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ABSTRACT: The dissociative photoionization of vinyl chloride (C2H3Cl)
in the 11.0−14.2 eV photon energy range was investigated using threshold
photoelectron photoion coincidence (TPEPICO) velocity map imaging.
Three electronic states, namely, A2A′, B2A″, and C2A′, of the C2H3Cl

+ cation
were prepared, and their dissociation dynamics were investigated. A unique
fragment ion, C2H3

+, was observed within the excitation energy range.
TPEPICO three-dimensional time-sliced velocity map images of C2H3

+

provided the kinetic energy release distributions (KERD) and anisotropy
parameters in dissociation of internal-energy-selected C2H3Cl

+ cations. At
13.14 eV, the total KERD showed a bimodal distribution consisting of
Boltzmann- and Gaussian-type components, indicating a competition
between statistical and non-statistical dissociation mechanisms. An additional
Gaussian-type component was found in the KERD at 13.65 eV, a center of
which was located at a lower kinetic energy. The overall dissociative
photoionization mechanisms of C2H3Cl

+ in the B2A″ and C2A′ states are proposed based on time-dependent density functional
theory calculations of the Cl-loss potential energy curves. Our results highlight the inconsistency of previous conclusions on the
dissociation mechanism of C2H3Cl

+.

1. INTRODUCTION

Vinyl chloride (C2H3Cl) is an important intermediate reagent
in the chemical industry, and its reactions have been extensively
studied. The neutral C2H3Cl molecule in the ground electronic
state has a planar structure with Cs symmetry. Removing an
electron from its outer orbitals, such as the 3a″, 13a′, 2a″, and
12a′ orbitals, produces a C2H3Cl

+ cation in one of several
possible electronic states, including X2A″, A2A′, B2A″, and
C2A′. The spectroscopy of C2H3Cl

+ cation has been extensively
investigated.1−10 In photoelectron spectroscopy (PES)7,8 and
threshold photoelectron spectroscopy (TPES),9 a series of
vibrational bands were observed for the X2A″ and A2A′ states,
while the B2A″ and C2A′ bands were structureless and severely
overlapped. The adiabatic ionization energy of C2H3Cl was
determined to be 10.0062 ± 0.0003 eV using high-resolution
zero-kinetic-energy (ZEKE) PES.10 The ionization energy of
the A2A′ and B2A″ states was measured using mass-analyzed
threshold ionization (MATI)11 and MATI photodissociation
yield (PDY) spectroscopy.12 In the MATI-PDY spectrum,
several vibrational peaks were observed in the lower-energy
region of the B2A″ state, implying that the ionic state has a
shallow potential well.12

The photodissociation dynamics of C2H3Cl
+ cation has not

been investigated as intensively as its spectroscopic properties.
The ground-state C2H3Cl

+ cation is stable, and its A2A′ state

has a long lifetime (tens of microseconds or longer).13

Concerning its thermochemistry, five dominant dissociation
pathways (1−5) exist for C2H3Cl

+ in its excited electronic
states. When synchrotron radiation was used as a photo-
ionization light source, rough appearance energy (AP0) values
of 12.47, 12.54, 14.90, 18.63, and 19.30 eV were obtained for
C2H2

+,14 C2H3
+, C2H2Cl

+, H+, and Cl+,17 respectively, from
photoionization efficiency curves.14−17 C2H3

+, C2H2
+, and very

few C2H2Cl
+ fragment ions were observed by Shuman et al. at

excitation energies below 13.5 eV using threshold photo-
electron photoion coincidence (TPEPICO).18 The adiabatic
dissociation limit for C2H3Cl

+ → C2H3
+(X1A′) + Cl(2P) was

accurately determined to be 12.530 ± 0.010 eV.18 Kim and co-
workers prepared C2H3Cl

+ in the X2A″ and A2A′ states by
charge exchange, electron impact ionization, and MATI, and
then observed the dissociation pathways under UV photo-
excitation (461−403 nm) using mass-analyzed ion kinetic
energy spectrometry (MIKES)19 and MATI-PDY spectrosco-
py.12 Analysis of the time-of-flight (TOF) profile of the C2H3

+

fragment led to two suggested dissociation mechanisms for
C2H3Cl

+ in the B2A″ state: internal conversion to X2A″ state,
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followed by a statistical dissociation, and curve-crossing to a
repulsive state followed by direct dissociation.

→ + =+ + +C H Cl C H HCl AP (C H ) 12.47 eV2 3 2 2 0 2 2
(1)

→ + =+ + +C H Cl C H Cl AP (C H ) 12.53 eV2 3 2 3 0 2 3 (2)

→ + =+ + +C H Cl C H Cl H AP (C H Cl ) 14.90 eV2 3 2 2 0 2 2
(3)

→ + =+ + +C H Cl C H Cl H AP (H ) 18.63 eV2 3 2 2 0 (4)

→ + =+ + +C H Cl C H Cl AP (Cl ) 19.30 eV2 3 2 3 0 (5)

A few theoretical calculations have been performed to
investigate the dissociation dynamics of C2H3Cl

+. Potential
energy curves of the low-lying electronic states of C2H3Cl

+ in
planar Cs symmetry were calculated using a complete active
space self-consistent field (CASSCF) and multiconfiguration
second-order perturbation theory (CASPT2).20 The X2A″,
A2A′, and B2A″ states were bound, while the C2A′ ionic state
was reported to be repulsive. A curve-crossing between the
B2A″ and C2A′ states was suggested to cause dissociation of
C2H3Cl

+(B2A″) cation by Lee and Kim.12 However, crossing of
the potential energy surfaces in Cs symmetry may lead to a
symmetry-allowed conical intersection in C1 symmetry.
Yamaguchi applied the CASSCF multireference configuration
interaction (MRCI) method to recalculate the potential energy
curves of C2H3Cl

+ in different ionic states.21 The avoided
crossing caused the potential energy curve of B2A″ state to
show a small barrier at R(C−Cl) = 2.4−2.5 Å along the
C2H3

+(X1A1) + Cl(2P) dissociation channel. The barrier height
was only 1400 cm−1 at the MRCISD+Q level of theory, above
which a Cl atom was ejected out of the vinyl plane.21 The
conical intersection between the B2A″ and C2A′ states had a
higher energy than the barrier of B2A″, and thus dissociation of
B2A″ tends to proceed adiabatically. Both potential energy
curves are plotted in the Supporting Information (Figure S1)
and were obtained by reading the points of an enlarged copy of
the published figures. Obviously, the conclusions of both
previous calculations on the dissociation mechanism of B2A″
are different.
Although some experimental and theoretical investigations

have been performed to describe the dissociation of C2H3Cl
+,

uncertainties remain. Especially, the C2A′ state probably plays a
significant role in dissociation of the nearby B2A″ state.
However, its dissociation has not been investigated in an
experiment until now. As an upgraded experimental technique,
TPEPICO velocity map imaging is a very powerful technique
for investigating the dissociation dynamics of internal-energy-
selected ions.22−26 A lot of new dissociation information on
molecular ions has been successfully obtained,27−33 for
example, dark state, vibrational dependence, mass effect, and
so on.
In this work, the dissociation of internal-energy-selected

C2H3Cl
+ is investigated using TPEPICO velocity map imaging

in the excitation energy range of 11.0−14.2 eV, where the A2A′,
B2A″, and C2A′ ionic states are involved. Kinetic energy release
distributions and anisotropy parameters of C2H3

+ fragment ion
are directly obtained from TPEPICO images at the different
electronic excited states of C2H3Cl

+. Special attention is paid to
the branching ratio of the statistical and non-statistical
dissociation pathways. A new theoretical calculation based on

time-dependent density functional theory (TDDFT) is
performed, and the shallow wells are located on the potential
energy surfaces of B2A″ and C2A′ excited states in the Franck−
Condon region. Thus, the C2A′ excited state is suggested to be
bound rather than repulsive. On the basis of theoretical and
experimental conclusions, the C−Cl bond rupture mechanisms
of C2H3Cl

+ cation in B2A″ and C2A′ excited states are
proposed.

2. EXPERIMENTAL AND COMPUTATION
The present experiments were performed on the U14-A
undulator beamline of the National Synchrotron Radiation
Laboratory located at Hefei, China. The detailed configurations
of the beamline and TPEPICO velocity imaging spectrometer
have been reported previously,22 and so only a brief description
is presented here. Synchrotron radiation from the 800 MeV
electron storage ring was dispersed with a 6 m vacuum
ultraviolet (VUV) monochromator, where grating having 370
grooves·mm−1 was used to cover the photon energy range of
7.5−22.5 eV. A gas filter filled with a noble gas was used to
absorb the higher-order harmonic radiation of beamline. In the
present experiment, the energy-resolving power of the
monochromator was ∼2000 of E/ΔE. The absolute energy of
VUV photons was carefully calibrated in TPES experiments
using the well-known ionization energies of noble gases like
argon and neon, and a silicon photodiode (International
Radiation Detectors Inc., SXUV-100) was used to record
photon flux.
A commercial C2H3Cl/Ne gas mixture with a volume ratio of

20% (stagnation pressure of 1.2 atm) was used as the sample. It
was injected into a source chamber through a 30 μm diameter
nozzle to generate a continuous supersonic molecular beam.
After it was skimmed by a 0.5 mm diameter skimmer, the
molecular beam was intersected with synchrotron light at 10
cm downstream from the nozzle in the photoionization
chamber. The source and photoionization chambers were
pumped, respectively, by 1800 and 1600 L·s−1 turbo-molecular
pumps. The typical background pressure in the photoionization
chamber was ∼1 × 10−4 Pa with the molecular beam on.
In the present TPEPICO spectrometer, double velocity map

imaging22 was applied to collect and detect threshold electrons
and cations simultaneously. Photoelectrons and photoions were
separated by a direct current extraction field (∼14 V·cm−1), and
each of their velocity images was projected in opposite
directions. A decelerated electric field was utilized to magnify
and map the velocity image of electrons. Moreover, a mask with
a 1 mm diameter aperture was located just in front of the
electron detector, and electrons passing through the aperture
were identified as the threshold photoelectrons. Although the
contamination of hot electrons (with a certain kinetic energy)
was efficiently suppressed by the magnification of the velocity
map image, the hot electrons with the initial velocity along the
TOF direction could still inevitably pass through the hole and
be falsely collected as the threshold electrons. Thus, an
additional method similar to the previously reported sub-
traction34 was necessary to further reduce the false coincidence.
Unlike the detection of electrons, velocity map images of
photoions were directly projected on two 40 mm diameter
multichannel plates backed by a phosphor screen (Burle
Industries, P20). A thermoelectric cooling charge-coupled
device camera (Andor, DU934N−BV) was used to record
the image on the screen. In the present coincident experiment,
a pulsed high voltage (DEI, PVM-4210) was applied at the
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microchannel plates of the ion detector as a mass gate (∼40 ns)
to detect a time-sliced velocity map image of the coincident
ions.
All theoretical calculations were performed with Gaussian

09W program package (D.01 version 9.5).35 Geometries of
neutral C2H3Cl and its ground-state cation were optimized with
density functional theory (DFT) at the B3LYP/6-311+G(d,p)
level of theory. The optimized geometries of electronic excited
states of C2H3Cl

+ were calculated using TDDFT with a 6-
311+G(d,p) basis set. A partial optimization method was
applied to obtain the Cl-loss potential energy curves of the
electronic states, in which the lowest eight electronic states (five
of A′ and three of A″ states in Cs symmetry) were involved. At
every given C−Cl distance, the other geometry parameters
were reoptimized. The electronic configuration of the ionic
state was carefully checked to confirm symmetries in the open-
shell excited species. Using the DFT-optimized geometries, the
vertical and adiabatic ionization energies of the ionic states were
calculated at the EOM-CCSD/cc-PVTZ level.36−39

3. RESULTS AND DISCUSSION

3.1. Optimized Geometries of C2H3Cl
+ in Low-Lying

Electronic States. Table 1 summarizes the optimized
geometries and vertical and adiabatic ionization energies of
C2H3Cl

+ in its X2A″, A2A′, B2A″, and C2A′ states. The results
for the X2A″ and A2A′ states are consistent with previous

calculations and experimental data. However, in the present
calculation, the optimized structure of the B2A″ state is
nonplanar, while those of the X2A″, A2A′, and C2A′ states are
planar. Figure 1a,b shows the optimized geometries of B2A″
and C2A′ states, where the dihedral angle D(3Cl−2C−1C−4H)
is 161.2° for B2A″ and 180° for C2A′. The C−Cl bond length is
elongated to 2.00 Å, and the bond angle θ(1C−2C-6H) is
increased to 135.74° after photoionization to the B2A″ state,
while the other parameters are close to those in neutral
C2H3Cl. Thus, the potential well of the twisted B

2A″ state is far
from the Franck−Condon region. In addition, a planar
structure of B2A″ was also optimized with a restriction of Cs

symmetry, and it is exhibited in Figure 1d. The geometry looks
very similar to the previous MRCI structure shown in Table 1,
implying that the present calculation is accurate enough to
predict molecular ion structures. The C2A′ state has a similar
planar geometry to that of the ground state of neutral C2H3Cl,
except for the short C−C bond length. Thus, the original band
of C2A′ state in TPES is expected to show a relatively high
intensity when direct photoionization occurs.
It is worth noting that a planar optimized geometry was

incorrectly assigned as B2A″ in Yamaguchi’s calculation,21

where the C−C bond length (1.368 Å) was much larger than
the present result (1.319 Å). A similar planar geometry was
obtained for the B2A″ state in Chang et al.’s CASPT2
calculations with restriction of Cs symmetry.

20 This incorrect

Table 1. Optimized Geometries, Vertical (Tv) and Adiabatic (T0) Ionization Energies of C2H3Cl
+ Cation in X2A″, A2A′, B2A″,

and C2A′ States, and the Geometry Parameters of Neutral C2H3Cl Molecule in Ground State (X1A′)
Tv, eV

b T0, eV
b

state R(C−C), Å R(C−Cl), Å A(1C−2C−6H)a cal exp cal exp

X2A″(Cs) 1.395 1.659 122.54 10.10 10.005d 9.81 10.0062e

1.405c 1.657c 122.5c 9.631c

1.392e 1.657e 122.4e

1.391f 1.640f 122.6f

A2A′(Cs) 1.326 1.775 128.41 11.75 11.664d 11.74 11.6667e

1.327f 1.752f 131.2f 11.141c

B2A″(C1) 1.319 1.999 135.74 13.07 13.13d 12.84 12.7518e

1.368c 1.964V 131.6c 12.596c

1.316e 1.991e 135.6e

1.354f 1.937f 131.4f

C2A′(Cs) 1.282 1.729 121.03 13.57 13.56d 13.17
13.422c

X1A′(Cs) 1.324 1.752 124.40
1.332g 1.726g 123.8g

aCC−H bond angle (degrees) in vinyl cation moiety. bIonization energies were calculated with the optimized geometry of ground neutral
molecule. cSA-CASSCF optimized geometries and MRCISD energies from ref 21. dFrom He(I) photoelectron spectra of ref 9. eFrom MATI-PFY
spectra of ref 12. fCASPT2 geometries from ref 20. gExperimental data from ref 42.

Figure 1. Optimized geometries of the B2A″ (a) and C2A′ (b) states, and the conical intersection (c) between B2A″and C2A′ states at TD-DFT
B3LYP/6-311+G(d,p) level. The optimized planar structure of B2A″ state (d).
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assignment led to an incorrect estimate of the adiabatic
excitation energy of B2A″ by Yamaguchi. As shown in Table 1,
the present EOM-CCSD ionization energies based on the
TDDFT optimized structure agree very well with the
experimental values and are closer to the available experimental
data than the previous MRCI calculations,20,21 implying that
the present calculation method is reliable. A probable potential
reason for the failure of the previous MRCI computations is
that there was insufficient active space for electronic
configurations. To further confirm the twisted geometry of
B2A″ state, we performed a frequency calculation for the planar
B2A″ state suggested by Yamaguchi, and an imaginary
frequency relating to a twist vibrational mode along C−C
bond was found.
3.2. Cl-Loss Potential Energy Curves of C2H3Cl

+ in
Low-Lying Electronic States. As mentioned above, the
previous theoretical calculations did not provide a consistent
description of the role of the C2A′ state in the dissociation of
the B2A″ state.20,21 Under planar symmetry, the curve-crossing
between the B2A″ and C2A′ states led to dissociation of the
bound B2A″ state.20 When taking a variation of the planar
geometry in dissociation, the potential energy curve of the B2A″
state adiabatically correlated to the C2H3

+(X1A1) + Cl(2P)
dissociation limit with a small barrier according to the
interaction of the C2A′ state.21 However, the potential energy
curves of the B2A″ and C2A′ states in the Franck−Condon
region were not calculated in either previous computation. A
recent calculation of the potential energy curves of C2H3F

+

showed that there are very complicated conical intersections
between its B2A″ and C2A′ ionic states.40,41 Therefore, similar
interactions are believed to exist among the electronic states of
C2H3Cl

+ cation as well in the Franck−Condon region.
Although the TDDFT method is based on a single reference

configuration, the potential energy curves of electronic excited
states can be clearly described for C2H3F

+.40,41 Thus, we
expected to obtain an analogous mechanism by applying
TDDFT to C2H3Cl

+. Figure 2 shows the calculated adiabatic
potential energy curves of low-lying electronic states along the

C−Cl distance. The calculated curves in Figure 2 are vertically
offset by 0.2 eV to match the experimental excitation energies.
The offset was estimated from the difference of adiabatic
excitation energy between the calculated and experimental
values.
Both the X2A″ and A2A′ states are bound and adiabatically

correlate with the C2H3
+(X1A1) + Cl(2P) channel. These

conclusions are consistent with the MRCI calculation.20,21 The
optimized C−Cl bond length of the twisted B2A″ state is 2.00
Å, and thus its potential well is far from the Franck−Condon
region. Along the distance between C and Cl atoms, a very
small barrier exists at 2.35 Å with a height of ∼0.06 eV, and the
adiabatic products are C2H3

+(X1A1) and Cl(2P) as well. The
C2A′ state also adiabatically correlates with the C2H3

+(X1A1) +
Cl(2P) production via a barrier of 0.10 eV height at R(C−Cl) =
1.92 Å. As indicated in the potential energy curves, a conical
intersection exists between the B2A″ and C2A′ states. By loosely
scanning the potential energy surface, the conical intersection is
roughly located and shown in Figure 1c. The C−Cl bond
length is slightly reduced from that of B2A″ to 1.92 Å at the
conical intersection, which is far from the Franck−Condon
region. The energy of the conical intersection is only 0.13 eV
above the minimum of B2A″ state at EOM-CCSD/cc-PVTZ
level.
As indicated by the vertical excitation energies in Table 1, the

C2A′ state is only 0.5 eV higher than B2A″, and consequently
the corresponding bands in TPES naturally overlap, in
agreement with the experimental spectra. More importantly, a
very shallow well with a height of 0.06 eV was present on the
Cl-loss potential energy curve of the B2A″ state, which is much
lower than the previous MRCISD value (1400 cm−1, 0.17 eV).
In the MATI-PDY spectrum,12 only a few vibrational bands
were observed just above the band origin of B2A″, and the
vibrational bands with an energy of 598 cm−1 (0.07 eV) beyond
the band origin were apparently broadened by dissociation.
These experimental phenomena are consistent with our
calculations, implying that the present calculations are capable

Figure 2. Cl-Loss adiabatic potential energy curves of low-lying electronic states of C2H3Cl
+ at TD-B3LYP/6-311+G(d,p) level, where the green

arrow shows the Franck−Condon ionization region from the neutral molecule.
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of accurately predicting the characteristics of potential energy
curves.
We emphasize that the Cl-loss potential energy curves of

B2A″ and C2A′ states in the previous computations20,21 are
calculated from 2.0 Å of the C−Cl bond length onward, and are
thus far from the Franck−Condon region (seen in Figure S1
and S2 of the Supporting Information). The omission of the
potential well of the planar C2A′ state led Chang et al. to
conclude incorrectly that the C2A′ state was repulsive.20 Thus,
we recalculated the Cl-loss potential energy curves of B2A″ and
C2A′ states with planar symmetry and present the results in
Figure S2 of the Supporting Information to facilitate
comparison with the previous calculations. In summary, the
B2A″ state is bound in the planar Cs symmetry as Chang et al.
suggested, and adiabatically correlates with the higher
dissociation limit of C2H3

+(a3A″) + Cl(2P).20

3.3. Threshold Photoelectron Spectrum of C2H3Cl. The
14 V·cm−1 extraction electric field used in the experiment
meant that the energy resolution of threshold photoelectrons
was ∼9 meV (full-width half-maximum in TPES).22 After
subtracting the contamination of hot electrons,34 the TPES of
C2H3Cl was measured with an energy step of 10 meV in the
excitation energy range of 11.0−14.5 eV and is presented in
Figure 3. Three electronic excited states of the C2H3Cl

+ cation,
namely, A2A′, B2A″, and C2A′, are involved. A series of sharp
peaks is observed in the energy range of 11.6−12.1 eV, which
are assigned to the vibrational bands of the A2A′ state based on
previously reported conclusions.9,11 The peak with a maximum
intensity at 11.670 eV is assigned to the origin band of the A2A′
state. The v6 (C−H−H rock), v8 (C−Cl stretching), and v9
(C−C−Cl bend) vibrational modes are also populated. All the
intensities and resonant energies of these vibrational bands are
consistent with the previous PES and TPES conclusions,9 but
these spectral data are not listed here, because the A2A′ state is
outside the scope of this work.
The dominant dissociation pathway of C2H3Cl

+ ion at the
lower energy is to form the C2H3

+(X1A1) fragment and a
Cl(2P) atom, and its dissociation limit is 12.530 eV.18 At the

energy of 12.53 eV in Figure 3, the overlap between the B2A″
and C2A′ states consists of a structureless and broad peak up to
14.5 eV. As for previously reported spectra,9 the peak can be
divided into two parts, whose centers are located at ∼13.14 and
13.51 eV, respectively. As mentioned above, the original band
of the C2A′ state in TPES is expected to have a relatively high
intensity under direct photoionization. Thus, the B2A″ state is
the only contributor to the lower-energy component in TPES,
and the higher-energy component is composed of the C2A′
state, together with the highly vibrationally excited B2A″ state.
Thus, the B2A″ state of C2H3Cl

+ is dominantly produced at
13.14 eV. Additionally, the relative intensities of two
components are lower in magnitude than those of previously
reported TPES.9 As the energetic electrons are suppressed
efficiently, the relative intensity of the B2A″ and C2A′ bands
presented herein should be more reliable than those in previous
TPES.9 In fact, the counts of threshold photoelectrons in the
Franck−Condon gap between the A2A′ and B2A″ states are
much lower than those in the previous TPES.9

A few vibrational bands were observed near the band origin
of B2A″ in the MATI-PDY spectrum.12 However, no vibrational
bands are observed in Figure 3, except for a weak peak at 12.62
eV that is attributed to the ionization of residual water. This
stark difference is thought to be the different Franck−Condon
factors. In the MATI-PDY experiment, C2H3Cl

+ was excited
into the B2A″ state from the ground ionic state. However, the
photoionization in the present experiment occurs by direct
excitation from the ground state of the neutral molecule. As
listed in Table 1, the optimized geometries of the neutral and
ionic ground states are somewhat different, especially the C−C
and C−Cl bond lengths. Therefore, different Franck−Condon
factors are expected, but these factors are not calculated in the
present investigation due to autoionization of the high-Rydberg
state. Moreover, the existence of a limited vibrational structure
in TPES is more consistent with the nonplanar geometry,
where the potential well is much shallower than that in Cs

symmetry.

Figure 3. Threshold photoelectron spectrum of C2H3Cl in the photon energy range of 11.0−14.5 eV, where the red arrow shows the dissociation
limit of C2H3

+(X1A1) + Cl(2P). Three asterisks correspond to ionization energies of 11.67, 13.14, and 13.65 eV, where the TPEPICO velocity map
images of C2H3

+ fragments are recorded.
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3.4. TPEPICO Time-of-Flight Mass Spectra. TPEPICO
TOF mass spectra at three typical photon energies of 11.67,
13.14, and 13.65 eV were recorded to detect the fragment ions
dissociated from C2H3Cl

+ at various electronic states. Figure 4
shows mass spectra measured with an extraction electric field of
14 V·cm−1. Since the A2A′ ionic state has a long lifetime,13 only
two parent ions (C2H3

35Cl+, m/z = 62 and C2H3
37Cl+, m/z =

64) are observed at 16.21 and 16.48 μs. The full-width of
parent C2H3Cl

+ cation peaks are 40 ns. Moreover, no dimer or
trimer ions were observed near the ionization energy of
C2H3Cl, although a supersonic expansion was used.
C2H3Cl

+ in the B2A″ state is produced at 13.14 eV. As shown
in Figure 4b, a unique peak with a center at 10.67 μs exists,
which is assigned as the C2H3

+ fragment ion. The kinetic
energy release in dissociation causes the peak profile of C2H3

+

to apparently expand to 508 ns at full-width. No C2H3Cl
+

parent ions are observed, indicating that the C2H3Cl
+(B2A″)

ion is fully dissociative. As indicated in the above reactions 1−5,
only the Cl-loss and HCl formation channels are feasible at
13.14 eV. Both C2H3

+ and C2H2
+ fragment ions from these two

channels were detected in previous TPEPICO18 and MIKES
experiments.19 However, in the MATI-PDY experiment, only
the C2H3

+ fragment was detected from the dissociation of the
state-specific C2H3Cl

+(B2A″) ion.12 Our results are consistent
with the latter. Since the branching ratio of the HCl formation
pathway (1) is much lower than that of the Cl-loss channel (2)
in the previous experiments,18,19 C2H2

+ ions are probably too
weak to be observed and contribute an indistinct and weak
shoulder in the broad TOF peak of C2H3

+ ions in Figure 4. In
addition, very few C2H2Cl

+ fragment ions were observed in the
energy range of 12.47−12.59 eV in the previous TPEPICO
studies.18 The photon energies in Figure 4 are out of the range,
and thus it is reasonable not to observe C2H2

+ fragment ions.
Similar to the case at 13.14 eV, only a broad mass peak of

C2H3
+ is detected in the TPEPICO TOF mass spectrum at

13.65 eV, as shown in Figure 4c. The peak profile of C2H3
+ is

broadened to 620 ns at full-width, with a nearly triangular
shape. Therefore, the Cl-loss pathway (2) also dominates,
producing the C2H3

+ fragment ion at 13.65 eV. In addition,
both the triangular profiles of C2H3

+ ion in Figure 4b,c suggest
that the statistical dissociation is an important component in
dissociation of C2H3Cl

+ ion in the B2A″ and C2A′ states.
3.5. TPEPICO Three-Dimensional Time-Sliced Velocity

Map Images of the C2H3
+ Fragment. When the excitation

energy is above the dissociation limit, fragmentation of
C2H3Cl

+ can occur. As observed by Lee and Kim,12 the
C2H3Cl

+(B2A″) ion at a low vibrational excitation statistically
dissociated to C2H3

+ and Cl fragments, while a non-statistical
process occurred for the highly vibrationally excited B2A″ state.
However, the previous theoretical calculations provided
inconsistent explanations for the dissociation mechanisms of
C2H3Cl

+ in the B2A″ and C2A′ states. As the inconsistency
mainly focused on the role of the C2A′ state in dissociation of
the near B2A″ state, we pay special attention to dissociation of
highly vibrationally excited C2H3Cl

+(B2A″) ions and selected a
photon of 13.14 eV. As shown in the mass spectra of Figure 4b,
the full-width of the C2H3

+ TOF profile expanded to 508 ns
when an extraction electric field of 14 V·cm−1 was used. Thus,
using a mass gate of 40 ns duration time for images centered at
10.67 μs can give a time-sliced effect. As the time-sliced portion
of ion distribution is less than 8%, a three-dimensional (3D)
time-sliced velocity map image can be directly recorded without
inverse Abel transformation.43 As the raw images are inevitably
expanded along the flow direction of the molecular beam due
to its velocity spread, the kinetic energy distribution of the
fragment ions needs to be deconvoluted to counter the velocity
spread and provide accurate data. The detailed data processing
procedure can be found in the Supporting Information of ref
27.
Figure 5a shows the recorded TPEPICO 3D time-sliced

velocity map image of C2H3
+ fragment ions at 13.14 eV, where

the electric vector ε of a VUV photon is vertical in the image

Figure 4. TPEPICO TOF mass spectra of the photoionization of C2H3Cl at (a) 11.67, (b) 13.14, and (c) 13.65 eV, where the extraction electric field
is 14 V·cm−1.
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plane. No clear ring structure was observed, and the intensity of
the center part was strong. A saturated color scale was applied
to exhibit details of the outer image more clearly, and the
resulting image is shown in Figure 5b. Unlike the center of the
image, some parallel distribution along ε can be seen in the
outer component. Similarly, the TPEPICO 3D time-sliced
velocity map image of C2H3

+ was recorded at 13.65 eV, which is
above the vertical ionization energy of the C2A′ state, and is
presented, with the same use of different color scales as
described above, in Figure 5c,d. Compared with those at 13.14
eV, a wider distribution and a more obvious parallel distribution
was found for the outer image.
The speed distribution of C2H3

+ fragment was obtained by
accumulating the intensity of the image over multiple angles.
The total kinetic energy release distributions (KERD) in the
dissociation of C2H3Cl

+ can be derived from the conservation
of linear momentum. Figure 6a,b plots the total KERD curves

at 13.14 and 13.65 eV, respectively. At 13.14 eV, the total
KERD curve shows an asymmetric profile with a shoulder at
the lower energy, which is similar to the result of the MATI-
PDY experiment at 13.061 eV.12 Thus, the lower-energy
shoulder is attributed to the contribution of statistical
dissociation. The phase space theory (PST)44 was used to fit
the statistical component. The translational and rotational
temperatures of the molecular beam were found to be ∼20 K
by analyzing the X- and Y-axis intensity distributions of the
TPEPICO image of C2H3Cl

+ parent ions at 11.67 eV; the
procedural details are provided in the Supporting Information.
Using molecular parameters calculated at the B3LYP/6-
311+G(d,p) level, for example, vibrational frequencies and
rotational constants, the statistical KERD of Boltzmann profile
is calculated and plotted in Figure 6a. The total KERD can be
fitted very well with this Boltzmann profile and one Gaussian
curve. As shown in Figure 6a, the shoulder is mainly
contributed by statistical dissociation. The Gaussian profile
distribution occupies a large proportion of the total KERD,
with its center at 0.21 eV, indicating that the non-statistical
dissociation pathway dominates at 13.14 eV. With a
dissociation limit of 12.53 eV, the excess energy at 13.14 eV
is 0.61 eV. However, the maximum released kinetic energy is
only 0.46 eV in Figure 6a, and thus the C2H3

+ fragment ion is
expected to be vibrationally excited in the dissociation process.
Unfortunately, the tunneling of three protons caused
uncertainty in the geometry of the ground-state C2H3

+ cation,
which could take the Y-shape and bridge-type structures.45−47

Thus, the vibrational population of C2H3
+ after dissociation is

too complicated to be accurately determined, which makes the
image structureless. Although the detailed vibrational pop-
ulation of the C2H3

+ fragment cannot be derived, the
dissociative photoionization process of C2H3Cl at 13.14 eV
could still be clarified. Additionally, the dissociation channels
that produce a Cl atom in the 2P1/2 and

2P3/2 spin−orbit levels
cannot be discerned in the present image.
Comparing with the KERD at 13.14 eV, the KERD at 13.65

eV extends more widely, with a long tail toward greater kinetic
energies. Similarly, we calculated the released kinetic energy
from statistical dissociation along the Cl-loss potential energy
curve of the ground ionic state at 13.65 eV using PST, which is
shown as a Boltzmann-type curve in Figure 6b. The higher
excess energy means that the Boltzmann curve shows a wider

Figure 5. TPEPICO 3D time-sliced velocity map images of C2H3
+

fragment ions at (a, b) 13.14 and (c, d) 13.65 eV. The electric vector ε
of a VUV photon is vertical in the image plane. (b, d) Images with a
saturated color scale, to exhibit details of the outer image more clearly.

Figure 6. Total kinetic energy release distributions and anisotropy parameters of C2H3
+ fragment ions at (a) 13.14 and (b) 13.65 eV. The least-

squares fittings of the total KERD curves are plotted with solid red lines.
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distribution. To our surprise, no satisfactory fitting could be
achieved with a combination of the Boltzmann curve and one
Gaussian-type distribution, as done in Figure 6a. Therefore, an
additional non-statistical dissociation path is expected at 13.65
eV, and combining the Boltzmann curve with two Gaussian-
type distributions fit the experimental data very well. The
overall fitting curve is presented in Figure 6b as a solid red line.
The centers of the two Gaussian distributions locate at 0.20 and
0.38 eV, respectively.
From the images in Figure 5, the angular distribution of

C2H3
+ fragment ions can be derived by integrating the images

over an appropriate range of speed at each angle. Consequently,
the anisotropy parameter β of C2H3

+ fragment ions produced
from dissociation along different channels can be calculated by
fitting the angular distribution I(θ) with the following formula 6

θ β θ= + ·I P( )
1
4

[1 (cos )]2 (6)

where θ is the angle between the recoil velocity of the fragment
and the electric field vector ε of the VUV photon, and P2(cos
θ) is the second-order Legendre polynomial. The fitted
anisotropy parameters β of C2H3

+ cations at various released
kinetic energy are also plotted in Figure 6. With increasing
released kinetic energy, the β values gradually increased from
zero to a positive value and then dramatically dropped at both
13.14 and 13.65 eV. For the lower KERD, β values are close to
zero and consistent with its characteristic of statistical
dissociation. For the Gaussian-type distributions at the higher
KERD, β is 0.38 for the non-statistical components at 13.14 eV,
which is slightly lower than the value in the MATI-PDY
experiment.12 At 13.65 eV, the β values increased to 0.57 and
0.80, respectively, for the two Gaussian distributions in the
KERD of Figure 6b. The moderately positive values of β
indicate that the overall dissociation process is faster than
molecular rotation and agrees with its role in non-statistical
dissociation. In addition, it is interesting that both β values are
positive at 13.14 and 13.65 eV, although the B2A″ and C2A′
ionic states have different symmetries. In Cs symmetry, the
parallel transition from the ground state of A″ to the excited
state B2A″ leads to a positive anisotropy parameter β, which
agrees with our experimental results. However, a negative β
value is expected for the perpendicular transition from the
ground A″ state to the C2A′ state, which is the opposite of our
experimental conclusion. A brief discussion will be given in the
following section, based on the dissociation mechanisms.
On the basis of the KERD fitting curves, branching ratios of

the statistical and non-statistical dissociation pathways are
calculated and summarized in Table 2. At 13.14 and 13.65 eV,
the non-statistical dissociation remains dominant, with an
almost constant branching ratio of 60%.
3.6. Dissociation Mechanisms of C2H3Cl

+ in the B2A″
and C2A′ States. With the aid of the calculated potential

energy curves in Figure 2, the dissociation mechanisms of
C2H3Cl

+ cation in the B2A″ and C2A′ states can be illuminated.
Although it is very difficult to directly calculate the intensity of
the B2A″ and C2A′ states in TPES from the ground state of the
neutral molecule, their band profiles must be very different
because of their different geometries. The C2A′ state has a
similar planar structure to the ground state of the neutral
molecule, and thus the original band of C2A′ is thought to show
the stronger intensity in TPES. According to the calculated
excitation energies in Table 1, the C2A′ band should start from
∼13.5 eV. Therefore, at 13.14 eV, the C2H3Cl

+ ion is prepared
in its B2A″ excited state. As its internal energy exceeds the
adiabatic barrier to C−Cl bond cleavage, two competing
pathways for Cl-loss mechanism are open: the first is a
statistical dissociation via internal conversion to the X2A″ or
A2A′ states, and the second is dissociation by overcoming the
reverse barrier. The latter is anisotropic, and agrees very well
with our experimental conclusion. Thus, these dissociation
pathways are consistent with the two components of the KERD
curve in Figure 6a. The overall dissociative photoionization
mechanism at 13.14 eV can be summarized as the following:

+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯hvC H Cl (13.14 eV)2 3
ionization

″

→ ″ ′
⎯ →⎯⎯⎯ +

⎯ →⎯⎯⎯ +

+

+ +

+

+

⎧
⎨
⎪⎪

⎩
⎪⎪

v

C H Cl (B A )

C H Cl (X A or A A , )
C H (X A ) Cl( P)

C H (X A ) Cl( P)

2 3
2

IC
2 3

2 2

statis
2 3

1
1

2

direct
2 3

1
1

2
(7)

Dissociative photoionization of C2H3Cl becomes more
complicated at 13.65 eV. As indicated in Figure 2, highly
vibrationally excited B2A″ and C2A′ states of C2H3Cl

+ can be
produced at 13.65 eV. In the Franck−Condon region, the
distance between the Cl and C atoms of C2H3Cl

+ ion quickly
increases due to the repulsive force from the steep potential
curves of the B2A″ and C2A′ states. As the internal energy is
beyond the adiabatic barriers of both the B2A″ and C2A′ states,
direct C−Cl bond rupture naturally proceeds. Thus, the overall
dissociative photoionization mechanism is shown in eq 8.

+ ⎯ →⎯⎯⎯⎯⎯⎯⎯⎯hvC H Cl (13.65 eV)2 3
ionization

′ ″

→ ″ ′
⎯ →⎯⎯⎯ +

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ +

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ +

+ +

+ +

+

″ +

′ +

⎧

⎨

⎪⎪⎪

⎩

⎪⎪⎪

v

v

C H Cl (C A or B A , )

C H Cl (X A or A A , )
C H (X A ) Cl( P)

C H (X A ) Cl( P)

C H (X A ) Cl( P)

2 3
2 2

IC
2 3

2 2

statis
2 3

1
1

2

direct along B A
2 3

1
1

2

direct along C A
2 3

1
1

2

2

2

(8)

Table 2. Branching Ratios and Anisotropy Parameters (β) of Statistical and Non-Statistical Dissociation Components for C2H3
+

Fragment Dissociated from State-Specific C2H3Cl
+ Ion

hv, eV Eavail, eV
a component branching ratio ⟨ET⟩, eV f T

b β

13.14 (B2A″) 0.61 Boltzmann 36% 0.10 0.16 0.15 ± 0.10
Gaussian 64% 0.21 0.34 0.38 ± 0.12

13.65 (C2A′) 1.12 Boltzmann 38% 0.15 0.13 0.20 ± 0.10
Gaussian I 33% 0.20 0.18 0.57 ± 0.12
Gaussian II 29% 0.38 0.34 0.80 ± 0.15

aAvailable energy in dissociation of C2H3Cl
+ ion to C2H3

+ fragment. bFraction of translation energy in total available energy, f T = ⟨ET⟩/Eavail.
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On the basis of this mechanism, three components in the
KERD curve of Figure 6b can be assigned. The statistical
dissociation of the Boltzmann distribution corresponds to the
first mechanism of eq 8. As the second fast channel originates
from adiabatic dissociation of the B2A″ state, the fraction of
translation energy in the total available energy, f T = ⟨ET⟩/Eavail,
should be close to the value at 13.14 eV. As indicated in Table
2, the Gaussian II component has the same f T value as it has at
13.14 eV (∼0.34). Thus, the Gaussian-type II distribution (in
Table 2) is believed to be generated by the dissociation of the
highly vibrationally excited B2A″ state along its adiabatic
potential energy curve. In general, for direct dissociation over
the reverse barrier, a higher internal energy leads to a faster
dissociation rate. Thus, a larger β value (0.80 for Gaussian-type
II component) is observed at 13.65 eV than that at 13.14 eV (β
= 0.38), which is consistent with our prediction.
The third C−Cl bond rupture mechanism is via adiabatic

dissociation along the potential energy curve of the C2A′ state.
As indicated in Figure 2, the excess energy of a C2H3Cl

+ ion in
the Franck−Condon region is higher than the adiabatic barrier
at 13.65 eV. Thus, adiabatic dissociation via intramolecular
vibrational redistribution (IVR) is feasible and contributes to
the Gaussian-type I distribution of the KERD in Figure 6b. The
dissociation rate should be slower than the second mechanism
because of the higher barrier of the C2A′ state. Thus, the partial
excess energy of the C2A′ state is released before dissociation
because of IVR in the well during the relatively long
dissociation period. Therefore, the average translation energy
of the Gaussian-type I component is lower than the Gaussian-
type II part, which is consistent with our experimental
conclusions. In addition, it is interesting that a negative β
value is expected for a perpendicular transition to the C2A′ state
in the dissociative process mentioned above. However, the
contributions of the statistical dissociation (β = 0) and the
parallel transition to the B2A″ state (β > 0) cannot be ignored
at 13.65 eV, as the spectral overlap in TPES. Thus, the average
β value obtained for the Gaussian-type I component in the
KERD is reduced to only 0.57 at 13.65 eV and is smaller than
that of the Gaussian-type II (β = 0.80).
Although it is impossible for us to assess the population

fractions of C2A′ and highly vibrationally excited B2A″ states at
13.65 eV because of the overlapping spectral structure, it should
be emphasized that a new direct dissociation pathway has been
found, besides the statistical and non-statistical dissociations at
13.14 eV. Therefore, the C2A′ state plays an important role in
the dissociation dynamics of the nearby highly vibrationally
excited B2A″ state.

4. CONCLUSIONS

Using VUV synchrotron radiation as a light source, dissociative
photoionization of C2H3Cl in the excitation energy range of
11.0−14.5 eV was investigated by TPEPICO velocity map
imaging of the A2A′, B2A″, and C2A′ electronic states of
C2H3Cl

+. Only the C2H3
35Cl+ and C2H3

37Cl+ molecular ions,
with a natural abundance ratio, existed in the TPEPICO mass
spectrum at 11.67 eV, indicating that the A2A′ state is bound as
reported previously.13 Although the HCl formation channel is
an energetically accessible C−Cl cleavage path, only the C2H3

+

fragment ion was detected in TPEPICO mass spectra at 13.14
and 13.65 eV. No parent ions existed at these photon energies,
implying that both the B2A″ and C2A′ states are fully
dissociative.

From the recorded TPEPICO 3D time-sliced images of
C2H3

+ fragment ions, the KERD and anisotropy parameters in
dissociation of the C2H3Cl

+ ion were obtained at 13.14 and
13.56 eV, respectively. At 13.14 eV, C2H3Cl

+ was prepared
purely in the B2A″ state, and its total KERD exhibited a
bimodal distribution. A Boltzmann distribution calculated with
PST and one Gaussian-type curve were combined fitting the
KERD curve very closely. Competition between statistical and
non-statistical processes was suggested to occur during its
dissociation. The total KERD curve at 13.65 eV needed to be
fitted with one Boltzmann distribution and two Gaussian-type
curves. Therefore, a new dissociation pathway exists for the
C2H3Cl

+ cation in the C2A′ state or highly vibrationally excited
B2A″ state.
The optimized geometries of the low-lying electronic states

of C2H3Cl
+ were reinvestigated using the TD-DFT B3LYP/6-

311+G(d,p) level of theory. Using the optimized geometries,
the vertical and adiabatic ionization energies of the ionic states
were calculated at the EOM-CCSD/cc-PVTZ level. The Cl-loss
potential energy curves of the X2A″, A2A′, B2A″, and C2A′
states were calculated at TD-DFT B3LYP/6-311+G(d,p) level
as well. The B2A″ state has a twisted geometry, and the
optimized C−Cl bond length is far from the Franck−Condon
region. A small barrier exists for the B2A″ state with a low
height of 0.06 eV along the C−Cl distance. The adiabatic
dissociation products of C2H3Cl

+(B2A″) ions were
C2H3

+(X1A1) and Cl(2P) as well as those of X2A″ and A2A′
states. The C2A′ state has a similar planar geometry to the
ground state of the neutral molecule and adiabatically correlates
with the C2H3

+(X1A1) + Cl(2P) production via a small barrier
of 0.10 eV.
On the basis of the Cl-loss potential energy curves,

dissociative photoionization mechanisms for C2H3Cl at 13.14
and 13.65 eV via the B2A″ and C2A′ ionic states were obtained.
Two competing pathways for the Cl-loss dissociation process
were found at 13.14 eV: a statistical dissociation via internal
conversion to the ground state (or A2A′) and an adiabatic
dissociation by overcoming the reverse barrier. At 13.65 eV, the
dissociation mechanism becomes more complicated, since both
the highly vibrationally excited B2A″ state and the C2A′ state
are probably produced. The statistical dissociation still existed
at 13.14 eV. Two types of fast dissociation mechanisms were
suggested for the C2H3Cl

+ cation: first, adiabatic dissociation
along the potential energy curve of B2A″ as was the case at
13.14 eV, and second, dissociation along the adiabatic potential
energy curve of the C2A′ state. Because of the higher reverse
barrier, the latter had a slower dissociation rate. Thus, the
partial excess energy of the C2A′ state can be released by IVR
before its dissociation, and the average released translation
energy of this channel was lower. In addition, curve-crossing
may result in a strong coupling between the B2A″ and C2A′
states, and thus the present assignment of two Gaussian-type
distributions is somewhat rough. More experimental data are
necessary, especially in the excitation energy range below the
barrier of C2A′ state. However, we can say with certainty that
the C2A′ state plays an important role in the dissociation
dynamics of the nearby B2A″ state.
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