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Abstract

Photodissociation of the vinyl chloride molecular ion generated by charge exchange or electron impact ionization has been
investigated using mass-analyzed ion kinetic energy spectrometry (MIKES). The MIKE spectra for the Cl and HCl losses
from the vinyl chloride ion have been measured at 357, 488.0, and 514.5 nm using 0 and 90◦ laser polarization angles. The
anisotropy parameters and kinetic energy release distributions have been determined. The vinyl chloride ion in the ground
state did not undergo photodissociation in the visible spectral region while the same ion generated by more energetic means
displayed fairly strong photodissociation. Presence of the vinyl chloride ion in the very long-lived first excited electronic
state reported previously is compatible with this observation. In addition, isotropic dissociation to C2H2

•+ occurring in the
ground electronic state was observed. Results from the photoelectron spectroscopy and quantum chemical calculations at the
TDDFT/UB3LYP/6-311++G∗∗ level were used to identify the reaction pathways involved.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Probing excited electronic states and studying their
role in chemical reactions are important research sub-
jects in chemistry. For example, accurate calculation
of excited state properties is one of the major goals in
quantum chemistry[1–3]. Experimental observation
of the excited electronic states and measurement of
their properties are rather difficult tasks. Experimental
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study of the excited electronic states of polyatomic
cations is more difficult than that of neutrals, one of the
reasons being difficulty in preparing sufficient amount
of cations. Photoionization[4,5], photoelectron spec-
troscopy [6–8], and photoelectron–photoion coinci-
dence spectrometry[9–11] have been the major tools
which have been used in the study of the excited elec-
tronic states. Photodissociation is also a useful tech-
nique in the study of excited state properties[12–15].
Accurate recombination energy and vibrational fre-
quencies can often be measured by the zero electron
kinetic energy spectroscopy[16–19]or mass-analyzed
threshold ionization spectrometry[20–23].
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Recently, we observed photodissociation of ben-
zene molecular cation in the visible spectral region
(1.8–3.1 eV) [24] even though the critical energy for
dissociation is 3.66 eV[25] or larger. Careful analysis
of the rate–energy data and charge exchange ionization
experiment in the ion source showed that theÃ2E2g

state of the benzene cation, which is very long-lived,
was responsible for the observed photodissociation
signal. Subsequently, a technique was developed to
find long-lived excited electronic states of polyatomic
cations[26–28], which is based on observation of sig-
nals of charge exchange ionization occurring in a sep-
arate collision cell. In addition to thẽA2E2g state of
benzene cation, several long-lived states have been
found, which include thẽB2B2 states of some mono-
substituted benzene cations (C6H5X•+, X = Cl, Br,

Fig. 1. Schematic diagram of the double focusing mass spectrometer with reversed geometry (VG Analytical ZAB-E) modified for
photodissociation study. The inset shows the details of the electrode assembly.

CN, and C≡CH) [27] and theÃ2A ′ states of some
monosubstituted ethene cations (C2H3X•+, X = Cl,
Br, I, and CN)[28]. Presence of a very long-lived ex-
cited electronic state in the vicinity of the ground state
is expected to affect the photodissociation signals from
these ions, as was the case for the benzene cation.
Accordingly, photodissociation experiments have been
performed for vinyl chloride cation (C2H3Cl•+). Re-
sults from the investigation are reported in this paper.

2. Experimental

A double focusing mass spectrometer with reversed
geometry (VG Analytical ZAB-E) modified for pho-
todissociation (PD) study was used in this work,Fig. 1.
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Details of the modifications made were reported pre-
viously [29,30]. Vinyl chloride was introduced into
the ion source via a septum inlet and ionized by elec-
tron impact ionization (EI) or charge exchange ion-
ization (CE). CS2 or Xe was used as a reagent gas for
charge exchange ionization. Electron energy of 70 or
20 eV was used for EI or CE, respectively. Vinyl chlo-
ride ions generated in the source maintained at 140◦C
were accelerated to 8 keV and C2H3

35Cl•+ was se-
lected by the magnetic sector. Then, the molecular ion
beam was crossed perpendicularly with a laser beam
inside an electrode assembly located near the inter-
mediate focal point of the instrument. The 514.5 and
488.0 nm lines of a Spectra Physics 164-09 argon ion
laser and the 476.5 nm line and the UV-multiple lines
with mean wavelength of 357 nm of a Spectra-Physics
BeamLok 2065-7S argon ion laser were used for PD
of the molecular ions. To measure the polarization
dependence of PD, the laser polarization was rotated
using a polarization rotator/rochon polarizer assem-
bly. The translational kinetic energy of a product ion
was analyzed by the electric sector. Recording the
kinetic energy of product ions generated in the dis-
sociation of mass-analyzed precursor ions is called
the mass-analyzed ion kinetic energy spectrometry
(MIKES) [31]. A rough estimate of the PD cross sec-
tion was made by comparing with the PD yield of the
n-butylbenzene ion measured under the same exper-
imental condition and using the PD cross section of
the latter in the literature[13,32]. A MIKE spectrum
for PD, or a PD-MIKE spectrum, is often contami-
nated by contributions from the same reactions occur-
ring unimolecularly (metastable ion decomposition)
or by collision of the precursor ions with the residual
gas. Hence, phase-sensitive detection was adopted to
record a MIKE spectrum originating only from PD.
Contamination by the above signals could be further
reduced by recording the PD-MIKE spectra with the
electrode R2 inFig. 1floated at a high voltage (2 kV)
and the remaining electrodes of the electrode assem-
bly grounded. To improve the quality of PD-MIKE
spectra, signal averaging was carried out for repetitive
scans. Errors quoted in this work were estimated from
several duplicate experiments at the 95% confidence

limit. All the chemicals used in this work were of the
best grade commercially available.

3. Results and discussion

As has been mentioned earlier, C2H3Cl•+ in the
ground stateX̃2A ′′ and in the long-lived statẽA2A ′

can be present in the ion beam generated by electron
or charge exchange ionization[28]. The latter state
lies higher than the former by 1.659 eV[8]. Since
the present photodissociation has been studied at
357–514.5 nm (3.47–2.41 eV), various excited elec-
tronic states lying near or below 5.13 eV referred to
the ionic ground state can be involved. Hence, in-
terpretation of the experimental results can be rather
complicated due to the possible participation of more
than one transition. We will first present the electronic
states and the properties of the transitions involving
these states. Experimental results and their inter-
pretation based on the above data will be presented
thereafter.

3.1. Electronic states and electric dipole transitions

In the photoelectron spectrum of C2H3Cl, five bands
appear in the region near and below 5.13 eV referred
to the ionic ground state. These correspond to the
X̃2A ′′, Ã2A ′, B̃2A ′′, C̃2A ′, andD̃2A ′ electronic states
of C2H3Cl•+. TheÃ, B̃, C̃, andD̃ states lie above the
X̃ state by 1.659, 3.13, 3.56, and 5.35 eV[8], respec-
tively, as estimated from the vertical energies. The en-
ergy gap of 1.659 eV between thẽA and X̃ states is
the adiabatic energy difference because the band ori-
gins are well separated from other vibrational peaks in
these cases. It is to be noted that a band appearing in
a photoelectron spectrum corresponds to an electronic
state arising from removal of an electron in an occu-
pied orbital of the neutral, or a hole state. An electronic
state with an electron elevated to an unoccupied orbital
of the neutral, which will be loosely called a LUMO
state here, can also be involved in photodissociation.

Quantum chemical calculation was carried out
at the time-dependent density functional theory
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Table 1
Properties of the transitions from the ground (X̃) and first excited (̃A) electronic states of C2H3Cl•+ calculated by TDDFT/UB3LYP/
6-311++G∗∗

Transition Main character Energya (eV) εb (◦) βc Oscillator strength PE peakd

Ã ← X̃ n(Cl‖)← �(C=C) 1.76 90 −1 0.000027 1.659
B̃← X̃ n(Cl⊥)← �(C=C) 3.71 9 1.92 0.043708 3.13
C̃← X̃ �(CCl)/�(CH2)

− ← �(C=C) 3.91 90 −1 0.000131 3.56
D̃← X̃ �(C=C)← �(C=C) 5.48 90 −1 0.002168 5.35
Ẽ← X̃ �∗(C=C)← �(C=C) 5.49 20 1.66 0.188782
B̃← Ã n(Cl⊥)← n(Cl‖) 1.75 90 −1 0.000021
C̃← Ã �(CCl)/�(CH2)

− ← n(Cl‖) 1.88 17 1.75 0.003441
D̃← Ã �(C=C)← n(Cl‖) 4.05 20 1.66 0.026272
Ẽ← Ã �∗(C=C)← n(Cl‖) 4.73 90 −1 0.000000

a Vertical energy from the ground or first excited state at equilibrium geometry.
b Angle between the transition moment and the C–Cl bond axis.
c Anisotropy parameter estimated usingβ = 2P2(cosε) [50].
d Vertical energy from the ionic ground state measured from the photoelectron spectrum in[8].

(TDDFT) level with the UB3LYP functional and
the 6-311++G∗∗ basis set, TDDFT/UB3LYP/6-
311++G∗∗, using the Gaussian 98 package[33]. This
was to study the properties of the low-lying electronic
states and of the electric dipole transitions connecting
these states and to find LUMO states which lie in
the energy range investigated. Four hole states were
found at 1.76, 3.71, 3.91, and 5.48 eV[33] above
the ground state as listed inTable 1 which match
well with those at 1.659, 3.13, 3.56, and 5.35 eV, re-
spectively, in the photoelectron spectrum. It was also
found thatX̃, Ã, B̃, C̃, andD̃ are the states which
arise by removal of an electron from�(C=C), n(Cl||),
n(Cl⊥), �(CCl)/�(CH2)−, and �(C=C) orbitals of
the neutral. Here n(Cl||) and n(Cl⊥) denote the non-
bonding 3p orbitals of chlorine lying parallel and
perpendicular to the molecular plane, respectively.
The lowest-lying LUMO state, or thẽE state, was
found at 5.49 eV (vertical energy). This state arises by
elevation of an electron in the�(C=C) orbital to the
�∗(C=C) orbital. 5.49 eV needed for thẽE← X̃ tran-
sition is larger than the most energetic photon energy
(357 nm, 3.47 eV) used in this work. Namely, this
state does not have to be considered for photoexcita-
tion from the ground state. This state is not important
for photoexcitation from thẽA state either, because
the Ẽ ← Ã transition is a two electron process and
would have a very low probability. The lowest quartet

state was found at 5.70 eV above the ground state,
which is the vertical energy. This state does not have
to be considered either for similar reasons. We also
optimized the geometry in thẽA state and calculated
the vertical energies from this state to theB̃–Ẽ states.
The results are listed inTable 1. Also listed in the ta-
ble are the oscillator strengths, the angles (ε) between
the transition moment and the C–Cl bond axis, and
the anisotropy parameters (to be explained) for the
optical transitions from thẽX andÃ states.

Electronically excited products can be produced
by dissociation of highly excited ions. The upper
spin-orbit level (2P1/2) of Cl• in the ground elec-
tronic state lies 0.11 eV[34] above the lower level
(2P3/2). This difference is too small to be detectable
in the kinetic energy release distribution obtained in
this work, as will be shown below. The first excited
electronic states of C2H3

+ and Cl•, which are the
major products generated in this work, lie 6.63 eV
[33] and 8.92 eV[34] above the ground states, respec-
tively. Hence, generation of these ions in the excited
electronic states is not energetically possible.

3.2. Photodissociation of C2H3Cl•+ generated by
charge exchange with CS2

•+

Charge exchange ionization by CS2
•+ has been

used in this laboratory as a method to prepare
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Table 2
Molecular parameters used in the calculations of thermal internal
energy distribution and KERDs

Vibrational frequenciesa (cm−1)
C2H3Cl•+ 387, 403, 823, 853, 1019, 1077, 1279, 1386,

1506, 3134, 3183, 3250
C2H3

+ 447, 661, 777, 923, 1199, 1980, 2314, 3264,
3375

Rotational constantsa (cm−1)
C2H3Cl•+ 1.81, 0.21, 0.19
C2H3

+ 13.37, 1.15, 1.06

Polarizabilityb (10−24 cm3)
Cl 2.18

a DFT calculation at the UB3LYP/6-311++G∗∗ level.
b From ref. [51].

molecular ions with well-defined (±0.1 eV) internal
energy[35,36] given by

E = RE− IE + Eth (1)

Here RE is the recombination energy of CS2
•+ which

is 10.07 eV[37], IE is the ionization energy of the sam-
ple, andEth is the thermal energy. The thermal energy
distribution at 140◦C was calculated using the molec-
ular parameters inTable 2. Its average was 0.11 eV.
Taking 10.005 eV as IE[8], the average internal en-
ergy of C2H3Cl•+ becomes 0.18 eV. Namely, nearly
thermal C2H3Cl•+ in the ground electronic state is
generated by CS2 charge exchange.

We attempted but failed to photodissociate
C2H3Cl•+ generated by CS2 charge exchange us-
ing several visible lines of an argon ion laser such
as at 514.5, 488.0, and 476.5 nm (the upper limit
of the cross sections at these wavelengths were
∼5× 10−20 cm2 as estimated from the noise level).
This is in agreement with the fact that intensity of
the Ã–X̃ transition is very weak as indicated by the
very long lifetime of theÃ state[28] and also by very
poor oscillator strength calculated for this transition.
Alternatively, dissociation may not occur even though
a photon is absorbed because the internal energy of
C2H3Cl•+ after photoabsorption is not sufficient for
rapid dissociation. Rate–energy information is needed
to check such a possibility. C2H3

+ and C2H2
•+ gen-

erated by the following reactions are the fragments

with the lowest appearance energy, 12.54± 0.02 eV
[38] and 12.47± 0.1 eV [39], respectively.

C2H3Cl•+ → C2H3
+ + Cl• (2)

C2H3Cl•+ → C2H2
•+ + HCl (3)

With IE(C2H3Cl) of 10.005 eV, the critical energies
for these reactions are 2.54 and 2.47 eV, respec-
tively. In comparison, the average internal energies
of C2H3Cl•+ after absorption of one photon at 514.5
(2.41 eV), 488.0 (2.54 eV), and 476.5 nm (2.60 eV)
are 2.59, 2.72, and 2.78 eV, respectively. We estimated
the rate–energy relation for reaction (2) with the
Rice–Ramsperger–Kassel–Marcus theory[40] using
the critical energy of 2.54 eV and the entropy of acti-
vation at 1000 K of 7.0 eu (29 J mol−1 K−1). The rate
constant was 8× 107 s−1 at the threshold (2.54 eV)
and increased rapidly to 1× 1010 s−1 at 2.78 eV
(476.5 nm excitation). Lowering the entropy of activa-
tion to 3.0 eu (13 J mol−1 K−1) which is unreasonably
low for a simple cleavage, the threshold rate constant
became 2× 107 s−1. On the other hand, the present
apparatus can detect a photodissociation signal oc-
curring with a rate constant 106 s−1 or larger. Hence,
it is clear that photodissociation was not observed in
the visible spectral region not because the internal
energy after photoabsorption was not sufficient for
rapid dissociation but because C2H3Cl•+ did not ab-
sorb at these wavelengths. This is in agreement with
the extremely small probability for thẽA–X̃ transition
postulated from the previous experimental results[28]
and also found by quantum chemical calculations.

In contrast, photodissociation at 357 nm occurred
efficiently (cross section:∼5×10−18 cm2) and gener-
ated C2H3

+ via reaction (2). The PD-MIKE profiles
of C2H3

+ obtained with the laser polarization parallel
(0◦) and perpendicular (90◦) to the ion beam direction
are shown inFig. 2(a). Dramatic change of the profile
with the laser polarization means that the reaction
proceeds very rapidly, on a time scale comparable to
or faster than the rotational period of the reactant. The
angular distribution of a photodissociation product is
given by[41]

I (Θ) = 1

4π
[1+ βP2(cosΘ)] (4)
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Fig. 2. PD-MIKE profiles for the Cl loss from C2H3Cl•+. Method to generate C2H3Cl•+ and photodissociation wavelength are (a) CS2-CE
and 357 nm, (b) Xe-CE and 514.5 nm, (c) Xe-CE and 357 nm, (d) 70 eV EI and 514.5 nm, and (e) 70 eV EI and 357 nm. Filled (�) and
open (�) circles indicate laser polarization angle of 0 and 90◦, respectively. Lines are the profiles calculated usingn(T) andβ(T) in Figs. 3
and 4obtained by analyzing the experimental profiles shown here.
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Here, Θ is the angle between the electric vector of
the light and the product recoil direction andP2 is
the second-degree Legendre polynomial.β is the
anisotropy parameter which ranges from−1 to+2 and
characterizes the degree of dissociation anisotropy.
β = +2 and−1 correspond to dissociation occurring
parallel and perpendicular to the transition moment,
respectively.β = 0 corresponds to an isotropic disso-
ciation. Also, the kinetic energy profile of the product
ion, or MIKE profile, is broadened due to the re-
lease of internal energy into the translational degrees
of freedom of products, or kinetic energy release
(KER). A numerical method to obtain distributions
of KER andβ, n(T) andβ(T), respectively, from the
experimental PD-MIKE profiles obtained at two or
more polarizations was reported previously[13,14].
n(T) and β(T) obtained from PD-MIKE profiles in
Fig. 2(a) are shown inFig. 3(a). PD-MIKE profiles
were calculated using these distributions to assure the
reliability of data analysis. The results are compared
with the experimental profiles inFig. 2(a). The aver-
ages of KER andβ, namelyT̄ andβ̄, calculated from
these distributions are 0.38 eV and 1.5, respectively.
T̄ , β̄, cross section, and other pertinent data for all the
photodissociation works carried out here are listed in
Table 3.

Considering energetics only, two transitions,B̃ ←
X̃ andC̃← X̃, can contribute to absorption at 357 nm
(3.47 eV) by C2H3Cl•+ in the ground state. However,
the latter is not likely because of the very poor os-
cillator strength and negativeβ (Table 1). Large os-

Table 3
Kinetic energy releases, anisotropy parameters, cross sections, and relative abundances for reaction (2)

λ (nm) Ionization Eavl
a (eV) T̄ (eV) β̄ Cross section (10−17 cm2) RAb (%)

357 CS2-CE 1.11 0.38± 0.04 1.50± 0.1 0.5 >99
Xe-CE 3.16 0.60± 0.08 0.94± 0.11 0.8 92
EI – 0.54± 0.04 1.00± 0.1 1 95

488.0 Xe-CE 2.23 0.41± 0.05 0.73± 0.17 0.2 94
EI – 0.38± 0.02 0.83± 0.07 0.2 95

514.5 Xe-CE 2.10 0.38± 0.04 0.69± 0.16 0.2 94
EI – 0.35± 0.02 0.80± 0.08 0.2 95

a Average available energy in the dissociation of the photoexcited C2H3Cl•+ ions to products. For charge exchange ionization,Eq. (1)
was used.

b Relative abundance of reaction (2). The other channel is the HCl loss, reaction (3).

cillator strength and the anisotropy parameter of 1.92
calculated for the former are compatible with the ex-
perimental results. Regardless, it is not clear in which
electronic state the dissociation actually occurs. Even
though theB̃ state was found not to have a very long
lifetime in our previous work[28], it would not be a
repulsive state considering that it is characterized by
an unpaired electron in the nonbonding 3p⊥ orbital of
chlorine. Suppose that thẽB→ X̃ internal conversion
occurs rapidly, within several picoseconds. Then, com-
plete conversion of the electronic energy to the vibra-
tional energy in thẽX state assures rapid dissociation
according to the statistical rate–energy relation men-
tioned above. A similar mechanism was proposed for
anisotropic dissociation of highly excited 1-C3H7I•+

in our previous work[42]. An alternative explanation
is based on the fact that thẽB and C̃ bands heavily
overlap in the photoelectron spectrum[6–8] and that
the C̃ state is likely to be repulsive due to removal of
an electron from the bonding�(CCl) orbital. Namely,
excitation to theB̃ state followed by curve crossing
to the repulsiveC̃ state can be compatible with the
experimental results.

As an attempt to gain further information on the
dissociation step, statistically expected kinetic energy
release distribution (KERD) for reaction (2) was cal-
culated with the phase space theory[43–46].

n(T ; J, E)∝
∫ E−E0−T

Rm

ρ(E − E0 − T − R)

×P(T , J, R) dR (5)
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Fig. 3. Distributions of the kinetic energy releasen(T) and the anisotropy parameterβ(T) obtained by analyzing MIKE profiles for
photodissociation of C2H3Cl•+ generated by charge exchange inFig. 2. Method to generate C2H3Cl•+ and photodissociation wavelength
are (a) CS2-CE and 357 nm, (b) Xe-CE and 514.5 nm, and (c) Xe-CE and 357 nm. Filled circles indicate the experimental results. Lines
are the statistically expected KERDs for dissociation in the ground electronic state calculated by phase space theory.
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Here, n(T; J, E) is the probability to release kinetic
energyT for reactant with internal energyE and an-
gular momentumJ. The root-mean-square averageJ
calculated at the ion source temperature was used.ρ

and P are the product vibrational and angular mo-
mentum state densities, respectively.R is the product
rotational energy,Rm is its minimum, andE0 is the
reaction critical energy. Molecular parameters used
in the calculation are listed inTable 2. 2.54 eV was
taken as the critical energy as mentioned before. In-
ternal energy of C2H3Cl•+ was taken as the sum of
the pre-excitation average energy (0.18 eV) and the
photon energy (357 nm, 3.47 eV), 3.65 eV. KERD thus
calculated is compared with the experimental one in
Fig. 3(a). The fact that the statistically expected KER
is much smaller than observed indicates that dissocia-
tion in the ground state is not the major reaction path-
way. Minor irregular feature at low KER region of the
experimental KERD inFig. 3(a)may be due to contri-
bution from the ground state dissociation. In addition
to the KERD data, absence of HCl loss channel, re-
action (3), in the experimental PD-MIKE spectrum is
another evidence for the excited state dissociation, as
will be presented later.

3.3. Photodissociation of C2H3Cl•+ generated by
charge exchange with Xe•+

Charge exchange with a noble gas ion is also a good
way of generating molecular ions with well-defined
internal energy. Charge exchange with Xe•+ in
the ground state (RE= 12.12 eV) [47] generates
C2H3Cl•+ with 2.12 eV internal energy. Adding the
average thermal energy of 0.11 eV, the total internal
energy becomes 2.23 eV, which is below the critical
energies for reactions (2) and (3). Energy transfer
of 2.12 eV at the time of charge exchange is suffi-
cient to generate C2H3Cl•+ in the Ã state. Hence,
one expects that C2H3Cl•+ in both X̃ and Ã states
are present in the ion beam generated by Xe charge
exchange. It is known that an excited electronic
state of Xe•+ with recombination energy 13.44 eV is
metastable[6,48] and can contribute to ionization of
C2H3Cl. C2H3Cl•+ ions thus generated would disso-

ciate in the ion source except those generated in theÃ
state.

Unlike C2H3Cl•+ generated by CS2 charge ex-
change, ions generated here displayed fairly strong
photodissociation signals in the visible spectral re-
gion. The PD-MIKE profiles obtained at 514.5 nm are
shown inFig. 2(b). It is to be noted that the HCl loss
channel, reaction (3), also occurs in this case. Also
to be noted is that the PD-MIKE profile of C2H3

+

is polarization dependent, or anisotropic, while that
of C2H2

•+ is apparently isotropic. This indicates
participation of more than one reaction channel.n(T)
andβ(T) were calculated by analyzing the PD-MIKE
profiles. The results are shown inFig. 3(b). T̄ and
β̄ obtained from the distributions, 0.38 eV and 0.69,
respectively, are listed inTable 3. The PD-MIKE pro-
files obtained at 488.0 nm are similar to the present
data and will not be presented here, even though the
results of the analysis are listed inTable 3.

We have mentioned earlier that theÃ ← X̃ transi-
tion is extremely unlikely. Considering that C2H3Cl•+

generated by Xe charge exchange possesses 2.23 eV
internal energy and gains 2.41 eV more by absorption
of a 514.5 nm photon, one may think that theB̃← X̃
transition is involved in the photodissociation in the
visible spectral region. Such a vibrationally aided pho-
todissociation is possible only when the internal en-
ergy is concentrated in a particular vibrational mode,
such as the O–H stretching mode in H2O [49]. In more
general cases, which is highly likely for the present
case, internal energy is distributed among all the vibra-
tional degrees of freedom through rapid intramolecu-
lar vibrational redistribution, resulting in each mode
being mostly in its ground or first excited level. Hence,
the B̃ ← X̃ transition with∼3.13 eV transition en-
ergy is highly unlikely at 514.5 nm (2.41 eV). Then,
the fact that photodissociation in the visible spectral
region is observed for C2H3Cl•+ generated by Xe
charge exchange confirms the presence of C2H3Cl•+

in an excited electronic state, which is theÃ state ac-
cording to our previous study. Considering energetics
only, B̃← Ã andC̃← Ã are the transitions involved
in photodissociation at 514.5 nm. Very small oscilla-
tor strength and negative anisotropy calculated for the
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former, Table 1, are not compatible with the exper-
imental results. Calculated data for the latter are in
general agreement with the experimental data even
though the calculated oscillator strength looks a little
small. Since thẽC state is likely to be repulsive, dis-
sociation would occur directly in this state. However,
curve crossing to thẽX state must also occur as in-
dicated by appearance of the HCl loss channel in the
PD-MIKE spectrum.

Photodissociation at 357 nm also generated intense
signals. Its MIKE profiles are shown inFig. 2(c). n(T)
and β(T) obtained by analyzing these profiles are
shown in Fig. 3(c). Isotropic formation of C2H2

•+

Fig. 4. Distributions of the kinetic energy releasen(T) and the anisotropy parameterβ(T) obtained by analyzing MIKE profiles for
photodissociation of C2H3Cl•+ generated by 70 eV EI inFig. 2. Photodissociation at (a) 514.5 nm and (b) 357 nm. Filled circles indicate
the experimental results.

via HCl loss also occurs at this wavelength.T̄ and β̄

calculated from the distributions are listed inTable 3.
Photodissociation at this wavelength is more compli-
cated because excitation from both theX̃ andÃ states
are involved. For ions in thẽX state, theB̃ ← X̃
optical transition followed by thẽC ← B̃ internal
conversion would be the main photodissociation path-
way as has been suggested earlier. TheB̃ andC̃ states
are energetically accessible when C2H3Cl•+ in the
Ã state absorbs one photon at 357 nm (3.47 eV). As
before, theB̃← Ã transition is not likely because of
the poor oscillator strength while thẽC← Ã transi-
tion is feasible. Appearance of the HCl loss channel
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in Fig. 2(c)indicates participation of this transition in
addition to theB̃ ← X̃ transition mentioned above.
We cannot judge whether thẽD ← Ã transition
is also involved in photodissociation at 357 nm be-
cause the energetics data available are not accurate
enough.

3.4. Photodissociation of C2H3Cl•+ generated by
70 eV electron impact ionization

PD-MIKE profiles obtained at 514.5 and 357 nm
for C2H3Cl•+ generated by 70 eV electron impact
ionization are shown inFig. 2(d) and (e). n(T) and
β(T) obtained by analyzing these profiles are shown
in Fig. 4(a) and (b). ExperimentalT̄ , β̄, and cross
section data are listed inTable 3. It is evident that
photodissociation results in this case are very simi-
lar to those obtained for C2H3Cl•+ generated by Xe
charge exchange. It is to be emphasized again that
C2H3Cl•+ ions in theX̃ and Ã states are present in
the ion beam generated by 70 eV electron impact ion-
ization even after∼25�s needed for their flight from
the ion source to the photodissociation site. The radia-
tive lifetime of theÃ state, 280�s, evaluated with the
oscillator strength inTable 1is compatible with this
observation. The present observation is a further evi-
dence for the very long lifetime of C2H3Cl•+ in the
Ã state suggested in our previous work[28].

4. Summary and conclusion

Presence of a very long-lived excited electronic state
of C2H3Cl•+ provided a rare opportunity to inves-
tigate ionic photodissociation processes in some de-
tail. Especially useful was the selective generation
of C2H3Cl•+ ions in the ground state, which estab-
lished that visible photon was not absorbed by the
ground state ion. This was in contrast with the effi-
cient photodissociation of the same ion generated by
Xe charge exchange or by 70 eV electron impact ion-
ization, which probably occurred due to the presence
of C2H3Cl•+ in the very long-lived first excited elec-
tronic state,̃A2A ′. All the photodissociation processes

generating C2H3
+ were found to occur anisotropi-

cally. For C2H3Cl•+ in the ground state, thẽB← X̃
optical transition followed by thẽC← B̃ curve cross-
ing and repulsive dissociation therein was the main
reaction pathway while thẽC← Ã optical transition
was responsible for photodissociation of C2H3Cl•+ in
theÃ state. Isotropic photodissociation to C2H2

•+ was
also observed in the latter case, indicating dissociation
in the ground state. We cannot explain at the moment
why the HCl loss channel is observed in the photodis-
sociation of theÃ state ions while it is absent in that
of the X̃ state ions even though dissociation seems to
occur in theC̃ state in both cases. One can only guess
that the locations on thẽC state potential energy sur-
face sampled are different in the two cases. A thorough
quantum chemical study of the potential energy sur-
faces involved would be needed to resolve this issue.
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