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Ab initio calculations are performed to study the molecular equilibrium structure and the
vibrational levels of the low-lying five ionic states, 12B,, 1%2B,,2?B,,2 ?B,, and 4, of
ketene (C,H,0 and C,D,0.) The theoretical intensity curve obtained by the Franck—~Condon
factors for the ionization transitions are also reported and compared with the photoelectron
spectrum of C, H, O and C, D, 0. A number of new assignments of the vibrational levels of the

photoelectron spectrum are proposed.

I. INTRODUCTION

The electronic ground state of ketene is represented by a
configuration -+-(7a, )*(1b,)%(1b,)*(2b,)*(2b,)* with
the C,, symmetry point group.

The photoelectron (PE) spectra of C,H, O have been
observed in the 9.6-18 eV region where five bands have been
found.'™ The assignments of the adiabatic ionization ener-
gies (AIEs) and the vertical ionization energies (VIEs)
have been reported.'™ Ab initio calculations have given the
order of the VIEs as the first 2B, (12B,), first ’B, (12B,),
second 2B, (2B, ), second ’B, (2 *B,), and ’4, states.*”’
The vibrational fine structure have been found in the spec-
trum of the lower four bands. The assignment of the vibra-
tional fine structure has been discussed. '™

As a molecule is ionized, the equilibrium molecular
structure and vibrational mode are changed from those of
the ground state. The vibrational structure of the PE spec-
trum reflects these changes. It is, therefore, interesting to
investigate the vibrational structure associated with the
change in the equilibrium molecular structure and vibra-
tional mode by ionization. A number of ab initio calculations
on the equilibrium molecular structure®!! and vibrational
frequencies®'! have been reported. However, many authors
have had interest in the ground state. Allen and Schaefer'’
have reported the equilibrium molecular structure and vi-
brational frequencies of the first ionic state. No ab initio in-
vestigation of the equilibrium molecular structure and the
vibrational fine structure of the higher states has been re-
ported.

In this work, we determined the equilibrium molecular
structure of the ground state ('4, ) and five ionic states by
using an ab initio method. Within the framework of the adia-
batic approximation and the harmonic oscillator approxi-
mation, we calculated the harmonic force constant matrix
elements over variables of totally symmetric distortion and
vibrational frequencies of the totally symmetric modes
(v, ~v,). We obtained the approximate theoretical intensi-
ty curve using the Franck—Condon factor (FCF). Based on
these calculations, we discuss the vibrational fine structure
of the ionic states comparing with the PE spectrum of
C,H,0and C,D,O0.
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Il. METHOD OF CALCULATIONS

We used 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 polarization
function for C and O. The exponents of the polarization
function for #, Cand O are 0.68, 0.61 and 1.16, respectively.

The gradient technique for the Roothaan’s restricted
Hartree-Fock (RHF) method was employed to determine
the optimum molecular structure of the '4,, 12B,, 12B,,
and 24, states. The electronic configuration of these states
are shown in Table I.

The optimum molecular structure of the 2 2B, and
2 2B, states were determined by the use of the Newton—
Raphson method in which the force and force constant ma-
trix elements were obtained numerically from the total ener-
gy. The total energy was calculated by means of a multirefer-
ence single excitation configuration interaction (MRSCI)
method. The reference configurations of the 2 2B, and 2 ?B,
states are give in Table I. The reference configurations were

TABLE I. Reference configuration functions.

State Reference function
'4, e (6a,)%(7a, ) (1b, Y2 (1b,)2(26,)7(26,)?
128, s (6a,)2(Ta, ) (1b,)2(16,)7(26,)%(2b,)’
1°B, e (6a,)2(7a,)?(16,) (16, )%(26,)%(2b,)?
4, s (6a,)'(Ta,)2(16,)%(16,)*(2b,)%(2b,)?
2°B, e (6a,)%(Ta,)(16,)7(16,)7(26,)7(2b,)!

(6a,)*(7a, ) (1b,)%(1b,)'(2b,)*(2b,)?
(6a,)*(7a,)?(16,)%(18,)%(2b,)*(3b,)"
(6a,)2(7a, )2(16,)%(1b, )" (2b,)*(2b,)'(3b)"
(6a,)%(7a,)2(1b,)%(1b,)'(2b,)*(3b,)?
(6a,)%(7a, )*(15,)*(1b,)%(2b,)'(2b,)'(3b,)"
(6a,)*(7a;)*(1b,)*(1b,)'(2b,)'(2b,)*(3b,)"

2B, cee o (6a,)2(Ta; )2(16,) (16, )%(2b,)2(2b,)?
(6a,)*(7a,)*(1b,)*(1b,)*(2b,)'(2b,)?
(6a,)*(7a, )2 (1b,)' (15,)%(2b,)' (26, )*(3b,)'
(6a,)*(7a,)*(1b,)2(1b, )" (2b,)'(2b,)*(3b,)"
(6a,)*(7a,)2(1b,)2(1b,)%(2b,)"(2b,)'(38,)"
(6a,)2(7a,)*(1b,) ' (1b,)2(25,)%(3b,)?
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selected so that each weight was greater than 19%. The num-
ber of the generated configuration state functions (CSFs) of
the 2 2B, and 2 *B, states were 2224 and 2019, respectively.

The single and double excitation configuration interac-
tion (SDCI) method was employed to obtain more accurate
ionization energies for the estimation of VIEs and AIEs. For
the '4,, 1 2B,, 1 ?B,, and *4, states, a single reference con-
figuration of an SCF wave function of the respective state
were employed. For the 2 2B, and 2 2B, states, the multire-
ference configurations were used. In the SDCI method, sin-
gly and doubly excited configuration state functions (CSFs)
were generated where the inner shells (K shell of C and O)
were kept frozen. The generated CSFs were then restricted
to the first order interacting space.'® The number of the gen-
erated CSFs of the '4,, 12B,, 1B,,4,,2*B,, and 2B,
states were 14 543, 14 783, 14831, 14921, 97 985, and
89 479, respectively. As the dimensions of the configuration
interaction (CI) of the 2 2B, and 2 ’B, states were too large,
we have adopted a CSF selection process by the use of sec-
ond-order perturbation theory. The threshold for the selec-
tion was Suhartree. We have estimated the total energy in-
cluding the contribution from the rejected CSFs by a
second-order perturbation theory.'*

The totally symmetric harmonic force constant matrix
elements of the '4,, 12B,, 1 2B,, and 4, states were calcu-
lated by means of the gradient technique within the frame-
work of the RHF method. The second derivative was esti-
mated by numerical differentiation of the first derivative.
For the 2 2B, and 2 ?B, states, we estimated the totally sym-
metric harmonic force constant matrix elements from a
pointwise calculation of the energy obtained by the MRSCI
method. We calculated the FCFs only for the totally sym-
metric modes. The method of calculation of the FCF and
theoretical intensity curve was the same as the one used in
our previous study.'®

This work has been carried out by the use of the comput-
er program system GRAMOL'® for the gradient technique
and the calculation of normal modes. (GRAMOL includes the
Program JAMOL3 of the RHF calculation part written by
Kashiwagi et al.'’) The calculations of the FCF and the
theoretical intensity curve have done by the use of the pro-

gram system FCF&TIC.'® The program MICA3'> was used for
the CI calculations.

Ill. RESULTS AND DISCUSSIONS

The optimized molecular structure of the ground and
five cationic states are listed in Table II. The other theoreti-
cal results are also presented in Table II. The differences of
geometric parameters between the ionic states and the
ground state are also given in the parentheses in Table II. An
appreciable change occurs in all ionic states. A large geomet-
ric change is found in the C = C bond length of the 1 °B,
state, in the C = O bond length of the 1 2B,,2 ’B,,and 2 °B,
states and in the H-C = C bond angle of the 2 B, and °4,
states.

The optimized molecular structure of the 2°B, and
2 2B, states were obtained by means of the MRSCI calcula-
tions. This is because the RHF calculations were unavailable
to the second ionic states. The MRSCI calculations includes
correlation effects. Although we cannot calculate the magni-
tude of correlation effects for the second states, we are able to
estimate it for the first ionic states. The correlation energies
of the 1 2B, and 1 B, from the MRSCI calculation are 31%
and 19% of the ones from the MRSDCI calculations, re-
spectively.

The total energies at the optimized geometries of the
ground and ionic states were calculated by the use of the
SDCI method. The weight of each reference function of the
'4,, 12B,, 12B,, 2°B,, 2°B,, and ’4, states at the opti-
mized geometries is 89, 89, 89, 89, 89, and 88%, respectively.
The weight of each CSF other than the reference CSF is less
than 1%. The VIEs and AIEs of the 12B,, 12B,, and %4,
states were calculated from the energies obtained by means
of the single reference SDCI calculations. The VIEs and
AIEs of the 2 2B, and 2 *B, states were calculated from dif-
ferences in energies between the first and second solutions of
the MRSDCI calculations. The VIEs and AIEs are listed in
Table I11. The ordering of the VIEsis the 1 °B,, 1 °B,,2 *B,,
2 *B,,and ?4, states which is consistent with other results by
ab initio calculations.*” The ordering of the AIEs is the
same as that of VIEs. However, the AIE of 2 *B, is almost

TABLE II. Optimized molecular structure and magnitude of the change in the geometry by ionization. Bond lengths are in angstroms, angles in degrees. The
values in parentheses are the magnitude of the change in geometry by ionization. The geometry of the '4,, 1 2B,, 1 ?B,, and 24, states are obtained by RHF
method and that of 2 2B, and 2 2B, states are obtained by MRSCI method. Experimental values (Ref.20) of the '4, state are as follows: C = O = 1.16 A,
C=C=13154,C-D=1.0794, and H-C = C = 118.85". The other theoretical calculations of the optimized geometry by SCF calculation are follows:
For the 'A4, state; (1) C=0=1.1466 A, C = C = 1.3101 A,C-H = 1.0735 A, and H-C = C = 119.01° by Allen and Schaefer (Ref. 11) with double-zeta
plus polarization (DPZ) basis set. (2) C =0 =1.168 ;\, C=C=1305A,C-H=1072 A, and H-C = C = 119.3° by Huber and Vogt (Ref. 8) with
double-zeta plus floating orbital. For the 1 2B, state; C = 0 = 1.1045 A,C=C=14120A,C-H = 1.075 A, and H-C = C = 117.63° by Allen and Schaefer

(Ref. 11).

State C=C(AC=0) C=0(AC=0) C-H (AC-H) H-C=C (AH-C=C)
', 1310 1.140 1.079 118.99

12B, 1.406( + 0.096) 1.095( — 0.045) 1.085( + 0.006) 117.69( — 1.30)
12B, 1.257( — 0.052) 1.296( + 0.155) 1.096( + 0.017) 119.58( + 0.59)
228, 1.351( + 0.041) 1.276( + 0.135) 1.081( + 0.003) 117.37( — 1.62)
2B, 1.318( + 0.008) 1.234( + 0.094) 1.128( + 0.049) 127.91( + 8.92)
24, 1.339( + 0.029) 1.116( — 0.025) 1.138( + 0.060)

96.29( — 22.70)
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TABLE III. Ionization energies (eV). Total energy of '4,; — 151.564 055
a.u. by SCF and — 151.968 518 a.u. by SDCI. VIE: Vertical ionization en-
ergy. AIE: Adiabatic ionization energy.

VIE AIE

State
SCF SDCI Expt.® SCF SDCI
1 21‘3l 8.66 9.14 9.8 8.32 8.94
1 sz 13.43 14.45 14.2 12.40 13.41
228, 15.80 15.0 .. 14.89
2231 16.82 16.3 15.92
A, 16.98 16.98 16.8 15.77 15.93

#Reference 4.

the same value as that of 24,. The energy lowering of the
AIE from the VIE is 0.20, 1.04, 0.91, 0.90, and 1.05 eV for
the 12B,, 12B,,2?B,,2B,, and ’4, states, respectively.

Table IV contains the calculated vibrational frequencies
of the total symmetric modes of the ground and ionic states.
The calculated vibrational frequencies of the 'A, state are
compared with the observed values. The calculated values
are overestimated by 7%-12%. The present result of the
1 2B, state of C,H, O is in good agreement with the result
from Allen and Schaefer'' who have calculated by the use of
SCF method with double-zeta plus polarization basis sets
(see calc.” in Table I'V).

A conventional potential energy distribution (PED)
and a classical half amplitude of the zero-point vibration
were calculated in order to characterize each normal mode
of C, H, O. The results are shown in Tables V and VI. Table
V shows that each PED of the v, mode has large value in C-
H stretching. Thus, all v, modes may be characterized as the
C-H stretching mode. From Table V, we should assign the
v, mode of 1%B, to the C = O stretching mode, the v,

TABLE IV. Vibrational frequencies (cm ~').

State v v, V3 A

CH,0, 4, 3349 2372 1523 1253
Calc.? 3355 2360 1537 1245

Obs.® 3070 2152 1388 1118

128, 3288 2596 1471 1049

Calc.? 3305 2597 1496 1024

1B, 3182 2135 1337 1057

2B, 3343 2125 1474 1033

2°B, 3215 2692 1503 1127

24, 2737 2439 1335 992

CD,0, 4, 2466 2335 1358 993
Obs.® 2267 2120 1228 927

1B, 2596 2374 1153 950

12B, 2368 2065 113t 889

22B, 2428 2111 1170 925

2B, 2780 2275 1263 940

24, 2454 1924 1303 735

*Taken from SCF calculations with double-zeta plus polarization (DZP)
by Allen and Schaefer (Ref. 11).
®Reference 21.

TABLE V. Conventional potential energy distribution (%) of CH,0,.

State v v, Vs Ve
C=C 0.9 27.9 19.0 58.1
'4, C=0 0.0 719 4.6 20.1
C-H 99.0 0.1 0.1 0.3
H-C=C 0.1 0.1 76.3 215
C=C 0.3 9.8 4.8 93.0
12B, C=0 0.0 90.2 0.0 6.8
C-H 99.6 0.0 0.0 0.1
H-C=C 0.1 0.0 95.2 0.1
C=C 1.3 70.6 29 26.8
1B, C=0 0.0 27.6 8.3 65.8
C-H 986 0.6 0.0 0.1
H-C=C 0.1 1.2 88.8 73
C=C 0.5 454 6.0 51.4
2°B, C=0 0.0 54.4 1.2 46.2
C-H 993 0.0 0.4 0.2
H-C=C 0.2 0.2 924 22
C=C 0.9 30.0 28.0 315
2B, C=0 9.8 42.3 0.1 51.1
C-H 882 27.3 1.4 0.7
H-C=C 1.1 0.4 70.4 16.7
C=C 0.6 17.6 59.4 22.1
4, C=0 2.6 77.8 10.6 2.6
C-H 968 4.6 1.2 0.2
H-C=C 0.0 0.1 28.9 75.1

modes of 1 2B,, 12B,, and 2 ’B, to the H-C = C bending
mode, and the v, mode of 1 2B, to the C = C stretching
mode. However, the other modes show a coupling among
the C = O, C = C, and C-H stretching motions and the H-

TABLE VI. Classical half amplitude of the zero-point vibrational states of
CH, O, . Bond lengths are in angstroms, angles in degrees.

State v v, vy A
C=C -0007 —0036 —0.024 0.034

‘4, C=0 0.001 0044 —0.009 0.015
C-H 0072 —-0002 —0.002 0.002

H-C=C 0.304 0.272 5.479 2.364

C=C -0006 —0029 —0015 0.054

1B, C=0 -0.001 0.043 0.000 0.007
C-H 0.073 0.001 —0.001 0.001

H-C=C 0.288  —0.020 5.975 0.156

C=C -0.008 0.048 —0.008 0.020

12B, C=0 0.001 —0.037 —0.016 0.039
C-H 0.074 0.005 —0.001 0.001

H-C=C 0319  —0.867 5.959 1.453

C=C -0.006 0.043 —0.014 0.034

2B, C=0 —-0000 —-0043 —0.006 0.030
C-H 0.072 0.000 —0.003 0.002

H-C=C 0.361 —0.306 5.936 0.757

C=C 0.006 —0.035 —0.030 0.027

2B, C=0 -0.016 0.034 0.002 0.028
C-H 0.066 0.037 —0.007 0.004

H-C=C 0749 —-0434 5.176 2.127

C=C 0.006 —0.033 —0.043 0.022

4, C=0 -0.008 0.043 —0.011 0.005
C-H 0.077 0.017 0.006 0.002

H-C=C -0.187 0.304 3.975 5.315
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C = C bending motion. The v, modes of the '4,, 1°B,,
2 2B,,and ’A4, states and the v, modes of the 1 2B, and 2 2B,
states show a mixture of the C = O and C = C stretching
motions. Table VI shows that the phase of the linear combi-
nation of the C = O stretching and the C = C stretching is
out of phase for the the v, mode and in phase for the v,
mode. Thus, the v, and v, modes of these states may be
characterized as the C = C = O out-of-phase stretching and
C = C = O in-phase stretching modes, respectively.

Tables VII and VIII show the PED and the classical half
amplitude of the zero-point vibration of C, D, O, respective-
ly. The v, modes of the '4,, 1 ?B,, and 2 >B, states may be
characterized as the C-H stretching mode. The v, and v,
modes of the 1 2B,, 2 2B, , and 24, states may be character-
ized as the C = O and C-H stretching modes, respectively.
We should also assign the v; mode of 24, to the C=C
stretching mode, the v, modes of '4,, 1 ?B,, and °4, to the
H-C = C bending mode. However, the other modes show a
coupling among the C = O, C = C, and C-H stretching mo-
tions and the H-C = C bending motion.

Using the AIEs by the SDCI calculation and the zero-
point vibrational energies, we estimated the zero—zero (O-
O) IEs. The result is presented in Table IX comparing with
the observed values. The calculated O-O IEs of the 1B,
12B,,22B,,and *4, states of C, H, O are underestimated by
0.71,0.48,0.16, and 0.83 eV, respectively. The calculated O-
O IE of the 2 2B, state is overestimated by 0.24 eV. The
FCFs of O-O transition are also presented in Table IX. The
calculated FCFs of the 1 2B, 1°B,, 2 ?B,, and 2 B, states
are large enough to observe the O-O transition.

Figure 1 shows the overall feature of the theoretical in-

TABLE VII. Conventional potential energy distribution (%) of CD, O, .

State v, v, v, Ve
C=C 169 13.9 57.7 11.4
'4, C=0 167 59.4 16.5 4.7
C-H 658 26.7 2.6 0.1
H-C=C 0.7 0.0 23.2 83.8
CcC=C 9.9 1.3 39.6 54.3
1B, C=0 901 0.1 1.6 5.3
C-H 0.1 98.1 0.7 02
H-C=C 0.0 0.5 58.1 40.1
C=C 227 49.3 21.2 7.3
1%B, C=0 3.8 26.1 50.6 16.9
C-H 726 24.1 0.8 0.0
H-C=C 0.9 0.4 274 75.8
CcC=C 5.2 41.2 27.8 28.7
2B, C=0 0.6 55.4 17.4 29.8
C-H 935 32 1.8 0.1
H-C=C 0.7 0.3 53.0 41.3
C=C 283 15.4 49.4 6.3
2°’B, C=0 672 22 12.2 35.5
C-H 4.2 81.0 7.3 0.1
H-C=C 0.3 1.3 311 58.1
C=C 184 0.2 73.1 8.8
’4, C=0 812 1.2 12.4 0.8
C-H 0.4 98.6 1.1 0.4
H-C=C 0.1 0.0 13.3 89.9

TABLE VIII. Classical half amplitude of the zero-point vibrational states
of CD, 0O,. Bond lengths are in angstroms, angles in degrees.

State vy V) vy Va
C=C -0.028 0.025 —0.038 0.014
A, C=0 0.021 —0.038 —0.015 0.007
C-H 0.052 0.032 —0.007 0.001
H-C=C 0.652 0.041 2.789 4.266
C=C -0.029 — 0010 —0.041 0.036
12B, C=0 0.043 —0.001 — 0.004 0.006
C-H 0.002 0.061 — 0.004 0.002
H-C=C 0.071 0.527 4.352 2.7117
C=C -0.029 0.039 —0.020 0.010
1B, C=0 0.015 —0.035 —0.038 0.018
C-H 0.056 0.029 — 0.004 0.001
H-C=C 0.797 —0.502 3.084 4.232
C=C -0016 —0.041 —0.028 0.023
2B, C=0 0.005 0.043 —0.020 0.021
C-H 0.060 — 0010 —0.006 0.001
H-C=C 0.653 0.362 4.171 2.953
CcC=C -0030 —-0.025 —0.035 0.011
2'B, C=0 0.038 0.008 —0.014 0.022
C-H -0.013 0.062 —0.015 0.001
H-C=C -0.320 0.782 3.035 3.690
C=C —-0033 —0.003 — 0.047 0.012
2A, C=0 0.044 0.005 - 0.012 0.002
C-H - 0.005 0.066 0.006 0.003
H-C=C 0314  —0.086 2.640 5.071

tensity curve (TIC) of C,H, O with a half width of 0.08 eV
and the observed PE spectrum (PES) from Turner ez al.’> A
total intensity curve was obtained by using the assumption
that the transition probability of the electronic part is the
same for each ionic state. The vibrational structure of the
TIC is in good agreement with that of the observed PES
except for the 1 2B, state. The TIC of the 1 2B, state appears
more resolved than the vibrational structure comparing with
the PES of 13.84-14.62 eV. Although the O-O IE of 2 2B, is
overestimated, the fine structure of TIC mimics the observed

TABLE IX. O-O ionization states. O-O IE: zero—zero ionization energy.
FCF: Franck—Condon factor.

O-O1IE(eV)
FCF
This Obs.? Obs."

State work
CH,O0, 12B, 8.93 9.64 9.63 0.231
1°B, 13.36 13.84 13.84 0.011
2B, 14.86 14.62 14.60 0.007
2°B, 15.92 16.08 16.08 0.024
4, 15.87 e 16.7 0.000
CD,0, 1%B, 8.94 9.63 0.226
1%B, 13.37 13.84 0.011
2%B, 14.86 14.60 0.007
2%B, 15.93 16.08 0.012
A4, 15.87 16.7 0.000

? Reference 3.
® Reference 4.
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FIG. 1. The theoretical intensity curves of ionization of C, H, O assuming a
half width of 0.08 eV, which is compared with the observed PES by Turner
et al. (Ref. 3). TIC: Theoretical intensity curve. PES: PE spectrum.

PES ranging from 14.6 eV to 16 eV. The 16~18 eV region of
the TIC consists of two overlapping bands of the the 2 *B,
and 24, states. The fine structure of this region is due to the
vibrational progression of 2 2B, whose vibrational structure
is very similar to the observed PES.

C.D.0

TIC

17 16 15 14 13 12 11 10 9
lonization Energy (eV)

FIG. 2. The theoretical intensity curves of ionization of C, D, O assuming a
half width of 0.08 eV.

Figure 2 shows the overall feature of the TIC of C, D, O,
which feature is very similar to the Fig. 1 of C,H,O. The
observed PE spectrum of C, D, O from Hall et al.* is also
similar to that of C, H,O.

Turner et al. and Hall et al.* have reported the high-
resolution PE spectrum for each state and assigned the vi-
brational frequencies. In order to discuss the assignment of
vibrational structure, we calculated the theoretical intensity
curve for each state with a half width of 0.04 eV. The results
are shown in Figs. 3-10.

A. 1 2B, state

The theoretical intensity curve of ionization to the 1 2B,
state is shown in Fig. 3. The vibrational structure of the theo-
retical intensity curve is in good agreement with the PE spec-
trum.® The intensity of the O-O transition of TIC is weaker
than that of PES. This situation should be connected that the
calculated geometrical change by ionization may be overes-
timated. The vibrational levels are assigned in Fig. 3 where

C:2H20

1°B,

0000

TiC

0100
0001

Ul

T T T
8 9.5 9.2 8.9
lonization Energy (ev)

>4

104 102 100 98 9.6
lonization Energy (ev)

FIG. 3. The theoretical intensity curve of ionization to 1 2B, of C, H, O with
a half width of 0.04 eV, which is compared with the observed PES by Turner
etal. (Ref. 3).
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TABLE X. Observed vibrational frequencies (cm ™ ') and its assignment.

Observed frequency Assignment
State
Baker® Hall® Baker* Hall® This work
CH,O0, 1B, 2140 2220 v, v, n
1020 1080 Vs A Y,
12B, 1130 ? vy
22B, 940 950 v, Ve Ve, /2
22B, 1020 1020 v v, v,
CD,0, 128, 2220 v, v
1080 v, (Vs + v4)/2
2B, 950 A (vy +v4)/2,v,/2
2B, 860 vy Vs
® Reference 1.
Reference 4.
the vibrational quantum numbers of the v, v,, v;, and v,
C.D:0 modes are illustrated. The figure shows that the higher vi-
12B1 S brational excitation of the v, (C = O stretching) and v,
S (C = C stretching) modes contribute to the intensity. The
three vibrational progressions of (v, =0~3), (v, =0~3
TIC 82 andv, = 1),and (v, =0~1and v, = 2) are found. Turner
°8 23 et al. assigned the vibrational fine structure to a series of
33 (v, =0~2) and (v, =0~2and v, = 1). They neglected a

T T f | I R me— T d T . T
10.4 10.1 9.8 9.5 9.2 8.9 8.6
lonization Energy {eV)

PES

i T T
10.5 10.0 9.5
lonization Energy (eV)

FIG. 4. The theoretical intensity curve of ionization to 1 2B, of C, D, O with

a half width 0f 0.04 eV, which is compared with the observed PES by Hall ez
al. (Ref. 4). ’

series of (v, =0~1and v, = 2). From the analysis of PES,
Baker et al.' have obtained the frequencies of v, and v, as
2140 and 1020 cm ~ !, respectively (see Table X). Hall e al.
assigned the frequencies of 2220 and 1080 cm ~' to v, and
v,, respectively. The present calculated frequencies of v,
and v, are 2596 and 1024 cm ~ ', respectively. The calculated
frequency of v, is overestimated by 17 or 209 and that of v,
is almost the same value as the observed one. The third peak
of PES was assigned to the transition to the vibrational level
of (0 100) by Turner et al. The theoretical intensity curve
shows that the third peak of PES corresponds to the vibra-
tional levels of (0 100) and (00 0 2). The energy splitting
between the two levels is estimated as 0.06 eV by the use of
the calculated frequency. While using the observed frequen-
cy, the energy splitting is estimated as 0.01 eV which is
smaller than resolvability of spectrum. Therefore, the third
peak of PES should be superimposed by the two vibrational
levels. This situation may be connected that the intensity of
the third peak of PES is larger than that of the second peak.

Figure 4 shows the TIC of C,D, O and the assignment
of the vibrational levels. A weight of the intensity of the (00
10) and (0 0 0 1) levels is fifty-fifty from the FCF. The
figure is very similar to the TIC of C, H, O. The figure shows
that the higher vibrational excitation of the v,, v,, and v,
modes contribute to the intensity. However, the character of
the vibrational modes is not the same as that of C, H, O. The
character of the v, is assigned to the C = O stretching mode
of which calculated frequency is the same as that of the v,
(C = O stretching) mode of C,H, 0. For the v, and v,
modes, we find a large coupling between the C = C stretch-
ing motion and the H-C = C bending motion. Table VI

J. Chem. Phys., Vol. 96, No. 2, 15 January 1992
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C:H20
2
1°B2
A
T T T T LA T
B
v Y T T ,
A\ I\
T T T T T N T T T T T T A T
15.4 15.1 14.8 14.5 14.2 13.9 13.6 13.3
lonization Energy (ev)

FIG. 5. The theoretical intensity curve of ionization to 1 B, of C, H, O with
a half width of 0.04 eV.

shows that the phase of the linear combination of the C = C
stretching and the H-C = C bending is out of phase for the
v; mode and in phase for the v, mode. Hall et a/. assigned the
next frequencies of 2220 and 1080 cm~' to v, (C=0
stretching) and v, (C = Cstretching), respectively. Figure
4 shows that the frequency of 2220 cm ~ ' corresponds to the
(1000) and (002 0) levels, and that the frequency 1080
cm ™! corresponds to the (00 10) and (00 0 1) levels.
Therefore, we should assign the frequency of 2220 cm ! to
the v, mode (C = 0 stretching) of which calculated fre-
quency is 2596 cm ~ !, It should be also assigned to 2*v, . The
observed frequency of 1080 cm ~ ! should correspond to the
average frequency of the v, and v, modes. The calculated
frequencies of v, and v, are 1153 and 950 cm ~ !, respective-

ly.

TABLE XI. Vibrational levels of the 1 2B, state of CH, 0, .

IE Vibrational level

Progression A

13.36 (0000)
13.62-13.66 (0100),(0002), (0011
13.88-13.92 (0200),(0102),(0004),(0111),(0013)
14.15-14.19 (0300),(0202),(0104),(0211),(0113)
14.41-14.45 (0400),(0302),(0204),(0311),(0213)
14.68-14.72 (0500),(0402),(0304),(0411)

14.95 (0502)

Progression B

13.49 (0oon
13.76-13.79 (0101),(0003),(0110),(0012)
14.02-1405 (0201),(0103),(0210),(0112)
14.28-1432 (0301),(0203),(0310),(0212)
14.55-14.58 (0401),(0303), (0312)

14.81 (0501),(0403)

1205

B. 1B, state

The theoretical intensity curve of ionization to the 1 *B,
state in Fig. 5 shows well resolved vibrational structure. In
the figure, we find the two vibrational progressions (A and
B). The assignment of the vibrational levels of these progres-
sions is presented in Table XI. The progression A consists of
the vibrational excitations of the five series: (v, = 0~35),
(v, =0~5 and v,=2), (v,=0~3 and v, =4),
(v, =0~4,v;=1and v, =1), and (v, =0~2, vy; =1,
and v, = 3). The progression B consists of the vibrational
excitations of the four series: (v, =0~5 and v, = 1),
(v, =0~4 and v, =3), (v, =1~3 and vy, =1), and
(v, =0~3, v, =1, and v, = 2). Although many series are
concerned with the vibrational excitations, the theoretical
intensity curve shows well resolved vibrational structure.
This situation is connected to the following relation of the
calculated  vibrational frequencies: v, ~2v, and
v, =v; + v,. The peak separation of each vibrational pro-
gression is connected to the v, mode and that between two
progressions is attributed to the v, mode. The present calcu-
lation reveals that the higher vibrational excitation of the v,
mode contributes to the intensity. This feature is associated
with the change in the equilibrium molecular structure by
ionization and vibrational mode. The change in the C=0
bond distance ( 4 0.155 f&) and C=C bond distance
( —0.050 A) is large by comparison with the classical half
amplitude. Therefore, the vibrational excitation of such a
mode as lengthening the C = O bond distance and shorten-
ing the C = C bond distance contributes to the intensity.
Table VI indicates that the v, mode (C = C = O out-of-
phase stretching) is suitable for such a condition.

The observed PES shows more complicated vibrational
structure compared with the present TIC. Hall et al. expect-
ed that the complexity of the band may be a result of predis-
sociation of ketene. However, the present study shows that
the 1 B, state is stable. The complexity may be attributed to
the disappearance of the fine structure of PES because of the
superimposition of peaks associated with CO, band near
13.8 eV and with the third band of C,H, O above 14.6 eV.
The complexity may be attributed to inadequacy of the theo-
retical approximation method. In order to check the stability
of the molecular structure of C,, symmetry, we optimized it
with C, symmetry. The result shows that the structure of C,,
symmetry is a true equilibrium. The well resolve fine struc-
ture of TIC is ascribed to the relation of the calculated vibra-
tional frequencies (v, ~2v, and v, ~v, + v, ). If the above
condition does not exist due to the anharmonic effect, the
theoretical intensity curve should be more complicated.

Turner et al. obtained the vibrational frequency of 1130
cm ™! from the vibrational spacing of the second band of
PES. However, they did not assign the vibrational mode.
The theoretical intensity curve shows that the peak separa-
tion of the vibrational progressions is ascribed to the v,
mode (1057 cm ~ ', C = C = Q in-phase stretching). There-
fore, we should assign the frequency of 1130 cm ~ ' to the v,
mode.

Figure 6 shows the TIC of C, D, O. Table XII shows the
vibrational levels for each peak. Comparing with C,D,0
and C, H, O, we notice that higher vibrational excitation of
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FIG. 6. The theoretical intensity curve of ionization to 1 2B, of C, D, O with
a half width of 0.04 V.

the v, mode contribute to intensity in addition to the v, v;,
and v, modes. This situation is ascribed to a change of the
character of the v, mode where a component of the C=C
stretching motion appears. Although all vibrational modes
contribute to the intensity, the TIC shows well resolved vi-
brational structure. This ascribes to the following relation of
the calculated vibrational frequencies: v, ~v,, v ~v, and,
v, =2v;.

C. 2 2B, state

The theoretical intensity curve of ionization to the 2 °B,
state is illustrated in Fig. 7 and compared with the observed
PES.? The third peak of TIC may correspond with the ob-
served peak at 14.62 eV which have been assigned to the O~
O IE. Therefore, the O-O IE of 2 2B, should be lower than
the observed value of 14.62 eV. It may be 14.38 eV.

The theoretical intensity curve shows the two vibration-
al progressions of A and B of which vibrational levels are
assigned in Table XIII. The vibrational progressions A
which has strong intensity consists of the vibrational excita-
tions of the four series: (v, =0~7), (v, =1 and v, =0
~71), (v, =2andv, = 1~6),and (v, =3andv, = 1~4).
The vibrational progressions B of weak intensity is connect-
ed to the vibrational excitations of the three series: (v; =1
and v, =1~6), (v,=1, v3=1, and v, =1~35), and
(v, =2, v; =1, and v, = 2~4). The contribution of the
higher vibrational excitations of the v, (C=C=0 in-

TABLE XII. Vibrational levels of the 1 2B, state of CD,0,.

IE Vibrational level

13.37 (0000)
13.51 (0010)

13.62-13.65 (0011),(0100),(0020)

13.74-13.80 (0101),(0021),(0110),(0030),(1010)
13.88-13.94 (0111),(0200),(0120),(1100),(1020)
14.02-14.06 (0121),(0210),(0130),(1110)
14.13-1420 (0211),(0220),(1111),(1200),(1120)
14.27-1432 (0221),(0310),(0230),(1121),(1210)
14.42-1446 (0320),(1220)

C:H:20
2
2°B1
A
—— re———
B
r T T T T T ’
TIC
VAN
T N T T T T T T T LA | T T
16.4 16.1 15.8 15.5 15.2 14.9 14.6
lonization Energy (ev)
T Iyl
14-87
PES '5"°'i99 (TR
14-62
'
15.5 15.0 14.5
lonization Energy (ev)

FIG. 7. The theoretical intensity curve of ionization to 2 *B, of C, H, O with

a half width of 0.04 eV, which is compared with the observed PES by Turner
etal. (Ref. 3).

TABLE XIII. Vibrational levels of the 2 2B, state of CH,O,.

IE Vibrational level

Progression A
14.86 (0000)
14.99 (0001)

15.12-15.12 (0002),(0100)

15.24-15.25 (0003),(0101)

15.37-15.38  (0004), (0102)

15.50-15.51 (0005),(0103),(0201)

15.63-15.64 (0006),(0104),(0202)

15.76-15.78 (0007),(0105),(0203),(0301)
15.91 (0106),(0204),(0302)
16.03 (0107),(0205),(0303)
16.16 (0206),(0304)

Progression B
15.17 (0011

15.30 (0012)

15.43 (0013), (011 1)
15.55-15.56 (00 14), (0112)
15.68-15.69 (0015), (011 3)
15.81-15.83  (0016), (0114),(0212)

15.95 (0115),(0213)

16.08 (0214)
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FIG. 8. The theoretical intensity curve of ionization to 2 >B, of C, D, O with
a half width of 0.04 eV.

phase stretching) mode is associated with lengthening of the
C = Cbond distance ( + 0.041 A) and the C = O bond dis-
tance ( + 0.135 A) by ionization.

Turner et al. reported that the peak separations of the
third band corresponded to a vibrational frequency of 940
cm ~'. They assigned it to the v, mode. Hall et al. suggested
that the excitation was the v, mode from the equivalence of
band in ketene-d,. Table XIII shows that the vibrational
spacing of the progression A with strong intensity is due to
the v, mode of which vibrational frequency is 1033 cm .
Thus, present calculation supports the assignment by Hall ez
al. Table XIII also indicates that the vibrational progression
by the excitation of the v, mode superimposes on that by the
v, mode, because the calculated vibrational frequency of the
v, mode (2125 cm ~') is almost twice that of the v, mode
(1033 cm ). Therefore, we expect that the vibrational fre-
quency of the v, mode should be about 1880 cm ~ ' by the use
of the observed frequency of the v, mode (940 cm ~').

Figure 8 shows the TIC of C,D,O. Table XIV shows
the vibrational levels for each peak. A weight of the intensity
of the (000 1) and (0 0 1 0) levels is fifty—fifty from the
FCF. Higher vibrational excitations of the v,, v;, and v,
modes contribute to intensity. The character of the v, mode
is assigned to the C = C = O out-of-phase stretching mode
from Table VIII. The v, and v, modes are found coupling

TABLE XIV. Vibrational levels of the 2 2B, state of CD,0,.

IE Vibrational level

14.86 (0000)

14.97-15.00 (0001),(0010)

15.09-15.15 (0002),(0011),(0020),(0100)

15.20-15.29 (0003),(0012),(0101),(0021),(0110),
(0030)

15.35-15.41 (0013),(0102),(0022),(0111),(0031),
(0120)

15.46-15.56 (0014),(0103),(0023),(0112),(0032),
(0121),(0130)

15.61-15.67 (0113),(0033),(0122),(0211),(0131)

15.76-15.79 (0123),(0212),(0132),(0221)

15.90 (0222),

C:H20

TIC

A

T T Al T T T T A S S
17.3 17.0 16.7 16.4 16.1 15.8
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FIG. 9. The theoretical intensity curve of ionization to 2 >B, of C, H, O with
a half width of 0.04 eV, which is compared with the fourth band of the
observed PES by Turner et al. (Ref. 3).

between the C = C = O in-phase stretching motion and the
H-C = Cbending motion. Hall ez al. assigned the peak sepa-
rations of 950 cm ~ ! to the v, mode. The peak separations of
the TIC is about 1000 cm ~'. This separation corresponds to
the frequency of the average value between the v; and v,
modes. Table XIV indicates that the v, mode also contrib-
utes to the intensity. The calculated frequency of v, is 2111
cm ~ !, which is twice of the average value between the v; and
v, modes. Therefore, we expect that the observed frequency
of 950 cm ~ ! should be the average value between the v, and
v, modes and half value of the v, mode.

D. 2 2B, state

The 16-18 eV region of the PES consists of the two over-
lapping bands of the ionization to the 2 2B, and 4, states.
The present calculation reveals that the TIC of 2 2B, shows a
resolved vibrational structure and that of 4, shows contin-
uous feature. Therefore, the fine structure of this region is
due to the vibrational progression from the ionization to
2°B,.

The theoretical intensity curve of ionization to the 2 2B,
state is illustrated in Fig. 9 and compared with the observed
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TABLE XYV. Vibrational levels of the 2 2B, state of CH,0,.

TABLE XVI. Vibrational levels of the 2 2B, state of CD, 0, .

1IE Vibrational level

Progression A
15.92 (0000)

16.06 (0001

16.20 (0002)

16.34 (0003)
16.43-16.48 (0004),(0110) (002

1)
16.57-16.62 (0005),(0111),(0200),(0022)
16.71-16.76  (0006),(0112),(0201),(0023)
16.85-16.90 (0007),(0113),(0202),(0024)
17.00-17.01 (0114),(0203)
17.14-17.15 (0115),(0204)
Progression B

16.11 (0010)
16.25-16.25 (0011),(0100)
16.39-16.39 (0012),(0101)
16.53-16.53 (0013),(0102)
16.66-16.67 (0014),(0103)
16.80-16.81 (0015),(0104)
16.94-16.95 (0016),(0105)

17.09 (0106)

PES.? The first peak of TIC should correspond with the
observed peak at 16.08 eV which have been assigned to the
O-O IE of the fourth band. The two vibrational progressions
(A and B) are found. Table XV shows the assignment of the
vibrational levels of these progressions. The vibrational pro-
gressions of A, which has strong intensity in the lower ener-
gy region, consists of the vibrational excitations of the four
series: (v, =0~7), (v, =1, v3=1, and v, =0~5),
(v, =2and v, =0~4),and (v, =2 and v, = 1~4). The
vibrational progressions B which has large intensity in the
higher energy side consists of the vibrational excitations of
the two series: (v; =1 and v, =0~6) and (v, =1 and

CD202

T T T T f T
17.3 17.0 16.7 16.4 16.1 15.8
lonization Energy (V)

FIG. 10. The theoretical intensity curve of ionization to 2 *B, of C,D,0
with a half width of 0.04 eV.

IE Vibrational level

Progression A

15.93 (0000)

16.05 (06001)

16.16 (0002)

16.28 (0003)
16.39-16.40 (0004),(1001)

16.51 (0005),(1002)
16.62-16.63 (0006),(1003)

16.74-16.75 (0007),(1004)

16.86 (0008)
Progression B

16.32-16.33 (0012),(0101)
16.44 (0013),(0102)

16.55-16.56 (0014),(0103)
16.68 (0104)
16.79 (0105)
16.91 (0106)
17.03 0107

v, = 0~6). The present calculation reveals that the higher
vibrational excitation of the v, mode contributes to the in-
tensity. The contribution of the higher vibrational excita-
tions of v, (mixture of the C = C = O in-phase stretching
and H-C = C bending motions with in-phase mode) is as-
cribed to the large geometrical change in the C = O bond
distance ( + 0.094 A) and H-C = C angle ( + 8.92°).

From the analysis of the vibrational structure in the low-
er energy side of the fourth band, Turner et al. found that the
vibrational spacing corresponded to a frequency of 1020
cm ™! and assigned it to the v, mode (CH, deformation).
Hall et al. supported this assignment from the analysis of
spectrum of ketene-d, . However, the present calculation re-
veals that vibrational spacing of the progression A is as-
cribed to the v, mode in the lower energy side (see Table
XV). Therefore, we assigned the observed frequency to the
v, mode. The calculated frequency of the v, mode is 1127
cm ™!, whereas that of the v, mode (mixture of C=C
stretching and H-C = C bending with out-of-phase mode)
is 1503 cm ..

Figure 10 shows the TIC of C, D, O. The two vibration-
al progressions (A and B) are found. Table XVI shows the
assignment of the vibrational levels of these progressions.
The vibrational progressions of A, which has strong intensi-
ty in the lower energy region, consists of the vibrational exci-
tations of the v, mode. The character of the v, mode is a
mixture of the in-phase motions of the C = O stretching and
H-C = C bending. The observed PES shows well resolved
vibrational structure in the lower energy side. Hall et al.
assigned the observed frequency of 860 cm ~ ' to the v, (CH,
deformation) mode. The calculated frequencies of the v,
and v, modes are 1263 and 940 cm ™', respectively. We
should assign the observed frequency to the v, mode.

E. 2A, state

The theoretical intensity curve of the 24, state shows
continuous spectrum. This feature is connected to the nature
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of the vibrational excited levels. The present calculation re-
veals that the vibrational levels consist of such series as
(vy =2~8), (v;=1 and v, =1~8), (v;=2 and
v,=1~7), (v;=3 and v, =2~6), (vyy=1 and
v, =2~7), (v, =1, v3=1, and v, =2~7), (v, =1,
vy =2,and v, =2~7), (v, =1, v; =3, and v, = 3~35),
and (v, =2, v; =1, and v, = 3~35). The calculated spac-
ing of those vibrational progression is estimated about 0.04
eV which corresponds to the difference of frequency between
v, and v,. Therefore, the TIC with a half width of 0.08 eV
shows continuous spectrum.

The present calculation shows that the VIE and O-O IE
are 16.98 and 15.87 eV, respectively. Hall et al. reported that
the VIE and O-O IE were 16.8 and 16.7 eV, respectively.
The deviation between the calculated and the observed O-O
IEs is large comparing with other states. The energy lower-
ing of the O-O IE from the VIE is 0.1 eV of which value is
very small comparing with the calculated one (1.11eV). A
large geometric change in the H~C = C bond angle of the
24, state causes a large energy lowering of the O-O IE from
the VIE and a broad band shape of PES. The calculated FCF
of the OO transition is very small and the PES of 24, over-
laps that of 2 2B, . It should be impossible to determine clear-
ly the O-O IE of ’4, from PES. Therefore, Hall et al. should
miss the assignment of the O-O IE.

IV. CONCLUSION

The molecular equilibrium structure and the vibrational
frequency are calculated for the ground and lower five ionic
states. By the use of the FCFs, we obtain transition intensity
curve. The vibrational structure of the theoretical intensity
curve is in good agreement with that of the observed PE
spectrum except for the 1 2B, state. The assignment of the
observed vibrational frequencies is summarized in Table X.
A number of new results for the vibrational levels are as
follows.

For the 1 2B, state, the third peak of the PES of C,H, O
should be superimposed by the vibrational levels of (0 100)
and (0 0 0 2). The observed frequency of 2220 cm ™' of
C, D, 0 should be also assigned to the v, mode of which
character is the C = O stretching mode. The observed fre-
quency of 1080 cm ~' of C,D, 0 should correspond to the
average frequency of the v; and v, modes. The character of
the v, and v, modes are a mixture of the C = C stretching
and the H-C = C bending with out-of-phase mode and with
in-phase mode, respectively.

For the 12B, state, the observed vibrational spacing
(1130 cm ') of C,H, O is due to the v, mode (C=C =0
in-phase stretching).

The O-OIE of 2 2B, of C, H, O should be lower than the
observed value of 14.62 eV. It may be 14.38 eV. The well
resolved vibrational progression of the 2 B, state of C, H,O0
is ascribed to the vibrational excitations of the four series:
(v, =0~7), (v,=1 and v, =0~7), (v, =2 and
v, = 1~6),and (v, = 3and v, = 1~4). The present study

supports the assignment by Hall e al. who assigned the ob-
served peak separations (940 cm ~ ') to the v, mode. We also
expect that the vibrational frequency of the v, mode should
be about 1880 cm ™' of which the value is twice of v,, be-
cause the vibrational progression due to the excitation of the
v, mode superimposes on that of the v, mode. The observed
frequency of 950 cm ~' of C,D,O should be the average
value between the v, and v, modes and half value of the v,
mode. The character of the v, mode is the C = C = O out-
of-phase stretching mode. The v; and v, modes are found
coupling between the C = C = O in-phase stretching mo-
tion and the H-C = C bending motion.

The 16-18 eV region of the PES consists of the two over-
lapping bands of the ionization to the 2 B, and °4, states.
The resolved vibrational structure of PES is attributed to the
2 ?B, state. The TIC of 4, shows continuous feature. The
observed vibrational spacing (1020 cm ~') of C, H, O is as-
signed to the v, mode (mixture of the C = C = O in-phase
stretching and H-C = C bending motions with in-phase
mode). The observed frequency of 860 cm~' of C,D,0
should be assigned to the v, mode (mixture of the in-phase
motions of the C = O stretching and H-C = C bending).
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