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

spectra are proposed.

I. INTRODUCTION

The electronic configuration of the ground state of
pyrrole is represented by a ~--(8a|)2(5b2)2(1b1)2
(4b)%(9a,)%(2b,)*(1ay)*.

The photoelectron (PE) spectroscopy investigations of
pyrrole have reported by many workers.'~7 The assignment
of the electronic states of the lowest two bands were estab-
lished. The lowest state was the 24, state and the second was
the 2B, state. These states show well resolved vibrational
structure. The assignment of the vibrational levels was at-
tempted by Derrick et al.’ They interpreted the vibrational
structure by taking account of the vibrational frequencies of
the ground state. The third band of the 12-16 eV region
contains several electronic states.

The theoretical approaches on pyrrole have been
reported.3~!! Many workers have calculated the vertical ion-
ization energies in order to help the assignment of the elec-
tronic states of the PE spectra. The vertical ionization energy
was calculated by the use of the geometry in the ground
state.

As a molecule is ionized, the equilibrium molecular
structure and the character of the vibrational mode should
change from those of the ground state. The vibrational struc-
ture 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.

Any theoretical investigation on the molecular structures
and the vibrational levels of the ionic states has not been
reported. In this work, we determine the equilibrium molecu-
lar structures of the ground and lowest ionic states by using
the ab initio self-consistent-field (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 sym-
metric distortion and the vibrational frequencies of the to-
-ally symmetric modes. We obtained approximate theoretical
intensity curves using the Franck—Condon factor (FCF)
which was given by the square of the overlap integrals be-
:‘ween the vibrational wave function of the ground state and
‘hat of the jonic state. Based on these calculations, we dis-
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cuss the vibrational levels of the low-lying ionic states com-
pared to the photoelectron spectrum.

Il. METHOD OF CALCULATIONS

We used the basis sets of the MIDI-4-type prepared by
Tatewaki and Huzinaga.'”? These were augmented by one
p-type polarization function for H and one d-type polariza-
tion function for C and N. The exponents of the polarization
function for H, C, and N were 0.68, 0.61, and 0.87, respec- .
tively.

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

The single and double excitation configuration interac-
tion (SDCI) method was employed to obtain more accurate
ionization energies for the estimation of vertical ionization
energy (VIE) and adiabatic ionization energy (AIE). A single
reference configuration of an SCF wave function of the re-
spective state was employed. In the SDCI method, singly and
doubly excited configuration state functions (CSFs) were
generated where the inner shells were kept frozen. The gen-
erated CSFs were then restricted to the first order interacting
space.!> The dimensions of the CI were too large, we adopted
a CSF selection process by the use of second-order perturba-
tion theory. The threshold for the selection was 8 uhartree.
The number of the generated CSFs were reduced from about
135000 to 15 500. We estimated the total energy including
the contribution from the rejected CSFs by second-order per-
turbation theory." The harmonic force constant matrix ele-
ments were calculated by means of the gradient technique
with an RHF wave function; the second derivative was esti-
mated by the numerical differentiation of the analytically cal-
culated first derivative. We calculated the FCFs of only the
totally symmetric vibrational modes. In calculating FCFs, we
approximated the vibrational wave functions by those ob-
tained 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 theo-
retical intensity curves was the same as we used in the pre-
vious paper.'
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TABLE I. Optimized molecular structure and magnitude of the change in the geometry by ionization.

State N-C,(AN-C,)  C,-C4(AC,-C;)  C,~H(AC,~H)  C;-H(AC;-H)  N-H(AN-H)
A, 1.362 1.362 1.078 1.079 0.996

Exp’ 1.370 1.382 1.076 1.077 0.996

24, 1.345(—0.017) 1.424(+0.062) 1.080(+0.002)  1.078(=0.001)  1.004(+0.008)
2B, 1.355(—0.007) 1.363(+0.001) 1.077(—=0.001)  1.079(+0.0) 1.009(+0.013)
24, 1.352(—0.010) 1.329(~0.033) 1.083(+0.005)  1.078(-0.001)  1.001(+0.005)
£ 1.340(—0.022) 1.431(+0.069) 1.078(+0.0) 1.120(+0.041)  1.005(+0.009)
State  C,-N-C4(AC,-N-C5) N-Cp~C3(AN-C,-C;) N-C,—H(AN-C,-H)  C,—C,~H(AC,-C;-H)
A, 109.58 108.17 12122 125.92

Exp.® 109.8 107.7 1215 125.5

4, 109.16(—0.42) 108.48(+0.31) 121.88(+0.66) 124.81(—1.11)
2B, 113.96(+4.38) 106.54(—1.63) 122.04(+0.82) 127.43(+1.51)
24, 111.29(+1.71) 114.30(+6.13) 122.82(+1.60) 149.68(+23.76)
2B, 110.78(+1.20) 106.74(~—1.43) 127.76(+6.54) 111.88(—14.04)

*Nygaard er al. (Ref. 17). Bond lengths are in angstroms, angles in degrees. The values in parenthesis are the
magnitude of the change in geometrical parameters by ionization.

This work was carried out by using the computer pro-
gram system GRAMOL'® for the gradient technique and the
calculation of normal modes, and Mica3'” for the CI calcu-
lations.

lil. RESULTS AND DISCUSSION

The results of the optimized geometrical parameters of
the ground and ionic states are listed in Table I. A numbering
of each atom is illustrated in Fig. 1. The optimized geometric
parameters of the ground state was in good agreement with
the experimental ones.'® Table I also shows a magnitude of
the change in the equilibrium molecular structure by ioniza-
tion.

Table II shows the VIE and AIE at the SCF and SDCI
levels. In the SDCI calculations, the weight of the reference
function of the '4,, ?A,, °B 1, A, and ’B, states at the
optimized geometry were 86.2%, 86.4%, 86.0%, 86.0%, and
85.4%, respectively. Table II shows the energy lowering of
the AIE compared with the VIE. We notice that the energy

FIG. 1. A numbering of each atom.

lowering of the 2A2 and °B, states at the SDCI level are
smaller than 0.3 eV. While, those of the ?A, and 2B, states
are larger than 1 eV.

The 0-0 ionization energies and the FCFs of the 0-0
transitions are listed in Table III. Derrick et al.’ reported that
the observed 0-0 bands of the the A, and B, states were
8.2 and 9.2 eV, respectively. The present calculated values
are underestimated by 0.66 eV in comparison with the ob-
served values. The FCFs of the 2A2 and ?B, states are so
large as to be able to be observed the 0-0 transition. 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 show in Table IV. The frequencies are arranged in
order of magnitude. Comparing with the observed values'’
of 'A;, we overestimate the frequencies by 9.4%~15.1% for
the v,—vs modes. The frequencies of the vg—1; modes are
overestimate by 1.0%-1.8%. An error of the v, mode is
26%. However, Derrick et al. reported the frequency of 865
cm™! of the vy mode. Comparing with this value, we over-
estimate by 11.1%. Each mode is characterized by the use of
the conventional potential energy distribution (PED) and the
classical half amplitude of the zero-point vibrational levels.
Table V shows the PED which is described using the totally
symmetrical displacement coordinate.

For the interpretation of each mode of the 'A, state,
Table V reveals that the PED of the v, mode have a large

TABLE II. lonization energies (eV). VIE: Vertical ionization energy. AlE:

Adiabatic  ionization energy. Total energies (au) of 'A;:
~208.579 316(SCF) and —209.197 273(SDCI).
VIE AIE A(VIE-AIE)
State SCF SDCI SCF SDCI SCF SDCI
’A, 7.17 7.82 6.90 7.53 0.27 0.29
2B, 8.29 8.74 8.14 8.57 0.15 0.17
A, 12.45 12.76 11.00 11.64 1.44 112
’B, 13.80 14.47 13.14 12.95 0.66 1.52
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TABLE III. 0-0 ionization levels. 0-0 IE: 0-0 ionization energy. FCF:
Franck—Condon factor.

State 0-0 IE . FCF
A, 7.54 0.211
B, 8.54 0.330
A, 11.59 0.000
’g, 12.88 0.022

value in the AS totally symmetrical displacement coordinate
which is connected to the N-H stretching motion. Therefore,
we should assign obviously that the »; mode is the N-H
stretching mode. The AS; and AS, coordinates contribute to
the PED of the v, and v; modes. The totally symmetrical
displacement coordinates of the AS; and AS, are connected
to the C,—H (and Cs—H) stretching and C;~H (and C,—H)
stretching motions, respectively. Thus the v, and v; modes
are mixture of the C,—H stretching and C;—H stretching mo-
tions. The main component of the v, and »; modes are the
C,-H stretching and C;—H stretching motions, respectively.
Table VI reveals that the C,—H stretching and C;—H stretch-
ing motions mixes in phase for the », mode and out of phase
for the v; mode. The vy mode is a mixture of the AS¢ and
AS; coordinates. The totally symmetrical displacement coor-
dinates of the AS¢ and AS, are the C—-N-C bending and
N-C-C bending motions, respectively. Table VI shows that
the two motions couple out of phase. We are not able to
make clear-cut interpretations of the v,, vs, v, v;, and 1
modes. The AS, AS3, ASg, AS;, ASg, and AS, coordinates
contribute to these modes, while the contributions of the
AS,, AS,, and ASs coordinates are negligibly small.

The character of the v, mode of the %4,, °B,, %A, and
’B, states is the same as that of the ground state. It is as-
signed to the N-H stretching motion. It is indicated from
Tables V and VI that the », and »; modes of the ?A, and B,
sates are mixture of the C,—H stretching and C;—H stretch-
ing motions. The phase of these motions are in consistent
with that of the ground state. However, the main components
of the 1, and v; modes of the 24, state change from those of
the ground state. The main components of the v, and v,
modes of %A, are the C;—H and C,~H stretching motions,
respectively. The coupling of the C,—H and C;—H stretching
motions in the », and v; modes of the A, and 2B, states
becomes more weak. The v, modes of the 2A, and 2B, states
are assigned to the C;—H and C,—H stretching motions, re-
spectively. The v; modes of the A, and 2B, states are inter-
preted as the C,—H and C;—H stretching motions, respec-

TABLE IV. Vibrational frequencies (cm™!).

State v, 12 n A Vs Vs ¥y Vg Vo

'A, 3914 3429 3405 1634 1537 1255 1150 1095 961
Obs.* 3400 3133 3100 1467 1384 1237 1144 1076 711
’A, 3824 3442 3426 1689 1581 1266 1166 1146 956
’B, 3768 3457 3431 1532 1517 1236 1118 1031 944
’A, 3856 3448 3384 1751 1394 1168 1135 873 539
g, 3802 3423 2937 1645 1396 1214 1099 956 720

*Herzberg (Ref. 19).

TABLE V. Conventional potential energy distribution (%).

Component v, vy v A Vs Vg vy R Vo
1A, state
AS, 07 03 02 185 24 379 570 174 00
AS, 00 09 00 148 193 184 61 00 0.0
AS, 00 637 325 00 01 03 01 00 00
AS, 00 321 633 01 00 04 00 01 00
ASs 960 00 00 00 00 01 00 00 00
ASg 24 19 07 445 110 71 1.8 407 524
AS, 08 1.0 32 13 489 140 68 72 4638
ASg 01 00 00 196 00 119 219 68 00
ASg 00 00 01 12 183 101 63 277 08
24, state
AS, 1.0 01 05 263 105 546 198 167 00
AS, 00 06 01 01 95 139 87 248 0.1
AS, 00 203 716 00 00 04 00 00 00
AS, 00 780 187 04 00 03 00 01 00
ASs 938 00 00 01 00 O1 01 00 00
ASg 38 09 27 229 408 79 235 351 502
AS, 1.3 00 62 226 280 142 0.1 03 493
ASg 01 00 00 129 91 30 01 228 00
AS, 00 00 01 148 22 57 477 01 04
2B, state
AS, 07 04 01 301 26 246 535 194 04
AS, 00 08 01 17.7 229 1.5 75 26 03
AS, 00 818 140 02 01 01 01 00 00
AS, 00 134 86 04 00 00 00 02 00
AS; 9%.1 01 00 01 00 01 O01 00 00
ASg 23 19 03 87 372 61 218 263 507
AS, 08 17 20 122 218 190 07 336 481
ASg 01 01 00 59 125 236 90 176 00
AS, 00 00 01 248 28 251 73 103 05
24, state
AS, 05 00 03 157 257 208 264 02 15
AS, 00 15 02 433 303 26 08 00 44
AS, 00 39 937 01 03 02 00 00 00
AS, 00 946 41 06 07 00 00 00 00
ASs 986 00 00 00 01 00 02 00 00
AS¢ 07 01 06 185 00 23 235 452 420
AS, 02 00 10 26 98 182 153 456 423
ASg 01 00 01 191 165 413 05 03 6.7
ASy 00 00 01 02 167 146 334 87 32
2B, state
AS, 1.0 08 00 198 206 206 45 14 17
AS, 00 02 00 06 11 63 99 85 33
AS; 01 910 08 00 00 02 00 02 00
AS, 00 04 940 18 09 03 00 00 06
ASs 935 01 00 01 00 00 00 00 00
AS¢ 40 32 03 239 480 206 656 0.6 355
AS, 1.4 42 46 390 213 394 178 02 582
ASg 01 00 01 76 80 105 20 33 04
ASg 00 00 02 71 01 21 01 858 03

The definitions of the total symmetrical coordinates are as follows:
AS,=1VXAN-C,+AN-Cs),

AS,=1VHAC,~Cy+AC,~Cs),

AS;=1V3(AC,-H+ACs-H),
AS,=1AHAC,-H+AC,-H),

ASs=AN-H,
AS¢=AC,~N-Cs,

AS;=1/VXAN-C,~C;+AN-C5—C,),

ASg=1V3(AN-C,-H+AN-Cs—H) and

ASg=1V3(AC,~C3-H+ACs-C,—H).

J. Chem. Phys., Vol. 101, No. 3, 1 August 1994
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TABLE VL Classical half amplitude of the zero-point vibrational levels. Bond lengths are in angstroms, angles

in degrees.

Component 12 vy 12 I 2 Ve 2] vy vy
'A, state

AN-C, -0.004 -0.003 0.002 -0.022 -0.004 0.021 0.022 0.013 0.002
AC,-C,4 -0.000 -0.006 -0.001 0.023 —-0.029 0.018 -0.012 -0.001 0.001
AC,~-H 0.002 0.062 —0.038 0.000 -0.002 0.003 0.001° —0.000 -—0.001
AC;-H 0.000 0.038 0.062 0.003 —0.000 0.003 0.000 —0.001 0.000
AN-H 0.097 —0.002 0.001 -0.001 —0.002 0.002 0.001 0.001 0.001
AC,-N-C; 0.5 -04 0.2 1.8 -11 -0.4 -0.1 -1.0 -34
AN-C,-C; -02 02 -0.4 -0.1 1.5 0.5 -04 -0.4 2.6
AN-C,-H 0.2 -0.2 0.1 48 —0.6 -2.0 34 1.8 03
AC,-C;-H 0.0 0.1 -03 1.7 44 2.0 -22 33 -16
24, state

AN-C, ~0.004 -0001 -0.003 -0.017 -0019 -—0.023 0.012 0.012 0.000
AC,-C4 —0.000 -0.005 —0.002 0.000 0.028 —0.019 0.012 -0.027 0.005
AC,-H 0.002 0.034 0.064 —0.001 0.001 —0.004 0.001 -0.000 -—0.001
AC;-H 0.000 0064 —0.034 0.004 -0.001 -0.003 —0.000 -0.002 0.001
AN-H 0.098 -0.002 -0.002 -0.002 —0.001 -—0.002 0.002 0.000 0.002
AC,-N-C; 0.5 -02 —-04 0.8 2.0 —0.5 -0.6 -1.0 =33
AN-C,-C; 0.3 -0.1 -0.2 2.8 4.1 0.6 —0.1 —-0.1 2.6
AN-C,-H -0.2 0.0 0.5 0.8 -1.2 -15 0.2 3.7 0.0
AC,—C;-H 0.0 -0.1 03 3.6 -19 2.1 4.5 -0.3 -13
2B, state

AN-C, -0.004 —0.003 0.001 -0.010 -0.014 0.017 -0.019 0.027 -0.012
AC,-C,4 —0.000 -0.006 -0.002 -0.026 0.024 0.017 0.011 -0.015 0.010
AC,-H 0.002 0.068 -—0.024 -0.003 0.002 0.002 —0.001 0.000 —0.002
AC;-H 0.000 0.024 0.069 —0.000 0.002 0.003 —0.002 ~0.001 0.000
AN-H 0.099 —0.003 0.001 -0.001 —0.001 0.002 —0.001 0.003 0.001
AC,-N-C; 0.5 -04 0.1 -0.8 20 -0.6 1.0 -23 -2.7
AN-C,-C; -02 0.3 -0.3 1.4 -0.6 0.6 -0.9 -0.0 25
AN-C,-H 0.3 -0.2 0.1 0.6 59 3.6 29 03 -1.0
AC,-Cy-H 0.0 0.1 -03 4.6 0.8 -19 -0.5 1.8 -0.1
2A, state

AN-C, -0.004 -—-0.000 -0.003 -0.020 -0.020 0.016 0.021 0.001 0.002
AC,-C, =0.000 —0.007 -0.002 0.033 —-0.022 -0.007 0.003 —0.001 —0.004
AC,-H 0.001 0.014 0.072 0.002 —0.003 0.002 0.001 0.000 0.001
AC;-H 0.001 0071 -0.014 0.005 -0.004 —0.000 0.000 —0.001 -0.000
AN-H 0.097 -0.002 -0.002 -0.001 -0.002 0.000 0.002 —0.001 —0.001
AC,~-N-Cj5 0.5 —0.1 -04 2.0 -0.1 0.7 -1.7 3.1 1.2
AN-C,-C; 02 -0.0 0.5 -0.6 1.0 ~-13 1.1 =26 0.9
AN-C,-H 0.3 -0.1 -0.2 3.8 2.6 44 0.7 -0.5 -0.9
AC,-C3-H 0.0 =0.0 0.3 0.5 34 -33 47 29 0.7
2B, state

AN-C, -0.004 -0.004 -0.001 -~0.013 -0.028 0.020 0.012 0.002 —0.010
AC,-C, —0.000 -0.004 0.001 —0.005 0.011 0.021 -0.035 0.012 0.027
AC,-H 0.003 0072 -0.005 -0.000 -—0.001 0.004 —0.001 0.001 0.001
AC;-H 0.000 0.005 0.078 0010 -0.012 -—-0.006 0.002 0.001  -0.012
AN-H 0.098 —0.004 -0.000 -0.002 -—0.002 0.002 0.000 0.001 0.001
AC,-N-C; 0.5 —04 0.1 0.7 22 1.2 =25 —0.2 -23
AN-C,-C; 02 04 —0.4 0.9 -1.1 -13 1.1 0.1 24
AN-C,-H 0.3 -0.2 03 2.1 44 3.9 2.0 1.0 1.3
AC,-C;3-H 0.0 0.2 —0.6 25 -0.4 -2.0 0.6 6.0 -1.6

tively. Tables V and VI reveal that the ¥, mode of the A,
state and the vz mode of the *A state have the same charac-
ter as the v mode of the ground state. The character of these
modes are mixture of the C~N-C and N-C-C bending mo-
tions coupled out of phase. However, the PEDs of the vy
modes of the 2B, and B, states are almost same as that of
the ground state, the classical half amplitude of these modes
are different from that of the ground state. In these state, a

coupling of the N-C and C-C stretching motions become
large. The v, and vs modes of the B, state may be corre-
sponded to the v5 and v, modes of the ground state, respec-
tively, since a good correspondence is found in the classical
half amplitude of these modes. The v, mode of the A state
may be also corresponded to the v, mode of the ground state.
However, we are not able to find any correspondence in the
another modes between the ionic states and the ground state.
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FIG. 2. The theoretical intensity curves of ionization of the %4, and ’B,
states with a halfwidth of 0.08 eV and the observed photoelectron spectrum
by Turner et al. (Ref. 2). TIC: Theoretical intensity curve; PES: PE spec-
trum.

The theoretical intensity curve of the A, and 2B, states
is shown in Fig. 2 by assuming a halfwidth of 0.08 eV for
each transition band. It is compared with the observed PE
spectrum by Turner et al.? The theoretical intensity curve
imitates well the vibrational structure of the observed PE
spectrum. In order to discuss more detailed vibrational struc-
ture of each band, we illustrate the theoretical intensity curve
with a halfwidth of 0.02 eV in Figs. 3 and 4. The assignment
of the vibrational structures of the A, and 2B, states are
found in Tables VII and VIII, respectively.

- T T T
83 8.2 8.1 8.0 7.9 7.8 7.7 76 7.5
Ionization Energy (eV)

FIG. 3. The theoretical intensity curves of ionization of the 2A, state with a
halfwidth of 0.02 eV.

9.2 9.1 9.0 8.9 8

. 8 87 8.6 8.5
Ionization Energy (eV)

FIG. 4. The theoretical intensity curves of ionization of the 2B, state with a
halfwidth of 0.02 eV.

Table VII shows the vibrational energy, intensity and
assignment of each vibrational level of the 2A2 state, where
the vibrational level of which FCFs value are larger than
0.01 is listed. Intensity of each vibrational level is classify
into a S, M, or W according to the magnitude of FCFE. The
present assignment is compared to the interpretation of the
observed spectrum by Derrick et al.> We note that they re-
ported by using the qualitative description of the vibrational
modes according to Lord and Miller.?® We rearrange their
notation in Table VII according to Herzberg.'® Comparing
vibrational energies of the present calculation with those by
Derrick et al. we overestimate from 8.1% to 15.3%. The
present interpretation of the observed vibrational energies of
871 and 1742 cm™' is in consistent with that by Derrick
et al. The vibrational energies of 871 and 1742 cm™! were
assigned to the vy and 2, transitions. The observed vibra-
tional energy of 1065 cm™! with strong intensity was as-
signed to only the v mode by them. The present calculation
shows that the v; mode also contribute to intensity, and that
the FCF of the excitation of the 1, mode is almost the same
value as that of the v3 mode. We obtained from calculation
nearly equal values of frequencies of the v, (1146 cm™!) and
vg (1166 cm™') modes, therefore, we could not separated
each band in the theoretical intensity curve. Derrick et al.
assigned the observed vibrational energies of 1936, 2129,
and 2460 cm™! to the wg+wy, 215, and vs+wg transitions,
respectively. We find that the intensity of the v+ vy, v+ 15,
and vs+v, transitions are also strong as those transitions.
Derrick et al. interpreted the observed frequencies of 1371
and 1468 cm™' as the vs and v, modes, respectively. These
interpretation should be supported by the present calculation.
However, they reported that the intensity of the vs and v,
bands were same. The present calculation of FCFs of vs and
v, give strong and weak intensity, respectively. They re-
ported weak bands of the frequencies of 2541 and 2839 cm ™!
which were interpreted as v,+vg and v,+vs, respectively.
The value of FCFs of these transitions were smaller than
0.01. Therefore, we could not find any peak in the theoretical

J. Chem. Phys., Vol. 101, No. 3, 1 August 1994
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TABLE VII Assignment of the vibrational structure of the 2A, state. IE: lonization energy. Intensity of the
present calculation is classified into S, M, or W, according to magnitude of FCF as followings: S:0.21>FCF
>0.13, M:0.08>FCF>0.03 or W:0.03>FCF>0.01. Derrick et al. have used the qualitative description of the
vibrational modes according to Loard and Miller. Their assignment of the modes are rearranged by according to

Herzberg.
Present calculation Derrick et al.®
Vibrational Vibrational
energy energy
IE (cm™!) Intensity Assignment (cm™" Intensity Assignment
7.54 0 N 0 0 A 0
7.66 956 M vy 871 M Vg
7.68 1146,1166 N vy, vg 1065 S v
7.74 1581 N s 1371 M Vs
7.75 1689 w I 1468 M A
7.78 1912 w 2 1742 w 2,
7.80 2102,2122 M v+, Vgt g 1936 MW vyt
7.83 2292,2312 w 2ug, v+ 2129 MW 2y
7.85 2537 M vs+ vy
7.88 2727,2747 M vst+ vy, Vst 2460 w vs+ 1y
7.93 3162 M 2vs
8.00 3683,3703 w Vst v+, vs+ gty
8.05 4118 w 2vs+ 1y
8.08 4308,4328 w 2vs+v,, 2us+ v
8.13 4743 w 3y,

*Reference 3.

intensity curve correspond to these transitions. The band of
the vs+uy transition is found in the present result. Derrick
et al. should miss this band which could be observed be-
tween 2129 and 2460 cm™'.

We are able to connect the contribution of each mode to
intensity with the change in geometrical parameters by ion-
ization. Table I reveals that the N~C, length becomes short
and the C,—C; length becomes long. Table VI shows that a
magnitude in the change of the C,~C; length is larger than
that of the classical half amplitude of the zero-point vibra-
tional level of each mode. The character of the v is mixture
of the N-C, and C,-C; stretching motions coupled with out
phase mode. This phase is in consistent with the phase of the
change in N-C, and C,~C; length. The v;3 mode is also

couple the N-C, and C,—C; stretching motions with out
phase mode. Therefore, the higher vibrational excitation in-
cluding the v5 and v; modes mainly contribute intensity.
Table VIII shows the assignment of the vibrational struc-
ture of the 2B state. The first peak of the theoretical intensity
curve 18 the zero—zero transition state. Derrick et al. inter-
preted the observed second peak with the vibrational energy
of 871 cm™' as the v, mode only. The present calculation
suggests that the vy mode also contributes to the second
peak. The intensity of the transition of the v3 mode is strong
as that of the vy mode. The present calculation also shows
that the v5 mode contributes to intensity. :
Table I shows that the C,~N—Cs angle of *B, becomes
wide by 4.4°. A magnitude of the change is larger than that of

TABLE VIII. Assignment of the vibrational structure of the 2B, state. Intensity of the present calculation is
classified into S, M or W according to magnitude of FCF as followings: §:0.33>FCF>0.13, M:0.08>FCF

>0.03 or W:0.03>FCF>0.01.

Present calculation

Derrick et al?

Vibrational Vibrational
energy energy
IE (cm™) Intensity Assignment {em™") Intensity Assignment

8.54 0 S 0 VS 0
8.66 944 s v 871 s vy
8.67 1031 s Vg

8.73 1517 M v

8.77 1888 M 2v,

8.78 1975 M v+ vy

8.80 2062 w 2y

8.44 2461 w vs+ vy

8.86 2548 w vs+ug

8.90 2919 w ve+ 2w

8.91 3006 w 23ty

*Reference 3.
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the classical half amplitude of the zero-point vibrational
level of each mode. The C,—N-Cs bending motion have an
amplitude in the vs, 153, and vy, modes. Therefore, these
modes should contribute to intensity. )

For the 2A, and ’B, states, we could not obtain reason-
able theoretical intensity curves compared with the observed
spectra. Large geometrical changes are found in the N-C-C
and C,—C,—H bond angles of the ?A state and the N-C,~H
and C,—C;—H bond angles of the B, state. A magnitude of
these change is considerably large compared to that of the
classical half amplitude of the zero-point vibrational level of
each mode. Therefore, higher vibrational excitations of the
bending modes should contribute to intensity.

IV. CONCLUSION

The molecular equilibrium structures and vibrational fre-
quencies were calculated for the ground and lower four ionic
states. By the use of the FCFs, we obtained the transition
intensity curve of the A, and ’B, states. The theoretical
intensity curves were in good agreement with the the ob-
served PE spectra.

The vibrational structure of the spectrum of %A, were
interpreted using the v,, vs, 15, and vy modes by Derrick
et al. The present calculation shows that the »;, mode also
contributes to spectrum. The frequency and intensity of the
v; mode are nearly equal to those of the ¥ mode. A contri-
bution of the v, mode to intensity is negligibly small. The
character of the vy mode is out of phase mode of the C-N-C
bending and N-C-C bending motions, which is the same
character as the vy mode of the ground state. However, we
could not connect the character of the v,, vs, 14, and v
modes with that of the ground state. We could not also inter-
pret clearly of these mode, because we find complicated mix-
ture of the N-C stretching, C—C stretching, bending of ring,
N-C-H bending and C-C-H bending motions in these
modes.

Derrick et al. assigned the second peak of the vibrational
structure of the B, state by using the v, mode only. The
present calculation shows that the 3 mode also contributes
to the second peak which intensity is equal to that of the vy
transition. The character of the vy mode is the same as that of
the ground state.

K. Takeshita and Y. Yamamoto: lonization of pyrrole

We could not reasonable theoretical intensity curves of
the 24, and ’B, states because of a large geometrical change
in the C,—C;—H bond angles by ionization.
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