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Ab initio calculations have been performed to study the molecular structures and the vibrational
levels of the low-lying eight ionic states (*Bs,, “B,,, *A,, *Bs,, *B,,, *A,, *B},, and *Bs,) of
tetrachloroethylene. The equilibrium molecular structures and vibrational modes of these states are
presented. The theoretical ionization intensity curves including the vibrational structures of the
low-lying eight ionic states are also presented and compared with the photoelectron spectrum. Some
new assignments of the photoelectron spectra are proposed. © 1995 American Institute of Physics.

I. INTRODUCTION

The electronic configuration of the ground state
of tetrachloroethylene is represented by a ...(2b; )? (9ag)2
(851,07 (217 (Th3,)? (2a,)* (Th3)2(3by,)° with the
D,; symmetry group by using the coordinate axis illustrated
in Fig. 1. .

The photoelectron (PE) spectroscopy investigations of
letrachloroethylene have been reported.! > Between 9 and 14
:V, many bands were observed. The first band found at 9.4
2V had a vibrational structure. An interpretation of the vibra-
tional structure was reported by Lake and Thompson.! The
second band was found at 11.37 eV. In the 12-13 eV region,
several peaks were observed. They found the six peaks at
12.18, 12.44, 12.54, 12.67, 12.77, and 12.91 eV. The band at
13.48 eV was accompanied by a vibrational structure. Lake
aind Thompson attempted an assignment of the vibrational
snergy.

Ab initio calculations on the vertical ionization energies
1ave been reported to assign the electronic states of these
sand.> In the 9-14 eV region, eight electronic states should
>ontribute to the spectrum. However, some assignments have
10t been established in the 12—13 eV region, because several
states were predicated to be close together.

The position of a band depends on the adiabatic ioniza-
ion energy and the shape of a band depends on the vibra-
ional structure. As a molecule is ionized, the equilibrium
nolecular structure and the character of the vibrational mode
should change from those of the ground state. The ionization
:nergy and vibrational structure of the PE spectrum reflect
hese changes. It is significant to investigate the ionization
:nergy and vibrational structure associated with the change
n the equilibrium molecular structure and the vibrational
node by ionization.

No theoretical investigation on the molecular structures
ind the vibrational levels of the ionic states have been re-
yorted. In this work, we determine the equilibrium molecular
tructures of the ground and lower eight ionic states (*B,,,
By, 2A,,*B;,, zBlg, zAg ,°B,,, and 2B3g) by using the ab
nitio self-consistent field (SCF) method. Within the frame-
vork of the adiabatic approximation and the harmonic oscil-
ator approximation, we calculate the harmonic force con-
tant matrix elements over variables of the totally symmetric
listortion and the vibrational frequencies of the three totally
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symmetric modes. We obtain an approximate theoretical in-
tensity curve using the Franck—Condon factor (FCF), which
is given by the square of the overlap integrals between the
vibrational wave function of the ground state and that of the
ionic state. Based on these calculations, we discuss an as-
signment of the electronic state and vibrational structure of
the band compared to the photoelectron spectrum.

il. METHOD OF CALCULATIONS

We use the basis sets of the MIDI-4-type prepared by
Tatewaki and Huzinaga.* These are augmented by one
p-type polarization function for H and one d-type polariza-
tion function for C and Cl. The exponents of the polarization
function for H, C, and Cl are 0.68, 0.61, and 0.56, respec-
tively. .

The gradient technique for the Roothaan’s restricted
Hartree—Fock (RHF) method is applied to find the optimum
molecular structures of the ground and ionic states.

The single and double excitation configuration interac-
tion (SDCI) method is used to obtain more accurate values of
the vertical ionization (VI) and adiabatic ionization (AI) en-
ergies. A single reference configuration of the RHF wave
function of the respective state is used. In the SDCI method,
singly and doubly excited configuration state functions
(CSFs) are generated where the inner shells are kept frozen.
The generated CSFs are then restricted to the first-order in-
teracting space.’ Because the dimensions of the CI are too
large for our computer program system, we adopt-a CSF
selection process by the second-order perturbation theory.
The number of the generated CSFs is reduced from about
73 000 to 21 000. We estimate the total energy including the
contribution from the rejected CSFs by a second-order per-
turbation theory.®

The harmonic force constant matrix elements are calcu-
lated by the gradient technique with the RHF wave function;
the second derivative is estimated by the numerical differen-
tiation of the analytically calculated first derivative. We cal-
culate the FCFs of only the totally symmetric vibrational
modes. In calculating FCFs, we approximate the vibrational
wave functions by those obtained by the harmonic oscillator
model. We assume that the initial state is the zero point vi-
brational level of the ground state. The method of calculation
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FIG. 1. A definition of the coordinate axis.

of the FCF and theoretical intensity curves is the same as we
used in the previous paper.’

This work is carried out by using the computer program
system GRAMOLS for the gradient technique and the calcula-
tion of normal modes, and MICA3? for the CI calculations.

iii. RESULTS AND DISCUSSION

For the ground state of ‘Ag , the optimized geometrical
parameters are shown in Table I, which are in good agree-
ment with the experimental ones.!® The vibrational frequen-
cies are shown in Table II. The frequencies are arranged in
order of magnitude. Comparing with the observed values'' of
the ground state, we overestimate the frequencies by 6.7%-
16.2%. Each vibrational mode is characterized by using the
conventional potential energy distribution (PED) and the
classical half-amplitude of the zero point vibrational levels.
Table III shows the PED, which is described using the totally
symmetrical displacement coordinate. The classical half-
amplitude is shown in Table IV. Table III shows that the »,
and v, modes of the 'A ¢ State are characterized mainly as the
C=C and C-Cl stretching motions, respectively. It also
shows that the C—~Cl] and C=C stretching motions contribute
to the »; and », modes, respectively. It is found from Table
IV that the characters of the v, and v, modes are the mixtures
of the C=C and C-ClI stretching motions. The C=C and
C-Cl stretching motions couple with the out-of-phase mode
in v, and with the in-phase mode in v,. The »; mode is

TABLE I. Optimized molecular structure and magnitude of the change in
the geometry by ionization.?

State C=C (AC=C) C-Cl(AC-C) C=C-Cl (AC=C-Cl)
'A, 1.324 1.724 122.68
Expt®  1.354 1.718 122.15

’B,, 1.422(+0.098)
Bye 1.309(—0.015)

1.670(—0.054)
1.702(—0.022)

120.85(—1.83)
122.54(—0.14)

2B, 1.317(=0.007)  1.722(—0.002) 126.74(+4.06)
24, 1.319(=0.005)  1.716(—0.008) 122.72(+0.04)
2B, 1.309(—0.015)  1.730(+0.006) 118.67(—4.01)

1.724(+0.001)
1.707(-0.017)
1.750(+0.026)

123.93(+1.25)
121.42(—1.26)
121.54(—1.14)

’By, 1.324(—0.000)
2A 1.375(+0.051)
B, 1.311(—0.013)

“Bond lengths are in angstroms, angles in degrees. The values in parentheses
are the magnitude of the change in geometry by ionization.
bReference 10.
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TABLE II. Vibrational frequencies (cm™}).

State 4 2] V3
‘A, 1825 a7 254
Obs.® 1571 447 237
’B,, © 1531 507 271
2By, 1900 488 206
’B,, 1875 478 252
A, 1848 481 242
B, 1893 476 254
By, 1824 477 252
A, 1449 483 275
g 1880 466 245

"Reference 11.

interpreted as the C=C-Cl bending motion. We notice from
Table IV that the amplitude of the C==C-Cl bending motion
of the v; mode is as large as that of the v; mode.

For the ionic states, Tables I-IV also show the optimized
geometric parameters, vibrational frequencies, conventional
potential energy distributions, and classical half-amplitudes
of the zero point vibrational levels, respectively. Table I also
includes the magnitude of the change in the equilibrium mo-
lecular structure by ionization. It is found from Table IV that
the classical half-amplitude of the zero point vibrational lev-
els of the C=C, C-Cl stretching and C=C-Cl bending mo-

TABLE III. Conventional potential energy distribution (%).

State Component v 123 v
AC=C 81.3 7.1 18
A, AC-Cl , 11.7 91.5 1.1
AC=C-CI 7.0 15 97.1
AC=C 71.4 13.2 3.7
’B,, AC-CI 17.5 82.9 12
AC=C-Cl 11.1 3.9 95.2
AC=C 83.9 8.1 1.0
2By Ac-Cl 117 91.3 0.4
AC=C-Cl 44 0.7 98.6
AC=C 80.1 8.9 2.1
B,, AC-Cl 13.8 89.3 1.8
AC=C-C1 6.1 1.9 96.1
AC=C 81.9 7.4 1.6
24, AC-CI 11.9 91.3 0.9
AC=C-Cl 6.2 12 97.5
AC=C 84.4 5.7 1.1
’B,. AC-C1 8.6 93.6 0.1
AC-C-Cl 71 0.7 98.8
AC=C 81.1 12 1.7
’By, AC-Cl 122 91.3 1.3
AC=C-Cl 6.8 1.5 97.0
AC=C 76.1 5.0 0.1
A, Ac-Cl 13.5 923 4.7
AC=C-Cl 105 2.7 95.1
AC=C 83.5 6.5 1.4
By, AC-Cl 10.1 923 0.9
AC=C-Cl 6.4 1.1 97.7
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TABLE IV. Classical half-amplitude of the zero point vibrational levels.?

State Component 12} 1) V3
AC=C 0.055 0.007 0.003
'A, AC-Cl -0.016 0.020 0.002
AC=C-CI -0.8 -0.1 1.0
AC=C 0.060 0.013 0.005
’B,, AC-Cl1 —-0.017 0.018 0.002
AC=C-Cl -0.9 -0.3 0.9
AC=C 0.054 0.008 0.002
By, AC-Cl —-0.015 0.020 0.001
AC=C-CI -0.8 -0.1 1.1
AC=C 0.055 0.008 0.003
’B,, AC-Cl -0.017 0.020 0.002
AC=C-Cl -0.7 -0.2 1.00
AC=C 0.055 0.008 0.003
A, AC-Cl —-0.016 0.020 0.001
AC=C-Cl 0.8 -02 1.0
AC=C 0.054 0.006 0.002
B, AC-C1 —0.014 0.021 0.000
AC=C-CI -0.8 -0.1 1.0
AC=C 0.055 0.008 0.003
’By, AC-Cl -0.016 0.020 0.002
AC=C-Cl -0.8 —-0.2 1.0
AC=C 0.062 0.007 0.001
A, AC-Cl -0.017 0.020 0.004
AC=C-Cl -0.9 —-0.2 1.0
AC=C 0.055 0.007 0.002
B, Ac-Cl -0.015 0.021 0.001
AC=C-Cl —-0.8 -0.1 1.0

*Bond lengths are in angstroms, angles in degrees.

tions are about 0.055 A, 0.020 A, and 1.0°, respectively.
Comparing these values with the change in the equilibrium
molecular structure, we find some significant changes. The
magnitudes of the change in the C=C, C-Cl distances and
the C=C-Cl angle of the 2B2u state are larger than those of
the classical half-amplitude. We also find that the change in
the C=C-Cl angle of the zB3u and 2B,, states are larger
than the magnitudes of the classical half-amplitude by four
times. The changes in the C=C of 24, C-Cl of ?B,, and
?Bs,, and C=C-Cl of B,,, *A,, and ’B;, are the same
order. The changes in the geometric parameters of the 24,

TABLE V. Ionization energies (eV).*

state are smaller than the magnitudes of the classical half-
amplitude. Table II shows the vibrational frequencies of the
ionic states. It is found from Tables III and IV that the char-
acters of the v;, »,, and »; modes of all states correspond
generally to those of the ground state. We notice that some
obvious changes of frequencies are found in the »; mode of
the 2B,, and %A ¢ States. The frequencies decrease. This
should be connected so that the C—Cl distance lengthens by
ionization.

Table V shows the VI and Al energies at the SCF and
SDCI levels. In the SDCI calculations, the weights of the
reference function are 82%-83% at the optimized geometry.
Table V shows the energy lowering of the Al energy com-
pared with the VI energy. A large energy lowering is found in
the 2B,, state corresponding to the large change in the equi-
librium molecular structure, while the energy lowering of the
2323’ 2A“, and 2B, ¢ States are negligibly small. Within the
short range of 0.8 eV, we find the five ionic states: 2B3u, ZA,, s
B ur 2B1 ¢ and A ¢ - The ordering of the states is different
using either VI or Al energies. We notice that the VI energy
of the 2B,, state is lower than that of the 24, state, while the
Al energy of 2B, is larger than that of the 2A, state. It is
also noticed that the order of the 2B, and ’B, ¢ States
changes by using either VI or Al energies. This situation is
connected so that the lowerings of the Al energy from the VI
energy of the A, and 2B, ¢ States are negligibly small, while
those of the 2B, and 2B, states are larger than the differ-
ences of the VI energies between the 2B;, and 2A,, states,
and between the 2B;, and B, ¢ States, respectively. The 0-0
ionization energies and the FCFs of the 0-0 transitions are
listed in Table V. The FCFs of the B,,, ’B;,, %A, *B,,
A g» and 2B3g states are so large that the 0—0 transitions
should be observed. Lake and Thompson reported that the
observed 00 band of the first band was 9.34 eV. The present
calculated value is underestimated by 0.55 eV in comparison
with their value.

The total feature of the theoretical intensity curves of the
’Boy 2Bog, *B3y, *A,, *Byy, *By,, *A,, and *B, states are
illustrated in Fig. 2 by assuming a half-width of 0.08 eV for
each transition band. It is compared with the observed PE
spectrum by Kimura ez al.? It imitates well the shape of the
observed PE spectrum. To discuss more detailed vibrational
structure of each band and the contribution of each band to
the spectrum, we illustrate the theoretical intensity curve

VIE AIE A(VIE-AIE) 0-0 transition
State SCF SDCI SCF SDCI SCF SDCI 0-0 IE FCF
2B,, 9.02 9.23 8.61 8.81 041 0.42 8.79 0.072
B, 11.83 11.49 11.79 11.48 0.04 0.01 11.48 0.479
2., 12.88 12.53 12.63 12.30 025 023 12.30 0.000
24, 12.79 12.40 12.79 12.40 0.00 0.00 12,40 0915
B, 13.26 12.88 12.99 12.61 027 027 12.61 0.000
B, 13.18 1277 13.16 12.76 0.02 0.01 12.76 0475
2A, 13.48 13.11 1341 13.01 0.07 0.10 12.99 0.573
2B, 14.12 13.72 14.04 13.64 0.08 0.08 13.64 0.241

*Total energies (a.u.) of 'A ¢+ —1911.569 329 (SCF) and —1912.238 285 (SDCI). VIE: Vertical ionization energy; AIE: adiabatic ionization energy.
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FIG. 2. The total feature of the theoretical intensity curve of ionization with
a half-width of 0.08 eV and the observed photoelectron spectrum by Kimura
et al. (Ref. 2). TIC: Theoretical intensity curve; PES: PE spectrum.

TABLE VI. Vibrational levels of the 2B,, state.

Progressions

IE A B C

8.79 M(000)

8.85 M0 10)

8.92 Ww(0 2 0)
8.98 5(100)

9.04 S(110)

9.11 w1 20)
9.17 $(200)

9.23 52 10)

9.29 W 2 0)
936 M@300)

9.42 M@310)

9.48 W(320)
9.55 W(400)

9.61 W4 10)

9.67 W4 20)
9.74 W 00)

9.80 W(5 10)

“Intensity is classified into S, M, or W according to the magnitude of FCF as
follows: §:0.15>FCF>0.08; M:0.08>FCF>0.03; or W:0.03>FCF
<0.007.
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FIG. 3. The theoretical intensity curve of ionization of the B,, state with a
half-width of 0.02 eV.

with a half-width of 0.02 eV. The results are shown in Figs.
3 to 10. The assignments of the vibrational structures are
found in the figures or Tables VI to X.

Figure 3 illustrates the theoretical intensity curve of the
2B,, state. A well resolved vibrational structure is found.
Three vibrational progressions of A, B, and C are recog-
nized. An assignment of each progression is found in Table
VI. The progression A with strong intensity is a series of
vibrational excitations of (0 0 0)—(5 0 0). The progression B
with medium intensity is a series of (0 1 0)—(5 1 0) and the
progression C with weak intensity is a series of (0 2 0)—(4 2
0). Lake and Thompson reported the observed frequencies of
1320 and 484 cm™', which were assigned as the C—=C and
C-Cl stretching modes, respectively. The present calculated
frequencies of the v, and v, modes are 1531 and 507 cm™’,
respectively. The calculated values overestimate by 16.0%
and 4.8% in comparison with their values. The vibrational
excitations of the v; mode have a strong intensity. This situ-
ation is connected to the change in the geometry. It is found
from Table I that the C=C bond becomes long, the C-Cl
bond becomes short, and the C=C-Cl angle becomes nar-

2
829

—rB

T T

18 16 114
Ionization Energy (eV)

FIG. 4. The theoretical intensity curve of ionization of the 2823 state with a
half-width of 0.02 eV.
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TABLE VII. Vibrational levels of the 232: state.

Progressions

IE A B
11.48 s(0o00)?
11.51 M@OO1)
11.54 S0 10)
11.57 wol11) .
11.60 5020)
11.63 w0O21)
11.66 w3 0)

*Intensity is classified into S, M, or W according to the magnitude of FCF as
follows: §:0.48>FCF<0.10; M:0.04>FCF>0.03; or W:0.03>FCF
>0.008.

row. The magnitude of the change is larger than that of the
classical half-amplitude of the zero point vibrational level.
The main character of the v, mode is the C=C stretching
motion, but it is found from Table IV that the C—Cl stretch-
ing and C=C-Cl bending motions mix and that the phase of
the motion is consistent with that of the change in the geom-
etry by ionization. Thus, higher vibrational excitations of the
v, mode become important.

Figure 4 shows the theoretical intensity curve of the
?B,, state. It shows that the 0—0 transition has the maximum
transition probability. Therefore, the observed VI energy of
11.38 eV should correspond to the 0—0 transition energy. The
calculated value is 11.48 eV, which overestimates by 0.10
eV. The two vibrational progressions are found in Fig. 4. The
assignment is given in Table VII. The progression with
strong intensity is the (0 0 0)—(0 3 0) transition. It is found
from Tables I and IV that the magnitude of the geometrical
change in the C—Cl length is the same order as that of the
classical half-amplitude of the zero point vibrational level.
Thus, the lower vibrational excitations of the », mode con-
tribute to the intensity.

In the 12-13 eV region, Lake and Thompson observed
the six peaks at 12.18, 12.44, 12.54, 12.67, 12.77, and 12.91
eV. The present calculation suggests that the B, 2A,,
’B,.. ’B, ¢ and A ¢ States contribute to the spectrum in this
region. The theoretical intensity curves illustrated from Figs.
5-9 shows that the 0-0 transition of the %4, 2B, and ?A,
states have the maximum transition probability. Therefore, it

T T

12.8 12.6 12.4
Tonization Energy (eV)

7G. 5. The theoretical intensity curve of ionization of the 2B, state with a
1alf-width of 0.02 eV.
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000

A,

'2010

126 12',4 '
Ionization Energy (eV)

FIG. 6. The theoretical intensity curve of ionization of the 2A,, state with a
half-width of 0.02 eV.

should be reasonable to assign the observed peak to some of
these 0-0 transition states. We propose that the peaks at
12.18, 12.54, and 12.77 eV should correspond to the 0-0
transition of the 2Au , 231 & and 2A ¢ States, respectively. The
calculated 0-0 energies are 12.40, 12.76, and 12.99 eV,
which values overestimate equally by 0.22 eV. Figure 6
shows that the (0 1 0) level of the A, state is medium
intensity. The frequency corresponding to the spacing of the
observed 12.18 and 12.44 eV is 2097 cm™'. We could not
assign the peak at 12.44 eV to the (0 1 0) level of the A,
state, because the calculated frequency of the v, mode is 481
cm™~! which is very small compared to the observed spacing.
It is found from Fig. 8 that the (0 0 1) level of the ?B, ¢ State
is of strong intensity. The frequency corresponding to the
spacing of the observed 12.76 and 12.67 eV is 1049 em” L.
We also could not assign the peak at 12.67 eV to the (0 0 1)
level of the 2B, ¢ State, because the calculated frequency of
the v; mode is 252 cm™! which is very small compared to
the observed spacing. Figure 9 shows that the (1 0 0) level of

T A T T T T T
132 13.0 12.8 12.6
Ionization Energy (eV)

FIG. 7. The theoretical intensity curve of ionization of the 2B, state with a
half-width of 0.02 eV.
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FIG. 8. The theoretical intensity curve of ionization of the 2B, 5 State with a
half-width of 0.02 eV.

the 2A g State is of strong intensity. The frequency corre-
sponding to the spacing of the observed 12.77 and 12.91 eV
is 1130 cm™'. We should assign the peak at 12.91 eV to the
(1 0 0) level of the zAg state, because the calculated fre-
quency of the ¥, mode is 1449 cm™' which corresponds to
the observed spacing. The theoretical intensity curves of the
ZB3u and 2B, states are illustrated in Figs. 5 and 7, respec-
tively. It shows a broad and similar vibrational structure. It is
found from the figures that the peaks with the maximum
intensity of the 2B, and 2B, states are 12.55 and 12.86 eV,
respectively. We therefore propose the assignment that the
observed peaks at 12.44 and 12.67 eV should correspond to
the peaks with the maximum intensity of the 2B, and ZB,,,
states, respectively. We notice that the calculated VI energies
of the 2B, and %B,, states (11.53 and 11.88 eV) does not

000

<

<
-
-
o
- )
o
-
T T T

v T
134 132 130 12.8
Ionization Energy (eV)

>200

FIG. 9. The theoretical intensity curve of ionization of the 2A ¢ State with a
half-width of 0.02 eV.
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TABLE VIII Vibrational levels of the 2B, state.
Progressions
IE A B

1233 W0 1y

12.36 w002

12.39 M(©003)

12.43 M(004)

12.45-12.46 5(005) W0 13)
12.48-12.49 5(006) WO 14)
12.51-12.52 5007) Ww( 15)
12.55 5(008) WO 16)
12.58 5009) w(O17)
12.61 M(0 0 10) Ww(0 18)
12.64 M(©0011) woO19)
12.67-12.68 W0 0 12) w(0 1 10)
12.70-12.71 W(0 0 13) w1 11)
12.73-12.74 W(0 0 14) w01 12)

“Intensity is classified into S, M, or W according to the magnitude of FCF as
follows: S: 0.11>FCF>0.08; M:0.07>FCF>0.03; or W: 0.03>FCF
>0.003.

correspond to the energies with the maximum intensity of
these states.

The theoretical intensity curves of the 24, ’B, g and
A ¢ States are illustrated in Figs. 6, 8 and 9, respectively. It
shows a very sharp vibrational structure. This feature is con-
nected to the small change in the geometrical parameters by
ionization. It is found from Tables I and IV that each mag-
nitude of the change is smaller or the same level compared to
that of the classical half-amplitude. Therefore, the intensity
of the 0-0 transition is the largest of all and only the lower
vibrational excitations contribute to the intensity. The theo-
retical intensity curves of the 2B,, and 2B, states shows a
broad and similar vibrational structure. The assignments of
the vibrational structures are found in Tables VIII and IX. It
is found from the tables that the higher vibrational excita-
tions of the »; mode contribute to the intensity. This situation
is ascribed to the large geometrical change in the C=C-Cl

TABLE IX. Vibrational levels of the 2B, state.

IE Progression A
12.64 w0 1)
12.67 w002
12.70 W(0 0 3)
12.74 M(©0O04)
12.77 M0 05)
12.80 S(006)
12.83 S(007)
12.86 $(008)
12.89 S(009)
12.92 S$(0 0 10)
12.96 S0011)
12.99 M(@©0012)
13.02 M(0013)
13.05 W(0 0 14)
13.08 w(0 0 15)
13.11 Ww(0 0 16)

“Intensity is classified into S, M, or W according to the magnitude of FCF as
follows: §: 0.13>FCF>0.08; M: 0.07>FCF>0.03; or W: 0.03>FCF
>0.001.

J. Chem. Phys., Vol. 102, No. 22, 8 June 1995



8928

*Bag

r~—B

rrm A

1 M T M T .
14.0 13.8 13.6
Ionization Energy (eV)

FIG. 10. The theoretical intensity curve of ionization of the 2B ¢ State with
a half-width of 0.02 eV.

bond angles of both states. The magnitudes of the changes
are equal to each other and four times as large compared to
the classical half-amplitude of the zero point vibrational
level. Therefore, very similar vibrational structures with
higher excitations of the v; mode should appear.

Figure 10 shows the theoretical intensity curves of the
2833 state. It shows that the 0—0 transition is the maximum
intensity. Therefore, the observed ionization energy of 13.48
eV should be interpreted as the 0-0 ionization energy of the
2B3 ¢ state. The calculated 0-0 ionization energy is 13.64 eV,
which overestimates by about 0.16 eV in comparison with
the observed value. Figure 10 shows the three vibrational
progressions. The assignment of the progressions is given in
Table X. The progressions of (0 0 0)—(0 0 3) and (0 1 0)-(0
1 3) have strong intensity. Lake and Thompson reported that
the observed spacing of 460 cm™! was assigned to the C-Cl
stretching mode. It is found from Fig. 10 that the first and
third peaks have strong intensity and the frequency of this
spacing corresponds to that of the », and 2w, transitions. The
calculated frequencies of the v, and 2v; transitions are 466
and 490 cm™!, respectively. We, therefore, propose that the
observed frequency of 460 cm™! should be assigned to the
frequency of the », and 2v, transitions. It is found from
Tables I and IV that the magnitude of the change in the C-Cl
length and C=C-Cl angle is the same level as that of the

TABLE X. Vibrational levels of the 2833 state.

Progressions
IE A B C
13.64 S$(000)*
13.67 S001)
13.70 M(©0O02) S(010)
13.73 w(0 0 3) SO11)
13.76 M©012) M@020)
13.79 w( 1 3) M@O21)
13.82 w022

[ntensity is classified into S, M, or W according to the magnitude of FCF as
follows: S: 0.24>FCF>0.08; M: 0.08>FCF>0.03; or W: 0.03>FCF
>0.009.
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classical half-amplitude. Thus, the intensity of the 0—0 tran-
sition is the largest of all and only the lower vibrational
excitations of the 1, and »; modes contribute to the intensity.
Kimura et al. have reported the calculated vertical ion-
ization energies by using the Koopmans’ theorem with the
4-31G basis set. They have assigned the first and second
bands as to the 2B3u and B3g states, respectively. Niessen
et al. have obtained the same assignment. Their assignments
appear to be different from the present assignment. This is
connected to the arbitrariness of the choice of the coordinate
axis. If we change the x axis by the y axis in Fig. 1, we
obtain the same assignment. The a,, by,, by, b3, a,, byy,
b,,, and by, MOs of the present coordinate axis are corre-
lated to the a,, by, by, by, a,,, byy, b3y, and by, MOs of
their coordinate axis, respectively. It is found from the cal-
culation by Kimura ef al. that the electronic configuration of
the ground state is a ..(2b,,)%(10a,)*(10b,,)*(2b,,)*
(7b1,)*(2a,)*(5bs,) (4173,,)2 Their numbering and charac-
terization of the MO should be missed. The total electron of
the ground state is 80 but their configuration gives 84 elec-
trons. Using their coordinate axis, we get the configuration of
(2b25) (9a,) (8b1u)2(2blg) (7b2,)*(2a,)*(Tbs,)*
(3b 3u)

IV. CONCLUSIONS

The molecular equilibrium structures and vibrational fre-
quencies are calculated for the ground state of lA and the
lower elght ionic states of *B,,, szg, ’A,,2B;,, 281 & 2A

2B, « and B3g Using the FCFs, we obtain the theoretlcal
intensity curve. The theoretical intensity curve is in good
agreement with the observed PE spectrum.

The main characters of the v;, v,, and v; modes of the
ground state are C==C stretching, the C—Cl stretching, and
C=C-Cl bending motions, respectively. The characters of
the vibrational modes of all ionic states correspond generally
to those of the ground state.

The first peak observed at 9.34 eV should be assigned to
the 0—0 ionization energy of the 2B,, state and the vibra-
tional excitation of the »; mode contributes to the vibrational
structure. Although the main character of the v, mode is the
C==C stretching motion, the C-Cl stretching and C=C-Cl
bending motions mix and the phase of the motion is consis-
tent with that of the change in the geometry by ionization:
the C=C bond becomes long, the C—Cl bond becomes short,
and the C=C-Cl angle becomes narrow.

The second band should be assigned to the 2B2g state.
The vibrational excitation of the C~Cl stretching mode of »,
contributes to the intensity.

In the 12—-13 eV region, the peaks at 12.18, 12.44, 12.54,
12.67, 12.77, and 12.91 eV were reported. We propose the
assignment that the peaks at 12.18, 12.54, and 12.77 eV
should correspond to the 00 transitions of the ?A,, *B, &
and %A, states, respectively. The peaks at 12.44 and 12.67 eV
should be the peaks with the maximum intensity of the ’B,,
and 2B, , states, respectively. The peak at 12.91 eV should be
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the (1 0 0) level of the %A ¢ state. The shapes of the vibra-
tional structures of the A, and 2Blg states are very sharp.
This situation is connected to the small geometrical change
by ionization. The vibrational structures of the 2B;, and 2B,
states are broad and the higher vibrational excitations of the
v; mode contribute to the intensity. This is ascribed to the
large geometrical change in the C==C-Cl angle. The magni-
tude of change is four times as large compared to the classi-
cal half-amplitude of the zero point vibrational level. The
change in the C=C length of the 2Ag state is the same order
as the classical half-amplitude. Thus the vibrational excita-
tion to the (1 0 0) level also has strong intensity.

The observed peak at 13.48 eV should be the 0-0 ion-
ization transition of the 2833 state. The observed frequency
of 460 cm™! should correspond to the frequency of the v,
and 2v; transitions. The magnitude of the changes in the
C-Cl length and C=C-Cl angle is the same level as those
of the classical half-amplitude Therefore the 0—0 transition is
the largest of all and only the lower vibrational excitations of
the v, and v; modes contribute to the intensity.
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