with the low temperature
Doppler profiles it is clear that the internal plus recoil energycomponent assigned to 3CE and the high temperature com-
of H, exceeds the available energy for a 3CE mechanismponent assigned to 4CE. The branching between the two
The very high rotational levels observed fof=3 and 4 paths was fixed by arbitrarily assigning a vibrational tem-
(Figs. 9 and 1pare further proof of a 4CE mechanism. For perature for the 3CE path half of that of the 4CE path. Also,
cis- andtransDCE the signal levels were too low to record the 3CE rotational temperatures fof=0 and 1 were as-
magic angle Doppler spectra. Nevertheless we observed vepumed to equal the values deduced from the isotopic experi-
high rotational levels for Kcis-DCE which are energetically ments. For VCI and 1,1-DCE this independent information is
forbidden by 3CE. unavailable. Treating the two rotational temperatures and the

While the data clearly establish the existence of a four3CE/4CE branching ratio of §v”"=2) as independent least
center mechanism at high, the evidence here for a 3CE squares parameters, we obtain 3CE contributions of 8% and
path is not as conclusive. None of the Boltzmann plots ex55% for VCI and 1,1-DCE, as compared with the assumed
hibit a break at the 3CE energy limit. There is a minimum atvalue of 32% for ethylene. The fitted rotational temperatures
J'=5 for both H(w"=2)/VCl and H,(v"=2)/1,1-DCE, for all three molecules are similar. While the branching frac-
which was also observed by Stolowetall® for tions are quite different, in the absence of isotopic data it is
H,(v"=2)IC,H,. For ethylene, Balkeet al'? demonstrated reasonable to conclude that 3CE contributes to the photodis-
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latter two compounds a three-center mechanism is impos-

E(J") (Cm‘l) sible (unless both H and Cl migratea smaller quantum
yield of H, is expected.

Additional information about the disposal of energy may
be learned from the mean and maximum recoil energies of
H,(v"=2)/VCI plotted in Fig. 12. The weak dependence of

sociation mechanisms of VCI and 1,1-DCE at lawFurther ~ the mean recoil energy dy, is a measure of the increasing
evidence of a three-center mechanism is seen in the largéPntribution from 4CE at highl (e.g., a higher rotational
quantum yields of Hv”=2) produced from VCI and 1,1- ‘temperature”for 4CE as compared with 3.6 he similar-

DCE, as compared witkis- and transDCE. Since for the ity between the slopes of this plot for VCI0.13+0.08 and
C,H, (—0.213, Fig. 8 of Ref. 1/is a further indication of the

similarity of the H, elimination mechanisms for these two

FIG. 10. Same as Fig. 9, only for,fd"=4) andJ"=0-13.

LN I I O O [ molecules.
H,/VCl (0,2) Q(3) exp. The observation that the maximum recoil energy lies be-
A deconvl. | tween, and is parallel to, the 3CE and 4CE limits indicates

[— \

that a fixed amount of energy~28 kcal/mo) is deposited
into the acetylene fragment. This energy must be sharply
peaked in order to produce the observed cutoff in the H
Doppler profiles. Excitation of €4, could be caused by a
Franck—Condon effect resulting from the fact that the C-C
bond in the transition state is compressed 9.1 A, as
compared with the equilibrium distance in free
o A — chloroacetylen&°A rough calculation gives a value of 9.7
N T e kcal/mol for the C—C stretch assuming a bond compression
-8 -4 -2 0 2 4 6 of 0.087 A. Excitation of other vibrational modes as well as
an additional impulse from the departing Hre possible.

D(w)

Av (cm_l)

B. Reaction path
FIG. 11. Doppler profile for th€(3) line of Hy(v"=2)/VCIl. Superimposed
on the data is a smooth curve representing a ten term Hermite polynomial fit  In the previous section we demonstrated that 4CE is the
of the data, which was deconvoluted to correct for the bandwidth of the laselominant mechanism for felimination from VCI and DCE

and thermal motion of the parent molecules. The dashed line is calculateat highv andJ, and that 3CE is likely to contribute to the
assuming a prior translational energy distribution with the available energy . ' . .
from four-center elimination, while the dot—dashed curve is the prior calcu-M€chanism at lowef for VCl and 1,1-DCE. We inquire next

lation for three-center elimination. All curves are normalized to unit area. iNto the microscopic details of the reaction mechanism. Di-

Downloaded-21-Mar-2005-t0-131.193.195.15eCNe8M & AYStioYRls 493 c N 18PL. Reober 4998 py right, ~see-http:/jcp.aip.org/icp/copyright.jsp



5496 He et al.: Elimination of H, from chloroethylenes

rect 4CE is Woodward—Hoffman forbidden, and indeedTABLE I. Relative product yields for the photodissociation of DCE.
Morokumaet al®° failed to find a true transition state for
this path. The alternative for four-center elimination is a hy- pent
drogen atom migration in VCEis-DCE, andtransDCE and molecule H°  CIPsp)®  CI3Py)°  HCIP®  Hyp"=2)
a Cl shift in 1-1 DCE to produce a chloro-ethylidene inter-

Percentage yield of fragmeént

. o . . is-DCE 3.3 65.3 9.8 20% 0.9
mediate(structure 13 in Fig. L The barriers for atom migra- tcr':nsDCE 42 54.2 81 32.0 15
tion are substantially lower than for direct 3CE, making thiss 1-pce 12.% 49.3 16.6 17.0 5@

the most likely first step. The three-center mechanism can
compete with 4CE since the Secondary barrier for e”mina_a'l'he precision of the entries is limited by the published uncertainties, and is
. . . . . . . generally no worse thart20%.
tion of H, fro'm the radical |nte.rn.1ed|ate is sI.|ghtIy h|gher bRelative yields taken from Ref. 5.
than the barrier for 3CE. If sufficient energy is unavailablesNormalization of yields of different vibrational levels calculated from Refs.
along the 4CE reaction coordinate, the molecule may un-29 and 39.
dergo remigration and eventually react by 3CE. MoleculegEranching ratios of HCIVICI] taken from Ref. 32.

hich d t by 4CE H tai f thei Based on the relative yields of,td”=2) in the present paper, summed over
which do react by apparently retain memory Of telIr o rotational levels.
initial conditions, since the rotational temperatures for H ‘Branching ratios of H)/[CI] and[CI(?Py,,) J[CI(?P4,)] taken from Ref. 1.
produced from the three DCE isoméRgs. 8—10 are quite  °Adapted from Ref. 7.

different.

In the previous literature there has been considerable dig; o<\ red by Met al.! the quantum yield of HVCI mea-
cussion regarding partitioning of the available energy among .o by Ausloost al.'at 147 nni. and the present measure-

the fragments. For HCI elimination, Berry introduced thements of the relative yields of #"=2) for VCI and DCE.

concept of *localized energy,” meaning that only the energyAlthough the various data sets are consistent within their

above the exit barrier is distributed statistically among theexperimental errors, small uncertainties in some entries can

products, whereas the barrier energy is released impulsivel%ad to large errors for the minor products. To deal with this

into internal ener%y Of.HC.:I and relativg translational. energydifficulty we preserved the relative yields of,fbr different
of the fragments’ This idea was refined by Zamir and DCE isomers, as well as the relative yields of H, and the

H 0,31 32
Levine’ . and Um.emotoet al. . who .also conclud(_ed. that CI(?P,,,)/CI(°P,,) branching ratio focis-DCE, while allow-
the barrier energy is released impulsively. Nonstatistical enl—ng the absolute values for Cl to vary within their experimen-
ergy release is expected also fop Elimination, for which tal errors
Morokumaet al. calculated substantial exit barriers for the We sée in this table that the main fragment is Cl, fol-

migration mechanisrtFig. 1).81° For example, in the case of lowed by HCI, H, and H. We already pointed out that the
H,/VCl the reverse barrier is calculated to be 57 kcal/mol for . smaller’yiellds of Bifrom cis- andtransDCE as com-

the migration channel, as compared with 6—7 kcal/mol forpared with 1,1-DCE and VCl is likely to be due to the ab-

3CE. ) " " . sence of a three-center path for the former. Another interest-
Th? Dpppler proflle for l_?’(v. =2, :.3)./VC| IS com- ing result is that the relative quantum yields of H,,Fand
pared in Fig. 11 with the statistical predictions for 3CE andHCI are all 30%—60% larger fotransDCE than forcis-
4CE, ignoringv-J correlation. The experimental profile is DCE. For the H atom fragment we might expect the yields to
noticeably broader than either model calculation. If we asy equal since the C—H bonds are nearly identical for the two
sume that is perpendicular to/ (g,=>), the data are stil isomers on the ground PES. A possible explanation of the
markedly different from the 3CE profile, but are only slightly different yields is thatis-DCE undergoes faster Cl detach-

broader than the 4CE result. Additional experiments Withment on the upper PES, thereby reducing all the quantum

single photon detec_tion ofg—i/voul_d be helpful to determine yields on the ground PEé. If reaction on the excited PES did

the amount of rotauonall c_orrelat|on._ . . not occur, we would expect the relative yields of Cl and H to
Departure from statistical behavior is apparent in the e equal forcis- andtransDCE, since they depend only on

tational t?rr;‘plerat_u;]esltc))fﬁ/CI Iand FE/ltl'DgE’ v(\j/hlcq_t;n- the RRKM rate constants for atom detachment. The fact that
crease slightly wit Vi rationa energ{ﬁgs. and J. The we observe a larger ClI/H ratio fais-DCE is indicative of a
fact that the rotational populations have Boltzmann-type

f . d - istical behaviThe 4CE ori greater rate of Cl detachment on the upper surface. For mo-
L.mc.tlon.s 0es notimply statistica oena N PIIOT " acular elimination there is the additional factor that the tran-
distribution is in good agreement with the data #§=2, but

. . sition states for the two isomers on the lower PES need not
gets prpgresswely hotte_r thgn _exp_erlment at Iowér_ln be identical. In the case of HCI elimination, the rotational
comparlsgn, the 3CE prior distribution a%rees well with thepopulations are nearly identical for all three isomers, show-
data forp”=0, but is very much colder at’=2. ing that the transition states are in fact similar. Consequently,
for HCI we attribute the different quantum vyields to Cl de-
tachment on the upper surface. FoytHe rotational popula-

In Table | are listed the branching fractions for all atomic tions vary for the different isomers, indicating that effects on
and diatomic fragments of the DCE isomers. These numbeirsoth surfaces may be important. Visual inspection of the
are based on thgCI/[HCI] ratios measured by Umemoto translational energy distributiong(E;), for Cl/cisDCE and
et al*? for cis- andtransDCE, the yields of H, Cl, and HCI Cl/trans-DCE in paper | and in the work of Suzukt al3*
from cis- andtransDCE relative to the yields from 1,1-DCE does suggest a greater reactivity @6-DCE on the upper
measured by Het al.® the ratio of [CI]/[H] for 1,1-DCE  surface. Unfortunately, the partitioning p{E,) into compo-

C. Relative quantum yields
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nents corresponding to reaction on the two surfaces was nghotonX—2, transition, the sensitivity to rotational polariza-
sufficiently accurate to test this idea quantitatively. tion is small*® Equation(A1) reduces approximately in this
Finally, failure to detect Glis consistent with Moroku- case to the simpler form

ma’s calculation of a barrier of 134 kcal/mol for fIDNCE 1°
. . © ] w

Our results also agree with the TOF experiment of Umemoto  p(w)= f ~— | 1+ BP,(cos §,) p2<_)

et al'® and the electron diffraction measurements of Ewbank w| 2V v

et al*® The observation of IR emission from,i8,/DCE by (A2)

Mosset al*® does not necessarily imply that G a nascent At the magic angleP,(cos6,)=0, and Eq.(A2) reduces to
product.

f(v)v2do.

e 1
D(W)=f 2—f(v)vzdv. (A3)
V. CONCLUSIONS lw| 2V

From measurements of the vibrational, rotational, and>nce D(w) is an even function, we need consider only
translational energy of Hproduced in the 193 nm photodis- W_>O- o i
sociation of mono- and dichloroethylene, we have demonPifferentiatingD(w) givesf(v),
strated that Klis produced by a four-center mechanism. The 2 dD(w)
calculations of Morokuma and co-workers show that the — f(v)=—=
lowest energy path on the ground potential energy surface is
H or Cl migration to produce a chloroethylidene radical. TheThe nth moment of the distribution functiofp"), can be
mechanism most consistent with our data is elimination obbtained by integrating EqA4) by parts,
H, from this radical. In addition, indirect evidence indicates
parti_cipgtion of a three-center mechanism, in agre_emem v_vith v")= i foovnf(v)477v2dv
the findings of Lee and co-workers for the photodissociation N Jo
of ethylene. The rotational temperatures gfgoduced from

T (A4)

W=v

. E dD(w)

the three isomers of dichloroethylene differ substantially, in- S 1 fwv 47v2dv
dicating that the departingHetains a memory of its origin. NJo v aw |, _
A positive correlation of rotational and vibrational energy of 8 . D
H,, and a recoil energy distribution peaked away from zero, __°7 n+1 9D() v
are indicative of nonstatistical energy release produced by a N Jo du
substantial exit barrier. The absence of any detectabje CI 8
. . . ) ) m(n+1) (=
product is consistent with Morokuma’s calculation of a large =— 7 f v"D(v)dv, (A5)
forward barrier for this channel. N 0

whereN is a normalization constant. This constant is given
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