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Cl atomic elimination in ultraviolet photodissociation of vinyl chloride at 193 and 210 nm has been studied
by photofragment ion imaging. The translational energy and angular distributions of the Cl fragments were
measured for the two spirorbit states ofP; (J = 1/2, 3/2). The translational energy distributions of both

of the 2P, fragments consist of two components; one is a Gaussian-like translational energy distribution with
high anisotropy = 1.0 + 0.2, while the other is a statistical distribution with low anisotrofys 0.3 +

0.2. These features were almost identical for the two photoexcitation wavelengths. The anisotropy parameter,
B, of the Gaussian translational energy component is in good agreement with the value predictedrfor the

— m transition by ab initio calculations. The high translational energy component of the Cl fragment is
assigned to a prompt dissociation induced by the electronic relaxation from 9 {o (z(Cl),0*(C—Cl))
repulsive state, while the low translational energy component is assigned to a slow dissociation induced by
the relaxation to the ground state. The [CI*]/[CI] fine structure branching has been found to be almost identical
for the two dissociation pathways despite the large difference of the recoil velocities of the Cl atoms, suggesting

an important role of the motion along the coordinate perpendicular to th@l €tretching in the nonadiabatic
transition.

I. Introduction branching of the electronic relaxation into the repulsive and the
L . . . . ground states.

Efficient intramolecular electronic and vibrational relaxation Photodissociation of vinyl chloride (VCI) and dichloroeth-
is an inherent property of polyatomic molecules and plays an yjenes (DCEs) have been studied by various experimental
essential role in their dynamics. The relaxation is often indicated technique$;® and it has been established that electronic
by the varigtion of p_hot_ophysical properties su_ch_as quorest:_enceremxation from the #,7*) state occurs to both the repulsive
quantum yield, emission wavelength, and lifetime of excited ang the ground states in all of these systems. The former is
states; however, it may be manifested more clearly in photo- manjfested by the formation of Cl with fast speed and the latter
chemical reactions, since different relaxation pathways can Ieatdby the formation of H, H, HCI, and slow CI fragments.
to different products. The yield of these products, and the However, the branching of electronic relaxation upon 193 nm

internal state, translational energy, and angular distributions photoexcitation of DCE includes some complication due to the
provide detailed information about energy randomization and gecondary dissociation,

dissociation mechanisms.

A well-known example of electronic relaxation leading to DCE— C,H,Cl + CI(P)) (primary) (i)

photochemical reaction is an internal conversion from the*) 22 .
state to the ground state in ethylene that inducies-trans .
9 y C,H,Cl— C,H, + CI(*P,) (secondary) (ii)

photoisomerization. The potential energy surface (PES) of the
(r,r*) state of ethylene has a minimum at a perpendicular
geometry of the two Chigroups, so that molecules undergo
rapid C=C torsion upon photoexcitatidn At the perpendicular
geometry, thes,m*) PES crosses with the ground state PES, : .
which induces efficientis—trans isomerizatior: Since the ~ Our work on 235-193 nm photodissociation by photofragment

internal energy thus gained is beyond the dissociation thresholdsion .irn.aging have shown that. the fra.ctio.n of sgcondary dis-
in the ground state, molecules undergo decomposition undersociation upon 193 nm photodissociation is considerably large.

collision-free conditiond. Halogenated ethylenes are interesting In the present work, the dynamlc_s _of—(CI bon(_JI rupture in
variations of ethylene, since their expectedX) or n(X),o*- VCl is examined in detail, thus providing the basis to understand

C—X); X = halogen) states lying below the,{*) state induce more compli(;ated Qissociation.dyna.lmics OT .DCES' . .
( ) gen) ying &) The one-dimensional nonadiabatic transition and its role in

- Auth - J hould be add ] i fine structure branching in photodissociation of diatomic
suzﬁ%%stgc}’; om correspondence should be addressed. E-mall: 5100les have been extensively investigated theoretiéally
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Figure 1. Schematic diagram of the experimental apparatus.

multidimensional dynamics. It is also noted that, if photodis-  The photoions produced were accelerated up to the kinetic
sociation of VCI undergoes two different dissociation channels, energy of 5 keV and projected onto a dual microchannel plate
as reported previousfy! it provides a unique opportunity for  backed by a phosphor screen (MCP; Hamamatsu, F2225-
examining the fine structure branching for two different dis- 21PGFX, 36 mm in effective diameter). Although electric fields

sociation channels in the same molecule. in the extraction and acceleration regions could be adjusted
separately, the ion images were always measured with the same
Il. Experimental Section field strengths in the two regions to minimize an image

o . distortion. A high-voltage pulse, 166A.800 V in height and
() Apparatus. A schematic diagram of our experimental 209 g in duration, was applied to the MCP to time-ga@i*
apparatus is shown in Figure 1. A sample gas seeded in Hejons  The transient image on the phosphor screen was captured
(0.2-7%) was expanded from a pulsed valve (General Valve gjiher by a video-rate CCD camera (Sony, XC77-CE) or by a
Series 9, 0.8 mm orifice diameter) with a stagnation pressure pg|tier-cooled CCD camera (Princeton Instruments, CCD-
of 700 Torr and collimated by two skimmers 0.5 mm in 5155F)  |mages were typically integrated for 15 630 000

diameter. The molecular beam was introduced into a time-0f- |56 shots. During the integration of images, the probe laser
flight (TOF) mass spectrometer parallel to its electric field vector frequencies were scanned over the entire Cl absorption line

through the _second ?"“mm‘?r embe_dded if‘ the repeller IOIate'profiles that were broadened by the Doppler effect.
The beam diameter in the interaction region located 79 mm . .
In order to examine any cluster formation in the molecular

downstream from the nozzle has been measured to be 1 mm inbeam images were measured for several VCI partial pressures
the full width at half-maximum (fwhm). Typical pressures in ' .
( ). Typ P from 0.2% to 7%. The features of the observed images,

the beam source and in the main chamber, with the pulsed valve ; . . A
however, were invariant to the partial pressure, indicating that

on, were 5x 1076 and~1 x 1077 Torr, respectively. The X i 9.
x ¢ b y the effect of clustering on the observed signals was negligible.

rotational temperature of VCI molecules in the beam was h | h ¢ i i 000
estimated to be 1030 K from the rotational analysis of A- The sample purchased from Sumitomo Seika (pukit9%)
was used without further purification.

X transitions of acetylene and NO measured under similar
experimental conditions. (b) Image Processing. An image experimentally observed
The molecular beam was perpendicular to the counterpropa-i$ the two-dimensional (2D) projection of a cylindrically
gated pump and probe laser beams. The output of an ArF Symmetric three-dimensional (3D) distribution of photofragment
excimer laser (Lambda Physik LPX110i) was used as a pum ions. A recoil velocity distribution (a differential cross section)
beam at 193 nm. The pump beam was polarized by a pile-of- is obtained from a section of the 3D distribution that is
plates polarizer with 10 quartz plates held at Brewster angle, Feconstructed from the 2D projection by an inverse Abel
for which a polarization degree of about 97% is expected. The transform:® The transform inherently requires that the 2D
pump beam at 210 nm was the second harmonic of the outputProjection is symmetric for the left and right sides of the
of a Nd:YAG-pumped dye laser (Quanta-Ray GCR-230-25 and Symmetry axis, while an observed image often exhibits slight
Lumonics HD-500). The second harmonic of the output of asymmetry due to nonuniform detection sensitivity of the
another dye laser (Quanta-Ray GCR-230-25 and Lumonics HD-apparatus. This slight asymmetry could not be avoided in the

500) was used as a probe beam at 235 nm. THA]JREMPI experiments, so that observed images were symmetrized by
(resonance-enhanced multiphoton ionization) using the reso-image processing prior to the transform. For symmetrization,
nances of 48Dz <—— 3p2P312 (235.336 nm) and 4¢Py, <~ two different image-processing procedures were employed in

3p 2Py, (235.205 nm) was used for state-selective ionization of the present work. The first method was to average all of the
Cl(?P;) atoms. The time delay between the pump and probe four quadrants of an original image. The image generated by
laser pulses was less than 20 ns. The pump beam wasthis method was symmetric for both of the lefight and
unfocused, while the probe beam was focused with an axisym-upperlower directions. The second method was to take only
metric lens { = 250 or 300 mm). The pump laser intensity the left or right half of an image and synthesize a symmetric
was <1 mJ cnmtZ/pulse at 193 nm and2 mJ cnT?/pulse at image by reflecting it to the other side. This method generated
210 nm. The probe laser intensity was reduced<t®0 uJ/ two images both of which were symmetric for the tefight
pulse to avoid a one-color signal. The intensities of the pump but not for the upperlower directions. The subsequent
and probe laser beams were monitored by PIN photodiodestransform and analysis were performed independently on these
during the measurements. two images. The purpose of the latter analysis was to estimate
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Figure 3. Laser power dependencies of the C| REMPI signal. (a)
Power dependence of the'@ignal on the photolysis laser at 210 nm.
(b) Power dependence on the probe laser at 235 nm.

transform collapses. In order to avoid such a collapse and make
the numerical calculation stable, filtering of high-frequency
components is sometimes employed. However, no filtering was

- 2 mm - performed in our study. The transform was successfully

Figure 2. Images of NO measured with a molecular beam of NO.  Performed without any filtering.

The NO molecules were ionized byf2] REMPI via C state. Images (c) Power Dependence/Background Noiseln the measure-
a and b were measured under different focusing conditions of the probements of Doppler profiles of Cl atoms and laser power
laser beam. dependence of the Ckignal intensity, an output current of the

MCP has been monitored, instead of an ion image. For this
the experimental uncertainty more critically than the former. It purpose, constant voltages were applied to both the MCP and
was found that the anisotropy parameters obtained by the seconghnosphor screen, and the ac component in the phosphor voltage
method starting from the left or right half of the original image  \yas monitored. The voltage between the back side of the MCP
were in agreement with each other within-120%. The values  anq the phosphor screen was set to 100 V. The ion signal was
were also in good agreement with the one determined by thefeq into a boxcar integrator (Stanford Research Systems, SR250)
first method. The experimental uncertainty of angular anisot- for averaging.
ropy thus determined was estimated to 8/ = 0.1-0.2.  The typical dependence of Clsignal versus pump laser
This uncertainty is much Iarge( tha_\n the sta}ndard deviation in power is shown in Figure 3a. The slope of &®.1 suggests
each fitting of the angular distribution, and it should be taken h4; it is a one-photon absorption process. Multiphoton excita-
as the largest bound. The experimental uncertainty in the jon of the parent molecule and a secondary photodissociation
determination of trans_latlonal energy releaBé:r), is about of primary products by the pump laser are ruled out. On the
5% for all the translational energy range. Although we have qiher hand, a plot of the Clsignal intensities versus the probe
not described in detail, the same procedure of the evaluation of | 55qr power shown in Figure 3b exhibits a slope of 2.0.1.
an experimental uncertainty was used in our previous report onTpis is consistent with the [21] REMPI detection scheme of
transDCE? The uncertainty is similar between the presentand | atoms where the ionization step is saturated.
previous works.

The spatial resolution in ion imaging is limited by the ratio
between the size of an image and that of a laseolecular
beams interaction region. In our experiments, the typical
diameter of an image was 20 mm, while the effective laser
molecular beams interaction region was estimated to be less
than 1 mm in length. The spatial resolution may be improved
by deconvolution (deblurringly} however, such processing has
not been performed in the present work. The difficulty of such
deconvolution is that the point spread function (PSF), which is m
primarily the shape of the ionization region, cannot be deter-
mined accurately. As an example, an image of the molecular Ab initio calculations on the low-lying excited singlet states
beam of NO (5% seeded in He) is shown in Figure 2. Since of VCI have been done by using the complete active space self
NO in the beam has negligible transverse velocity, the image consistent field (CASSCF) and internally contracted multiref-
primarily shows the shape of the lasenolecular beam  erence configuration interaction (CMRCI) methods. The Gauss-
interaction region. The probe laser bear1Q0uJ/pulse) was ian basis set used in this work consisted of Dunning’s correlation
focused by an axisymmetric lens=£ 250 mm), and NO was  consistent polarized valence double- and triple-zeta basis sets,
ionized by [2-1] REMPI via the C state. The two images were cc-pVDZ and cc-pVTZ> For chlorine, these basis sets are
measured under different focusing conditions of the probe laserextended by a set of s and p diffuse functions of even-tempered.
beam. It is seen that the PSFs are different between the twoThis yielded a total of 140 contracted Gaussian functions for
conditions. Therefore, considering such a variable shape of PSFVCI (cc-pVTZ). The present calculations were carried out using
resolution enhancement by debluring has not been attemptedthe MOLPRO suite of ab initio progrant8.
in the present study. The experimental geometry of VElwas used in the

When the 2D data contain much noise, an inverse Abel calculations. The ground state of VCI has the HartiEeck

Although the observed Clsignal depends upon pump and
probe laser beam intensities as expected for the two-color signal,
a small amount of background Csignals <5%) was noticeable
in ion images. The background Csignal appeared when the
pump and probe laser beams are present, but it did not depend
upon the probe laser frequency. An example of the background
image is shown in Figure 4. The background ion images were
subtracted from the data, prior to an inverse Abel transform.

Ab Initio Calculations
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. . atoms produced by the photodissociation of vinyl chloride at 193 and
For the CASSCEF calculations, we have chosen eight eIectronleO nm. The photodissociation laser polarizatieg,) is aligned

and six (12-144d and 2-4d’) orbitals as the active space, and vertically in the figure. The ClPs,) and CI*@Py;) atoms were detected
three A and two A’ states were optimized in a state-averaged by [2+1] REMPI of 4p2D3,; —— 3p 2P3; at 235.336 nm and 4¢P1,
procedure with equal weights. The reference configuation state~—— 3p 2Py at 235.205 nm, respectively.
functions are 57 and 63 for the'Aand A' symmetry, . A . -
respectively. The CMRCI calculation, taking into account all Abel tr_ansform of t_he image In Figure 5a Is sh(_)wn in Figure
the singly and doubly excited configurations from the CAS 6a, which can be directly converted to af+t_»xe|9cny contour
references, with the cc-pVTZ basis set resulted in 1.530° map of CI(.ZP.3,2) photofragments as.shoyvn.m Elgure 6b. From
and 1.06x 1CP variational parameters (equivalent to 13 million Flgur'e 6, it is clear that the Yelocny distribution of Cl atoms
in a conventional uncontracted MRCI), respectively, for the A consists of two components; one has a fast speed _and high
and A’ symmetry. A higher order correlation correction was anisotropy, W.h'le t_he °Fh‘?r has slow speed and low anisotropy.
then included based on the formula of Feller and David$on. This feature is .qune.S|_m|Iar to that of Cl atoms pro_duced by
Table 1 summarizes the excitation energies and the transition235 nm phOtOd'SSOC.'at'(.)n dfansDCE reported previousl.
dipole moments of five low-lying states. The angular dlstrlbutlonl(é)_), of photofragments can be
calculated from the fluxvelocity contour map. The angular
IV. Results and Analysis distribution of photofragments is expressedy

(a) Angular Distributions. The raw images of ClPs) and 1(0) = (o/4n)[1 + SP,(cosh)]
CI*(2Py) atoms producgd by 193 and 210 nm photod|5590|§t|on (for a certain translational energy) (1)
of VCI are shown in Figure 5. The pump laser polarization
(epump is vertical in all of the images. As an example, an inverse where is the angle between the electric vector of the pump

TABLE 1: Calculated Excitation Energies (eV) and Transition Dipole Moments (au) for the Low-Lying Excited States of
C,HsCl

CASSCF CMRCI
cc-pvDz cc-pVTZ2 cc-pVTZ cc-pvDz cc-pvVT2 cc-pVTZ
Total Energy (hartrees)
1A'(gr.) —536.995 231 —537.025 292 —537.030 268 —537.413 829 —537.498 882 —537.560 725
Excitation Energy (eV)
2A' (t* ) 8.630 8.421 8.405 7.642 7.381 7.399
3A'(0*<n) 9.012 8.873 8.897 8.676 8.484 8.490
1A" (0* <) 7.717 7.596 7.638 7.363 7.223 7.262
2A" (7r*<—n) 8.650 8.449 8.416 8.141 7.904 7.897
Transition Dipole Moment (af)
R2A'|x|1A'0 0.5197 0.5506 0.5502 0.4498 0.4739 0.4747
RA'|Z1A'0 1.1689 1.1931 1.1977 1.3404 1.3507 1.3598
0 (deg) 66.03 65.23 65.33 71.45 70.67 68.52
BA'|X|1A'E —0.0340 —0.0429 —0.0430 0.0196 0.0185 0.0149
BA'|z1A'O 0.1929 0.1872 0.1862 0.0575 0.0618 0.0663
0 (deg) 80.0 77.09 77.00 71.20 73.36 77.33
OA"ly|[1A'0 0.1273 0.1410 0.1392 —0.0185 0.0120 0.0116
R2A"|ly|1A'0 —0.0100 0.0076 0.0081 —0.0037 —0.0240 —0.0293
Anisotropy Parameter
2A! (* ) 1.07 1.11 1.10 0.80 0.84 0.95

aWithout d function on the hydrogen and f function on the carbon and chlorine atorhg.zxmolecular plane witlz axis along the &C bond.
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5a. (b) Surface plot of the fluxvelocity contour map of C1Ps;) atoms Figure 7. Angular distributions of CfPs;,) atoms with the translational
obtained from the image shown in part a. energy of (a) +5 kcal/mol and (b) 1933 kcal/mol. The solid lines

. . . are the best fit of eq 1. Photodissociation wavelength was 193 nm.
laser and the recoil velocity,(X) is the second-order Legendre

polynomial, ang is an anisotropy parameter, respectively. For anisotropy parameters. The anisotropy parameters obtained are
an instantaneous dissociatighis given by P5(cosy), where summarized in Table 2. Figure 8 shows the translational energy
x is the angle between the transition dipole mometir§ the dependence of the anisotropy paramef$Er). The S(Ey)
parent molecule and the recoil velocity. The angular distribu- increases to the high-energy side, primarily due to an increasing
tions for the low and hlgh translational energy Components were contribution of the high_energy anisotropic Component_

extracted from the 2D fluxvelocity contour map and were (b) Translational Energy Distributions. The speed distri-
analyzed separately using eq 1. butions,P(v), of Cl photofragments were obtained by integrating
Itis noted that the photofragment ion distribution generally the angular part of the fluxvelocity maps. Then, transforma-
depends upon two quantities, tion from the velocity to energy space was performed to obtain
. o center-of-mass translational energy distributidR&:r). The
ion distribution] I (scat)x 1(det) ) translational energy distribution is given by
wherel(scat) is the scattering distribution of neutral photofrag- mg P(v)
ments and(det) is the ionization efficiency for photofragments. P(E;) dE; = (3)
If 1(det) varies with the scattering angle, the ion image cannot Me(Mg +mg) v

be directly used to discuss the photofragment angular distribution

and detailed analysis of{det) is required. The variation of ~ Where ng; and nk are the masses of a chlorine atom and a vinyl

I(det) occurs when there exists a correlation between recoil radical. TheP(Er) for the Cl and CI* channels in 193 and 210

velocity, », and angular momentuml.2® However, in the nm photodissociation are shown in Figure 8. The features of

present case, the images of@w ions were invariant to the the P(Er) were almost identical for the two different photoex-

probe laser polarization which is either parallel or perpendicular citation wavelengths, indicating that the dissociation mechanisms

to the imaging plane, within an experimental error of 10%. are essentially the same.

Therefore](det) is considered to be constant over the scattering From the feature oP(Er), it is readily seen that the high-

angle. Hereafter, we will consider a photoion distribution as a €nergy component can be approximated by a Gaussian function,

photofragment distribution, since these are identical in the

absence of vector correlation. P(Ehign = Aexpl-In 2(E; — E . ) (AE2Y]  (4)
Figure 7 presents the angular distributions ofPjf) atoms

with different translational energies produced by 193 nm whereA is a normalization constarpeaxis the peak position,

photodissociation and the best-fit curves of eq 1. Itis seen thatand AE is the width (fwhm) of the peak. The low-energy

the high- and low-energy components show largely different component is fitted by a statistical distribution function. We

TABLE 2: Anisotropy Parameters Determined for the Angular Distribution of Cl Atoms 2

ClePy) overalll ab initio
A (nm) J Umemotd this work B low E1° B high E¢ CASSCEF, cc-pVDz CMRCI, cc-pVTZ
193 3/2 0.85 0.89(0.2) 0.26(0.2) 1.10(0.2) 1.07 0.95
193 1/2 0.85 0.94(0.2) 0.30(0.2) 1.09(0.2)
210 312 0.85(0.2) 0.29(0.2) 1.00(0.2)
210 12 0.85(0.2) 0.32(0.2) 0.96(0.2)

a Estimated experimental uncertainties are indicated in parentHeBles.spin-orbit states are not resolved (ref 4)The translational energy
range of -5 kcal/mol.¢ The translational energy range of-183 kcal/mol.
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denotes the Gaussian distribution. The solid lird @enotes the sum of the two components. The parameters found for the functions are listed
in Table 2. The available energies are marked by arrows.

40 60

TABLE 3: Center-of-Mass Translational Energy Release

Cl(zPy) overalll lowEr high Ex

A (nm) J [Er(kcal/mol) [(Er(kcal/mol) Epeak (kcal/mol) fwhm (kcal/mol) method
193 26 PTS, ref 4
193 32 23 1.6 25 MADS, ref 7
193 1/2 25 MADS, ref 7
193 32 22 6.81 23.2 16.3 this work
193 1/2 23 6.5 231k 13.¢¢ this work
210 32 22 5.2 21.4 142 this work
210 1/2 19 4.9 20.8 9.8 this work
193 32 22 4.2 23.p 16.4 this work
193 1/2 23 5.6 23.4 13. this work
210 32 22 4.5 21. 14.9 this work
210 1/2 19 4.7 20.@ 10.# this work

a Analyzed using the prior distribution and Gaussian functimsalyzed using Maxwellian and Gaussian functions.

employed the prior distributio®, TABLE 4: Ratio of the Low to High Translational Energy
Components
P(E ) — BE l/Z(E _ E )S+l/2/ES+2 (5) cl (ZP_])

Pow =T Fravd T ! 2 (nm) J Browe/ Prignes method
whereB is a normalization constart,y is the available energy, 193 0.24 PTS, ref4
andsis the number of effective vibrational degrees of freedom 193 3/2 0.32 MADS, ref 7
in vinyl radical 6= 3N — 6 = 9), respectively. 193 1/2 0.12 MADS, ref7

The P(Er) values observed were analyzed by assuming a 193 312 0.16 this work
. ) vl y Y 9 193 1/2 0.15 this work
linear combination of eqs 4 and 5. The best-fit parameters 219 3/2 0.09 this work
obtained from each function are listed in Table 3, whereas the 210 1/2 0.10 this work

ratios of the yields of the low to high translational energy
components are listed in Table 4. As seen in Table 3, the
contribution of the low-energy component was found to be
smaller than previous repotgP

The low-energy statistical distribution can also be ap-
proximated by a Maxwellian, as has been performed in our
previous paper otransDCE? In fact, eq 5 transforms into a
Maxwellian in the limit ofs — 0,22

component was performed to examine any difference for
different model functions. The best-fit Maxwellian distributions
were characterized by the translational temperafurel500—

1900 K or by the average translational enefgy = 4—6 kcal/

mol. As shown in Table 3, the average translational energies
thus obtained were in reasonable agreement with the values
obtained with the prior distribution function.

(c) Fine Structure Branching Ratio. The branching ratios
into CI*(2Py2) and CI@Pss) were determined from the REMPI
signal intensities. The signal intensities observed were corrected
for the pump and probe laser intensities and the strengths of
The analysis assuming a Maxwellian function for the low-energy two-photon transitions2Py, < 2Py, and?Dzjp < 2Pgp, t0

lim P(E;) = BE;*? exp(—E,/kT) (6)
S—o0
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TABLE 5: Fine Structure Branching Ratios [CI*]/[CI] 2

A (nm) overall lowEr high Ex ref
193 0.30(0.05) 5
193 0.30(0.01) 6
193 0.14 0.35 7
193 0.27(0.03) 0.27 0.27 this work
210 0.32(0.03) 0.33 0.31 this work

@ The numbers in parentheses are experimental errods (1

TABLE 6: Fraction of the Each Component for Cl
Photofragments

ciép)

A (nm) J low Er highEr
193 32 0.11 0.68
193 1/2 0.03 0.18
210 32 0.06 0.70
210 1/2 0.02 0.22

obtain the population in each @R state. The relative

Tonokura et al.

TABLE 7: Energetics of Cl Atom Elimination Processes at
0 K2

products  AH (kcal/mol) EX33 (kcal/mol) E22"™(kcal/mol)
CoHs(X) + Cl 95+ 2 53 41
C:H3(A) + ClI 149 -1
HCCH+ CI+H 128 19 7
H,CC+ ClI+H 177

@ Heats of formation listed in ref 26 were used. Available energies
for the CI*(?Py,) elimination are given b¥Eay — 2.5 kcal/mol.

C—H bond rupture or following it, they would appear differently
from reaction I. The two-bond rupture process, however, seems
unlikely in 210 nm photodissociation, since the available energy
is only 8 kcal/mol for the CI channel and 5 kcal/mol for the
CI* channel. We will discuss later a minor contribution of this
channel in 193 nm photodissociation.

Thus, the major part of the low-energy component of Cl is
due to reaction | via the ground state of VCI. In the following,

strengths of these transitions were determined by comparingthis is further examined by the calculation of the reaction rate.

them to the?Da, < P32 and?Ds, < 2Py transitions for
which the ratid(ZD3/2<—<—2P3/2)/f(2D3/2<—<—2P1/2) = 2.5 has been
reportec?® The relative two-photon transition strength of
(2P /2——2Py9)/f(?D3;——2P35) was determined to be 0.8

0.1, which is in good agreement with the values determined
independently, 0.9 by Cao et#land 0.85% 0.1 by Liyanage
etal?® The branching ratios thus determined are listed in Table

We have estimated the reaction ré&fg) of the C-Cl bond
rupture in the ground state using variational RRKM (Rice
RamspergerKasset-Marcus) theory’ It was assumed that
the HLC=CH moiety in the transition state geometry of
[H2C=CH-CI]* has the same structure as theH3z radical.
The potential along the €CI stretching (reaction) coordinate
was modeled by a Morse potential function. Three vibrational

5. No significant difference is seen between the branching ratios modes, two €-Cl bending and one €C torsion, were

in the high- and low-energy components, which will be
discussed later.

Table 6 summarizes the overall branching in the Cl atomic
elimination process. Both in 193 and 210 nm photodissociation,
70% of the products are formed in tRB3, state and in the
high translational energy component.

V. Discussion

(a) Dissociation Pathways.In ultraviolet photodissociation
of VCI, the following three CI elimination processes need to
be considered.

C,H,Cl + hv — C,H,(X) + ClI 0]
— C,Hy(A) + ClI (1
— C,Hy(X)+ CI+H (1)

As we have shown above, the translational energy distribution

considered as translational modes. The reduction of the
vibrational frequencies of the two bending modes was taken
into account by the formula

v(r) = v(re) exp[-a(r —ro)] (7
wherere is an equilibrium C-CI bond length,v(re) is the
vibrational frequency in the stable molecule. Thparameter
in the expression of(r) was chosen to be 1.04/A, which is an
empirical value previously used by other workétsThe one-
dimensional potential for €C torsion used was

V(r,0) = (V(r)/2)(1 — cos D) (8)
whereV(r) was assumed to change gradually from the value
for VCI to that for vinyl radical,

V(r) = Vyexp{—a(r — r)} + V. [1 — exp{—a(r — r)}]
©)

observed consists of two components. Considering the available
energies in these channels, the high-energy Gaussian component, was taken to be 60 kcal/mol, wheredls was 19.8 kcal/
observed is unambiguously assigned to reaction I. On the othermol. Thea parameter was chosen to be 1.3PAEight other

hand, all three reactions-lll need to be examined as the origin
of the low-energy component.

vibrational modes were assumed todpectratormodes which
undergo only minor frequency change during the dissociation.

Concerning reaction Il, there has been no accurate measureThe sum of states was calculated as a function of energy and

ment of the heat of formation of the Atate vinyl radical.
However, recent ab initio calculations by Mebel et al. (MROF
(7,7)IANO(2+)** level) 2¢have predicted the heat of formation
of vinyl radical in the Astate to be 128 kcal/mol, which provides
the available energy for the formation ofix(A) in 193 nm
photodissociation to be-1 kcal/mol (energetically forbidden)
(Table 7). Although it is possible that the value turns into a
slightly positive value in a higher level of calculations, this
channel can be ruled out from its small available energy.

C—ClI distance, and the transition state was defined at the
position that provides the minimum of the sum of states. The
vibrational frequencies used in the calculations are listed in
Table 8. A direct count algorithm was used to calculate the
sum of states of the spectator mod&s.The hindered rotor
energy levelskE; and gi were calculated from the harmonic
oscillator or Pitzer rotor expression, depending an as
previously describe?? The rate constants thus calculated versus
the excitation energy are shown in Figure 9. The dissociation

Since only the chlorine atoms are observed in the presentrate was calculated to be on the order of'1€1.

study, if secondary €H bond rupture occurs after the-Cl
rupture, reaction lll is a subset of reaction I. On the other hand,
if part of the C-CI bond ruptures occur synchronously with

In the dissociation from the ground state, there are other exit
channels such as HCI, H, ang Eliminations. Therefore, the
lifetime of a metastable ground state molecule is less thait10
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TABLE 8: Vibrational Frequencies Used in RRKM

Calculations (cnr?)
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is partitioned into internal excitation of vinyl radical in the high-
energy dissociation component. If the,£*) state crosses a

reactarit transition state mode repulsive state in the FranelCondon region, most of the

3125 3215 G-H stretching available energy will be partitioned into the translational degree

3086 3156 C-H stretching of freedom, just like a direct excitation to a repulsive state.

3037 3049 G-H stretching Therefore, a crossing between thes*) state and the repulsive

ig%g 1‘3‘%3 ?&diﬁ‘gtﬁqgtri]gn state should be at much lower energy than the Fra@sndon

1281 764 CH rocking region. Thg initial motion of thex,*) state is expected t_o be

1036 1098 CHrocking the G=C twist and G=C stretch by analogy with unsubstituted
724 r.ce C—Cl stretching ethylene. The &C twist plays a crucial role in the dynamics,
396 6% . C=C—Cl rocking since it breaks the plane of symmetry and induces the coupling
943 t.m: C=C twisting between the Arr,*) and A" (7r,0*) states. Since the couplings
897 a4 CH wagging of (7,7*) with both (ng*) and *) states are allowed in
621 95 CHCl wagging %) Wi (no*) (.0%) wed |

twisted geometry, the assignment of the repulsive state respon-
sible for the fast dissociation relies on an ab initio calculation
of the excitation energies to these states. Although it has been
predicted that thes,0*) state lies much lower than ther (*)
state by ab initio calculations at the 4-31G letalhigher level
of ab initio calculations was necessary.

We performed ab initio calculations on the vertical excitation
energy of thet* — x, 0* < n, o* — 7, andz* — n transitions

aFrom ref 30aP The vibrational frequencies of eight spectator modes
were taken from ref 3018.r.c. is a reaction coordinatéThe vibrational
frequencies were variable with the critical configuration at each
excitation energy. The values, 61 and 95 énabulated here are for
210 nm photoexcitationBex. = 136 kcal/mol). The transition state at
this photoexcitation energy is located at the- @l bond distance of
3.7 A.eTreated as a hindered rotation. All other modes were treated
as harmonic oscillators.

1E12¢ in VCI with different levels of approximation from CASSCF/
E cc-pVDZ to CMRCl/cc-pVTZ (Table 1). From the comparison
of the experimental (6.67 e¥)and theoretical values (7.38
1By 8.63 eV) for ther* — x vertical excitation energies, a scaling
— factor of 0.77#0.90 was deduced. Using this value and the
% 1E10 L vertical excitation energies predicted for thed*) and (np*)
= ; states of 7.227.72 eV and 7.968.65 eV, the vertical excitation
"é energies for these states are calculated to be-%%D eV and
O 1E9f 6.66-7.11 eV. Neither the 193 nm (6.4 eV) or 210 nm (5.9
§ E eV) photoexcitation is sufficient in energy to reach the crossing
& . point of the (r,7*) and (ng*) states. This suggests that the
1E8 ¢ (7r,0*) state is responsible for the fast<Cl bond rupture.
] Recently, Butler and co-worke¥have reported that ther(t*)
&7 ‘ . . _ state forms an avoided crossing with theo) state at the &C
100 120 140 160 twisting angle degree between 2@&nd 30 by ab initio

calculations (6-311G* level).

In our previous papet,it was shown that anisotropy
parameters determined for overall translational energy distribu-
tions are not adequate to discuss the dissociation mechanism.

s. Since the ratio of product yield [CIJ/[HCI] has been reported For example, in 193 nm photodissociationtedns-DCE, the
to be 1.F and [Cl(via $))/[Cl(via repulsive state)f 0.1, the anisotropy parameter determined for the overall translational
lifetime of the metastable ground state molecule is expected todistribution was 0.58 (Cl channel); however, this is an admixture
be in the picosecond range. This is in good agreement with of the contribution from the high-energy componghtx 1.25)
the lifetime estimated from the anisotropy of the low-energy and low-energy componeng (= 0.26). The same is pointed
component as described below. Thus, the assignment of theout here for VCI. The angular anisotropy of the high-energy
low-energy component to the—€Cl rupture in the ground state  component is as high as 1.0, which indicates that VCI dissociates
is supported by this simple statistical calculation. faster than its molecular rotation via this channel. Therefore,
The nonbonding orbitals of Cl are classified as n(symmetric) the anisotropy parameter may be compared with the value
or zz(antisymmetric), depending on whether they are symmetric €xpected for an instantaneous dissociation. With an impulsive
or antisymmetric for the reflection through the molecular plane. model, thes value observed leads to the anglg jetween the
There are expected, therefore, two repulsive state$(af@l),o*- transition dipole moment4d) and direction of Cl recoil of 34
(C—Cl)) and A'(z(Cl),0*(C—Cl)). Both of these states are 2°. The expected value ¢f for an instantaneous dissociation
expected to have a planar geometry at the minimum along thefrom thel(z,7*) state was calculated from the transition dipole
C=C twist coordinate, since the excitation does not affect the moment predicted by ab initio calculations. The calculated
C=C bond. Umemoto et dl.have suggested that (1) the transition dipole moment was tilted by 231° from the G=C
(n(Cl),0*(C—Cl)) state is responsible for the rapid-Cl bond bond toward the CI atom in the ground state geometry, from
rupture and that (2) the internal conversion to the ground statewhich f is calculated to be 1.@= 0.1 for an instantaneous
via the @(Cl),0*(C—Cl)) state is responsible for the slow bond dissociation from the planar geometry. This is in excellent
rupture. However, since ther0*) state is repulsive along the  agreement with the experimental value. As seen in Table 1,
C—Cl coordinate, the latter does not seem the case. from the magnitude of the transition dipole moment, the
The (z,0*) state, in fact, is considered to be the pathway for absorption cross section for th& — s transition much exceeds
the fast dissociation process. The observed kinetic energyother transitions such as* — n(Cl) and o* — #(Cl); the
release shows that a considerable amount of available energyphotoabsorption cross section for the latter two are calculated

Excitation Energy (kcal/mol)

Figure 9. Rate constants calculated for the-Cl dissociation in the
ground state as a function of excitation energy.
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Figure 10. Reduction of the anisotropy parameter by the rotation of

a photoexcited VCI molecule. The rotational temperature of VCI is
assumed to be 20 K.
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to be 40 times smaller than for the <— & transition. Thus,
the contribution of direct excitation to the repulsive states is
ruled out.
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(13)

whereR is the length of the interaction region of the potential
curves,AEsp is the energy separation of the interacting states,
andv is the relative speed of separation. This one-dimensional
model predicts that dissociation from the ground state produces
predominantly CRPs»). Therefore, the formation of thPy,

state from the ground state clearly indicates that the nonadiabatic
transition is induced by the motion perpendicular to theGT
stretching coordinate, thus demonstrating the breakdown of the
one-dimensional picture.

There is a small difference in the peak position and width of
the Gaussian component between the two -spithit states of
CI(3P;) (Table 3). The difference of the width between the Cl
and CI* channels+4 kcal/mol) is larger than the spirorbit
splitting (AE = 2.5 kcal/mol). The difference of the widths
suggests that the nonadiabatic transition occurs at th€IC
bond distance where the potential energy surfaces leading to
Cl and CI* still exhibit slightly different features along the

The peak position of the Gaussian component slightly changescoordinate perpendicular to the reaction coordinate. The [CI¥]/

(10%) with the increase of available energy (from 41 to 53 kcal/
mol, AE/E = 20%). Since the excess energy on thesrt)
state is initially distributed to the <€C torsional and &C
stretching mode that are perpendicular to theGT stretching

[CI] branching ratio is lower than the statistical ratio, 0.5,

suggesting that the excited state is more strongly coupled to

the repulsive states leading to Cl than to those leading to CI*.
In Figures 5 and 8, the contribution of the low-energy

coordinate, these energies will not be efficiently converted to component is noticeably larger in the Cl than in the CI* channel
repulsion energy along the<Cl coordinate. Therefore, the in the 193 nm photodissociation. The increase of®}f)
translational energy of the fast Cl component is expected to be formation in dissociation at shorter photoexcitation wavelength
determined mostly by the position of the crossing between the has been observed more clearly in photodissociation of DCEs,

(7r,r*) and (7,0*) states along the €CI stretching coordinate.
The reduction of theg value in the low energy component is
ascribed to the loss of alignment by molecular rotation during
the lifetime of photoexcited molecules. VCI is approximated

by a prolate symmetric top with an asymmetry parametet,

0.98. The dependence of an anisotropy parameter in the lifetime

of the photoexcited molecule is calculatec®by

Beis = 2P,(c0s) IDROQ(t*)] (I (10)

where

MDGF[OQ()] M= (1/¥) f; exp(—t*/7%) DPOQ(t*)] Cdt*
(11)

Here the dissociation probability conforms to Poisson distribu-
tion with an average lifetime. The brackets denote a rotational
correlation function which is evaluated from the expres¥ion
DRPOQ)] = (b + 1M AYyy + Yy + Vi) (12)
where the parametds is given by le/l; — 1.3° and theY;
integrals are defined in Appendix B of ref 34. We have
evaluated (11) and (12) numerically. THes thus calculated
versus lifetimegz, is shown in Figure 10. Herg = (KT/lef) Y2
has been calculated by assumiig= 20 K36 From this figure,
it is seen thap} obtained for the low energy component, 0.3,
corresponds to a lifetime of 4 ps, which is in reasonable
agreement with the lifetime estimated from the variational
RRKM calculations described above.

(b) Fine Structure Branching and Its Implications. It is
noted that the ground state of VCI is adiabatically correlated to
the 2P, state, but that théPy, state is also produced in
dissociation from the ground state. Note also that the recoil
velocity is quite small in the dissociation from the ground state.

which has been assigned to the opening of the secondary
dissociation process:

C,H,Cl, = C,H.,ClI + Cl (primary)
C,H,Cl— C,H, + Cl (secondary)

In the secondary dissociation, the available energy is much
smaller, so that an adiabatic dissociation to?@36) will be
more strongly favored than in the primary dissociation process,
thus generating more low-energy Cl atoms. Thus, it is likely
that the increase of the low-energy component of Cl in 193 nm
photodissociation of VCI is due to the secondary dissociation
as follows:

VCl — C,H,Cl + H— C,H, + H+ Cl

Our results is in agreement with the result of PTS of 193 nm
photodissociation of VCI by Blank et &l.

The feature of the translational energy distribution of the ClI
and CI* elimination channels observed in the present study is
similar to the one obtained by Umemoto et aising PTS. For
further careful comparison, the overall distributions for (€l
CI*) were constructed from thd>(Ey) and the spir-orbit
branching ratio determined in the present study (Figure 11). The
shape of thé(Er) obtained in the present work shows a smaller
distribution in the high-energy regiorx @40 kcal/mol) than the
one obtained by PTS. Since Umemoto et aimployed an
effusive beam, the high-energy tail previously observed is
ascribed to the higher temperature of parent molecules.

As seen from Figure 8, the(Ey) for the Cl and CI* channels
in photodissociation of VCI were found to be almost the same
in our experiment. The result is in disagreement with the
previous report by Huang et alusing MADS (magic angle
Doppler spectroscopy), which showed significantly different

In a one-dimensional nonadiabatic transition, adiabaticity can P(Er) for the Cl and CI* channels in 193 nm photodissociation

be expressed by the Massey adiabaticity paranggter

of VCI. For direct comparison with the data reported by Huang
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The ratio of the Gaussian and statistical distributions deter-
mined in the present work is also smaller than the value reported
by Mo et al® using Doppler spectroscopy. For comparison,
1D Doppler profiles have also been generated from our raw
image (Figure 12b,c). By comparing the generated profiles and
those reported by Mo et al., the dip in the center of the line in
(a) and shoulder in (b) are more pronounced in our simulation.
It is pointed out again that the background signals shown in
Figure 4 have been carefully subtracted from the data in the
present work, which is considered to be one of the reasons for
this difference.

In 1D Doppler spectroscopies that measure the 1D projection
of the 3D velocity distribution, the speed distributions of
photofragments are determined by least squares fitting of the
experimental data with the assumed distribution functions. On
the other hand, in a 2D experiment a well-established math-
ematical transform directly inverts the data into a spesthular
flux velocity contour map, which obviates any need for fitting
or assumption. This difference should be emphasized in
comparing these two methodologies. It is pointed out, however,
that 1D “core-sampling” TOF spectroscopy provides better
energy resolution than the 2D imaging method, so that the
combination of these two methods is expected to be quite useful.

VI. Conclusion

The Cl elimination in the ultraviolet photodissociation of VCI
has been studied by a state-resolved two-dimensional ion-
imaging method. The velocity distribution of Cl and CI* atoms
consists of two components, a statistical translational energy
distribution with low anisotropy and a Gaussian distribution with
high anisotropy. Two components in the velocity distributions
are attributed to the dissociation pathways via the repulsive and
the ground states. Based on ab initio calculations, the repulsive
state was assigned to the,§*) state. The fine structure
branching ratio for the two dissociation pathways has been
examined, and similar values have been found. Since the theory
of a one-dimensional nonadiabatic transition predicts adiabatic
dissociation into @Hs + CI(3Ps) for the ground state channel,
the result indicates an efficient nonadiabatic transition by the
motion perpendicular to the-€Cl stretching coordinate. The
slight increase of the low-energy CI fragment in 193 nm
photodissociation is attributed to the secondary dissociation of
the GH.Cl fragment. The fine structure branching is not
statistical in both dissociation channels.
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Appendix

In a CI@P;) atom, the coupling of orbital angular momentum
L (=1) and electronic spin angular momentum=8L(2) gives
a total electronic angular momentulrL+S(=1/2, 3/2). Then,
the coupling betweed and nuclear spin angular momentum

imaging and by MADS is even larger in the 193 nm photodis- Precesses abolt. This hyperfine coupling depolarization is

sociation oftransDCE."® It is pointed out, however, that the

maximum energy releases determined by Huang et al. excee

described by a time-dependent depolarization coefficient,

f£L(1).28*° The alignment parameter at tineA®(t), is given

the available energy calculated from the heat of formation, which by

suggests experimental ambiguity could be larger than their

estimation.

A¥(t) = A¥0) G¥(t) (A1)
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Figure 13. (a) Hyperfine depolarization coefficient for Cl atom fdr
= 3/2 andk = 2 calculated from eq A2. (b) Averaged hyperfine
depolarization coefficient for Cl atom fdr= 3/2 andk = 2 calculated
from eq A3.

whereA®(0) is an alignment parameter at time zero, &rid
the order of alignment parameter, respectiveG(t) is given
by the following formula38-3°

GY() = Z

where Er is the energy of thé= state?® The depolarization
coefficient,GX(t), calculated fod = 3/2 andk = 2 versus time
is shown in Figure 13a. It is seen that B&)(t) oscillates due
to the procession ofl about F. In the photodissociation
experiments, since there exists time intertfabetween dis-

@F+DEF+D(E F k)2
21 +1 {J J l} cos[E —
EQUA] (A2)
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