/_\ I P I The Journal of
Chemical Physics
Invéstigating conformation dependence and nonadiabatic effects in the

photodissociation of allyl chloride at 193 nm
T. L. Myers, D. C. Kitchen, B. Hu, and L. J. Butler

Citation: The Journal of Chemical Physics 104, 5446 (1996); doi: 10.1063/1.471784
View online: http://dx.doi.org/10.1063/1.471784

View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/104/14?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Photodissociation dynamics of OCIO
J. Chem. Phys. 105, 8142 (1996); 10.1063/1.472700

Photodissociation dynamics of A state ammonia molecules. II. The isotopic dependence for partially and fully
deuterated isotopomers
J. Chem. Phys. 104, 6472 (1996); 10.1063/1.471368

Photodissociation dynamics of A state ammonia molecules. |. State dependent pv correlations in the NH2(ND2)
products
J. Chem. Phys. 104, 6460 (1996); 10.1063/1.471367

Photodissociation spectroscopy of MgCH+ 4
J. Chem. Phys. 104, 6452 (1996); 10.1063/1.471366

Photodissociation dynamics of ferrocene at 193 NM
AIP Conf. Proc. 191, 642 (1989); 10.1063/1.38595

SUBSCRIBE TO



http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/327320036/x01/AIP-PT/JCP_ArticleDL_101514/PT_SubscriptionAd_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=T.+L.+Myers&option1=author
http://scitation.aip.org/search?value1=D.+C.+Kitchen&option1=author
http://scitation.aip.org/search?value1=B.+Hu&option1=author
http://scitation.aip.org/search?value1=L.+J.+Butler&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.471784
http://scitation.aip.org/content/aip/journal/jcp/104/14?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/105/18/10.1063/1.472700?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/104/17/10.1063/1.471368?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/104/17/10.1063/1.471368?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/104/17/10.1063/1.471367?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/104/17/10.1063/1.471367?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/104/17/10.1063/1.471366?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.38595?ver=pdfcov

Investigating conformation dependence and nonadiabatic effects
in the photodissociation of allyl chloride at 193 nm

T. L. Myers, D. C. Kitchen, B. Hu, and L. J. Butler
The James Franck Institute and Department of Chemistry, The University of Chicago, Chicago,
lllinois 60637

(Received 10 November 1995; accepted 4 January)1996

The experiments presented here investigate the competing photodissociation pathways for allyl
chloride upon excitation of the nominallyr#*(C=C) transition at 193 nm. The measured
photofragment velocity distributions evidence C—ClI bond fission and HCI elimination. The recoil
kinetic energy distribution for the HCI products is bimodal, indicating two primary processes for
HCI elimination. The experimental measurements show C—Cl bond fission dominates, giving an
absolute branching ratio of HCl:C—€D.12+0.03 when the parent molecule is expanded through

a nozzle at 200 °C. The branching ratio depends on the nozzle temperature; at 475 °C, the absolute
branching ratio measured is HCI:C—=€0.24+0.03. We analyze the experimental results along with
supportingab initio calculations and earlier photodissociation studies of vinyl chloride in order to
examine the potential influence of nonadiabaticity along the C—Cl fission reaction coordinate and its
dependence on molecular conformation. 1®96 American Institute of Physics.
[S0021-960626)01514-1

I. INTRODUCTION The first band in the ultraviolet absorption spectrum of
allyl chloride, a broad band peaking at 171 nm, is assigned to
We chose to investigate the photodissociation pathwayghe 7 ¢ _ transition® Although no collisionless gas-phase
of allyl chloride at 193 nm in order to investigate a specialphotolysis experiments on allyl chloride in this absorption
class of organic reactions, those allowed by conservation dfand have been publishédhe photolysis of gaseous allyl
total electronic symmetry but Woodward—Hoffmann chloride at 229 nm, which accesses the rising edge of the
forbidden?® In both vinyl chloride and theis conformer of mme_c absorption band, has been studied by Sears and
allyl chloride, the potential energy surface reached with theyolman® They used chromatographic analysis to identify the
wmm* absorption has a barrier resulting from an avoidedproducts resulting from secondary reactions of the photodis-
crossing between therm*(C=C) and then(Cl)a*(C-Cl)  sociated products and concluded that the only primary disso-
configurations. Since the pathway to C—CI fission on thecjation process is C—Cl fission.
excited state potential energy surface involves a change in  This work measures the photofragment velocities and
individual orbital symmetry along the adiabatic reaction co-angular distributions of allyl chloride at 193 nm with a
ordinate, C—Cl fission is Woodward—Hoffmann forbidden. crossed laser-molecular beam apparatus and determines the
Previous work in our groufphas indicated that the reaction absolute branching ratios between HCI elimination and C—Cl
rates in Woodward—Hoffmann forbidden reactions are refission at two nozzle temperatures. These results are com-
duced due to nonadiabatic recrossing of the barrier. We havgared to a similar system with no GKpacer between the
also showi that increasing the distance between the orbitalc—C| and C=C chromophores, vinyl chloride. Analysis of
involved in the avoided crossing decreases the electronigur results allows us to investigate whether the excited state
coupling and thus increases the probability of nonadiabatiC—Cl reaction coordinate is traversed adiabatically or not in
cally recrossing the barrier. Thus the comparison between thglyl chloride as compared to vinyl chloride by considering
photodissociation dynamics of allyl and vinyl chloride canthe A’ adiabatic Born Oppenheimer potential energy surface
test our understanding of this class of reactions. formed from the avoided crossing of ther¢_ and the
Previous experimerftS on the photodissociation of vi- ngo%_, states. Preliminargb initio electronic structure cal-
nyl chloride at 193 nm have identified both C—Cl fission andculations of the potential energy surfaces are also presented
HCI elimination as the primary reaction pathways. They proto help interpret the experimental results by providing the
posed that the pathway to C—Cl fission is a predissociatiognergetic splittings between the adiabatic excited electronic

from the photopreparedrnt_ state to the repulsive states at the avoided crossing in the C—Cl bond fission chan-
Ncioe_c state whereas the channel for HCI elimination is apel.

ground state process following internal conversidme two

processes compete with a branching ratio reported by Umat. EXPERIMENT

moto et al,> C—Cl: HCI=1.1:1.0. Furthermore, Met al’ _

have observed two other minor primary reaction channel@' Molecular beam experiments

attributed to internal conversion, C—H bond fission and an-  The experiments here measure the velocity and angular
other pathway for C—CI fission producing low energy Cldistributions of the photofragments from the photodissocia-
fragments. tion of allyl chloride, CH—=CHCH,CI, at 193 nm using a
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crossed laser-molecular beam apparatus. After excitation 1.2 Tt
with a pulsed excimer laser, the fragments photodissociate CH,CHCH,Ct, 193 nm
from the crossing point of the laser and molecular beam with 1F f m/e = 35, CI*
velocities determined by the vector sum of the molecular [
beam velocity and the recoil velocity imparted in the disso-
ciation. The fragments that scatter into the differentially 0.6k
pumped detector travel 44.1 cm to an electron bombardment
ionizer where they are ionized by 200 eV electrons. The ions
are mass selected with a quadrupole mass filter and counted £ i
with a Daly detector and multichannel scalar with respect to = 9-2f
their time of flight (TOF) from the interaction region after i
the dissociating laser pulse. i
The molecular beam was formed by bubbling He carrier 5 b, . . .1 .,
gas through the liquid allyl chloride, cooled t625 °C to 50 150
maintain a vapor pressure of roughly 20 Torr, to give a total
stagnation pressure of 300 Torr. The 0.076 mm diam nozzle

was heated to 220 °C in order to prevent cluster formatlorfrom allyl chloride photodissociated at 193 nm with a nozzle temperature of

during the supersonic expansion. For the branching ratigzg °c and a source angle of 15°. The contribution from CI fragments to the
data, we used nozzle temperatures of 200 °C and 475 °Cl* signal was determined by fitting the signal with tRéE) for primary

rotating the molecular beam source to point into the detecto g;eirm:nigd 4by fitting the signal with té(E-)'s for primary HCI elimina-
and raising a chopper wheel into the beam.
A Lumonics PM-848 excimer laser with an ArF fill was

used to produce the _photolytlc wavelength. The unpOIarlze%vant excited electronic states. These CIS excitation energies
laser power was typically 25 mJ/pulse and focused to a

o . X . are added to the ground-state Morse oscillator energies to
mn? spot size in the interaction region.

o . construct the excited electronic state surfaces.
The source angle was maintained at 15° with respect to

the detector axis. The strong signal observedn&t =35,
CI*, after 300 000 shots corresponds to predominantly C—CliI. RESULTS AND ANALYSIS
fission but also has a significant contribution from thé ClI o .
daughter ion of HCI photofragments. The momentum-A- dentification of primary product channels
matched fragment for the CI atom, GEHCH,, was de- The data for allyl chloride excited at 193 nm evidence
tected at the parent ionn/e” =41, after 1500 000 laser three competing channels, C—Cl bond fission and two differ-
shots. The signal observedrate™ =36 after 1 000 000 shots ent pathways for HCI elimination. Figure 1 shows the TOF
was attributed to HCI elimination. The momentum-matchedspectrum taken an/e*=35, CI', attributed to signal from
partner for HCI, GH,, was observed at the parent ion, primary C—Cl fission as well as HCI cracking in the ionizer
m/e" =40, after 2500 000 shots, but the signal also has & give CI' as a daughter ion. The contribution from C—Cl
contribution from a daughter ion of the momentum-matchedission is determined by forward convolution fitting of the
fragment of the ClI atom. Signal was also observed atrOF for the momentum-matched fragment, LHCH; | in
m/e”=39, 38 and 37 and, although not shown, were adig. 2 to derive the center-of-mass product translational en-
equately fit with contributions from the above dissociationergy distribution, P(E+), for C—Cl fission. ThisP(E;) is
channels. No signal was seenmate”=49, CHCI", after  then used to fit the TOF spectrumrate* =35. The remain-
500 000 shots. ing signal in the CI spectrum is fit by the two pathways for
HCI elimination. The relative scaling of the two contribu-
tions was retained from the/e™ =36 data presented later.
Figure 3 shows th®(E;) for C—ClI fission, which peaks at
To help interpret the experimental results, we also45 kcal/mol and extends out to near 60 kcal/mol, two-thirds
presentab initio electronic structure calculations for vinyl of the maximum 80 kcal/m&t of available energy. The
chloride® and cis- and gaucheallyl chloride®® using the translational energy distribution for C—Cl fission indicates
GAUSSIAN 92 system of programt8 with a 6-311CG basis there is a significant exit channel barrier along the reaction
set. Configuration interaction with single and double excita-coordinate since it peaks well away from zero. Thus, the
tions (CISD) calculations provide electronic ground state en-pathway to C—Cl fission must occur along an excited state
ergies in the harmonic region of the C—CI stretching potensurface since the barrier to the reverse reaction on the ground
tials. These energies are then fit to Morse potentials with thetate surface is typically negligible. Although some Cl atoms
correct dissociation energies, 80 kcal/mol for vinyl chloridewith low translational energies were observed for vinyl
and 68 kcal/mol for allyl chloridé! Configuration interac- chloride and attributed to an internal conversion
tion with single excitation§CIS) calculations provide exci- mechanisn,no evidence for this pathway in allyl chloride is
tation energies from the ground electronic state to the relfound.
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IG. 1. The laboratory TOF spectrum of the photofragments detected at Cl
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FIG. 2. The laboratory TOF spectrum of the photofragments detected afIG. 4. The laboratory TOF spectrum of the photofragments detected at
CH,CHCH; from allyl chloride photodissociated at 193 nm with a nozzle HCI™ from allyl chloride photodissociated at 193 nm with a nozzle tempera-
temperature of 220 °C and a source angle of 15°. The signal is fit with thdure of 220 °C. The source angle was 15°. The fastest portion of the signal is
P(Ey) in Fig. 3 showing the required momentum match between the Cl andit with the P(Et) shown in the top frame of Fig. 5, and the slowest portion
the CHCHCH, fragments for primary C—Cl fission. of the signal is fit with theP(E;) shown in the bottom of Fig. 5, both
corresponding to primary HCI elimination. The fast peak cannot be fit by
assuming it results from the unlikelyjCdaughter ion of the CKCHCH,

As shown in the TOF spectrum fon/e*=36, HCI*, in  Pproduct of C—Cl fission.
Fig. 4, two different pathways for HCI elimination occur at
193 nm. One channel yields fragments with high transla-

;:ggzlvsi?r? rtgh'slsj;(téw; fs‘r:lr?(t)v(\:/(r:Tnp?hnee?;poirg]rﬁeﬁﬁp;i;tr;mTIhSis chloride at 193 nm have detected a slow kinetic energy C—Cl
X T NS fissi h | attributed to int I ion, took
P(Ey), which peaks at 34 kcal/mol and extends out to 76 1sslon channet aiributed 1o intema; conversion, we too

. . . care to analyze whether our data might indicate this channel.
kcal/mol, evidences a large barrier to reverse reaction. Th e must assign the slow signal at'Gh Fig. 1 between 160
other ghannel produces low er_wergy.HCI fragments, and thsnd 400 us to HCI elimination rather than a slow C-CI
P(Ey) in the bottom frame of Fig. 5 fits the slow component channel for two reasons. First, the data is fit very well by
in the HCI" spectrum. ThisP(E;) indicates smaller repul- '

. it ch r ; it ks at 3.6 kcal/mol. Th assigning all of the slow signal to a daughter ion of HCI; it
SIve exit channel Torces since it peaks at 5.6 kcal/mol. as the same velocity distribution as the slow signal at

two pathways could result from either HCI elimination oc- m/e* =36 for HCI* shown in Fig. 4. Second, the slow HCI

curring from different potential energy surfaces or from twocgroducts in them/e* =36 data increase markedly with tem-

Since studiebof the photodissociation channels of vinyl

different mechanl_sms on the same surface. In Sec. IV, w erature, and the slow Cldata shows the same increase.

ar_1a|_yze_the possible assignments for the two observed H his can easily be seen by the similar cracking pattern of

elimination channels. HCI calculated from the high vs the low temperature data
(the cracking pattern of HCI, calculated from the ratio of the
slow HCI' to slow CI" signal in the next section, does not

20— .CIHZ'CE:IC;-I;CI: 103 o ] change with nozzle temperatiiré\s a further check, since
L c-cl flssion 1 the secondary dissociation of very slow allyl radicals from
o0 *e C—Cl fission is possibléso one would not see evidence of a
A o . slow C—Cl fission channel ah/e™=41), we present in Fig.
sor ° ] 6 them/e™ =40 signal which can be adequately fit with con-
-~ I ¢ . ] tributions from the assigned dissociation channels.
w 60} L4 ] . . . ..
¥ [ . ] Two other possible primary photodissociation channels,
[ . ] C—H bond fission and felimination, are not investigated in
aor d * ] these experiments since the momentum-matched fragments
[ o N would be too heavy to recoil out to the detection angles
20 ot . y sampled. Data at Hand H" was not taken due to the high
o’ . background at these masses and the low ionization cross sec-
T T tions of H atom and kl, which prohibit their efficient detec-

E; (kcal/mol) tion in our apparatus.

FIG. 3. The center-of-mass product translational energy distribugigE;), ~ B. Product branching ratios

for the C—ClI fission channel in allyl chloride at 193 nm. TRéE;) is . . . .
derived from forward convolution fitting the GBHCH; signal in Fig. 2 With careful analysis, the data allows the determination

which results from primary C—Cl fission. of the absolute branching ratio of the HCI elimination pro-

J. Chem. Phys., Vol. 104, No. 14, 8 April 1996
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1 20 [ LI T LI | L LA | ] T MR ] 1.2 7] 1rTrry 1 o
: CH,CHCH, Cl, 193 nm CH,CHCH,CI, 193 nm ]
100 ,\ HCl elimination . 1 g m/e =40, C,H,* .
/ ]
sof / \ . @ 0.8 ]
/ N g ;
F cok / \ ] © 0.6 C-Cl fission ]
& / 2 ]
/ \ S 04 HCI elimination 1
a0f / \ . o ]
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=z
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/ ~
0 0
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Er(kcallmol) Y\ J)) PP BT R R [P
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120¢ TorTTTT AR time of arrival (usec)
CH,CHCH, Cl, 193 nm -
100 F _=o HCI elimination -
i EaRaN ] FIG. 6. The laboratory TOF spectrum of the photofragments detected at
g ‘\‘ ! C;H; from allyl chloride photodissociated at 193 nm with a nozzle tempera-
80 7 . ] ture of 200 °C and a source angle of 15°. The signal is fit withRfE)'s
1 [ ] . S . - . .
- ' “\ ] for primary HCI elimination in Fig. 4 showing the required momentum
w 6o0H . E match between the HCI and thgHL; fragments and with the daughter ion of
e g ‘\‘ ] the momentum-matched fragment for C—Cl fission.
K ]
40 h “ -
\\
20 Se. ] tern of HCI. (The angular distributions of the HCI elimina-
- 4 . . .
Staa ] tion pathways are assumed to be isotrgpissuming that
0 R TS -"-"-';';----- = the cracking pattern of the HCI fragment is identical for the
E, (kcal/mol) two pathways and does not change with nozzle temperature,

we integrate the slow signal for HCI elimination at the higher
FIG. 5. The center-of-mass product translational energy distributions for tthmperature from 248-40Qs for both the HCI and CI
HCI elimination channels in allyl chloride at 193 nm. TREE+) in the top TOF spectra to determine the fragmentation pattern of HCI

frame is derived from forward convolution fitting the fastest portion of the o~ + . : .
HCI* signal in Fig. 4, and th@(E+) in the bottom frame is derived from to HCI"/CI". After correcting the integrated signal for the

forward convolution fitting the slowest portion of the HGlignal in Fig. 4.
The very high energy portioi>30 kcal/mo) of the low energyP(E)

c(_';\nnot be uniquely determined becguse the signal overlaps strongly with the N —
high energy channel at these energies. i CH,CHCH,CI, 193 nm 1
1F m/e* = 35, CI

. - ) T, ,= 200 °C
cesses and the C—CI bond fission pathway. To average out@ 0.8} noz 5
systematic errors, we integrated the TOF spectra at(Bi. E [ ]
7) and HCI" (Fig. 8), taken with a nozzle temperature of 0.6¢ 83.1% C-Cl fission ]
200 °C, for a total of 210 000 and 1050 000 shots respec- s ] i
tively, changing the mass froom/e™=35 and m/e" =36 = I 13.9% HCI elimination ]
every 30 000 and 150 000 shots respectively for a total of 7 2 45| 3.0% HCI elimination ]
scans each. The TOF spectra at (Fig. 9 and HCI" (Fig. s
10) at 475 °C nozzle temperature, were also recorded for 04
50 000 and 100 000 shots respectively for a total of four . ' . .
scans each in order to determine if there was a temperature  ~0-2 == T S T T T T T 80
dependence. Using the measured kinetic energy distributions time of arrival (usec)

for C—Cl fission and HCI elimination in Figs. 3 and 5, we fit

the_ _C'r and. HCI' TO'_: F’ata bY adJUStlng th_e relative pI’Ob- FIG. 7. The laboratory TOF spectrum of the photofragments detected at ClI
abilities until a good fit is obtained. As previously noted, wWe from allyl chloride photodissociated at 193 nm with a nozzle temperature of
retain the relative scaling between the two HCI elimination200 °C and a source angle of 15°. The contribution from CI fragments to the

: ; ; ; I* signal was determined by fitting the signal with tR€E+) for primary
pathways used to fit the TOF spectra in Fig. 8 and Fig. 16:C—CI fission in Fig. 3. Similarly, the contribution from HCI fragments was

when we fit the CorreSanding_tbpeCtra in Fig. 7 and Fig. determined by fitting the signal with tHe(E+)’s for primary HCI elimina-
9. The absolute branching ratio between both pathways fafon in Fig. 4 in which the relative scaling of the two pathways was retained

HCI elimination and C—Cl fission can be calculated from thefrom the HCI" TOF in Fig. 8. This data was used to determine the absolute
relative probabilities which already incorporate Cc)n,ectionsbranching ratios at 200 °C. The percent contributions from each channel
! shown are the relative probabilities that already include kinematic factors

for k_inematic factqrs, used to fit the JCI;pectrum at 290 °C " but do not yet account for ionization cross sections and cracking probabili-
by simply accounting for the daughter-ion fragmentation pat-ies.

J. Chem. Phys., Vol. 104, No. 14, 8 April 1996
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FIG;S' The Iaborat_ory TOF spectrum of the photofragments detected gt 19 The laboratory TOF spectrum of the photofragments detected at
HCI™ from allyl chloride photodissociated at 193 nm V_V'th_a nozzle tempera-p o+ from allyl chloride photodissociated at 193 nm with a nozzle tempera-
ture of 200 °C and a source_angle of 15°. The‘ contribution from‘ HCI frag-yre of 475 °C and a source angle of 15°. The contribution from HCI frag-
ments was ‘?Etefm'”.ed by fitting the signal V\."th _ﬁ(aET)’s for primary ments was determined by fitting the signal with tRéE)’s for primary
HCI elimination in '.:'g' 4. Thg _p_ercent contrlbutlpns from_ each ‘channeIHC| elimination in Fig. 4. The percent contributions from each channel
shown are the relative prqbaplllt[es that alread_y include k|nemat|c faCto_r_%hown are the relative probabilities that already include kinematic factors
but do not yet account for ionization cross sections and cracking probabilip, 4 46 pot yet account for ionization cross sections and cracking probabili-
ties. :

ties.

number of laser shots, we calculate the experimentally detethis value in our branching ratio calculations. We then cor-
mined fragmentation pattern of HCI to HGCI™ to be 0.68  rect the branching ratio for the relative ionization cross sec-
*+0.08 (all error bars are reported a2 We also calculate tions of the Cl and HCI fragments, which are estimated from
the fragmentation pattern of HCI from the data at 200 °C andheir polarizabilities to berSh=2.18 A and o!iS'=2.60 A
obtain HCI'/CI"=0.71=0.19 in order to verify that the ratio respectively?
is the same at the two temperatures; however, we do not u % S

z otal HCI ellmlnatlor)

200 °C

C-ClI fission

1.2 /—m4m———rrr—r—rrrrror—r . %HC....+~%HCI Cl H |+
i CH,CHCH,CI, 193 nm ] _ (%HClasi%HCljon) UL“’Q ._C+ _ 1)
+k ] %C—Cl gion Cl
m/et = 35, CI ]
= osfh T .= 475 °C ] The final result is a primary pr(_)dL_Jct branching ra_tio of
= (HCI:C—-Cl)5p -c=0.12:1.0:0.03. Similarly, we determined
> o6k 2% 71.5% c-cl fission k the branching ratio for the data with a nozzle temperature of
g [ ] ] 475 °C, obtaining a primary product branching ratio of
< oaf 19.8% HCI elimination . (HCI:C—-Cl)475.c=0.23:1.0:0.03. This result shows the
> . g - ] branching ratio between HCI elimination and C—Cl fission
=1 8.7% HCI elimination . . .
increases when the nozzle temperature is raised.
_-—f.\._.._ 0N
] C. Analysis of the temperature dependence of the
1 1 PP branching ratios with respect to conformer

250 350 450 550 populations

time of arrival (usec)
As shown in the section above, the HCI elimination/

FIG. 9. The laboratory TOF spectrum of the photofragments detected at CIC_CI fission br_anchlng ra_tlo depends strongly Qn the nozzle
from allyl chloride photodissociated at 193 nm with a nozzle temperature ofemperature. Since negligible conformer relaxation in the ex-
475 °C and a source angle of 15°. The contribution from Cl fragments to thggansion occurs for allyl Ch|oridb3, the fraction of the higher

CI* signal was determined by fitting the signal with tR¢E) for primary energycis conformer is increased upon raising the nozzle

C—Cl fission in Fig. 3. Similarly, the contribution from HCI fragments was h | he d . .
determined by fitting the signal with tHe(Ex)’s for primary HCl elimina-  t€mperature. Thus, we now analyze the data to investigate

tion in Fig. 4 in which the relative scaling of the two pathways was retainedwhether the change in the branching ratio results from the
from the HCI" TOF in Fig. 10. These data were used to determine thechange in the conformer popu]a’[ions_ A|though gas phase
absolute branching ratios at 475 °C. The percent contributions from eacgtudies on the conformational properties of aIIyI chloride

channel shown are the relative probabilities that already include kinemati . igatd s . .
factors but do not yet account for ionization cross sections and crackin&ave been investigated;™ a reliable energy difference has

probabilities. not been reported. Schei and SHamsed electron diffraction

J. Chem. Phys., Vol. 104, No. 14, 8 April 1996
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o FIG. 12. The two conformers of allyl chlorideis (left) andgauche(right).
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4

FIG. 11. The laboratory angular distribution of the Cl atom product from Similarly. the relative change in the HCI elimination produc-
allyl chloride photodissociated at 193 nm with linearly polarized lightag Y, 9 P

is the angle of the laser electric vector with respect to detector axis. The da _g fr_agments _W'th high kinetic energy and C—Cl bond fis-
points show the signal integrated between 144-4g0Line fits show the ~ Sion is determined.

predicted change in detected scattered signal intensity with laser polarization Lo . L

angle obtained, after transformation from the c.m. to the laboratory frame{fast HCI elimination/C—CI fissionzs «c

with three trial anisotropy parameter8=0.0, —0.1, and—0.2. The inte- (fast HCI elimination/C—Cl ﬁSSiOHOO oc

grated signal also includes a minor contribution from the overlapping fast
HCI elimination signal. The effect on the anisotropy parameter is probably (19.8%/71.5%y75 -c
minimal. = =

= (13.9%/83 1% ¢ = ®)

q . h ¢ h ‘ both A marked increase in the slow HCI elimination channel oc-
tZOO oce:temgngotog a[?orl]mt N ggg; ec%n%;n&elrsil/t O curs with a raise in the nozzle temperature and is too large to
an which was o an 0 % attribute to the change in the conformer populations. The

spectively. From this data, they estimate an energy differencg, ... ase in the fast HCI elimination channel, on the other

of 0.62_kcal/mo|. The Igrge.error bars on the populatlionsnand’ is less and may result from a conformation depen-
results in great uncertainty in the calculated energy d'ﬁer'dence. These results are further considered in Sec. IV.
ence. Using thigauche/cisenergy difference of 0.62 kcal/

mol, we can determine the relative change in conformer
population upon heating the nozzle from 200 to 475°C:  D. Angular distribution of the C—Cl fission product

(cis/gauche)s-c  0.87 Figure 11 shows the integrated Cl fragment signal from
(CisIgauchsg e oea L3 (2 c—cl bond fission vsOy g , the angle between the electric
. _ o vector and the detector axis. The best fit is obtained by vary-
If only the cis conformer contributed to HCI elimination and jng the anisotropy parametes in this expression for the
only thegaucheconformer contributed to C—Cl fission, then angular distribution of the fragmenifs
the relative change in the conformer population would pre-
dict an increase in the HCI/C—CI branching ratio of 1.3. The ! (fem) =141+ BP5(cos b )] ®)

experimentally observed change in the branching ratio, howin which 6, , is the angle between the electric vector and the
ever, is significantly higher than the predicted change. recoiling fragment in the center-of-mass reference frame.
(HCI elimination/C—Cl fissiojyss-c 0.23 Since the photofragmgn_t angular disFribution is meagured in
(HCT elimination/C—Cl fissiolyeo- =0—12=1.9. (3) the laboratory frame, fitting the data involves convertlpg be-
oocc M tween the center-of-mass and laboratory frames using the
Although the conformational energy difference may not bemeasured molecular beam velocity and théE;) deter-
exact, an energy difference of 1.67 kcal/mol would be resmined from the unpolarized data. The data in Fig. 11 shows
quired to obtain a relative branching ratio change of 1.9the photofragment anisotropy for C—Cl bond fission to be
Thus, the increase in the HCI elimination/C—Cl fissionslightly perpendicular with3=—0.112 If we assume distor-
branching ratio is not completely due to the change in contion of the molecule upon photoexcitation does not alter the
former population. C—CI bond direction before dissociation and the transition
We can also examine the competition between the twalipole moment is parallel to the=€C bond, the predicted
pathways for HCI elimination with C—Cl fission separately. B.s=2P,(cos 63.1y=—0.4%" The gaucheconformer, how-
The experimentally observed change in the HCI eliminationever, is more complicated. The value predicted is
channel leading to low recoil energies with C—Cl bond fis-By,yché=2P2(c0s 127.49=0.11%Y), If the angle distorts by
sion is determined from the relative probabilities used to fitjust 4°, the predictegd changes to—0.1. At a nozzle tem-
the CI" spectra in Figs. 7 and 9. perature of 220 °C, the molecular beam mixture is 79%
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FIG. 13. Cuts through the calculated initio electronic surfaces at equilibrium=SC bond lengths, for vinyl chloride witlR(C=C)=1.332 A (left) and

cis-allyl chloride with R(C=C)=1.316 A(right). The four lowest singlet excited electronic states are shown. The\tvealiabatic states- - —) are involved

in the avoided electronic configuration crossing. The #x/oadiabatic state6~ — —) are shown only because they fall in the same energy region; in planar
symmetry, they do not interact with th®' states. The boxed-in portions are enlarged in the insets above to show the splitting between the adiabats at the
avoided crossing. For the particular cut along the avoided crossing seam presented here, the splitting at the avoided crossing to C—Cl bond fissidn is 261 cm
for vinyl chloride and 982 cm for cis-allyl chloride. For thecis conformer of allyl chloride, the inset also includes the Franck—Condon régidicated by

the arrow and shows the potential is relatively flat.

gaucheand 21%cis using the energy difference reported by excited state reaction coordinate for C—CI fission in vinyl
Schei and Shetf. If only one conformer contributes to C—Cl chloride. Umemotoet al® characterized the pathway to
fission, the expecteg@ would correspond to the value pre- C—Cl fission in vinyl chloride as a transition to the dissocia-
dicted for that conformer. If, however, both conformers con-tive ng* state which crosses the photoprepatet state in
tribute equally to C—Cl fission, then the expecf@diould be  the C—Cl coordinate. I€, symmetry, the out-of-plane and
a weighted average3=0.790.1+0.21(-0.49=0.0. Since 7% _ orbitals area” and the in-plan@, and o’s_¢, orbitals
the.predlcted angula.r.dlstrlbutlon for both cor_1formers aréarea’; therefore, both therm%_. and thengo_, configu-
similar and very sensitive to geometry change in the excitedations areA’ so that they mix and split forming a barrier
state, the angular distribution measurement is not sensitivg,ng the |ower adiabatic excited state potential energy sur-
enough to determine which conformer or weighted distribu, .6 1t the molecule traverses the barrier and accesses the
tion of conformers undergoes C—Cl fission. region of the surface which isgog_¢ in character, C—Cl
fission results. If, however, the splitting between the adia-
IV. DISCUSSION batic electronic surfaces is small reflecting weak configura-

The primary purpose of these experiments was to detefional mixing, a nonadiabatic transition to the upper adiabat
mine if the CH, spacer in allyl chloride as compared to vinyl ¢an occur where the molecule retains its* configuration
chloride affects the probability of nonadiabatic recrossing ofnd turns back toward the Franck—Condon region instead of
the barrier to C—ClI fission. The GHspacer both further €volving to products along the lower surface. Thus, the mag-
separates the==C and the C—Cl chromophores and resultshitude of the splitting between the adiabats at the barrier
in two molecular conformers, one of which does not retain aeflects the probability that the barrier is traversed adiabati-
plane of symmetry. To illustrate why we expect the C—Clcally.
bond fission pathway to be strongly influenced by nonadia- The splitting is notably smaller for Woodward—
batic dynamics in these two systems, we first consider théloffmann forbidden reactions than for reactions where the
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ir)dividual Qrbital symmetries are conserve8ince the indi- gauche allyl chloride

vidual orbital symmetry changes froa’ to a’ along the

excited C—ClI reaction coordinate in vinyl chloride acid- 70000 67800

allyl chloride, C—Cl fission is Woodward—Hoffmann forbid- E\ . \

den. Thus, we expect the splitting to be small and nonadia- 60000k "\: kS - RN

batic barrier recrossing to reduce the rate constant for C-Cl S i NN
fission. To argue qualitatively why we expect Woodward—  ~ soo00f- S osa00l N
Hoffmann forbidden reactions to have anomalously smaller ‘g S
splittings than reactions which conserve individual orbital i 40000F T“
symmetry, we calculate the configuration interaction matrix 2 N
elements which mix and split the#* and theno™ configu- & 30000
rations at the barrier to C—Cl fission. In a simple two-state 63000 —— - \“1_88
system, the dominant electronic configuration contributing to 20000

the wave function on the reactant side of the bartgs, is

{--L(ng)?(m)Y(7*)(o&_c)% and for the wave function 10000k

on the product side of the barrier,¥p, is

{---L(ng) X (7)?(7*)°(gé_c)}. If no orthogonality is as- ol

sumed between the reactant and product molecular orbitals
or betweer?y and ¥, then the splitting between the two
adiabatic surfaces at the barriet®is

Rc.ci(A)

FIG. 14. Cuts through the calculateb initio surfaces forgaucheallyl
chloride at equilibrium €=C bond length,R(C=C)=1.318 A. In the
2(B—aS) gaucheconformer, only the three lowest singlet excited electronic states are
(1——32)’ (7) shown(the next singlet excited state is above 70 000 BmSince the sym-
metry is broken, ther#* character, in principle, can mix into all three
electronic states so that a two-state approximation may no longer be com-
where « is the energy at which the diabats croSsis the pletely valid. By tracking the oscillator strengttgredominantly fromm*
overlap integraI(\IfR|‘pr>/C, and,B is the interaction, reso- charaqteI} and the dfominanlt eleféronic con;?gurations of tge exc_ited r?tate
o . potential energy surfaces along tRg_c, coordinate, we can determine that
nance, OI? exchange energWR“’%\pPyC’ C corrects for primarily the first and third excited St;tlés- —) exhibit an avoided crossing
unnormalized wave functions. For Woodward—Hoffmannaround 1.84 A(The second excited state surfaee -) does not participate
forbidden reactions, the product and reactant molecular osignificantly until 1.86 A) For the particular cut along the avoided crossing
bitals are orthogonal by symmetry. As a result, the over|aF§eam prese_nted ht_are, the splitting at the_a_voided crossiqg between the first
. | d all one-electron intearals that contribute to th and thll.‘d adlat_)ats is 26_26 crth A Iarger splitting gt the b_arrler‘between_the‘
Integrals and a integ 1ou (?Wo adiabats involved in the avoided electronic configuration crossing is
resonance and exchange energy representgglarg zero SO seen here as compared to tie conformer because C—Cl bond fission is
that only two-electron integrals mix and split the adiabats ahow Woodward—Hoffmann allowed. The boxed-in portion is enlarged in the

the avoided crossing, resulting in a small splitting betweerinset to the right to show the Franck—Condon regimlicated by the ar-
' row). The inset has the samey aspect ratio as the inset fais-allyl

the admbats for th'_s class _Of reactions. chloride in Fig. 13 in order to illustrate the different forces experienced in
Previous experiments in our lab have also demonstratefle Franck—Condon region for the two conformers. The repulsive forces in

that increasing the distance between the orbitals involved ithe C—-Cl bond upon photoexcitation allow C—Cl fission to dominate in the
the avoided crossing increases the probability of nonadiabatfucheconformer.
cally recrossing the barriéf For example, the branching to
C—Br bond fission upor[n(0)=*(C=0)] excitation de-
creased by an order of magnitude in bromopropionyl chloever, is planar so C—ClI fission is Woodward—Hoffmann for-
ride compared to bromoacetyl chloridleThe extra CH  bidden. Thus, we expect C—Cl fission to be suppressed in the
spacer between thegmg_o and theng,o¢_g, orbitals in  cis conformer, and the change in the HCI elimination/C—Cl
bromopropionyl chloride reduces the electronic interactiorfission branching ratio should follow the change in the frac-
matrix elements between the two configurations resulting irtion of the cis conformer. The data does show that the
a smaller splitting between the adiabats at the barrier. Thudyranching ratio increases with the raise in nozzle tempera-
C-Br fission is further suppressed by nonadiabatic barrieture, but the increase is stronger than that presented by the
recrossing. Similarly, the branching to C—CI fission mightconformation dependence alone.
also decrease in allyl chloride compared to vinyl chloride. We presentsAUSSIAN 92 calculations in order to investi-
Unlike vinyl chloride, allyl chloride exists as two con- gate the energetic splittings between tA¢ excited potential
formers(Fig. 12. In the predominangaucheconformer, the energy surfaces at the avoided crossing for vinyl chloride
Cl atom is out of the molecular plane breaking the plane ofand cis- and gaucheallyl chloride. Figure 13 shows cuts
symmetry; therefore, C—Cl fission is no longer Woodward—along the C—CI stretch of the calculatat initio electronic
Hoffmann forbidden, and we expect the splitting between thesurfaces for vinyl anctis-allyl chloride. Although the four
adiabats at the barrier to C—Cl fission to increase. As a resullpwest singlet excited electronic surfaces are shown in Fig.
the probability that the barrier to C—CI fission is traversed13, two areA” so they do not interact with th&’ surfaces in
adiabatically should be greater fgaucheallyl chloride than  planar symmetry. Thed' potential energy surface clearly
for vinyl chloride. The higher energgis conformer, how- evidences an avoided electronic curve crossing between the

splitting=
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mt_c andngot_ states, forming the adiabatic reaction Cidate the electronic character of the excited states in the
coordinate for C—Cl fission. Thus, the lows¢ potential Franck—Condon regioff. The emission spectrum for vinyl
energy surface has a barrier a|0ng the forward and revergg'l'oride evidences the dominantr™ character of the initial
reaction coordinate. As determined by the dominant elec€Xcitation by the strong emission to the=C stretching and
tronic configuration in theAusSIAN 92output, the electronic  twisting modes. Theb initio calculations presented in that
character changes from predominantlyr’_ to ngo&_ ~ Work and augmented in this paper agree with the emission
across the barrier in both systems. In vinyl chloride, the splitspectrum; they show the electronic character of the bright
ting between the adiabats at the barrier to C—Cl fission isA’ potential energy surface in vinyl chloride is7* in the
very small which supports the model that nonadiabatic barFranck—Condon regio(Fig. 15. Upon electronic excitation
rier recrossing can reduce the rate constant for C—Cl fissiofif allyl chloride, however, enhanced emission into the C—Cl
and allow HCI elimination to compete. The branching ratiostretch eigenstates appe@ithough the €=C stretch still
measured by Moetal? for vinyl chloride, HCl:C—ClI dominate} revealing an admixture af¢_c ando¢_c char-
=1.0:1.1, shows the two pathways are competing. The splitacter in the Franck—Condon region. The emission spectrum
ting at the barrier calculated for vinyl chloride is surprisingly for allyl chloride reflects the initial motion in the predomi-
smaller than forcis-allyl chloride even though a CHspacer nantgaucheconformer of allyl chloride upon photoexcita-
is inserted between the=SC and C—CI chromophores in the tion. The calculations also show an increased contribution of
latter. This may result from an increase in the overlap densigc—ci Character to the optically bright stateig. 16, bottom.
ties between the chromophores since in theconformer, Similar to vinyl chloride, the calculations faris-allyl chlo-
the Cl atom eclipses the double bond. As expected for théide reflect the purern™ character in the Franck—Condon
gauche conformer in which C—Cl fission is no longer region (Fig. 16, top. The broken symmetry in thgauche
Woodward—Hoffmann forbidden, the splitting is much largerconformer permits extensive coupling between the" and
(see Fig. 1% and C—Cl fission can proceed adiabatically and
dominate HCI elimination. Figure 14 also shows that in the
Franck—Condon region for thgaucheconformer, the forces
are repulsive in the C—Cl bond along the C—Cl bond fission
reaction coordinate. In theis conformer, the contour is rela-
tively flat in the Franck—Condon region along the C-ClI
bond fission pathway. The repulsive forces in the Franck—
Condon region for thgaucheconformer should allow C-CI
fission to occur more readily. The experiments confirm that
the branching to C—Cl fission has increased; the measured
branching ratio for allyl chloride is(HCI:C—Cl)yyg-c
=0.12:1.0. Further calculations are planned which will con-
sider torsion about the double bond ane=C stretching
since these motions are important upon excitatfon.

Our laboratory has also measured the emission spectra at
199 nm for vinyl chloride and allyl chloride in order to elu-

FIG. 16. The top frame shows the excited state molecular orbitaidalyl
chloride from the bright state in the Franck—Condon region. The orbital
illustrates the essentially puref_ character. The bottom frame shows the
FIG. 15. The excited state molecular orbital for vinyl chloride from the dominant excited state molecular orbital fpaucheallyl chloride from the
bright state in the Franck—Condon region. The orbital shows essentially purbright state in the Franck—Condon region. The orbital has an admixture of
w&_c character. Figure reproduced with permission of the authors from Refaf_ and o&_¢, character. Figures reproduced with permission of the au-
20. thors from Ref. 20.
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no* electronic configurations and results in repulsive forces  H,C—CHCH,CI+193 nm—HC—CHCH,+HCI,
along the C-CI reaction coordinate in the Franck—Condon (10)

region, reflected also in the slope of the potential in Fig. 14, Eavai=73 kcal/mol.

which allows C—Cl fission to dominate HCI elimination.  apgther possibility is hydrogen atom migration to produce
We now discuss likely explanations for the two ObservedH3CCCH2C| or HZCCHCHZCI which subsequently under-
pathways for HCI elimination in allyl chloride. In vinyl chlo- goes HCI elimination. The present experiment does not pro-
ride, HCI elimination is believed to occur following internal |;qe enough information to definitively identify the mecha-
conversion to the ground electronic state in which two dif-pigm jnvolved in both HCI elimination pathways. However,
ferent mechanisms were elucidated: a three-ceateglimi- o yery high energies of 76 kcal/mol detected in product
nation of HCI to produce vinylidene and a four-centefi  ecoil for the HCI elimination channel in the upper frame of
elimination of I;I1CI to produce acetyleng Wlth a.product ratio Fig. 5 suggest this channel is most likely due to the mecha-
of aaref=3:1""The H atom transfer in vinylidene has a pigm presented in reactia®). The low energy signal prob-
low barrier and occurs fast on the timescale of the reactlonamy results from reactioi9) or (10). More information is

The exit barrier for the four-center elimination is 52.6 kcal/ hagged about the exit barriers for these reactions in order to
mol and the exit barrier for the three-center elimination andform any definite conclusions.

subsequent H atom migration to produce acetylene is 44.1 Tpq temperature dependence of the HCI elimination
kcal/mol?® Since the three-center elimination dominates OVelchannels provide a further clue as to their mechanism. As
the four-center elimination and both channels have similagnqwn in Sec. 1l C, the branching to the HCI elimination
exit barriers, the HCI elimination pathway in vinyl chloride producing fragments with low kinetic energy increases more
was fit using only one broad transla?ional energy di.stributionthan the channel producing the fast HCI fragments with a
In allyl chloride, however, two different translational €n- 5ise in nozzle temperature. When we attempted to attribute

ergy distributions must be used to fit the data. The HCI eliml-a” of the HCI elimination to theis conformer and all of the

nation could occur from dynamics either on the ground statg_c fission to thegaucheconformer, the observed increase
potential energy surface after internal conversion or on ag, the HCl/C—CI branching ratio upon heating the nozzle
excited .state potential energy _surface. Se_veral differentom 200 °C to 475 °C was higher than the relative change in
mechanisms for the HCI elimination are possitfle: the cis/gaucheconformer population. Instead, let us now as-

H,C—=CHCH,CI+193 nm—H,C—=C=—CH,+HCI, sume that the fast HCI channel occurs predominantly from
(8) the cis conformer whereas the slow HCI channel and C—Cl
Eavai=124 kcal/mol, fission occur predominantly from thgauche conformer.
- Then, the change in the relative branching between
H,C=CHCH,CI+193 nm—H,C=CHCH+HCI, ’ .
2 M 2 ) HCl(fasf/[HCl(slow)+C—CI] should follow the change in
Eavai=95 kcal/mol, the conformer population upon heating the nozzle.

(fast HCI elimination(slow HCI elimination-C—Cl fission)szs-c  (19.8%(8.7%+71.5%)475c

(fast HCI elimination{slow HCI elimination C—Cl fission),p-c  (13.9%(3.0%+83.1%),00 -c L5

This result is similar to the relative change in the conformerthat Leeet al.” have also recently investigated the photodis-

population in heating the nozzle from 200 to 475 °C, whichsociation of allyl chloride at 193 nm. They report the major

was previously shown to be 1.3. channel is C-Cl fission, but they only report one channel for
We present a plausible explanation for the large increasElCl elimination with an average translational energy of 9

in the slow HCI elimination channel with a raise in nozzle kcal/mol accounting for 5% of the total product yield.

temperature. Going from a 200 °C to 475 °C nozzle expan-
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