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Vibrational spectrum of vinyl chloride cation in the first excited electronic state, A˜ 2A′, was obtained by
one-photon mass-analyzed threshold ionization (MATI) spectroscopy. Use of an improved vacuum ultraviolet
radiation source based on four-wave sum frequency mixing in Hg resulted in excellent sensitivity for the
MATI signals. From the MATI spectrum, the ionization energy to the A˜ 2A′ state of the cation was determined
to be 11.6667( 0.0006 eV. Nearly complete vibrational assignment for the MATI peaks was possible by
utilizing the vibrational frequencies and Franck-Condon factors calculated at the DFT and TDDFT/B3LYP
levels with the 6-311++G(3df,3pd) basis set. Geometry of the cation in the A˜ 2A′ state was determined by
Franck-Condon fitting of the MATI spectrum.

I. Introduction

Studying the properties of the excited electronic states of
polyatomic molecules has been one of the research frontiers in
chemistry.1,2 Due to various experimental difficulties, however,
there are not many polyatomic systems whose electronic states
are well characterized. Compared to neutrals, it is even more
difficult to study the excited states of polyatomic cations because
most of the well established spectroscopic methods such as the
infrared spectroscopy are not routinely applicable.3,4 An excep-
tion is the photoelectron spectroscopy (PES), which can probe
the excited hole states of a gas-phase polyatomic cation
generated by removal of an electron from orbitals lying below
the highest occupied molecular orbital (HOMO).5,6 The fact that
its resolution is not adequate for detailed spectroscopic study
is its main disadvantage.

A molecule may be excited to a very high Rydberg state
imbedded in the ionization continuum via resonance absorption
and ionized by pulsed electric field. The technique which is
called zero kinetic energy (ZEKE) photoelectron spectroscopy7-9

or mass-analyzed threshold ionization (MATI) spectroscopy10-12

depending on the particles detected, electrons or cations, has
inherently better resolution than PES. This laboratory has been
developing one-photon MATI technique utilizing vacuum
ultraviolet (VUV) radiation generated by four-wave mixing in
Kr or Hg.13-15 In a conventional two-photon scheme, an
intermediate excited state of the neutral should be present which
is easily accessible with commercial pulsed dye lasers and is
stable with respect to dissociation.16-18 There are no such
requirements in the present one-photon scheme. Also, it is to
be mentioned that the two-photon scheme is virtually useless
for the study of the excited states of cations because the scheme
would usually involve a two-electron process. The Rydberg state
generated by the two-photon scheme may be further excited by
another photon to induce ionization. This technique, which is
called the photoinduced Rydberg ionization spectroscopy, has
been useful for the excited state study of molecular cations.19,20

In contrast, studying excited hole states of molecular cations is
rather straightforward with the one-photon scheme as long as
VUV with appropriate wavelength is available. One-photon
ZEKE/MATI spectroscopy has been practiced by several
research groups,8,21-23 most notably by Hepburn and Softley.21-23

These groups reported spectroscopic results on relatively small
molecules using VUV generated by four-wave sum or difference
frequency mixings in Kr or Xe, which cover the wavelength
ranges above 109 nm and below 92.3 nm.21-23

The ZEKE/MATI spectra provide accurate ionization energies
as well as some vibrational frequencies of the corresponding
ions. We recently reported that a good estimate of the geometry
of a cation could be obtained via Franck-Condon fitting of a
MATI spectrum.24,25This is all the more useful for polyatomic
cations in excited electronic states because there is no guarantee
that even the results from very extensive quantum chemical
calculations are reliable in such cases.

Vinyl chloride is a major industrial product used mainly for
PVC production.26,27It is considered to be a carrier for chlorine
transported into the troposphere and stratosphere.28,29 In this
regard, photochemistry and dynamics of vinyl chloride have
attracted much attention. Vinyl chloride cation in the first excited
electronic state, A˜ 2A′, is a particularly interesting system from
a fundamental point of view also. Evidence was found in our
previous charge exchange ionization30 and photodissociation
studies31 that the state had a very long lifetime in the gas phase,
probably much longer than several microseconds. A difficulty
in the study of this state by one-photon MATI arises from the
fact that VUV in the range 107-102.8 nm is needed. Even
though sum frequency mixing in Hg can cover this range, it
has been recognized that generating VUV with sufficient
intensity in the 110-100 nm range is a difficult task.32-34 The
MATI spectrum of C2H3Cl in the energy range reported here
was obtained by using a windowless Hg four-wave mixing light
source developed in this laboratory.15 Also reported will be the
geometry of the cation estimated via Franck-Condon fitting
of the spectrum.
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II. Experimental Section

C2H3Cl was purchased from Sigma Aldrich and used without
further purification. The experimental setup was described in
detail previously.15 The gaseous sample at ambient temperature
was seeded in He at the stagnation pressure of around 2 atm
and supersonically expanded through a pulsed nozzle (diameter
500 µm, General Valve, Fairfield, NJ). The supersonic beam
was then introduced to the ionization chamber through a
skimmer (diameter 1 mm, Beam Dynamics, San Carlos, CA).

As has been mentioned already, VUV in the range 107-
102.8 nm is needed to record the full vibrational spectrum of
vinyl chloride cation in the A˜ 2A′ state. Even though it is known
that four-wave sum frequency mixing in Hg is capable of
efficiently generating VUV radiation in the range 125-83 nm,
going below 107 nm is still challenging because optical windows
cannot be used in this range.32-34 In our previous study on the
first excited state of C2H3Br+,15 the windowless Hg light source
with a series of capillaries developed in this laboratory was
found to be very powerful in the 114-110 nm range. The same
light source has been used in this work to record the MATI
spectrum down to 102.8 nm.

Even though VUV in the desired spectral range could be
generated by utilizing either the 61D0-61S0 or 71S0-61S0 transi-
tions in Hg, the latter was used because the VUV output was
stronger.ω1 (312.8 nm) andω2 (337-300 nm) were generated
by frequency doubling of dye laser outputs. Sinceω1 andω2

were close in wavelength, it was difficult to combine them using
a dichroic mirror. Instead, a beam splitter which had 50%
transmission forω1 andω2 was used at the cost of the power
loss. Both were focused in the Hg cell for four-wave mixing
(ω3 ) 2ω1 + ω2). ω3 was separated from the residualω1 and
ω2 by a home-built monochromator and overlapped collinearly
with the molecular beam.

The experimental setup used for four-wave mixing also
efficiently generates the frequency tripled output (3ω1). Since
3ω1 was rather close to 2ω1 + ω2 in the present case, the latter
could not be clearly separated from the former by the home-
built monochromator system. This resulted in the generation of
an enormous amount of direct ions by 3ω1. A weak spoil field
was applied to remove these directly produced ions as much as
possible. Then, an electric field of 250-300 V/cm was applied
at 10-15µs after the VUV to ionize the highly excited neutrals.
The photoelectric current from a thin gold plate placed in the
VUV beam path was used to calibrate the VUV intensity.

III. Computational Section

A. Quantum Chemical Calculation. Quantum chemical
calculations were done for the vinyl chloride cation in the first
excited electronic state at the TDDFT level using GAUSSIAN
98.35 The size of the basis set was systematically increased until
the basis set dependence became insignificant. Equilibrium
geometry, Hessians, and vibrational frequencies were calculated
for the cation in the first excited state. Similar calculations were
done for the neutral in the ground electronic state at the DFT
level using the same basis sets as above.

B. Franck-Condon Factor. The method of Sharp and
Rosenstock which treats vibrations as harmonic was adopted
to calculate the Franck-Condon factors.36 In this calculation,
the geometries, the vibrational frequencies, and the normal mode
eigenvectors for the initial and final states are needed. Properties
of the cation were assumed to approximate those of the ion
core of a high Rydberg state. The following relation was used

to account for the changes in normal coordinates upon ioniza-
tion.

Here,Q′′ andQ′ are the normal coordinates for the neutral in
the ground state and the cation in the first excited states,
respectively,J is the Duschinsky matrix representing changes
in the normal mode pattern, andK is a matrix representing
changes in the equilibrium geometry upon ionization. Internal
coordinates used in the calculation of these factors were five
interatomic distancesr(C1C2), r(C1H1), r(C1H2), r(C2H3), and
r(C2Cl), four bond angles∠H1C1C2, ∠H2C1C2, ∠C1C2H3, and
∠C1C2Cl, and three dihedral angles∠H1C1C2H3, ∠H2C1C2H3,
and∠H1C1C2Cl. Atomic numbering is shown in Figure 1. From
J andK , the followingC andD matrices were evaluated.

Here,Γ′ andΓ′′ are diagonal matrices which have the vibrational
frequencies of the cation and the neutral, respectively, as the
diagonal elements. The explicit expressions for the intensities
of vibrational peaks relative to that of the 0-0 band are as
follows.

The intensities of the fundamental peaks are determined byD
which is more influenced by geometry change (K matrix) than
by mode-mode coupling (J matrix), while both of these affect
the intensities of the combination and overtone peaks.

IV. Results

A. Quantum Chemical. In all the quantum chemical calcula-
tions performed at the DFT or TDDFT/B3LYP levels using
various basis sets, the vinyl chloride neutral in the ground
electronic state and the cations in the ground and first excited
electronic states have been found to have planar symmetry,Cs.
Considering the valence orbitals only, the electron configuration
of the ground-state neutral is‚‚‚(1a′′)2(7a′)2(2a′′)2. Here 2a′′ is
a π orbital of CdC bonding with some C-Cl antibonding
character, and 7a′ and 1a′′ are chlorine 3p nonbonding orbitals
parallel and perpendicular to the molecular plane,n(Cl 3p|) and
n(Cl 3p⊥), respectively.37 The ground and first excited states of
the cation are formed by the removal of an electron from 2a′′
and 7a′, respectively, resulting in X˜ 2A′′ and Ã2A′. The geometry
of the cation in the A˜ 2A′ state calculated at the TDDFT/B3LYP
level using the 6-311++G(3df,3pd) basis set is shown in Table
1 together with the neutral geometry calculated at the DFT/
B3LYP level using the same basis set. Since the A˜ 2A′ state of
the cation is formed by the removal of an electron from a
nonbonding orbital,n(Cl 3p|), the cation structure in this state
is expected to be similar to that of the neutral as was the case
for vinyl bromide investigated previously.15 Calculated results

Figure 1. Atomic numbering of C2H3Cl.

Q′′ ) JQ′ + K (1)

C ) 2Γ′1/2[J†Γ′′J + Γ′]-1Γ′1/2 - 1 (2)

D ) -2Γ′1/2[J†Γ′′J + Γ′]-1J†Γ′′K (3)

FCF(i) ) Di
2/2 i mode fundamental (4)

FCF(i, j) ) (2Cij + DiDj)
2/4 i, j modes combination (5)
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showed that the most significant change in bond length upon
ionization occurred for the C-Cl bond and for the∠C1C2H3

bond angle, again in agreement with the vinyl bromide case.15

Unlike the latter case, however, the C2-H3 bond length was
observed to increase noticeably by as much as 0.013 Å. A close
inspection of the calculated results showed that the 7a′ non-
bonding orbital had a slightσ bonding character with respect
to C2-H3. Hence, based on the Franck-Condon principle, one
expects that the MATI spectrum would be dominated by the
0-0 band and that the C-Cl stretching and CCH bending
fundamentals would be more prominent than other vibrational
features. However, unlike vinyl bromide, there is a chance to
observe C-H stretching modes. The calculated vibrational
frequencies of the cation in the A˜ 2A′ state are listed in Table 2
together with the assignment of the MATI peaks which will be
presented later.

B. Ionization Energy. One-photon MATI spectra of the vinyl
chloride recorded by monitoring C2H3

35Cl+ and C2H3
37Cl+

generated in the A˜ 2A′ state are shown in Figure 2. The most
intense peak at around 94 091 cm-1 in the MATI spectrum of
C2H3

35Cl corresponds to the 0-0 band of the A˜ 2A′ state. As is

well-known for ZEKE/MATI spectroscopy, the ionization onset
position is influenced slightly by the electric field present during
the time spanning excitation and ionization.38,39 To correct for
this effect, the 0-0 peak position was measured under various
field conditions, and the results were extrapolated to the zero
field limit. The ionization energies to the A˜ 2A′ state of C2H3

35-
Cl+ and C2H3

37Cl+ thus determined are listed in Table 3. These
are in agreement with the high-resolution PES results37 within
error limits.

C. Vibrational Assignment. Assuming that the shift of a
vibrational peak in a MATI spectrum due to the applied electric
field is similar to that of the 0-0 band, the vibrational frequency
of the cation corresponding to each peak can be estimated simply
by taking the difference of its position from that of the 0-0
band. The vibrational frequency scale with the origin at the 0-0
band position is also shown in Figure 2. The vibrational
frequencies of the cation in the A˜ 2A′ state thus obtained are
listed in Table 2.

The vinyl chloride cation has 12 nondegenerate normal
modes,ν1-ν9 belonging toa′ andν10-ν12 to a′′ following the
Mulliken notation. Main characters of thea′ modes are as

TABLE 1: Experimental and Calculated (DFT/B3LYP/6-311++G(3df,3pd)) Geometries of the Vinyl Chloride Neutral in the
Ground State and Those of the Cation in the A˜ 2A′ State Obtained by Calculation (TDDFT/B3LYP/6-311++G(3df,3pd)) and
Franck-Condon Fitting

neutral (X̃1A′) cation (Ã2A′)

Cs exp.a DFT/B3LYP TDDFT/B3LYP
Franck-Condon

fittingb

Bond Length (Å)
C1-C2

c 1.333 1.320 1.323 (0.002)d 1.339 ( 0.001
C2-Cl 1.726 1.737 1.755 (0.018) 1.762 ( 0.002
C1-H1 1.079 1.081 1.083 (0.001) 1.083e

C1-H2 1.086 1.080 1.080 (0.000) 1.080e

C2-H3 1.080 1.080 1.093 (0.013) 1.091 ( 0.001

Bond Angle (deg)
C1-C2-Cl 122.7 123.6 125.1 (1.6) 120.4 ( 0.1
C1-C2-H3 123.1 123.9 127.9 (4.0) 129.7 ( 0.5
C2-C1-H1 119.6 119.4 117.2 (-2.2) 117.4f

C2-C1-H2 121.1 122.5 124.4 (1.9) 123.0f

a Microwave spectroscopic data in ref 45.b Determined via Franck-Condon fitting of the MATI spectrum using eigenvectors obtained at the
TDDFT/B3LYP level with the 6-311++G(3df,3pd) basis set.c Atomic numbering shown in Figure 1.d Geometry change upon ionization.e Values
taken from TDDFT/B3LYP results.f Values estimated by assuming that the differences between the calculated and experimental data are the same
in the neutral and in the cation.

TABLE 2: Vibrational Frequencies (in cm-1) and Their Assignments for Vinyl Chloride Cation in the First Excited Electronic
State (Ã2A′)

theoretical MATI

mode symm neutrala PESb freqc intd,e in.e,f freq inte

1 a′ 3120 3262 0.002 0.002 3122 0.003
2 a′ 3037 3160 6.0× 10-5 6.7× 10-5

3 a′ 3086 3043 0.007 0.007 2883 0.007
4 a′ 1608 1628 3.1× 10-4 0.003 1546 0.003
5 a′ 1371 1421 4.0× 10-4 4.8× 10-4

6 a′ 1279 1160 1227 0.147 0.194 1172 0.194
7 a′ 1030 951 7.3× 10-6 0.001
8 a′ 720 520 572(-6) 0.032 0.114 524(-6) 0.113
9 a′ 398 300 303(-1) 0.116 0.018 259(-2) 0.018
10 a′′ 896 1021 0 0
11 a′′ 941 867 0 0
12 a′′ 620 598 0 0 558 0.009
92 606 0.001 0.011 494(-4) 0.017
122 1196 0.002 0.002 1125 0.014
6181 1799 0.003 0.017 1687(-6) 0.009
62 2454 0.007 0.014 2322 0.014
4161 2855 1.5× 10-4 0.001 2702 0.002

a Reference 40.b Reference 37.c Calculated at the TDDFT/B3LYP level with the 6-311++G(3df,3pd) basis set. Numbers in parentheses are
isotopic shifts for C2H3

37Cl+. d Intensities calculated with molecular parameters obtained at the TDDFT/B3LYP level with the 6-311++G(3df,3pd)
basis set.e Normalized to the intensity of the 0-0 band.f Determined via Franck-Condon fitting. See text for details.
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follows. ν1 and ν2 are asymmetric and symmetric C1-H1,2

stretching vibrations, respectively,ν3 is C2-H3 stretching,ν4

is C1-C2 stretching,ν5 is H1C1H2 bending, ν6 is C1C2H3

bending,ν7 is C2C1H1,2 bending,ν8 is C2-Cl stretching, andν9

is C1C2Cl bending. Thea′′ modes are out-of-plane vibrations
involving mostly hydrogen motions.40

Overall pattern of the MATI spectrum to the A˜ 2A′ state of
vinyl chloride cation is similar to that of vinyl bromide.15 By
referring to the quantum chemical results presented above and
by comparing with the assignments for the vibrations of C2H3-
Br+ in the first excited electronic state, it was rather straight-
forward to assign the two prominent peaks at 524 and 1172
cm-1 to 81 and 61, respectively. It is to be noted, however, that
the observed frequencies are quite different from the calculated
values, 524 vs 572 cm-1 for 81 and 1172 vs 1227 cm-1 for 61,
representing inaccuracy in the excited-state calculation by

TDDFT. In the case of 81 for C2H3Br+ in the first excited
electronic state,15 Ã2A′, the corresponding values were 468 and
504 cm-1, respectively. In contrast, the 81 frequency in the
ground electronic state of C2H3Br+, X̃2A′′, calculated by DFT
was in better agreement with the experimental value, 700 vs
689 cm-1.38 Despite the substantial differences between experi-
mental and calculated frequencies, the isotope shifts were well
predicted by calculations, which helped positive identification
of the above peaks, 81 in particular.

Since 61 and 81 were dominant in the MATI spectrum, the
overtones and combinations ofν6 andν8 were assigned before
identifying other fundamentals. Accordingly, the peaks at 1687
and 2322 cm-1 were assigned to 6181 and 62, respectively. Even
though 82 was expected at or somewhat below 1048 cm-1, its
positive identification was not possible. Other fundamentals
lying below 1700 cm-1 could be identified by referring to the
calculated frequencies and to the corresponding values in the
MATI spectrum of C2H3Br in the Ã2A′ state. These were 91,
121, and 41 at 259, 558, and 1546 cm-1, respectively. The
calculated frequencies for these peaks were 303, 598, and 1628
cm-1, respectively, while those in the C2H3Br+ vibrational
spectrum were 270, 566, and 1566 cm-1. Then, the peaks at
494, 1125, and 2702 cm-1 could be assigned to 92, 122, and
4161. Other than 4161 at 2702 cm-1, two distinct peaks were
observed in the 3000 cm-1 region, namely at 2883 and 3122
cm-1. Reasonable assignment of these peaks to overtones or
combinations of vibrations appearing below 1700 cm-1 was not
possible. Referring to the calculated frequencies and Franck-
Condon factors, their most reasonable assignments were 31 and
11, respectively. To summarize, seven out of 12 fundamentals
were identified in the MATI spectrum.

D. Determination of the Excited-State Geometry via
Franck-Condon Fit. As a part of our effort for spectral
assignment, Franck-Condon factors were evaluated using the
molecular parameters obtained by quantum chemical calcula-
tions. Then the MATI spectrum for generation of C2H3Cl+ in
the Ã2A′ state was simulated utilizing the experimental band-
width. The molecular parameters used were the geometries, the
vibrational frequencies, and the normal mode eigenvectors for
the neutral and the cation. These were obtained at the DFT/
B3LYP and TDDFT/B3LYP levels, respectively. The simulated
spectrum obtained using the parameters calculated with the
6-311++G(3df,3pd) basis set is shown in Figure 3(b). The
experimental MATI spectrum is shown in Figure 3(a) for
comparison. Even though the two spectra look strikingly
different, it is obvious that the differences are mostly due to
the differences in the intensities of 91, 81, and related combina-
tions. Namely, 91 is much stronger, while 81 is much weaker in
the simulated spectrum than in the experimental one. One of
the possible reasons for the discrepancy in the intensity pattern
between experimental and calculated ZEKE/MATI spectra is
the participation of channel interaction.41-43 Namely, peaks in
low-frequency region may gain intensity at the cost of those in
high-frequency region through intensity borrowing.41 However,
the fact that 81 is stronger than 91 in the experimental spectra
is not compatible with such an explanation. Hence, it is very
likely that the observed discrepancy is due to the inaccuracy in
molecular parameters obtained by quantum chemical calcula-
tions, especially those for the cation in the A˜ 2A′ state, rather
than the occurrence of channel interaction.

It is extremely difficult to determine the geometry of a cation
in an excited electronic state. Also, it is well-known that excited-
state geometries obtained by quantum chemical calculations are
generally inaccurate.44 Recently, we reported a method to

Figure 2. One-photon MATI spectrum of vinyl chloride recorded by
monitoring (a) C2H3

35Cl+ and (b) C2H3
37Cl+ in the first excited

electronic state (A˜ 2A′). Thex-scale at the top of the figure corresponds
to the vibrational frequency scale for the cation. Its origin is at the
0-0 band position. Spectra magnified by 10 along they axis are shown
as insets.

TABLE 3: Ionization Energy to the Ã 2A′ State of Vinyl
Chloride Cation, in eV

IE (Ã2A′)
C2H3

35Cl 11.6667( 0.0006 this work
C2H3

37Cl 11.6670( 0.0006 this work
C2H3Cl 11.664( 0.005 PES, ref 37
C2H3Cl 11.672( 0.005 TPES, ref 37
C2H3Cl 11.64( 0.03 PES, ref 47

9380 J. Phys. Chem. A, Vol. 110, No. 30, 2006 Lee and Kim



determine the equilibrium geometry of a cation via Franck-
Condon fitting of its MATI spectrum.24,25 Experimentally
determined geometry of the corresponding neutral and experi-
mental vibrational frequencies of the neutral and the cation were
used in the fitting. Since the normal mode eigenvectors for the
neutral and the cation were not generally available, those
obtained at various quantum chemical levels were used. It was
found that the quantum chemical levels used to calculate the
eigenvectors hardly affected the final results.25 Then, the cation
geometry was determined by adjusting the bond lengths and
the bond angles until the simulated spectrum agreed with the
experimental MATI spectrum. The same has been attempted in
this work for C2H3Cl+ in the Ã2A′ state. Cation symmetry in
this state was assumed to beCs, eliminating dihedral angles
from the list of adjustable parameters. The bond lengthsr(C1H1)
andr(C1H2) could not be determined because only the intensity
of 11 was available for their determination. Instead, we
calculated the Franck-Condon factors for this fundamental
using ther(C1H1) and r(C1H2) bond lengths obtained at the
TDDFT level. The result was in agreement with the experi-
mental intensity within its error limit. Hence, these bond lengths
were no longer treated as adjustable parameters. Under the
assumption ofCs symmetry, two out of three bond angles
involving C1 were adjustable. However, 51 and 71 which might
have been affected by the geometry change along these bond
angles did not appear in the MATI spectrum. Using the DFT
values for the neutral and the TDDFT values for the cation, the
Franck-Condon factors of 51 and 71 became extremely small,
suggesting the changes in these bond angles were well predicted
by the calculations. Using the experimental bond angles for the
neutral43 instead of the DFT values, however, resulted in the 51

and 71 Franck-Condon factors with noticeable magnitudes.
Hence, these bond angles in the cation were adjusted such that
their changes from the experimental data for the neutral were
the same as the respective calculated changes. Eliminating the
above geometrical parameters leftr(C1C2), r(C2H3), r(C2Cl),
∠C1C2H3, and∠C1C2Cl as adjustable parameters.

The best Franck-Condon fit thus achieved for the MATI
spectrum in Figure 3(a) is shown in Figure 3(c). It is to be noted
that the experimental spectrum could be reproduced by simula-
tion even to minor details. The geometrical parameters for C2H3-

Cl+ in the Ã2A′ state thus determined are listed in Table 1. It
is to be mentioned that the accuracy of the molecular parameters
determined here depends on the accuracy of the intensities of
the MATI peaks relative to that of the 0-0 band. In the present
case, the intensities of the fundamentals, overtones, and
combinations could be determined rather reliably. The intensity
of the 0-0 band was rather inaccurate, however, due to a dip
in the VUV laser output at this position. Repeated experiments
showed that it might be inaccurate by as much as(30%. The
error limits to the geometrical parameters estimated with this
fluctuation are shown in Table 1. It is to be noted that the errors
were not significant even when the intensity of the 0-0 band
and, hence, the normalized intensities of other peaks also were
rather inaccurate. The eigenvectors obtained at the TDDFT/
B3LYP level with other basis sets were also used in Franck-
Condon fitting. The results were essentially the same as the
above and are not presented here.

All the geometrical data determined by Franck-Condon
fitting except r(C2H3) show significant differences from the
corresponding data in the TDDFT results. In the cases ofr(C1C2)
and∠C1C2H3, differences between the calculated (TDDFT) and
experimental (Franck-Condon fitting) results in the cation are
rather similar to the corresponding differences in the neutral.
This explains why the intensities of the associated fundamentals,
41 and 61, in the MATI spectrum are fairly well reproduced in
the spectrum simulated with the quantum chemical data, Figure
3(b). In contrast, the calculated∠C1C2Cl bond angles in the
neutral and the cation are widely different from the experimental
data, the calculated angle being larger than the experimental
one for the neutral while the opposite being the case in the
cation. This has resulted in erroneously strong intensity for 91

in the simulated spectrum in Figure 3(b).

V. Summary and Conclusion

It is expected to be difficult to record the vibrational spectra
of aliphatic halide cations in the ground electronic state by
conventional two-photon ZEKE/MATI because the first excited
electronic states of the corresponding neutrals are usually
dissociative.46 Recording the vibrational spectra in upper
electronic states by the same technique would be virtually
impossible. Using the powerful VUV output in the 107-102.8
nm region generated by the home-built Hg four-wave mixing
light source, the vibrational spectrum of C2H3Cl+ in the Ã2A′
state was successfully recorded via one-photon MATI in this
work. The resolution was much better than that in a recent PES
study, and even very weak peaks could be identified. It is ironic
that the vibrational spectrum of C2H3Cl+ in the ground electronic
state, X̃2A′′, has not been reported yet. In fact, we attempted to
record the ground-state spectrum but failed because the light
source used had very weak output over a 500 cm-1 wide spectral
region covering the 0-0 band.

The geometry of the cation in the A˜ 2A′ state was determined
by Franck-Condon fitting of the MATI spectrum. The cation
geometry thus determined was noticeably different from those
optimized at the TDDFT level. Hence, not only the ionization
energy and the vibrational frequencies but also the geometrical
data determined in this work may be regarded as useful
benchmark data in the development of quantum chemical
methods for excited-state calculation.

As has been mentioned already, our previous charge exchange
study suggested that the A˜ 2A′ state of C2H3Cl+ did not undergo
radiative or radiationless relaxation easily and survive even
several microseconds after its formation. However, the spectral
resolution achieved in this work is not sufficient to determine

Figure 3. (a) One-photon MATI spectrum of C2H3Cl. (b) A spectrum
simulated by using the Franck-Condon factors calculated with the
molecular parameters obtained at the B3LYP/6-311++G(3df,3pd) level.
(c) The simulated spectrum obtained via Franck-Condon fitting (see
text for details).
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the lifetime of the state. Also, even though the pulsed-field
ionization was performed a few ten microseconds after excita-
tion, this does not mean that the neutral with the ion core state
of Ã2A′ survived during this period because the Rydberg (or
ZEKE) neutral can survive even when changes occur in the ion
core. An experimental method is being sought to confirm the
very long lifetime of this cation state.
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