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Abstract

Ab initio calculations have been performed to study the molecular structures and the vibrational levels of the low-lying ionic
states (2A,, 2By, 2A, and ?B,) of thiophene. The equilibrium molecular structures and vibrational modes of these states are
presented. The theoretical ionization intensity curves including the vibrational structures of the two low-lying ionic states are
also presented and compared with the photoelectron spectrum. Several new assignments of the photoelectron spectra are proposed.

1. Introduction

The electronic configuration of the ground state of
thiophene is represented by ...(6b,)* (10a,)? (7b,)>
(2by)? (11a;)* (3b1)* (125)%

The photoelectron (PE) spectroscopy investigations
of thiophene have been reported by many workers [ 1—
8]. The first band from 8.9 to 9.8 eV contains the A,
and 2B, states. The %A, state shows well resolved vibra-
tional structures. The assignment of the vibrational lev-
els was tried by Derrick et al. [3]. They interpreted the
vibrational structure by taking account of the vibra-
tional frequencies of the ground state. The spectrum of
the 2B, state overlaps the tail of that of the A, state.
The spectrum shows no vibrational structure. The sec-
ond band of the 1216 eV region contains several elec-
tronic states.

Theoretical approaches on thiophene have been
reported [9,10]. However, no study on the molecular
structure of the ionic states and the assignment of the
vibrational structure of the PE spectrum has been
reported.

0301-0104/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved
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When a molecule is ionized, the equilibrium molec-
ular structure and the character of the vibrational mode
should change from those of the ground state. The
vibrational structure of the PE spectrum reflects these
changes. It is, therefore, interesting to investigate the
vibrational structure associated with the change in the
equilibrium molecular structure and the vibrational
mode by ionization.

In this work, we determine the equilibrium molecular
structures of the ground and lower ionic states by using
the ab initio self-consistentfield (SCF) method. Within
the framework of the adiabatic approximation and the
harmonic oscillator approximation, we calculated the
harmonic force constant matrix elements over variables
of the totally symmetric distortion and the vibrational
frequencies of the totally symmetric modes. We
obtained approximate theoretical intensity curves using
the Franck—Condon factor (FCF), which is given by
the square of the overlap integrals between the vibra-
tional wavefunction of the ground state and that of the
ionic state. Based on these calculations, we discuss the
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vibrational levels of the low-lying ionic states com-
pared to the photoelectron spectrum.

2. Methods of calculation

We used the basis sets of the MIDI-4-type prepared
by Tatewaki and Huzinaga [11,12]. These were aug-
mented by one p-type polarization function for H and
one d-type polarization function for C and S. The expo-
nents of the polarization function for H, C and S are
0.68, 0.61 and 0.46, respectively.

The gradient technique for the Roothaan’s restricted
Hartree—Fock (RHF) method was used to determine
the optimum molecular structures of the ground state
and the ionic states.

The single and double excitation configuration inter-
action (SDCI) method was used to get more accurate
vertical ionization energy (VIE) and adiabatic ioni-
zation energy (AIE). A single reference configuration
of the SCF wave function of the respective state was
used. In the SDCI method, singly and doubly excited
configuration state functions (CSFs) were generated
where the inner shells were kept frozen. The generated
CSFs were then restricted to the first order interacting
space [13]. The dimensions of the CI were too large;
we used a CSF selection process by a second-order
perturbation theory. The threshold for the selection was
8 whartree. The number of generated CSFs was reduced

Table 1

from about 200000 to 15000. We estimated the total
energy including the contribution from the rejected
CSFs by a second-order perturbation theory [14]. The -
harmonic force constant matrix elements were calcu-
lated by the gradient technique with the RHF wave
function; the second derivative was estimated by the
numerical differentiation of the analytically calculated
first derivative. We calculated the FCFs of only the
totally symmetric vibrational modes. In calculating
FCFs, we approximated the vibrational wave functions
by those obtained by the harmonic oscillator model.
We assumed that the initial state was the zero point
vibrational level of the ground state. The method of
calculation of the FCF and theoretical intensity curves
was the same as we used in the previous paper [15].

This work was carried out using the computer pro-
gram system GRAMOL [16] for the gradient tech-
nique and the calculation of normal modes, and MICA3
[17] for the CI calculations.

3. Results and discussion

Table 1 shows the optimized geometrical parameters
of the ground and ionic states. The numbering of each
atom is illustrated in Fig. 1. The optimized geometric
parameters of the ground state are in good agreement
with the experimental ones [18]. Table 1 also shows

Optimized molecular structure of thiophene and magnitude of the change in the geometry by ionization

State S-C,(AS-Cy) C-Cs(AC,C5) C-H(AC,-H) C-H(AC,-H)
1A, 1.729 1.349 1.079 1.081

exp. ® 1.714 1.370 1.078 1.081

24, 1.716(—0.012) 1.411( +0.061) 1.083( +0.004) 1.081( —0.001)
2B, 1.744( +0.016) 1.335(—0.014) 1.079( +0.000) 1.082( +0.001)
25, 1.781( +0.052) 1.333(—0.016) 1.078( —0.001) 1.084( +0.003)
g, 1.905( +0.176) 1.317(—0.032) 1.093( +0.014) 1.083( +0.002)
State C-S—Cs(AC-S—Cs) S—Co-Ca(AS-Cp-Cs3) S-C,-H(AS-C,-H) C,-C-H(AC,~C5-H)
A 91.26 111.81 120.39 123.58

exp. ® 922 1115 119.8 123.3

24, 89.70( — 1.56) 113.31( +1.50) 120.67( +0.28) 122.68( —0.90)
2, 93.63( +2.37) 109.88( —1.93) 120.03( —0.36) 123.89( +0.31)
25, 98.50( +7.24) 103.01( —8.80) 120.80( +0.41) 120.38(—3.20)
2, 80.68( —10.58) 116.88( +5.07) 100.73( — 19.66) 121.81(~1.77)

2 Nygaard et al. [18].
Bond lengths are in angstroms, angles in degrees. The values in parentheses are the magnitude of the change in geometry by ionization.
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Fig. 1. Numbering of each atom.

Table 2

Ionization energies (eV) of thiophene

State  VIE AIE A(VIE-AIE)

SCF SDCI  SCF SDCI SCF  SDCI

2A, 8.06 8.65 7.78 8.33 0.28 0.32
B, 8.52 8.98 8.42 8.91 0.10 0.07
A, 11.42 11.77 10.89 11.32 0.53 0.45
B, 13.23 13.32 12.08 12.48 1.15 0.84

Total energies (au) of 'A,: —550.687022(SCF) and
—551.277283(SDCI).

Table 3

0-0 ionization levels of thiophene
State 0-0IE FCF
A, 8.34 0.155
2B, 8.90 0.425
2A, 11.32 0.003
’B, 12.48 0.000

the magnitude of the change in the equilibrium molec-
ular structure by ionization.

Table 2 shows the VIE and AIE at the SCF and SDCI
levels. In the SDCI calculations, the weight of the ref-
erence function of the A, 2A,, 2B, 2A, and 2B, states
at the optimized geometry are 85.4, 85.5, 85.3, 85.1
and 84.8%, respectively. Table 2 shows the energy
lowering of the AIE compared with the VIE. The
energy lowering of the %A, and 2B, states at the SDCI
level are 0.32 and 0.07 eV, respectively, while those of
the ?A, and B, states are 0.45 and 0.84 eV, respec-

 tively.

The 0-0 ionization energies and the FCFs of the 0—
0 transitions are listed in Table 3. The FCF of the %A,
state is so large that the 0-0 transition should be
observed. Derrick et al. reported that the observed 0-0
band of the A, state was 8.9 V. The present calculated
value underestimates by 0.56 eV in comparison with
their value. The %A, state should contribute to the begin-
ning region of the second band. However, the zero-
point vibrational level of the ?A; state should not be
observed, because the FCF is negligibly small.

The vibrational frequencies of the ground and ionic
states are shown in Table 4. The frequencies are
arranged in order of magnitude. Compared with the
observed values [ 19] of the A, state, we overestimate
the frequencies by 5.8-13.0%. Each mode is charac-
terized by using the conventional potential energy dis-
tribution (PED) and the classical half amplitude of the
zero-point vibrational level. Table 5 shows the PED,
which is described using the totally symmetrical dis-
placement coordinate. The classical half amplitude is
shown in Table 6.

For the interpretation of each mode of the A, state,
Table 5 shows that the AS; and AS, totally symmetrical
displacement coordinates contribute mainly to the PED
of the v, and v, modes, respectively. The AS; and AS,
coordinates are connected to the C,—H (and Cs—H) and

Table 4

Vibrational frequencies (cm™") of thiophene
State I 7 12 I Vs Vs vy Vg
A 3415 3381 1586 1509 1179 1101 880 654
obs. ? 3108 3084 1404 1358 1079 1032 832 604
2A, 3415 3396 1643 1459 1204 1145 911 661
B, 3429 3400 1681 1429 1198 1037 810 614
2A, 3457 3366 1597 1409 1156 1053 738 552
B, 3377 3268 1724 1417 1120 1088 573 470

* Herzberg [19].
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Table 5
Conventional potential energy distribution (%) of thiophene

State Component I 7 123 V4 Vs Vs V7 Vg
1A, AS; 0.2 0.0 0.5 11.0 0.4 16 383 6.6
AS, 0.8 0.1 43.7 7.1 12.5 40 0.3 0.0
AS, 84.3 11.8 0.2 0.0 0.0 0.1 0.0 0.0
AS, 11.2 85.8 0.0 0.2 0.0 04 0.0 0.0
ASs 2.0 02 236 12,6 12 22.1 77 61.1
ASg 14 2.0 20.9 19.6 0.0 29.6 52.1 322
AS, 0.0 0.0 29 24.9 475 18.7 14 0.1
ASg 0.0 0.1 8.1 24.5 384 235 0.2 0.0
2, AS, 0.0 0.3 26 8.4 22 0.3 2.3 35
AS, | 0.5 0.1 6.0 27.9 0.0 352 0.1 0.0
AS, 134 79.6 0.0 0.1 01 0.1 0.1 0.0
AS, 85.3 12.6 04 0.0 02 0.2 0.0 0.0
AS; 0.5 2.5 0.3 36.4 9.7 37.9 4.1 589
AS; 0.1 4.7 61.3 3.8 13 1.0 51.6 376
AS, 0.0 0.0 25 233 26 24.0 1.7 0.1
ASq 0.0 0.1 27.0 0.0 84.0 12 0.2 0.0
’B, AS, 0.2 0.0 0.6 6.7 0.1 3.0 30.7 133
AS, 1.1 0.1 52.6 6.0 74 9.3 0.4 0.0
AS, 82.8 13.6 0.3 0.0 0.0 0.2 0.0 0.0
AS, 13.0 84.4 0.1 0.2 0.0 0.6 0.0 0.0
ASs 1.8 0.2 20.9 7.5 0.1 20.0 9.7 64.6
ASg 12’ 1.7 165 143 02 443 58.8 21.9
AS, 0.0 0.0 25 31.7 477 154 0.4 0.2
ASg 0.0 0.1 6.6 33.8 445 74 0.0 0.1
24, AS, 0.2 0.0 0.0 54 0.1 0.2 226 20.5
\ AS, 0.9 0.3 53.0 74 1.8 8.2 0.6 0.2
AS, 94.4 1.0 0.4 0.1 0.0 0.1 0.0 0.0
AS,: 0.8 97.7 0.0 0.1 0.0 0.5 0.0 0.0
ASs 1.8 0.0 20.3 10.7 0.9 155 16.1 63.9
AS, 1.7 1.0 19.1 172 02 38.8 60.4 14.9
AS, 0.0 0.0 15 235 49.1 334 0.0 0.5
ASg 0.0 0.1 5.7 35.7 48.0 33 0.1 0.0
’B, AS, , 0.0 0.0 12 53 0.9 14 40 426
‘ AS, 0.8 12 - 585 52 3.8 6.7 0.1 0.1
AS, 23 90.8 0.9 05 0.0 0.1 0.0 0.1
AS, 96.4 2.5 0.1 0.1 0.0 0.5 0.0 0.0
ASs 0.2 32 20.9 74 0.7 26.8 352 55.0
AS, 0.4 22 123 282 2.5 189 60.0 2.1
AS, 0.0 0.1 16 20.9 436 344 0.6 0.0
ASq 0.0 0.0 46 324 485 114 0.1 0.1

The definitions of the totally symmetrical displacement coordinates are as follows:
AS, = (AS-C, +AS-C5) /V2,

AS, = (AC,—Cs +ACs—Cy) /Y2,

AS, = (AC,~H+ACs-H)/V2,

AS, = (ACs-H+AC,—H) /2,

ASs=AC,-S-Cs,

ASg = (AS—C,—C; +AS-Cs—C,) /2,

AS; = (AS-C,—H + AS-C5—H) /v2,

ASy = (AC,~C3—H + ACs—C,~H) /V2.
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Table 6
Classical half amplitude of the zero-point vibrational levels

State Component 7 v, 78 vy Vs Vs v, 78
1A, AS-C, —0.003 0.001 0.004 —0.015 —0.002 —0.003 0.037 0.023
AC-C, —0.005 -0.002 —0.038 0.012 —-0.012 —0.005 —0.003 —0.000
AC,-H 0.068 —0.025 —0.003 0.001 —0.001 —0.001 0.001 0.000
ACs-H 0.025 0.069 —0.001 0.003 —0.001 —0.002 0.001 0.000
AC,-S-C;s -0.3 0.1 —-1.1 0.6 -0.2 —-0.5 0.7 —-2.7
AS-C-C;4 0.3 —-0.3 1.0 0.8 -0.0 —-0.6 =17 2.0
AS-C,-H -02 0.0 -17 3.9 43 2.0 12 —-0.5
AC,-C-H 0.1 —-0.3 29 39 -38 22 0.5 —-0.2
2A, AS-C, -0.001 —0.003 —0.007 —0.015 —0.004 —0.002 0.037 0.018
AC-C, —0.005 -0.002 —0.012 0.034 0.000 —0.027 —0.002 0.002
AC-H 0.027 0.068 —0.001 0.002 —0.001 —0.002 0.002 —0.000
AC-H 0.068 —0.027 0.004 0.001 —0.001 —0.002 0.000 0.001
AC,-8-Cs -0.1 -0.3 -0.1 1.2 —-0.3 —-09 0.4 —-2.7
AS-C,-C,4 —0.1 04 1.2 —-04 —-0.1 0.1 -15 2.1
AS-C,-H -0.1 -02 13 4.9 -0.9 3.6 14 —0.5
AC,-C3-H -0.2 0.3 42 -0.0 4.9 -0.8 0.5 ~0.1
B, AS-C, —0.003 0.001 0.004 —0.011 —0.001 —0.004 0.037 0.030
AC-C, —0.006 —0.002 —0.038 0.010 —0.009 —0.007 —0.004 —0.001
AC,-H 0.067 —0.027 —0.004 0.001 —0.000 —0.001 0.002 —0.000
AC;-H 0.027 0.068 -0.002 0.002 —0.001 —0.002 0.000 0.000
AC,-S-Cs —-0.3 0.1 —-1.1 0.5 -0.0 -0.5 0.9 —-2.8
AS-Co-C,4 0.3 —-0.3 1.0 0.7 -0.1 —-0.7 -2.1 1.6
AS-C-H —=0.2 0.0 -15 43 43 1.7 0.7 —0.6
AC,-Cs-H 0.1 -0.3 2.5 44 —4.1 12 0.1 —-04
2A, AS-C, —0.003 0.000 0.000 -0.011 —0.001 —0.001 0.034 0.038
AC-C; —0.006 -0.003 —0.039 0.011 —0.004 —0.008 —0.005 —0.004
AC,-H 0.072 —0.007 —0.004 0.001 0.000 —0.001 0.002 —0.000
AC-H 0.007 0.073 —-0.001 0.002 0.000 —0.002 0.000 0.001
AC,-S-Cs —-04 0.0 —-1.1 0.6 0.1 -0.5 12 —-2.7
AS-C,-C4 0.3 -0.3 1.0 0.8 0.1 —-0.7 -22 1.3
AS-C,-H —0.2 —-0.0 —-12 3.8 44 3.0 0.3 —1.0
AC-Cy-H 02 —~0.2 24 45 —42 0.9 04 —0.2
B, AS-C, 0.000 —0.000 0.007 —0.012 - —0.004 —0.004 —0.024 0.053
AC-C; —0.005 -0.006 —0.038 0.009 —0.006 —0.006 0.002 —0.001
AC-H 0.011 . 0.073 —0.006 0.004 —0.000 —0.001 0.001 ~0.003
ACs-H 0.072 —0.012 —0.002 0.002 0.001 —0.002 —0.001 0.001
AC-S-C; —-0.1 —-04 -0.9 0.4 -0.1 —-0.5 —-22 —138
AS-C—C4 -02 0.5 0.8 0.9 0.2 -0.5 3.1 04
AS-C,-H . —01 -0.3 -13 3.6 42 29 —15 0.0
AC-Cy-H ~-0.2 0.2 2.1 44 —44 1.7 0.6 —-04

Bond lengths are in angstroms, angles in degrees.

C;-H (and C,~H) stretching motions, respectively.
Thus, the »; and », modes should be interpreted as the
C,—H and C;—H stretching motions, respectively. Table
5 also shows that the AS, and AS; components contrib-
ute to the PED of the v, and », modes, respectively.
Table 6 reveals that the C,—H and C;—H stretching
motions mix with the in-phase mode for the v; mode

and with the out-of-phase mode for the », mode. Table
5 suggests that the AS; and AS4 coordinates contribute
to the 1, mode. The AS; and ASs coordinates describe
the S-C, (and S—C;) stretching and S—C,—C; (and S—
Cs—C,) bending motions, respectively. Table 6 sug-
gests that the S-C stretching and S-C—C bending
motions mix with the out-of-phase mode. The PED of
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the ¥z mode is a mixture of ASs and AS, coordinates.
The symmetrical displacement coordinates of ASs and
ASg are the Cs~S—C, and S-C,~C; (and S-Cs-C,)
bending motions, respectively. It is found from Table
6 that the two motions couple with the out-of-phase
mode. Therefore, the v mode is a mixture of the C—S—
C and S—C—C bending motions coupled with the out-
of-phase mode. It is seen from Tables 5 and 6 that the
vs mode is a mixture of the S—-C,—H and C,—C;—H
bending motions coupled with the out-of-phase mode.
We cannot make clear-cut interpretations of the v, v,
and ys modes. The AS|, AS,, ASs, AS; and AS; coor-
dinates contribute to these modes, while the contribu-
tion of the AS; and AS, coordinates is negligibly small.

The characters of the »; and v, modes of the %A,
state change from those of the 'A; state. Table 5 shows
that the main components of the PED of the v, and v,
modes are composed by the AS, and AS; totally sym-
metrical displacement coordinates, respectively. It also
shows that the' AS; and AS, coordinates contribute to
the v, and v, modes, respectively. Table 6 suggests that
the character of the », is a mixture of the C;—~H and C,—
H stretching motions coupled with the in-phase mode
and that of the v, mode is a mixture of the C,—H and
C;—H stretching motions coupled with the out-of-phase
mode. Itis found from Tables 5 and 6 that the characters
of the 1, and v modes are almost the same as those of
the ground state. We cannot find any correspondence
between the v, v, s and v modes of the %A, state and
those of the ground state.

For the B, state, it is found from Tables 5 and 6 that
the character of each mode corresponds generally to
that of the ground state. _

The character of each vibrational mode of the 2A,
state corresponds generally to that of the 'A; state.
However, the contributions of S, to vy, S5 to 15, S, to
s, Sg t0 v and Sg to ¥ become small compared with
those of the ground state.

The characters of the »; and », modes of the 2B, state
are different from those of the 'A, state. Each character
of the v, and », modes of the ?B, state corresponds to
that of the A, state. Each character of the v, v, vs and
vs modes of the 2B, state corresponds generally to that
of the ground state. Tables 5 and 6 indicate that the
character of the v; and v modes does not correspond
to any mode of the v; and v; modes of the ground state
concerning the component of PED and the phase of the
mode.

C4SH,
PES t
10 8 é
B,
TIC
A,
A}J

10 8 6
Jonization Energy (eV)

Fig. 2. The theoretical intensity curves of ionization of the A, and
2B, states with a half width 0f 0.08 eV and the observed photoelectron
spectrum by Turner et al. [2]. TIC: theoretical intensity curve. PES:
PE spectrum.

The theoretical intensity curves of the 2A, 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 Turner et al. {2]. It imi-
tates well the vibrational structure of the observed PE
spectrum. We illustrate the theoretical intensity curve
with a half width of 0.02 eV to discuss the more detailed
vibrational structure of each band. The result is shown
in Figs. 3 and 4. The assignment of the vibrational
structures of the 2A, and ?B; states is shown in Tables
7 and 8, respectively.

Table 7 shows the vibrational energy, intensity and
assignment of each vibrational level found in Fig. 3.
The vibrational levels whose FCF values are larger than
0.01 are listed. The intensity of each vibrational level
is classified as S, M or W according to the magnitude
of FCF. The present assignment is compared with the
interpretation of the observed spectrum by Derrick et
al. [3]. We note that they used the qualitative descrip-
tion of the vibrations according to Lord and Miller
[20]. We convert their notation in Table 7 according
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2
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Fig. 3. The theoretical intensity curves of ionization of the %A, state
with a half width of 0.02 eV.

to Herzberg [19]. Comparing vibrational energies of
the present calculation with that by Derrick et al., we
overestimate from 2.5% to 6.9%. The three peaks with
strong intensity at 8.34, 8.42 and 8.52 eV are shown in
Fig. 3. The first peak is interpreted as the 00 transition.
The second strong peak is assigned to the vz mode. This
assignment is consistent with that by Derrick et al.
However, our interpretation of the third peak with
strong intensity is different from their interpretation.
We assign it as the v, band. They interpreted it as the
v; band. The present calculation suggests that the 5
band is found at 8.54 eV with frequency 1643 cm™'.
Comparing the calculated frequency of the »; mode
with their value, we overestimate by 17.8%, which
value is beyond the present accuracy of the calculation
of frequency. Therefore, the third peak with the
observed frequency of 1395 cm ™! should be assigned
as the v, band. The band with medium intensity cen-
tered at 8.49 eV is overlapping with the transitions of
the vs, s and 2 vg modes. Derrick et al. interpreted it
as the vs and 2 vz bands. In their interpretation, the
contribution of the v band was missed. They also
should miss the »; weak band, which is found between
the 8.42 and 8.49 bands in the theoretical intensity
curve. It is seen from Fig, 3 that a shoulder of the third
strong band is found at 8.54 eV. It is assigned mainly
to the »; mode. The shoulder at 8.56 eV is assigned to
the v5+ v and vs+ v band with equal intensity. This
band was assigned as the vs+ v only by Derrick et al.
They proposed the 3 5 band with vibrational energy of
1879 cm ™ !. The present calculation shows that the FCF
of this transition is smaller than 0.01. Therefore, an

observation of this transition should be impossible. The
band at 8.60 eV is the v, + 5. This band corresponds
to the observed band of 2017 cm ™!, which was inter-
preted as the v; + v band. Derrick et al. proposed that
the vibrational frequency of 2230 cm ™! was assigned
as the 2 v5 band. This band should correspond to the
present one at 8.63 eV, which is the »; 4 vz and v, + v
transitions. The calculated FCF of the 2 v transition is
negligibly small. The observed vibrational frequency
of 2492 cm ™! was interpreted as the v; + v band. The
vy + v, ¥4+ v5 and v, +2 v transitions should corre-
spond to the observed band.

The v, vy, vs, vs, v7 and v modes contribute to the
intensity of the spectrum of the %A, state. The v, and
vg modes have particularly strong intensity and most
of the higher vibrational levels include these modes.
This situation is connected to the change in the geo-
metrical parameters by ionization. Table 1 reveals that
the S-C, length becomes short and the C,—C; length
becomes long. It also shows that the Cs—S—C, bond
angle becomes narrow and the S—-C,—C; angle becomes
wide. Table 6 suggests that the character of the v, mode
contains a mixture of the S—~C, and C,~Cj stretching
motions coupled with the out-of-phase mode. This
phase is consistent with the phase of the change in the
S—C, and C,—C; length. It also suggests that the char-
acter of the v; mode is a mixture of the Cs—S—C, and
S-C,—C; bending motions coupled with the
out-of-phase mode. This phase is consistent with the
phase of the change in the Cs—S-C, and S-C,—C;

2
B1
T T T T T T T
9.5 9.4 9.3 9.2 9.1 90 - 89
Ionization Energy (eV)

Fig. 4. The theoretical intensity curves of ionization of the ?B, state
with a half width of 0.02 eV.
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Table 7
Assignment of the vibrational structure of the %A, state

E Present calculation Derrick et al. [3]
vibrational intensity assignment vibrational intensity assignment
energy (cm™!) energy (cm™!)
8.34 0 S 0 0 A
842 661 S vg 645 S Vg
8.45 911 W v
8.48 1145 w Vg
8.49 1204 w Vs 1137 M Vs
8.50 1322 w 23 1290 w 2vg
8.52 1459 S vy 1395 S vy
8.53 1572 w vyt v
8.54 1643 M V3
8.56 1806 w vt v
8.57 1865 w vs+ vg 1760 w vs+ vg
8.60 2120 M V4+ Vg 2017 w V3 + Vg
8.63 2304 w v+ v
8.63 2370 . W vt vy 2230 w 2vs
8.66 2604 w v+ v
8.67 2663 w Vat v 2492 w v+ vs
8.68 2781 w va+218
8.69 2847 w v+ s
8.70 2918 w 2
8.72: 3102 w V3t vy
8.75 3286 w 2v3
8.78 3579 " 2vy+ v
8.81 3763 W V3+ V4+ Vg

Intensity is classified as S, M or W according to magnitude of FCF as follows: $:0.16 >FCF>0.08, M:0.06 >FCF>0.04 and
W:0.03>FCF>0.01.

Table 8

angles. Therefore, the higher vibrational excitation
Vibrational levels of the ®B, state of thiophene

including the v, and »; modes mainly contributes th
intensity. . '

IE Present calculation
Fig. 4 illustrates the theoretical intensity curve of the
vibrational intensity assignment 2B, state. A well resolved vibrational structure is found.
energy (cm™') However, no vibrational structure of the observed PES
.90 0 S 0 has been reported. This should be connected with the
3.98 614 S Vg fact that the tail of the first band of the %A, state should
9.00 810 S v overlap with the band of the ?B, state and the vibrational
9.03 1037 S Vs structure should not be distinguishable. Table 8 shows
0.08 1424 M vt v the assignment of the vibrational structure of the the-
9.10 1620 W 21 . . . .
9.10 1651. W Vot 7 oretical intensity curve. The first very strong band is
9.11 1681 M Vs the zero—zero transition. The second band at 8.98-9.03
9.13 1847 M v+ vy eV with strong intensity is assigned to the v, 2, and v
9.21 2491 w vty modes. The »; mode also contributes to the'band at9.11

Intensity is classified as S, M or W according to the magnitude of
ECF as follows: S:0.43>FCF>0.09, M:0.04>FCF>0.03 and
W:0.03>FCF>0.01.

eV.
In 2B, state, the 0-0 transition has strong intensity
whose FCF is 0.43. The excitation of the »; mode also
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contributes to the intensity. This feature is connected
to the change in the geometrical parameters of the *B,
state by ionization. The obvious change is found from
Table 1 in the parameters of the S—-C,, C,—C;, C5—S—
C, and S-C,-C,. However, the magnitude of these
changes is less than that of the classical half amplitudes
of the zero-point vibrational level (see Table 6). Thus,
the intensity of the 0-0 transition is strong. Table 1
shows that the Cs—S—C, bond angle becomes narrow
and the S—C,—C; angle becomes wide. Table 6 suggests
that the character of the »; mode is a mixture of the Cs—
S—C, and S—-C,—C; bending motions coupled with the
out-of-phase mode. This phase is consistent with the
phase of the change in the Cs—S-C, and S-C,—C,
angles. Therefore, the 1, mode has large intensity.

For the ?A, and 2B, states, we could not obtain rea-
sonable theoretical intensity curves compared with the
observed spectra. Large geometrical changes are found
in the S—C, distance, Cs—S—C,, and S—C,~C; angles of
the 2A, state, and the S—C, distance, Cs—S~C,, S-C,—
C, and S—C,—H angles of the ?B,, state. The magnitude
of these changes is larger than that of the classical half
amplitudes of the zero-point vibrational level. There-
fore, higher vibrational excitations,contribute to the
intensity.

4. Conclusion

The molecular equilibrium structures and vibrational
frequencies were calculated for the ground and lower
four ionic states. By using the FCFs, we obtained the
theoretical intensity curve of the %A, and B, states.
The theoretical intensity curves were in good agree-
ment with the observed PE spectra.

Derrick et al. interpreted the vibrational structure of
the spectrum of the %A, state by using the v, vs and v,
‘modes. The present calculation reveals that the s, v,
vs, ¥, ¥7 and vz modes contribute to the intensity. The
0-0, v, and w, transitions have strong intensity. We
propose that the observed frequency of 1395 cm ™! is
the v, band, whose frequency was interpreted as the v,
band by Derrick et al. We also propose that the fre-
quencies of 2017 and 2492 cm ™! are the v, + v and
v, + vs bands, respectively. These frequencies were
assigned as the v3 + vg and 15 + w5 bands by them. The
present calculation reveals that the », and »; modes
contribute to most of the higher vibrational excitations.

This situation is connected to the change in the geom-
etry where the S—C, length becomes short, the C,—C;
length becomes long, the Cs—S—C, bond angle becomes
narrow and the S-C,—C; angle becomes wide. The
character of the v, mode contains a mixture of the S—
C, and C,—C,; stretching motions coupled with the out-
of-phase mode and the g is a mixture of the Cs—S-C,
and S—-C,—C; bending motions coupled with the out-
of-phase mode. These phases are consistent with the
phase of the change of geometry. Thus, the v, and 5
modes contribute particularly to the intensity.

Although the theoretical intensity curve of the ?B,
state shows a well resolved vibrational structure, no
vibrational structure of the observed PES has been
reported. This should be connected with the fact that
the tail of the first band of the ?A, state should overlap
with the band of the B, state and the vibrational struc-
ture should not be distinguishable.
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