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Multiphoton dissociation processes of vinyl chloride and bromide were studied with a broadband ArF
laser at 193 nm and with a narrowband tunable laser in the region of 212 nm, in the peak and in the
threshold of the absorption band, respectively, for both compounds. Photolysis at 193 nm gives rise to
the corresponding hydrogen halide in the Bay: / excited state which results in an intense UV emission.
However these emissions are absent when photodissociation was performed with the narrow band dye
laser around 212 nm. These results, together with a calculation of the observed spectra, give further
support to a mechanism which invokes one-photon resonant absorption of vibrationally hot ground state
hydrogen halide as the process which populates the excited BaY: / state of the fragment.
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INTRODUCTION

The vinyl chloride and bromide molecules have broad absorption bands in the UV
region with a maximum of absorption around 190 nm which has been assigned to
the l(rc*,r0-X1A’ transition. The ultraviolet dissociation of vinyl chloride and
bromide has been studied by several groups. Umemoto et al. 2 measured the trans-
lational energy distribution of C1 and HC1 fragments resulting in the photodisso-
ciation of vinyl chloride at 193 nm. The high efficiency of the HC1 elimination is
attributed to a rapid internal conversion from the (rc*,rc) excited parent to the
electronic ground state. ’2 On the other hand Gordon et al. 3 have measured the
rotational energy distribution of HC1 (v’= 0, 1, 2) produced in the photodissociation
of vinyl chloride at 193 nm by 2 + 1 resonantly enhanced multiphoton ionization
(REMPI) and have discussed4’5 the mechanism of the UV photodissociation of
chloroethylenes by determining the Doppler profiles, spatial anisotropy and power
dependence of C1, H and HC1 fragments. Y.T. Lee et al.6 have studied the UV
photodissociation of vinyl bromide by measuring the translational energy distribu-
tion and anisotropy parameters of the Br and HBr products at 193 nm. This process
has been also investigated theoretically7 by using a classical trajectory method and
their results are consistent with an HBr elimination mechanism which proceeds
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subsequently to internal conversion of the excited parent molecule to its ground
state prior to dissociation.

The work performed in the UV one photon dissociation processes of haloethy-
lenes has produced a quite complete picture of the mechanisms involved. In
contrast, the UV multiphoton processes have been less studied and appear more
controversial. Rossi and Helm8 proposed a mechanism for HC1 / production fol-
lowing multiphoton dissociation of vinyl chloride at 193 nm, which proceeds via
near-resonant two-photon absorption of vibrationally excited HC1 originated in the
one-photon dissociation of the parent. These ideas have been criticized by Gordon
et al.9 These authors claim that the HC1 / fragment is produced by a three-photon
resonant process in which the initial step is the production of a long-lived state of
vinyl chloride which can, either dissociate to give ground state fragments, or absorb
another photon to give an electronically excited HC1 fragment. Regarding the pro-
duction of neutral fragments Bartolom etal.1 reported the emission from
HCI(B1E +) and HBr(B1E /) resulting from the 193 nm photodissociation of vinyl
chloride and bromide respectively. A mechanism based on the one-photon-resonant
absorption of vibrationally excited HC1, formed after one-photon dissociation of the
parent, was proposed.

As mentioned above the photodissociation dynamics of vinyl chloride and bro-
mide near the absorption peaks has been studied extensively. However, there have
been no such experiments at threshold regions of the absorption bands, where the
dynamics can differ from that of the maximum of the absorption band. The purpose
of this work is to give more insight into the mechanism of excited hydrogen halide
formation in the UV multiphoton dissociation of the corresponding vinyl compound
by studying the process at several wavelengths, including the region of the absorp-
tion peak at 193 nm with an ArF laser and longer wavelengths in the shoulder of the
absorption band, with a narrowband tunable laser around 212 nm.

EXPERIMENTAL

The experimental systems used for this work have already been describedTM and
only a short summary will be given here. Fluorescence spectra from HC1 and HBr
electronically excited photofragments were recorded in the 190 to 240 nm range
following photolysis of vinyl chloride and vinyl bromide at 193 nm with an ArF
excimer laser and at several wavelengths around 212 nm with a narrowband fre-
quency doubled dye laser. In both cases photolysis radiation was focused in a glass
cell fitted with quartz windows containing the flowing haloethylene samples. Experi-
ments of photodissociation at 193 nm were performed with an ArF laser typically
delivering 100 mJ of energy in pulses about 15 ns wide. The laser output was focused
with a 2 rn focal length quartz lens in a region placed 20 cm behind the observation
zone. The fluorescence at right an’gles to the exciting laser beam was dispersed by a
0.5 rn Jarrell-Ash monochromator and viewed by a 9816 QB photomultiplier; the
spectra were corrected for shot-to-shot laser fluctuations by an appropriate reference
signal. Both signal and reference were sent to gated integrators and boxcar aver-
agers (Stanford Research Systems SR250) and digitized by an A/D converter built
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into a programmable unit which performs automatic scanning of the monochro-
mator, proper timing of trigger pulses of laser and boxcar, and finally transfers the
signals to a microcomputer for data storage and analysis.

In experiments of photodissociation around 212 nm the photolysis radiation
was obtained by frequency doubling the output of a narowband dye laser pumped
by a XeC1 excimer laser. The dye laser, operating with Stilbene 3 dye, was frequency
doubled in a BBO crystal delivering typically 0.3 mJ of radiation tunable from 210
to 215 nm with a bandwidth of 0.4 cm -1. The laser pulse was focused at the
observation region with a quartz lens of 16 cm focal length. At these photolysis
wavelengths the fluorescence intensity was weak and a lower resolution high inten-
sity Bausch and Lomb monochromator was used to record photofragment fluor-
escence spectra.

The fluorescence cell was connected to a glass vacuum system routinely operat-
ing at a vacuum of 10-5 Torr. Typical pressures of flowing compounds, measured
directly in the cell with a capacitance manometer (MKS Baratron 10-a_ 1 Torr),
ranged between 100 and 960 mTorr depending on the experiment. Vinyl chloride
and bromide were purified by trap-to-trap distillation prior to use.

RESULTS

In previous work it has been reportedl’a that photodissociation of vinyl chloride
and vinyl bromide at 193 nm gives rise to a strong emission in the region of
wavelengths below 240 nm originated by HCI(BE +) and HBr(BE +) photofrag-
ments respectively. In the present study we recorded both emission spectra with a
resolution of 0.32/ which is sufficient to resolve almost completely the rotational
structure of the involved electronic transitions. The resulting spectra, obtained fol-
lowing 193 nm photolysis of 100m Torr of the parent vinyl halide, are shown in
Figures 1 (a) and 2(a). As can be seen in the figures, the long wavelength limit of the
spectrum is shifted from 238.0 nm in HC1 to 221.5 nm in HBr, in agreement with
previously reported observations.4 The above spectra were obtained by mildly
focusing the photolysis laser in the observation region. Therefore the Mulliken
bands, corresponding to the C2(D1Eu+ XE) transition, which appear around 232
nm at high laser intensities, are not detectable in the present experimental
conditions.

In order to understand the mechanism of production of HC1 and HBr in the
two-photon dissociation of vinyl chloride and bromide in the UV, photodissoci-
ation of both vinyl halides was also studied at several wavelengths around 212 nm,
in the threshold region of the absorption band in both compounds. Emission spectra
were recorded from 200 to 600 nm; in the 240 to 600 nm range a set of emission
bands were observed corresponding exactly with the photofragment emissions detec-
ted in the 193 nm photolysis. The intensity of these bands was found four times
higher in the photolysis of vinyl bromide than in the case of vinyl chloride. These
emission bands, shown in Figure 3 for the case of vinyl bromide, were readily
assigned to the electronically excited CH photofragment formed in the A2A state
and to the C2 photofragment formed in.its daI-Ig and Cl-[g excited states, ie. the



210 M. OUJJA et al.

li
(b)

1980 2080 2180 2280 2380
Wavelength /

Figure 1 HCI(B1E +) fluorescence spectrum, obtained by photodissociation of vinyl chloride at 193 nm.
The resolution is 0.32 . (a) Experimental spectrum obtained by photolysis of 100 rn Torr of vinyl
chloride. The spectrum was corrected for laser power fluctuations and by the spectral response of the
detection system. Each point in the spectrum is an average over five laser shots. (b) Simulated spectrum.

Swan and Deslandres-D’Azambuja bands respectively. Following the photolysis of
vinyl bromide a weak emission at 232 nm corresponding to the carbon Mulliken
bands was also observed. This emission was not detected in the photolysis of the
chloride compound, probably due to the lower intensity of the excited C2 fragment
emissions, resulting from the photolysis of the latter.
A study of the dependence of all the observed photofragment C2 and CH emis-

sions with laser energy was performed. On energy grounds three photons of
wavelength around 212 nm are needed to produce the photofragments CH(A2A)
and C2(ClI-Ig) and C2(D ]u+) and two photons are the minimum energy required to
form C2(dal-Ig). A logarithmic plot of the dependence of the C2(D ]u+) emission at
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Figure 2 HBr(B2 +) fluorescence spectrum obtained by photodissociation of vinyl bromide at 193 nm.
(a) Experimental spectrum obtained by photolysis of 100 rn Torr of vinyl bromide taken with a resolution
of 0.32 A. The spectrum was corrected for laser power fluctuations and by the spectral response of the
detection system. Each point in the spectrum is an average over five laser shots. (b) Solid line: experimen-
tal spectrum with an apparent resolution of 3 A and dashed line: calculated spectrum for m 3 (see text).

232 nm on laser energy is represented in Figure 4; the straight line best fitting the
plot has a slope equal to 2.0__+0.2. Both CH(A2A-X217) Av=0 and C2(CII-Ig
A11-Iu)Av + 1 emissions measured at 431 and 360 nm respectively, exhibit also a
quadratic dependence with laser energy. The C2(d3I-lg a3I-Iu)Av-- -k- 1 emission,
measured at 470 nm, scales with a law in which the exponent is 1.6 + 0.2. These
results indicate that most probably one step of the multiphoton process is saturated.

Photolysis of vinyl chloride and bromide around 212 nm did not yield any
appreciable hydrogen halide emission. A careful search of any emission that could
appear in the 200 to 238.0 nm range for the case of the chloride compound and in
the 200 to 221.5 nm region for the case of the bromide compound was performed by
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Figure 3 Photofragment emission spectrum obtained by photodissociation of 960 m Torr of vinyl
bromide at 214.1 nm. The spectral resolution is 40 nm.
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Figure 4 Logarithmic plot of the C2(D1Eu+) photofragment fluorescence at 232 nm as a function of laser
energy obtained by photolysis of 960 m Torr of vinyl bromide. The photolysis wavelength was 214.1 nm.
Data were fitted to a straight line with a slope equal to 2.0 0.2.
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finely tuning the laser around 212 nm in steps of 0.02 . without resulting in a
detectable emission.
To get more insight into the mechanisms which are responsible of the electroni-

cally excited hydrogen halide emission resulting from photolysis of the parent
haloethylene we attempted to simulate the emission spectra of both photofragments
following photolysis at 193 nm. The rovibrational population distributions which
are responsible of the observed spectra, were estimated by using a computer pro-
gram based on a truncated singular value decomposition method. 15 The method
involves firstly the calculation of wavefunctions and transition matrix elements be-
tween the pair of electronic states involved in the emission. Secondly the resolution
of a system of coupled linear equations, where the unknowns are the rovibrational
population distribution of the molecular excited state, and finally the spectral simu-
lation. The details of the simulation in each case are given below.

Simulation of the Emission Spectrum of the HC1 (BIN 4) Photofragment

The experimental spectrum shown in Figure 1 (a) is considered to be due to the
participation of two electronic transitions: a bound-to-bound BE / XE/ transi-
tion, responsible of the observed structure of lines in the spectrum, and a bound-to-
free BE+- AI-I transition, which accounts for the continuum around 228 nm on
which the lines of the B1Z / XE / transition are superimposed. All the calcula-
tions described below were performed for H35C1. The potential energy functions of
the three states involved in the spectrum have been modelled in the range of inter-
nuclear distances between 0.65 and 6.0 and are depicted in Figure 5 (a). For the
XE+ state, in the range from 0.65 to 3.5 /, we used an analytical Hamiltonian
obtained by performing a fitting of the HC1 spectroscopic data set.6 Extrapolation
at long internuclear distances up to 6.0 , was done according with 7 by using a
multipolar expansion of the type V(R)=D-EnCn/R for n=6, 8, 10; with
D 37243 cm- being the dissociation energy, and with coefficients C6 1.59 105
cm -1 A5, C8 1.89 105cm- A8 and Co=4.32 107 cm- A taken from. 17 For
the ion-pair state BE 4, an effective analytical potential energy function was avail-
able in the 1.4 to 3.9/ range, a8 Extrapolation in the repulsive branch was perfor-
med with a model of the type ae-bR. Again, in the long internuclear distances region,
a multipolar expansion of the type indicated above was adopted. A potential energy
curve for the dissociative AH state, provided by Ballint-Kurti et al.,9 was used in
the complete range of internuclear distances. The relative contribution to the
HCI(B1E +) emission spectrum of the BY: + -XE+ and BE + -AaYI transitions
was taken into account by considering the dipole transition moments, calculated by
van Dishoek et al.2 Although the dependence of the dipole transition moments on
internuclear distance was introduced in our calculations, similar results, concerning
the distribution of populations and the simulated spectrum, were obtained by con-
sidering average values of 1.2 nd 0.4 a.u. for the dipole transition moments of the
bound-to-bound and bound-to-free transitions respectively. By using the above
models of potential energy functions and electronic dipole transition moments, we
have calculated transition energies, Franck-Condon overlap integrals,21 and H6nl-
London factors for the B X and B A transitions. Transitions between v’ 0-6 in
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Figure5 Potential energy functions used to simulate the emission spectrum of the: (a) HCI(B1E +)
photofragment; the classical turning points of the B1E v’=6, J’= 35 state, together with the corre-
sponding Born-Oppenheimer region in the repulsive AllI are indicated. (b) HBr(B1E /) photofragment.
For details of the curves see text.

the B upper state, involving rotational levels up to J’--35 and v"= 9-17 in the X
lower state were considered. The calculated transition energies have been compared
with the observed line positions.22 The differences are not higher than 4 cm-1 and
represent a reasonable agreement when compared with the spectral resolution of our
experimental spectrum, of around 5 cm-1. In the dissociative A1H state, levels with
energies in the range between 37350 and 42750 cm-1 were considered. As indicated
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in Figure 5, these energy limits are determined by the classical turning points of the
v’= 6, J’= 35 upper state, which is the level with highest energy considered in our
calculations. Franck-Condon overlap integrals for the bound-to-free transitions
were evaluated in steps of 50 cm- in the indicated energy range. Figure 6 shows the
population distribution estimated by applying the mentioned algorithm to the ex-
perimental spectrum of Figure 1. The calculated spectrum is also shown in Figure 1
and appears to be in reasonably good agreement with the experimental spectrum.
The obtained rotational distributions for each vibrational levels from v’= 0 to 6
show groups of selected J’ levels significantly populated. These results suggest the
formation of HCI(B1E +) through a selective mechanism which populates a narrow
set of rovibrational levels of this state. We have calculated the set of v’, J’ levels
which could be excited from certain v", J" levels of HCI(XE+) by resonant absor-
ption within the laser bandwidth of a second ArF photon. By assuming that the

v’= 4 v’= 5

’= 2

v’-- 0 v’--

,.I,.,__,..., ., a., o_ I oo.ll], _JLi_ llor!
5 10 15j.20_ 25 30 35 b 10 1"5j2’0, 25 30 35

Figure 6 HCI(BIE +) v’, J’ distributions which produce the simulated spectrum of Figure 1. The vertical
scale is the same for all vibrational states. The solid bars indicate the set of populated v’J’ levels which
would be promoted from the HC1 ground state by resonant absorption within the ArF laser spectral
profile.
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spectral profile of the ArF laser covers the region between 51150 to 52000 cm-1 a
total number of 160 v’J’ levels would be populated in the resonant process. The
populated levels included in this set are indicated in Figure 6. Inspection of this
Figure reveals that most of the levels which show an appreciable population as a
result of the calculation could be promoted from the HC1 ground state by resonant
absorption of an ArF laser photon.

Simulation of the Emission Spectrum of the HBr(B1E +) Photofragment

Due to the lack of information about the dissociative A1H state we have not
included it in the simulation of the emission spectrum of the HBr(B1E +) photofrag-
ment, although by analogy with HC1, some contribution from the bound-to-free
B1E + A1H transition should be expected. Models for internuclear potentials of
the ground X1E + and excited B1E + states have been built in the range of distances
between 0.8 and 6 ,. The ground state has been represented in the 0.8 to 2.8 ,
region by an analytical function given by Coxon.23 The attractive branch up to 6 ,
is represented by a multipolar expansion of the same type as the one used in the
ground state of the HC1 molecule. Values of the coefficients are D 31625 cm-1,24
C6 -2.04 105 cm -1 A5, calculated according to25 from ionization potentials and
polarizabilities of the two atoms forming the molecule,26 Ca 1.76 105 cm -1 As

and Clo 4.58 107 cm- A,lO calculated by imposing the condition of continuity to
the potential function at R 2.8 .

Construction of the potential energy function for the B1E + upper state presents
more difficulties as spectroscopic information on the B1E + -X1E+ transition in HBr
is incomplete. In absorption, a B1E + -X1E+(v’- v"= 0) progression has been identi-
fied. The assignment of the first band is uncertain and was labelled as the
(v’= m- v"-0) band with all the subsequent members of the progression relative to
it. Transition energies up to the (v’= m + 13- v"= 0) band with J values up to 10
were reported.27 An RKR effective potential for the B1E + state has been built con-
sidering a set of spectroscopic constants derived from the available spectroscopic
information as follows: values of c% and c%x were obtained by fitting the origin of the
vibrational bands to a second order expansion on (v’+ 1/2). The resulting values are

co- 479.55 cm-1 and cox, 0.3 cm-1. Attempts to obtain the rotational constant B,
in the same way, by fitting the energies of rovibrational levels as a function of J,
resulted in too large a value for the rotational constant. The derived equilibrium
internuclear distance, related to the rotational constant by the expression B=
h/87r2 (100c)# R2, was too small compared with the value given in14 of 2.7 , needed
to understand the BIE + -XIE + emission spectrum. Therefore in our calculation
we used B, 2.3 cm-1 which reproduces satisfactorily the estimated equilibrium
internuclear distance 3f the state. The value ofT obviously depends of the value given
to m. With the above c%- 479.55 cm-1, it is possible to derive T by assuming a
given value for m. For rn 2 and 3 the corresponding values of T are 76084 and
75604 cm-1. These numbers have to be compared with the estimation of Stamper
and Barrow14 of T= 75974 cm-1. Two different RKR potentials were built for
the rn 2 and rn 3 cases, each one producing a different simulated spectrum to
be compared with the experimental spectrum in order to find the best agreement.
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With the B1E + and X1E + potentials described above, Franck-Condon overlap
integrals and H6nl-London factors have been calculated for vibrational bands
(v’-v") with v’ =0- 7 and v"= 12-17. Rotational levels up to J--25 were con-
sidered. To simulate the spectrum the energies of the transitions were taken from27

when available. For unreported transitions, the energy was calculated with the
effective spectroscopic constants indicated above. The quality of the approximations
used to build an effective BE/ state potential made it difficult to simulate the high
resolution used to record the experimental spectrum. In order to compare both
spectra, the latter was convoluted with a gaussian function which provided an
apparent resolution of 3 . The best agreement between experimental and simulated
spectra was obtained for m 3. Figure 2(b) shows both spectra in this case. The
population distributions which yields the calculated spectrum of Figure 2 are af-
fected by relatively large errors mainly associated with the limited spectral res61-
ution and the uncertainties in the model potentials used in the calculations. The
obtained population distributions show, as in the case of HC1, that only groups of
selected J’ levels in each vibrational state are significantly populated.

DISCUSSION

In a previous papera a mechanism for HCI(BE +) formation in the ArF laser
multiphoton dissociation of vinyl chloride was proposed. The mechanism proceeds
in two steps: the first step leads to formation of vibrationally hot ground state HC1,
in the second step resonant absorption of a second ArF laser photon by certain
vibrationally excited v", J" levels of HCI(XE /) populates a relatively narrow v’J’ set
in the observed HCI(B1Z +) state. The simulation of the HCI(BE +) emission, pres-
ented in this work, is more accurate as it includes contributions from both bound-
to-bound BaZ + XxE + and bound-to-free BE + AlII transitions and uses up-
dated model potentials. Moreover, to simulate the spectrum no constraints are
imposed over the rovibrational population distribution and it is the set of popula-
tions, obtained by the method described above, which show signs of the existence of
a resonant mechanism. The lack of HC1 emission in the dissociation at 212 nm
appears to give further support to these ideas. A process of HCI(BE +) formation
involving a two-photon excited vinyl chloride parent molecule, similar to the one
proposed by Gordon et al.9 for HC1 + formation, would not explain the differences
observed in the photolysis at 193 and 212 nm. On the contrary if HCI(BE +)
rovibrational states are populated by resonant absorption of a laser photon from
vibrationally hot HCI(XE+), photolysis by a broad band ArF laser could populate
a range of rovibrational states, whereas photolysis with a narrowband laser at 212
nm would only populate a v’J’ level if there exist a BE+ -X1E + (v’J’-v"J")
transition which could be resonant with the photon energy. Subsequently the poss-
ible emission from a single state would be difficult to observe if the fluorescence is
dispersed with a monochromator. These arguments would explain the absence of
HCI(BE +) emission in the photolysis at 212 nm.

Regarding vinyl bromide, the calculation of the HBr(BXE /) spectrum following
the ArF photodissociation of the parent is less accurate as compared with HC1.
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Therefore the conclusions we could draw in this case are less definitive. The cal-
culated spectrum shows a reasonable agreement with the experimental spectrum if the
origin of the vibrational progression m in the B1E / -X1E / electronic transition27

is set to 3. Nevertheless the magnitude of errors affecting the estimated population
distribution precludes the possibility of performing a quantitative analysis of these
distributions. The lack of HBr emission in the photolysis of vinyl bromide at 212 nm
is, as in the case of vinyl chloride, a fact that supports the resonant mechanism of
formation of the corresponding hydrogen halide.
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