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Ab initio calculations of low-lying electronic states of vinyl chloride
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The equilibrium geometries, vibrational frequencies, excitation energies, and oscillator strengths of
vinyl chloride in the ground and five lowest-lying excited singlet states have been calculated using
MP2, CIS, CASSCF, and MRCI methods with the 6-31111G** basis set. The geometries and
vibrational frequencies of the ground and excited states are utilized to compute Franck–Condon
factors. Calculated vibronic spectra for the transitions from the ground state to these five excited
states are in agreement with experiment at 52 500–60 000 cm21, with major contributions from the
Ã(1 1A9)←X̃(1 1A8) and C̃(2 1A8)←X̃(1 1A8) transitions. In this study, two spin-forbidden
transitions ofb̃(1 3A9)←X̃(1 1A8) and c̃(2 3A9)←X̃(1 1A8) are calculated to locate in 45 000–
54 000 cm21, and could be responsible for the observed one-photon absorption spectrum due to an
intensity borrowing caused by the spin–orbit coupling of the Cl atom. Based on calculation, we
speculate that upon the excitation of vinyl chloride at 193 nm theb̃(1 3A9) or c̃(2 3A9) excited
state, instead of the~p,p* !, is initially prepared prior to the subsequent photodissociation processes.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1466828#
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I. INTRODUCTION

Despite being an atmospheric pollutant, vinyl chlori
(VC, C2H3Cl) has been widely used in the industry for pol
~vinyl chloride! production. The understanding of its phot
chemistry and spectroscopy is therefore very important.
photodissociation dynamics of VC has been studied ex
sively by many researchers, for example, Gordon a
co-workers,1–5 Blank et al.,6 Tonokura et al.,7 Donaldson
and Leone,8 Moss et al.,9 Lee and co-workers,10 and Ume-
moto et al.11 Walsh,12 Sood and Watanabe,13 Berry,14 and
Locht et al.15 investigated the one-photon absorption spec
of VC below the first ionization energy. In addition, Koertin
et al.16 observed a triplet←singlet transition of VC using
electron impact ionization spectroscopy. Moreover, both
frared and microwave spectra of VC have been explored
great detail.17–27 Robin28 reviewed the early studies befor
1984 on the excited electronic states of chloroethylenes.

Recently, we have analyzed the 211 resonance-
enhanced multiphoton ionization~REMPI! spectra of VC in
the energy region of 7.3–10 eV, from which the adiaba
ionization energy~AIE! of VC is determined to be 80 72066
cm21 ~10.008060.0007 eV!,29,30 in agreement with that ob
tained by photoelectron spectroscopy.31–36Our work, in con-
junction with a previous REMPI study on VC by William
and Cool,37 provide valuable insights into the excited stat
involved in the photodissociation dynamics of VC at 7.3–
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eV. Below 7.3 eV, the absorption spectrum of VC reported
Berry14 shows a broad and continuous band, yet with so
weak features. The observed spectrum, however, has s
been only partially assigned, and little is known about t
true identities of the excited states.

In the theoretical studies of VC, Umemotoet al.11 calcu-
lated the relative energies for the four excited states
(p,sC–Cl* ), ~p,p* !, (nCl ,p* ), and (nCl ,sC–Cl* ). The vertical
excitation energies of these four states were later calcul
by Tonokura et al.7 using complete active space se
consistent field~CASSCF! and internally contracted multi
reference configuration interaction~MRCI! methods. Brown-
ing et al.38 applied a configuration interaction~CI! method
with single excitation~CIS! to calculate the C–Cl antibond
ing character in the~p,p* ! excited state of VC. Utilizing
restricted Hartree–Fock and CI with single and double ex
tation approaches, Takeshita39 calculated the AIE and
Franck–Condon factors~FCF! for the transitions to the ionic
state of VC. On the other hand, Riehl and Morokuma40 stud-
ied the unimolecular dissociation of VC on the ground-st
potential energy surface using second-order Møller–Ple
~MP2! and quadratic single and double CI including a trip
contribution. Colegrove and Thompson41 determined the
heats of formation of VC and other chlorinated hydrocarbo
with ab initio calculations. To date, however, neither ad
batic excitation energies nor molecular Rydberg states of
have been calculated by theoretical methods.

In this work, we have performedab initio calculations of
both vertical and adiabatic excitation energies, oscilla
strengths, and FCFs for the five lowest-lying excited sing
il:
8 © 2002 American Institute of Physics
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7519J. Chem. Phys., Vol. 116, No. 17, 1 May 2002 States of vinyl chloride
states of VC, i.e., (p,3s/sC–Cl* ), (p,sC–Cl* /3s), ~p,p* !,
(p,3ps), and (p,3ps8). The symmetry and spectroscop
denotation for these five lowest-lying excited singlet sta
are Ã(1 1A9), B̃(2 1A9), C̃(2 1A8), D̃(3 1A9), and
Ẽ(4 1A9), respectively. Some triplet states were also cal
lated. The triplets are found to lie below the first excit
singlet state of (p,3s/sC–Cl* ) and could be responsible for th
absorption spectrum of VC in the energy region of;6 eV. It
is noteworthy that the~p,p* ! state lies too high to be in
volved in the photodissociation of VC upon the excitation
193 nm, in contradictory to the existing literature repor
Based on our calculations, the absorption spectrum of VC
analyzed comprehensively in 45 000–62 500 cm21 for the
first time, and will be discussed in the rest of this paper.

This paper is organized as follows. Section II describ
theab initio calculation methods. Section III depicts the ca
culated results and compares the simulated vibronic spe
of VC with the experiment. Photodissociation dynamics
VC at 193 nm is also discussed in this section. Finally, c
clusions are addressed in Sec. IV.

II. METHOD

While the equilibrium geometries and normal-mode f
quencies for both neutral and cationic VC in their grou
states were computed using a MP2 method, the vibratio
frequencies in the excited electronic states of neutral
were calculated with a CIS method. The geometries of
five lowest-lying excited singlet states were optimized us
a state-averaged CASSCF approach, in which the ac
space of~4, 13! was adopted. Accordingly, two valence o
bitals ofsC–Cl* andp* , in conjunction with the nine Rydberg
orbitals of 3s, 3p, and 3d, are all implemented in the cal
culation. The two occupied orbitals in the active space c
respond to thep orbital of the CvC bond and a nonbondin
one in the Cl atom which contains three lone pairs of el
trons. Both vertical and adiabatic excitation energies w
obtained with the state-averaged CASSCF, and refined b
internally contracted MRCI method including all single a
double excitations from the occupied valence orbitals. T
vertical excitation energies were calculated with the op
mized ground-state geometry. To minimize systematic er
in calculating the states of differentA8 andA9 symmetries,
we have lifted the Cl atom from the molecular plane by 0.
so that all calculations were performed in aC1 group. Six
states, including the ground and five excited singlet sta
were averaged in the CASSCF calculations to render a
rate excitation energies. In the MP2 and CIS calculation
standard 6-31111G** basis set was utilized. In contrast, a
extra diffuse sp function with a low exponent of
0.013 1928,42 which is critical in calculating Rydberg state
was added to the wave function of the C atom in t
CASSCF and MRCI calculations. The MP2 and CIS calc
lations were performed using theGAUSSIAN 94 package,43

whereas the CASSCF and MRCI calculations were car
out employing theMOLPRO 96program.44

The FCFs of VC have been calculated with the meth
developed by Mebel, Chen, and Lin.45,46 In the FCF calcula-
tions, we have made the following assumptions. First,
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potential energy surfaces in both ground and excited st
are harmonic oscillators. Second, the two surfaces are
placed but not distorted. Finally, Duschinsky effects47 ~mode
mixing! are neglected in the calculations. Accordingly, t
square of the vibrational overlap integral,uI a0bvu2, for a tran-
sition from the zero-point vibration of ground statea to the
vth quantum of a specific vibrational mode in the excit
electronic stateb is given by

uI a0bvu25
Sve2S

v!
~1!

and

S5
v~DQ!2

2\
, ~2!

whereS is a Huang–Rhys factor,DQ is the displacement in
terms of normal coordinates,v is the vibrational frequency
of the corresponding normal mode, andh52p\ is the
Planck constant.

III. RESULTS AND DISCUSSION

A. Optimized geometries and vibrational frequencies

Figure 1 shows the definition of geometrical paramet
used in optimizing the structure of VC. Table I gives th
calculated results for the ground and five lowest-lying e
cited states. The parameters CC, CCH, and HCCH stand
bond length~Å!, bending angle, and dihedral angle@Fig.
1~b!#, respectively. The calculated geometry of the grou
state is in agreement with experiment~Table I!. For the ex-
cited states of VC, the promotion of a valence electron to
unoccupied orbital generally results in elongating the C
bond, shortening the CCl bond, and opening the HCCl an
~Table I!. For example, the changes in the CC bond, C
bond, and the HCCl angle of theD̃(3 1A9) state with respect
to the ground state are10.0862 Å,20.0864 Å, and13.8°,
respectively. TheẼ(4 1A9) state, however, shows a little ex
ception where the CCl bond is slightly longer than that of t
ground state~Table I!.

Although all calculations were performed without sym
metry constraint~i.e., in aC1 point group!, most of the ex-
cited states are found planar, exceptC̃(2 1A8), i.e., the

FIG. 1. Definition of geometry parameters used in theab initio calculations
of vinyl chloride.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE I. Optimized geometries of vinyl chloride in the ground and five lowest-lying excited singlet states.a

Parameterb Expt.c X̃(1 1A8) Ã(1 1A9) B̃(2 1A9) C̃(2 1A8) D̃(3 1A9) Ẽ(4 1A9)

C1C2 1.332 1.3352 1.4004 1.4704 1.4508 1.4214 1.392
C2H1 1.079 1.0837 1.0774 1.0710 1.0825 1.0758 1.074
C1H2 1.078 1.0844 1.0793 1.0720 1.0755 1.0744 1.086
C1H3 1.090 1.0840 1.0745 1.0718 1.0740 1.0750 1.082
C2Cl 1.726 1.7289 1.6834 1.6507 1.6482 1.6425 1.754
C1C2H1 123.8° 123.4° 120.6° 122.8° 121.0° 120.3° 122.3°
C2C1H2 119.5° 119.1° 118.1° 119.2° 119.1° 119.3° 121.3°
H2C1H3 119.5° 118.9° 120.4° 121.0° 120.1° 120.2° 119.4°
H1C2Cl 113.9° 113.5° 116.7° 117.4° 117.5° 117.3° 114.5°
H2C1C2H1 0° 0° 0° 0° 13.3° 0° 0°

aThe ground state is calculated at the MP2/6-31111G** level, while the others are at the CASSCF/6-31111G** level; see the text.
bThe denotations of CC, CCH, and HCCH stand for bond length~Å!, bending angle, and dihedral angle, respectively. For all electronic states, the H3, C1, C2,
and H2 atoms always form the same plane; the same is true for the Cl, C2, C1, and H1 atoms.

cExperimental values taken from Ref. 20.
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~p,p* ! state~Table I!. Moreover, the H3, H2, C1, and C2

atoms always form a plane, and the same is true for the
H1, C2, and C1 atoms~Table I!, indicating that thes bonds
of the two C atoms are more likelysp2 hybridized. The
C̃(2 1A8) state, corresponding to thep*←p excitation, is
expected to have a distorted structure with the two term
groups of HCH and HCCl twisted along the CC bond a
cording to Walsh rules.48 In the CIS calculation where only
single excited orbital is considered, the dihedral angle
H2C1C2H1 for the ~p,p* ! excited state is 90°, similar to th
~p,p* ! state of ethylene (CH2CH2).42,46In the CASSCF cal-
culation, however, the twisting angle is reduced to 13
~Table I!, because the wave function of the twisted~p,p* !
state is mixed with those of other excited~planar! states.
Note that the symmetry denotation ofC̃(2 1A8) is valid only
if the VC molecule belongs to aCs group; more precisely
the ~p,p* ! excited state should beC̃(4 1A), if all electronic
states of VC are represented underC1 molecular symmetry.

The calculated normal-mode frequencies are listed
Table II. For VC withCs molecular symmetry, there are nin
A8 and threeA9 vibrational modes. The vibrational frequen
cies in the ground states, for the neutral and the cationic
were calculated using the MP2 method and scaled by a fa
Downloaded 27 May 2002 to 195.134.76.74. Redistribution subject to A
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of 0.975. On the other hand, the vibrational frequencies
the Ã, B̃, andẼ excited states were obtained using the C
method and scaled by 0.905. For theC̃ state, the CIS calcu-
lation predicts a 90°-twisted geometry, as mentioned abo
which is quite different from that optimized by the CASSC
method; the frequencies of theC̃ state calculated by the CIS
method are therefore not included in Table II. Meanwhile,
failed to optimize theD̃(3 1A9) state using the CIS method
because calculations starting with different initial geometr
of this state have finally converged to eitherÃ(1 1A9) or
B̃(2 1A9) due to the mixing of wave functions. In principle
the vibrational frequencies of theC̃ and D̃ states can be
computed by a more sophisticated CASSCF method. In
present study, however, we adopt the vibrational frequen
of the neutral and cationic VC to estimate those of the
lence C̃(2 1A8) state and the RydbergD̃(3 1A9), respec-
tively.

It can be seen from Table II that the distortion of pote
tial energy surfaces can be neglected in the FCF calculati
especially for theA8 vibrational modes, since the vibrationa
frequencies do not change drastically from the ground s
to the excited states. The contribution to the FCFs resul
7

0

TABLE II. Vibrational frequencies of vinyl chloride.a

Symmetry Mode Vibration Expt.b X̃(1 1A8) Ã(1 1A9) B̃(2 1A9) Ẽ(4 1A9) Cation

n1 CH2 a. stretch 3121 3218 3105 3101 3110 3232
n2 CH stretch 3086 3167 3007 2865 3094 314
n3 CH2 s. stretch 3030 3114 2932 2778 2945 3106
n4 CvC stretch 1608 1613 1470 1458 1511 150

A8 n5 CH2 bend 1370 1385 1364 1353 1340 1396
n6 CH rock 1281 1293 1245 1171 1241 1270
n7 CH2 rock 1031 1029 1036 1035 1011 1098
n8 C–Cl stretch 721 735 773 760 810 869
n9 C–Cl deform 395 394 365 374 378 399

n10 CH2 wag 942 956 1016 1061 1135 965
A9 n11 CH wag 897 803 773 903 881 860

n12 twist 620 599 356 418 439 388

aThe ground state and the cation are calculated at the MP2/6-31111G** level and are scaled by 0.975, while the others are at the CIS/6-31111G** level
and scaled by 0.905.

bExperimental values are taken from Refs. 17–27.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE III. Excitation energies~eV! and oscillator strengths of vinyl chloride for the transitions from the ground state to the five excited states.

Excited
Adiabatic energy Vertical energy

Oscillator
state Character CASSCF MRCI CASSCF MRCI CISa strengthc

Ã(1 1A9) (p,3s/s* ) 6.41 6.66 6.52 6.68 7.13 5.153 1022

B̃(2 1A9) (p,s* /3s) 6.62 6.74 7.10 7.27 7.62 3.703 1023

C̃(2 1A8) ~p,p* ! 6.65 6.82 7.30 7.46 7.39b 8.183 1022

D̃(3 1A9) (p,3ps) 6.79 6.99 7.32 7.48 7.82 2.283 1024

Ẽ(4 1A9) (p,3ps8) 7.34 7.49 7.50 7.56 8.12 7.303 1025

aExcitation energies calculated by the CIS method for the transitions from the ground state to the five lowest-lying excited triplet states areã(1 3A8) 3.45,
b̃(1 3A9) 6.91, c̃(2 3A9) 6.99, d̃(3 3A9) 7.71, andẽ(4 3A9) 8.00 eV.

bThe ~p,p* ! state is the second excited state calculated by the CIS method, but is the third one with the higher-level CASSCF and MRCI calcula
cCalculated at the CASSCF/6-31111G** level.
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from the distortion effect is less than 10%, estimated fr
assuming that the normal modes of theÃ, B̃, and Ẽ states
are completely distorted but not displaced with respect to
ground state.47 The estimated error is also supported by t
calculated FCFs for the (p,3pp) Rydberg state of VC,
which agrees with the experimental observation within
uncertainty limit of 10%.30

B. Excitation energies and oscillator strengths

Table III presents the adiabatic and vertical excitat
energies, together with oscillator strengths, for the transiti
from the ground state to the five lowest-lying excited sing
states of VC. The five lowest-lying excited states are cal
lated to be;6.4–7.5 eV above the ground state. The exc
tion energies were not corrected to the zero-point ener
because the vibrational frequencies of theC̃(2 1A8) and
D̃(3 1A9) states were not calculated directly, as mention
above. However, from the vibrational frequencies listed
Table II we can estimate the zero-point energy correction
be less than 400 cm21 ~0.05 eV!, which is within the calcu-
lation uncertainties~see Sec. III D!.

Due to the mixing of wave functions, the first two e
cited states~Table III! can be attributed to either th
(p,sC–Cl* ) valence state or the (p,3s) Rydberg state. How-
ever, theÃ(1 1A9) state has more (p,3s) character, while the
B̃(2 1A9) state is primarily contributed from the (p,sC–Cl* ).
Downloaded 27 May 2002 to 195.134.76.74. Redistribution subject to A
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Accordingly, we denote theÃ and B̃ states as (p,3s/sC–Cl* )

and (p,sC–Cl* /3s), respectively. On the other hand, theC̃
state, resulting from the promotion of ap electron to thep*
orbital, has its adiabatic excitation energy of 6.65 eV a
6.82 eV, respectively, in the CASSCF and MRCI calcu
tions. Finally, bothD̃ and Ẽ excited states are of 3ps Ryd-
berg character~Table III!. Herein, we denote the in-plane~A8
symmetry! and out-of-plane~A9 symmetry! 3p Rydberg or-
bitals as 3ps and 3pp, respectively. For VC, there are tw
(p,3ps) and one (p,3pp).30 The (p,3pp) Rydberg state of
VC with an excitation energy of 63 043 cm21 ~7.82 eV! has
been observed and analyzed in our previous 211 REMPI
study.30

Although the five lowest-lying excited singlet states
VC are all in the 6.4–7.5 eV region, only the transitions
Ã(1 1A9)←X̃(1 1A8) and C̃(2 1A8)←X̃(1 1A8) have sig-
nificant oscillator strengths of 5.1531022 and 8.1831022,
respectively~Table III!. In other words, theÃ←X̃ and C̃
←X̃ transitions dominate the observed one-photon abs
tion spectrum of VC within this energy range~see Sec.
III D !.

C. Franck–Condon factors

Table IV lists the displacements (DQ) and Huang–Rhys
factors~S! of VC from which the Franck–Condon factors a
und

02

29
TABLE IV. Displacements (DQ) and Huang–Rhys factors~S! of vinyl chloride in the five lowest-lying excited singlet states with respective to the gro
state.

Mode

DQ S

Ã(1 1A9) B̃(2 1A9) C̃(2 1A8) D̃(3 1A9) Ẽ(4 1A9) Ã(1 1A9) B̃(2 1A9) C̃(2 1A8) D̃(3 1A9) Ẽ(4 1A9)

n1 20.0725 20.1800 0.0154 20.1224 20.0040 0.2513 1.5473 0.0113 0.7173 0.0008
n2 0.0116 0.0077 0.0127 0.0187 0.0020 0.0064 0.0028 0.0076 0.0164 0.00
n3 0.0177 0.0209 20.0294 0.0181 0.0277 0.0145 0.0203 0.0400 0.0151 0.0355
n4 0.0814 0.1385 0.1129 0.1002 0.0513 0.1586 0.4590 0.3051 0.2319 0.06
n5 20.0719 20.1464 0.0511 20.0998 20.0753 0.1062 0.4406 0.0537 0.2057 0.1166
n6 0.0600 0.0995 20.0875 0.0818 20.0248 0.0691 0.1900 0.1470 0.1271 0.0118
n7 0.0336 0.1538 20.0184 0.0946 0.0484 0.0172 0.3613 0.0052 0.1413 0.0358
n8 0.0509 0.2102 20.0851 0.0716 0.1504 0.0283 0.4822 0.0790 0.0611 0.2470
n9 20.1025 20.3763 0.0010 20.2180 20.0004 0.0614 0.8281 0 0.2797 0
n10 0 0 20.1892 0 0 0 0 0.5067 0 0
n11 0 0 20.0907 0 0 0 0 0.0980 0 0
n12 0 0 20.2125 0 0 0 0 0.4005 0 0
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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calculated. Figures 2–6 depict the Franck–Condon fac
~stick diagrams! and simulated absorption spectra~lines! of
VC for the transitions from the ground state to the fi
lowest-lying excited singlet states. In the simulated spectr
Lorentzian line shape with an arbitrary full width at ha
maximum ~FWHM! of 50 cm21 has been implemented t
each peak. The Lorentzian shape functions are chosen b
on our previous REMPI spectroscopic study on the 3pp
←p transition of VC.30

For simplicity, only the Franck–Condon factors of th
origin bands are given explicitly in Figs. 2–6; the strong
vibronic bands are also marked in the figures. For theÃ
←X̃ transition, the active modes~with large FCFs! are n1 ,
n4 – 6, andn8,9 ~Fig. 2!. TheB̃←X̃ transition is characterized
by a long vibrational progression of then1 mode ~Fig. 3!.
Due to a twisted geometry in theC̃ state, then10, n11, and
n12 modes~of A9 symmetry in aCs group, but ofA symme-
try if under a C1 group! are also activated in theC̃←X̃
transition~Fig. 4!; otherwise for other planar excited state
only the vibrational modes ofA8 symmetry are visible. It is
noted that similar active vibrational modes are found in

FIG. 2. Franck–Condon factors~sticks! and predicted vibronic spectrum fo
the Ã(1 1A9)←X̃(1 1A8) transitions.

FIG. 3. Franck–Condon factors~sticks! and predicted vibronic spectrum fo
the B̃(2 1A9)←X̃(1 1A8) transitions.
Downloaded 27 May 2002 to 195.134.76.74. Redistribution subject to A
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Ã←X̃, B̃←X̃, andD̃←X̃ transitions~Figs. 2, 3, and 5!. As
can be seen in Fig. 6, then3 – 5, n7 , andn8 vibrational modes
dominate the spectral pattern of theẼ←X̃ transition. In gen-
eral, overtones and combination bands appear as we
peaks in the vibronic spectra of VC~Figs. 2 and 4–6!.

D. Absorption spectra

In this section, we compare our calculations with t
experimental results. The vibronic transition probability i
cludes the electronic oscillator strength and the calcula
vibrational FCF. Each vibronic band was convoluted w
Lorentzian line shape to render theoretical absorption sp
tra. Various widths of the line functions have been tested
simulate the observed spectrum. Figure 7 compares the s
lated vibronic spectrum of VC@Fig. 7~b! with a FWHM
5500 cm21 for each vibronic transition# with that recorded
by Berry @Fig. 7~a!#.14 The adiabatic excitation energies ca
culated by the internally contracted MRCI method~Table III!
have been used to locate the theoretical spectrum in
7~b!. Although all transitions from the ground state to th
five lowest-lying excited singlet states have been includ

FIG. 4. Franck–Condon factors~sticks! and predicted vibronic spectrum fo

the C̃(2 1A8)←X̃(1 1A8) transitions.

FIG. 5. Franck–Condon factors~sticks! and predicted vibronic spectrum fo
the D̃(3 1A9)←X̃(1 1A8) transitions.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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7523J. Chem. Phys., Vol. 116, No. 17, 1 May 2002 States of vinyl chloride
for the simulated spectrum, the prominent peaks in Fig. 7~b!
are mainly contributed from theÃ←X̃ andC̃←X̃ transitions
because of their larger oscillator strengths~Table III!. The
simulated spectrum@Fig. 7~b!# is in satisfactory agreemen
with experiment@Fig. 7~a!# based on the following examina
tions. First, both spectra show a broad and continuous fea
at 52 500–60 000 cm21. Second, the strongest peak at 53 7
cm21 in the calculation, corresponding to the origin band
the 3s/sC–Cl* ←p transition, is close to the maximum spe
tral intensity observed at;54 140 cm21. Taking the AIE of
80 720 cm21 for VC as we determined in the previou
studies,29,30 the assignment of the 54 140 cm21 peak as due
to (p,3s) renders a quantum defect of 0.97, which in retu
justifies the assignment for ans Rydberg state of a hydrocar
bon molecule. Identifying this peak also supports our pre
ous assignments for the (p,ns) Rydberg series,30 because
the other labeling as due to a (p,(n21)d) Rydberg series by
Williams and Cool37 would attribute this Rydberg member t

FIG. 6. Franck–Condon factors~sticks! and predicted vibronic spectrum fo
the Ẽ(4 1A9)←X̃(1 1A8) transitions.

FIG. 7. ~a! Experimental absorption spectrum~upper! of vinyl chloride
taken from Ref. 14 and~b! simulated vibronic spectrum~lower!. The dashed
lines represent the spectra resulting from the 3s/s* ←p andp*←p transi-
tions.
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a nonexistent (p,2d) state. Third, the next strong peak pr
dicted by the calculation is thep*←p transition around
55 000 cm21, where the experimental spectra show simi
behaviors~Fig. 7!. We propose that the two observed pea
at 55 030 and 55 530 cm21 are possible candidates for th
p*←p transition. The origin band of thep*←p transition is
less intense than that of 3s/sC–Cl* ←p @Fig. 7~b!, dashed
lines# owing to a larger FCF for the latter~Figs. 2 and 3!,
although the former has larger oscillator strength~Table III!.
If our assignments for the (p,3s/sC–Cl* ) and~p,p* ! states are
correct, a small error of 0.07 eV is resulted from the co
parison between calculation and experiment. However,
recognize that an uncertainty of 0.2 eV is generally estima
for the MRCI calculations according to previou
experiences.45–47 Finally, the intensities in both theoretica
and experimental spectra decline gradually from 55 000
60 000 cm21, accompanied with several weak peaks on
shoulder. In the present study, the shoulder peaks canno
assigned without ambiguity, because of the overlapping
congested vibronic transitions.

Above 60 000 cm21, a peak is observed at 61 650 cm21

~with FWHM ;700 cm21! which is quite separate from
other congested bands@Fig. 7~a!# and should correspond t
the signal we observed at 61 500 cm21 using REMPI
spectroscopy.30 We assign this peak as thesC–Cl* ←nCl tran-
sition of VC based on the CIS calculation~not shown!,
which indicates that the energy of the (nCl ,sC–Cl* ) excited
state is slightly higher than the five lowest-lying excite
states. In general, the promotion of a nonbonding elect
into an excited orbital causes little geometrical change,
therefore only the origin band is active in the absorpti
spectra according to the Franck–Condon principle.49 This is
in agreement with the observed peak at 61 650 cm21 without
long vibrational progressions.

The absorption spectrum of VC shows a long tail in t
lower frequency side around 45 000–54 000 cm21 @Fig.
7~a!#, which however cannot be attributed to the transitio
excited from the ground state to the five lowest-lying excit
singlet states@Fig. 7~b!#. Hot-band transitions could contrib
ute some intensity near the first~strongest! peak at 54 140
cm21 @Fig. 7~a!#. According to the following calculation, this
tail could be due to the transitions from the ground state
VC to excited triplet states. The vertical excitation energ
for five triplet←singlet transitions have been calculated
the CIS/6-31111G** level ~Table III!. Three excited triplet
states@i.e., ã(1 3A8), b̃(1 3A9) and c̃(2 3A9)# are found to
lie below the first excited singlet stateÃ(1 1A9). The first
excited triplet state of VC has been observed at 3.4–5.1
by Koerting et al.16 using low energy electron-impac
energy-loss spectroscopy, in agreement with our calcula
@3.45 eV for ã(1 3A8) in Table III#. The calculated energie
for the b̃(1 3A9) and c̃(2 3A9) states falls within the energy
region of 45 000–54 000 cm21. The b̃(1 3A9)←X̃(1 1A8)
andc̃(2 3A9)←X̃(1 1A8) transitions could be involved in the
absorption spectrum of VC at 45 000–54 000 cm21 @Fig.
7~a!#. The appearance of these spin-forbidden transition
the spectrum could be due to an intensity borrowing from
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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nearby ~same symmetry! Ã(1 1A9) excited state, through
spin–orbit coupling caused by the Cl atom.

In previous theoretical study of VC, Umemotoet al.11

calculated the relative energies of the (p,sC–Cl* ), ~p,p* !,
(nCl ,p* ), and (nCl ,sC–Cl* ) excited states usingab initio
methods with double-zeta quality 4-31G basis sets. T
(p,sC–Cl* ) state is regarded as the first excited state of VC
their calculation but without definite excitation energy. Usi
the MRCI method with cc-pVTZ basis set, Tonokuraet al.7

calculated the vertical excitation energies of 7.262, 7.3
7.897, and 8.490 eV for thesC–Cl* ←p, p*←p, p* ←nCl ,
and sC–Cl* ←nCl transitions of VC, respectively. Brownin
et al.38 calculated the vertical excitation energy for th
p*←p transition of VC to be 7.8227 eV at the CIS/6-311G*
level. Compared with experiment, however, none of th
calculated results can nicely account for the absorption s
trum of VC @Fig. 7~a!#. For instance, the first excited singl
state predicted by Tonokuraet al.7 would appear in the vi-
cinity of 58 570 cm21, but the actual absorption intensity o
VC increases from;45 000 cm21 and reaches a maximum a
54 140 cm21 @Fig. 7~a!#.14 On the other hand, our calcula
tions match quite satisfactorily with the observed absorpt
spectrum of VC at 52 500–60 000 cm21. The different results
obtained in our calculation and that of Tonokuraet al.7 stem
from different choices of the active space for the exci
electrons employed in the computations. In this study,
have used a~4, 13! active space, i.e., four electrons are
lowed to distribute among two occupied, two valence, a
nine Rydberg orbitals, while in the calculation by Tonoku
et al.7 a ~8, 6! active space was adopted where only tw
valence orbitals are considered but with much emphasis
the four occupied ones. Without taking Rydberg orbitals in
account, we believe that Tonokuraet al.7 overlooked the
contribution from the~low-lying! Rydberg states in their cal
culation.

Photodissociation of VC excited at the convenient wa
length of 193 nm with an ArF laser has been heavily e
plored in the past decades.1–11 It was generally conceived
that the~p,p* ! state of VC was excited in the photoabsor
tion at 193 nm~51 800 cm21!.6 In the wake of thep*←p
excitation, various dissociation channels were taken to
(p,sC–Cl* ) excited-state or the ground-state potential ene
surface, probably via internal conversions.6 This kind of ar-
guments was usually concluded from measuring the velo
and angular distributions of photofragments, but the co
lated excited states involved in the photodissociation pa
ways were rarely verified theoretically. The highest-level th
oretical examination of VC before this study was that
Tonokura et al.7 Based on the present calculation, t
(p,3s/sC–Cl* ) and ~p,p* ! states are too high to be reach
with the 193 nm excitation~Fig. 7!, and we believe that the
b̃(1 3A9) andc̃(2 3A9) excited state could be responsible f
the excitation of VC at 193 nm.

IV. CONCLUSION

We have performedab initio calculations of equilibrium
geometries, excitation energies, oscillator strengths,
Franck–Condon factors to investigate the low-lying ele
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tronic states of VC. The five lowest-lying excited singl
states of VC, i.e., (p,3s/sC–Cl* ), (p,sC–Cl* /3s), ~p,p* !,
(p,3ps), and (p,3ps8), are found to be clustered togeth
at 6.4–7.5 eV. Among these five excited states, only
3s/sC–Cl* ←p andp*←p transitions have significant oscilla
tor strengths to appear in the observed absorption spect
The simulated absorption spectrum of VC is in satisfact
agreement with the observation.

In the one-photon absorption spectrum of VC, a long t
was observed at 45 000–54 000 cm21 and was speculated
due to the b̃(1 3A9)←X̃(1 1A8) and c̃(2 3A9)←X̃(1 1A8)
transitions via the spin–orbit coupling caused by the
atom. This is in contrast to the existing literature reports t
the ~p,p* ! state of VC was excited in the absorption of 19
nm photons. Theoretical investigations on the triplet exci
states of VC using high-levelab initio calculation methods
are under way. Re-examination of the photodissociation
VC at 193 nm is also suggested taking these triplet states
account.
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