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Abstract

Ab initio calculations are performed to study the molecular equilibrium structures and the vibrational levels of the
low-lying 2A' and *A" states of formic acid (CH,0,). The theoretical intensity curves obtained by the Franck—Condon
factors for ionization transitions are also reported and compared with the photoelectron spectra of CH,0, and CD,0,. Some
new assignments of the vibrational levels of the photoelectron spectrum are proposed.

1. Introduction

The electronic ground state (*A’) of formic acid is
represented by a configuration of ...(1a")%(9a')*
(24")X(104')?* with the C, symmetry point group.

The photoelectron (PE) spectrum of CH,0, has
been observed in the 11.3-13 eV region where two
bands of the A’ and A" states have been found
[1—5]). These bands show vibrational fine structure.
The assignment of the vibrational fine structure has
been discussed [1-4]. Watanabe et al. [3] have re-
ported the vibrational frequencies for formic acid
deuterium derivative cations. They assigned the vi-
brational structure by using the vibrational modes of
the ground state.

As a molecule is ionized, the equilibrium molecu-
lar structure, the characters of the vibrational modes
and the vibrational frequencies change from those of
the ground state. The vibrational structure of the PE
spectrum reflects these changes. It is, therefore, in-

teresting to investigate the vibrational structure asso-
ciated with the changes in the equilibrium molecular
structure and vibrational modes by ionization. Ab
initio investigations on the equilibrium molecular
structure of the A, A and A’ states have been
reported concerning the study of the 1,3-hydrogen
migration [6,7]. Vibrational frequencies of the ground
state were reported [8,9]. However, no theoretical
study on the vibrational fine structure of the PE
spectrum has been reported.

In this work, we determine the equilibrium molec-
ular structures of the ground state and the ionic states
by using the ab initio method. Within the framework
of the adiabatic approximation and the harmonic
oscillator approximation, we calculate the harmonic
force constant matrix elements over variables of the
totally symmetric distortion and vibrational frequen-
cies of the seven totally symmetric modes (v,—v,).
We obtaine the approximate theoretical intensity
curve using the Franck—Condon factor (FCF). Bas-
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ing on these calculations, we discuss the vibrational
fine structures of the ionic states in comparison with
the PE spectra of CH,0, and CD,0,.

2. Method of calculations

We used the basis sets of the MIDI-4-type pre-
pared by Tatewaki and Huzinaga [10]. These were
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 H, C
and O are 0.68, 0.61 and 1.16, respectively.

The gradient technique for the Roothaan’s re-
stricted Hartree—Fock (RHF) method was applied to
find the optimum molecular structure. The single and
double excitation configuration interaction (SDCI)
method was used to get more accurate ionization
energies for the estimation of vertical ionization
energies (VIEs) and adiabatic ionization energies
(AIEs). A single reference configuration of the SCF
wave function of the respective state was used. In the
SDCI method, singly and doubly excited configura-
tion state functions (CSFs) were generated where the
inner shells (K shells of C and O) were kept frozen.
The generated CSFs were then restricted to the first
order interacting space [11]. The number of the
generated CSFs of the 'A, A’ and *A’ states were
34401, 35523 and 35118, respectively. As the di-
mensions of the SDCI were too large, we have

adopted a CSF selection process by the second-order
perturbation theory. A threshold for the selection was
5 whartree. We have estimated the total energy
including the contribution from the rejected CSFs by
the second-order perturbation theory [12].

The totally symmetric harmonic force constant
matrix elements were calculated by the gradient
technique within the framework of the RHF method.
The second derivative was estimated by numerical
differentiation of the first derivative. We calculated
the FCFs only for the totally symmetric modes. The
method of calculation of the FCF and theoretical
intensity curve was the same as the one used in our
previous study [13].

This work was carried out by using the computer
program system GRAMOL [14] for the gradient
technique and the calculation of normal modes. The
calculations of the FCF and the theoretical intensity
curve were done by the program system FCF&TIC
[16]. The program MICA3 [17] was used for the CI
calculations.

3. Results and discussion

A geometrical optimization of the cis and trans
conformations of the ground state was performed.
The trans conformation was more stable than the cis
conformation by 5.6 kcal /mol at the RHF level. A
rotational barrier height between the cis and trans

Table 1
Optimized geometry

IA ZA ZA,

calc. exp. * '
C-H 1.094 1.097 1.091 (—0.003) 1.088 (—0.006)
C-0, 1.179 1.204 1.257 (0.078) 1.327(0.148)
C-0, 1321 1.342 1.243 (—0.078) 1.224 (—0.097)
O-H 0.952 0.972 0.964 (0.012) 0.969 (0.018)
0,-C-H 124.76 123.2 116.61 (—8.15) 121.35(—3.41)
0,-C-0, 124.91 124.8 123.86 (1.05) 120.36 (—4.55)
C-0,-H 108.41 106.3 117.22 (8.81) 115.67 (7.26)
? Ref. [18].

Bond lengths are in angstroms, angles in degrees. The values in parentheses are the magnitude of the change in geometry by ionization.
Nguyen et al. [6,7] reported the following optimized geometries by using the UHF/6-31G** method: For A, C—H = 1.085,
C-0, =1.182, C-0, = 1.322, O-H = 0.949, 0,~C-H = 124.6, 0,—~C—-0, = 124.9 and C-0,—H = 108.9. For *A, C-H = 1.083, C-0,
=1.260, C-0, = 1.245, O—-H = 0.960, O,~C—H = 116.8, 0,—~C—0, = 123.7 and C-0,—H = 118.5. For 24", C-H = 1.079, C-0; = 1.322,
C-0, =1.231, 0-H = 0.967, 0,—C-H = 122.8, 0;-C-0, = 119.7 and C-0,~-H = 116.5.
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Fig. 1. The numbering of each atom.
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conformations was estimated. It was 14.0 kcal /mol.
Considering the Boltzmann distribution low, the
probability of existence of the cis conformation at
room temperature is less than 1.0 X 10 %. There-
fore, the observed PE spectrum should originate
from the trans conformation. It should be reasonable
to consider only the trans conformation on the theo-
retical study of the PE spectrum. The geometrical
parameters of the optimized molecular structures and
“the experimental values [18] are listed in Table 1.
Fig. 1 shows the numbering of each atom. In the
ground state the C—0O, and C-O, bonds have double
and single bond characters, respectively. The differ-
ences of the geometrical parameters between the
ionic and ground states are given in parenthesis in
Table 1. An appreciable geometrical change is found
at both states in the bond lengths of C-O; and
C-0,, the bond angles of O,—C-H, 0;—C-0, and
C-0,-H. The C=0 double bond lengthens and the

C-0 single bond shortens by ionization. We notice

that the bond length of C—O; becomes longer than
that of C-O,. The calculated each bond length of
C-0, and C-0, of %A is nearly equal to the average
length of the single and double bond in the ground
state. Thus, the distinction of characters of the single
and double bond should be meaningless in the ionic
states. The present calculations of the A, A’ and A"
states are in good agreement with another calculation

at the UHF/6-31G* * level by Nguyen et al. [6—7]
of which the result is given in the footnote of Table
1.

The VIEs and AIEs were calculated. In the pres-
ent calculations, the VIE is obtained by the differ-
ence of the two energies between the ground state
and the ionic state using the geometry of the ground
state. The AIE is estimated from the difference
energies of the optimized structures of the ground
and ionic states. The results are shown in Table 2. In
the SDCI calculations the weight of each reference
function of the A, >A’ and A" states at the optimized
geometries are 89.9, 90.0, and 89.3%, respectively.
The weight of each CSF other than the reference
CSF is less than 1%. Therefore, the RHF approxima-
tion method should be the same level for the ‘A, %A
and “A” states. The energy lowering of the AIE of
the Al and “A” states from the VIE by the SDCI
calculations are 0.36 and 0.81 eV, respectively.
Kimura et al. [5] reported the observed VIE. The
observed VIEs of the *A’ and A" states were 10.87
and 12.05 eV, respectively. The VIEs by the SDCI
calculation are 10.88 and 12.44 eV for the Al and
’A’ states, respectively. The observed VIE is defined
as the energy to ionize a molecule from the zero
point vibrational level of the ground state to the
vibrationally excited levels of the positive ion with
maximum photoionization probabilities. Therefore,
the observed VIE does not always correspond to the
calculated VIE. It is more reasonable to compare the
calculated zero—zero (0—0) IE to the observed 0-0
IE. Using the AIEs by the SDCI calculation and the
zero point vibrational energies, we estimate the 0—0
IEs. The 0—0 IEs of the A’ and *A” states of CH,0,
are 10.47 and 11.56 eV, respectively. We also calcu-
lated the FCFs of the 0—0 transition. The FCFs of
the A’ and *A” states of CH,0, are 0.12 and 0.009,
respectively. The FCF of the A state is so large that

Table 2
Tonization energies (eV)
State VIE AIE A (VIE — AIE) 0-0 transition

SCF SDCI SCF SDCI SCF SDCI 0-01E FCF
2N 10.11 10.88 9.66 10.52 0.45 0.36 10.47 0.123
2 11.70 12.44 10.70 11.63 1.00 0.81 11.56 0.009

VIE: Vertical ionization energy; AIE: Adiabatic ionization energy. Total energy (au) of 1A': —188.570787 (SCF) and —189.027513
(SDCI). The observed VIEs of the A and 2A” states were 10.87 and 12.05 eV, respectively [5]. The observed 0-0 IE of the 2/ state was

11.33 eV [4].
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the 0-0 transitions should be observed. The ob-
served 0—0 IE of the first jonic states was 11.33 eV
[4]. The calculated value is underestimated by 0.86
ev.

Tables 3 and 4 contain the calculated vibrational
frequencies of the total symmetric modes of CH,0,
and CD,O,, respectively. The vibrational modes
from v, to v, are ordered by the magnitude of
frequencies. The calculated vibrational frequencies
of the 'A’ state are compared with the observed
values [19]. The calculated values are overestimated
by 9-15%. Chang et al. [8] have reported the calcu-
lated vibrational frequencies using the double-{ plus
polarization (DZ + P) basis. Williams and Lowrey
[9] have obtained the calculated frequencies using
the 4-31G basis. The present calculated frequencies
are in good agreement with those by Chang et al.,
whose result is given in the footnote of Table 2. A
potential energy distribution (PED) [20] was calcu-

Table 3

lated in order to characterize each normal mode. The
results are shown in Tables 3 and 4. Each normal
mode is also characterized by using the classical
half-amplitude of the zero-point vibrational level
shown in Tables 5 and 6. We note that the overall
sign is arbitrary for each motion.

For the ‘A state of CH,0,, Table 3 shows that
the v,, v,, v; and v, modes may be characterized
as the O-H, C-H, C-O, and C-O, stretching
modes, respectively. The »,, vs and », modes
should be assigned to the O,—C-H, C-O,—H and
0,—C-0, bending modes, respectively. Millikan and
Pitzer [21] assigned the character of each vibrational
mode. We show their assignment in the footnote of
Table 3. Our assignment is consistent with their
assignment.

For the *Al state of CH,0,, the characters of the
vy, v, and v, modes are the same as those of the
ground state. However, the characters of the v;, v,

Vibrational frequencies (cm ™) and potential energy distributions of CH,0,

Calc. Obs. * Potential energy distribution (%)
11\"
vy 4082 3569 O-H (100)
v, 3269 2942 C-H (98)
Vs 2033 1777 C-0, (83), C-0, (8), 0,~C-H (5), C-0,-H (3)
v, 1528 1381 0,-C-H (87), C-0, (5), C-0,-H (5)
Vs 1435 1223 C-0,-H (46), C-0, (22), 0,-C-0, (16), 0,~C-H (15)
Vg 1276 1104 C-0, (62), C-0,~H (30), 0,—~C-H (3), 0,—-C-0, (3)
v, 697 625 0,-C-0, (76), C-0,-H (12), 0,—C-H (8), C-0, (4)
N
v, 3918 O-H (100)
v, 3335 C-H (99)
vy 1796 C-0, (50), C-0, (32), 0,~C-H (16)
vy 1527 C-0, (37, C-0,-H (22), C-0, (18), 0,—C-0, (13), 0,~C-H (9)
vs 1326 0,-C-H (56), C-0, (40)
g ., 1281 C-0,~H (71), 0,—C-H (16), C-0, (9), C-0, (4
vy 605 0,-C-0, (77), 0,—C-H (19), C-0,-H (3)
2 Px"
v, 3841 O-H (100)
v, 3380 C-H (99
vy 1844 C-0, (60), 0,—C-H (18), C-0,-H (12), C-0, (9)
v, 1527 0,-C-0, (54), 0,—~C-H (25), C-0,—H (11), C-0, (6), C-0, (3)
vs 1363 0,-C-H (48), 0,-C-0, (27), C-0,-H (15), C-0, (11)
Vg 1226 C-0, (52), C-0,-H (40), C-0, (5)
vy 642 0,-C-H (42), 0,—C-0, (36), C-0,—H (16), C-0, (4)
® Ref. [19].

Assignment of vibrational mode by Millikan and Pitzer [21] is as follows: »,(0-H str.), v,(C-H str.), »;(C=0 str.), »,(C-H bend.),
v5(O—H bend.), ¥4(C~O str.), and »,(O~C~O bend.). Chang et al. [8] obtained the following frequencies of 1A' from DZ + P SCF theory:
vy = 4116, v, = 3293, v, = 2015, v, = 1536, vs = 1426, v5 = 1268 and v, = 690 cm ™1
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vs and v, modes are quite different from those of
the ground state. This situation should be a connec-
tion that the bond length of C-O, becomes shorter
than that of C-0O;.

For the *A” state of CH,0,, the characters of the
v, and v, modes are the same as those of the
ground state. The characters of the other modes are
quite different from those of the ground state. The
change in the C—O, and C-O, bond lengths is more
appreciable compared to that of the A state. This
effect appears in the characters of the v; and v
modes.

For the ‘A state of CD,0,, the v,, v,, v; and ¥
modes should be assigned to the O-D, C-D, C-0,
and C-0, stretching modes, respectively. The v,, v
and v, modes are assigned to the O,~C-D, C-O,—
D, and O,—C-0, bending modes, respectively. The
present assignment is also consistent with that by
Millikan and Pitzer.

The characters of the v;, v,, vs and v, modes of

Table 4

the *A state of CD,0, should correspond to each
mode of the ground state. The character of the v
mode corresponds to that of the », mode of the
ground state. The characters of the »; and », modes
are a strong mixture of the C-0O, and C-O, stretch-

- ing motions. Table 6 shows that the »; and v,

modes are the out-of-phase and in-phase modes of
the C-O, and C-O, stretching motions, respec-
tively.

The characters of the v, and v, modes of the *A”
state of CD,0O, correspond to each mode of the
ground state. The character of the v, mode corre-
sponds with that of the v, mode of the ground state.

Fig. 2 shows the theoretical intensity curve (TIC)
of the A’ state of CH,0, and CD,0, with a half-
width of 300 cm™! and the observed PE spectrum
(PES) from Watanabe et al. [3]. The vibrational
structure of the TIC is in good agreement with that
of the observed PES.

Table 6 shows the assignment of the vibrational

Vibrational frequencies (cm™!) and potential energy distributions of CD,0,

Calc. Obs. * Potential energy distribution (%)
W
v, 2970 2632 O-D (100)
v, 2440 2232 C-D (87), C-0, (9), 0,-C-0, (3)
v, 1989 1735 C-0, (78), C-0, (10), C-D (6), 0,—~C-D (4)
v, 1335 1170 0,-C-D (64), C-0,-D (19), C-0, (13), 0,-C-0, (4
Vs 1148 1042 C-0,-D (62), 0,-C-D (17), 0,-C-0, (16), C-0, (4
Vg 1060 945 C-0, (60), 0,—C-D (23), 0,—C-0, (14)
v, 618 556 0,-C-0, (66), C-0,-D (27), 0,-C-D (4), C-0, (3)
A
v, 2857 0-D (99)
vy 2477 C-D (94), C-0, (2), 0,—C-0, (2)
v, 1774 C-0, (54), C-0, (35), 0,—-C-D (9)
v 1409 C-0, (49), C-0, (44),0,~C-D (11), C-D (4)
Vs 1066 C-0,-D (60), 0,—~C-D (19), C-0, (13), 0,-C-0, (1)
Ve 965 0,-C-D (65), C~0,-D (28), 0,~-C-0, (4)
vy 554 0,~C-0, (73), 0,—C-D (17), C-0,-D (10)
2 A/
v 2801 0-D (99)
v, 2521 C-D (94),C-0, (3)
v, 1819 C-0, (65), C-0, (12), 0,~C-D (11), 0,—C-0, (9)
v 1341 C-0, (53), 0,-C-0, (28), C-0,-D (7), C-0, (6), C-D (3)
vs 1068 0,-C-0, (44), 0,—C-D (31), C-0, (13), C-0,-D (12)
Vg 1013 0,-C-D (49), 0,-C-0, (26), C-0,-D (23)
vy 576 C-0,-D (35), 0,-C-0, (33), 0,—C-D (29)
* Ref. [19].

Assignment of vibrational mode by Millikan and Pitzer [21] is as follows: v;(0-D str.), ¥,(C-D sir.), »3(C=0 sir.), »,(C-D bend.),
25(0=D bend.), 7(C—O str.), and »,(O-C~0 bend.). Chang et al. [8] obtained the following frequencies of ‘A’ from DZ + P SCF theory:
vy = 2996, v, = 2456, vy = 1983, v, = 1328, vs = 1145, vg = 1061 and ¥, = 611 cm ..
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Table 5
Classical half-amplitude of the zero-point vibrational level
2 v, V3 vy Vs Vg v,

CH,0,

A state
C-H —0.001 0.105 0.004 0.003 0.002 0.000 0.000
C-0, 0.000 —0.006 0.048 0.010 —0.004 —0.006 0.001
C-0, —0.002 —0.003 —0.021 0.009 0.029 —-0.045 0.010
O-H 0.093 0.002 —0.000 0.001 —0.003 —-0.002 —0.000
0,-C-H 0.0 —-0.4 -22 7.7 3.2 13 —-1.7
0,-C-0, 0.2 0.7 —-0.9 -0.4 —-2.6 1.1 43
C-0,~H -0.1 -04 2.1 —2.4 7.4 55 29

X state
C-H ~-0.000 0.104 0.001 0.006 0.000 —0.001 0.000
C-0, —0.000 —0.004 —0.038 0.020 0.034 —0.011 0.002
C-0, —0.003 —0.005 0.043 0.027 0.006 —0.014 0.003
O0-H ; 0.095 0.000 0.000 0.001 0.001 —0.002 —0.000
0,-C-H 0.0 -0.3 4.4 —-23 6.4 3.4 -31
0,-C-0, 0.2 0.7 -0.1 —2.3 —-1.0 —-0.5 51
C-0,-H -02 -0.4 -1.7 4.5 -0.8 8.9 1.5

A" state
C-H —0.001 0.103 0.004 0.004 0.003 —0.002 0.001
C-0, 0.000 —0.005 —0.025 0.021 0.026 —0.041 -0.006
C-0, —0.003 —0.005 0.049 0.012 —0.003 —0.009 —0.004
O-H 0.096 0.001 0.001 0.000 -0.001 —0.002 0.000
0,-C-H 0.0 —0.4 38 —4.7 6.1 0.3 2.3
0,-C-0, -03 -03 -3.1 6.7 —4.5 -0.9 2.1
C-0,-H -0.2 —0.4 —14 5.1 55 6.5 -2.3

CD,0,

1A state
Cc-D —0.001 0.087 0.021 0.008 0.002 0.002 —0.000
C-0, 0.000° —-0.017 0.046 0.006 —0.007 —0.002 0.000
C-0, —0.003 —0.002 —0.024 0.050 —0.003 —-0.019 0.007
O-D 0.080 0.001 0.000 0.001 —0.001 -0.002 —0.001
0,-C-D 0.0 -0.4 -2.0 4.1 -2.5 5.8 -13
0,—C-0, 0.4 13 -0.5 -2.5 -19 -1.0 3.8
C-0,-D -0.3 -0.9 1.3 0.3 6.4 42 4.1

%Al state
C-D 0.002 0.088 0.004 -0.013 0.002 0.000 —0.001
C-0, —0.000 —0.007 —0.039 —0.035 —0.015 0.005 0.001
C-0, —0.006 —0.010 0.045 —0.027 —0.004 —0.006 0.002
0-D 0.081 —-0.002 0.002 —0.004 0.000 —0.001 —0.000
0,-C-D —-0.0 -0.6 3.1 -0.0 -29 6.3 —2.8
0,-C-0, 0.5 12 -0.0 2.2 —-15 —-14 4.7
C-0,-D -04 —0.6 -16 -13 6.5 52 2.6

27" state
C-D 0.002 0.087 0.011 0.013 -0.000 0.002 —0.002
C-0, 0.000 —0.008 —0.028 0.045 —0.025 —0.008 0.004
C-0, —0.006 —0.011 0.048 0.012 —0.002 —0.006 0.003
0-D 0.082 —0.003 0.004 0.002 0.000 —0.002 —0.001
0,-C-D -0.1 —-0.7 2.9 —-1.0 —4.2 55 —-1.9
0,-C-0, —-04 -05 -2.5 35 4.9 -39 -2.0
C-0,-D —-0.4 ~0.6 -1.6 2.9 4.3 6.1 35

Bond lengths are in angstroms, angles in degrees.
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Table 6
Assignment of the vibrational levels of the A state of CH,O0,

Vibrational progressions

A B C

0 (S)

v5 (S) v, (W) vs (W)
2V3 (S) v+ (M) V3 + v (W)
3w, (S) 2v3+ 1, (W) 2v5+ vg (W)
4v, (M) v+ v (W) 3vs+ vg (W)
5713 (W) 4V3 + Vg (W)

Intensity is classified into S, M or W according to magnitude of
FCF as follows: S: 0.23 > FCF > 0.07, M: 0.07 > FCF > 0.03 and
‘W: 0.03 > FCF > 0.005.

structure of the °A’ state of CH,0,. We also show
the intensity, which is classified into S (strong), M
(medium) or W (weak) according to the magnitude
of FCF. We find three vibrational progressions: pro-
gressions A, B and C. A vibrational progression A
(v; = 0-5) has strong intensity and corresponds to
the strong progression of the TIC. The vibrational
progressions B (v, =1 and v; = 0-4) and C (y; =1
and v, = 0-4) have weak intensity. These progres-

sions are found as shoulders of the progression A.
The intensity of the progressions B and C becomes
strong on the higher energy side. The shoulder be-
comes more distinguishable on the higher energy
side. This feature is also found in the PES. The
contribution of each mode to the intensity is con-
nected with the change in the geometrical parameters
by ionization. Table 1 shows that the C—O, bond
lengthens, the C-O, bond shortens, the O,—C-H
angle becomes narrow and the C-O,—H angle be-
comes wide. Table 4 shows that the character of the
v; mode is a mixture of the C—-O, stretching, C-O,
stretching and O;—C-H bending motions. Table 5
reveals that the phase of the vibrational motion is
consistent with that of the molecular distortion by
ionization. The magnitudes of the differences of the
geometrical parameters between the ground and ionic
states are larger than that of the classical half-ampli-
tude of the v; mode (see Tables 1 and 5). Therefore,
the vibrational excitation of the v; mode contributes
mainly to intensity and the excitations to higher
energy levels are also important. The », and v,
modes also contribute to intensity. This aspect is

CH:202 CD:202
r T T T 1 C
— - - '8
r T T T T IA
v B
. A
TIC TIC
T ket & 4 2 ¢ ! ' Bkem! 6 4 2 0
PES PES

Fig. 2. The theoretical intensity curves of ionization of the 2A! state with a half-width of 300 cm ™! and the observed photoelectron spectrum
by Watanabe et al. [3]. TIC: Theoretical intensity curve; PES: PE spectrum.
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Table 7
Assignment of the vibrational levels of the A state of CD,0,

Vibrational progressions

A B

0@®

v; (S) vs (W)
2v, (S) v+ w5 (M)
3v,(S) 2v, +vs (M)
4y, (M) v+ vy (M)
5v4 (W) 4v, + vs (W)

Intensity is classified into S, M or W according to magnitude of
FCF as follows: S: 0.23 > FCF > 0.07, M: 0.07 > FCF > 0.03 and
W: 0.03 > FCF > 0.005.

ascribed to the large amplitude of the C-O,-H
bending motion of the v, and v, modes. The v;
mode has a large amplitude in the C-O, stretching
and O,—C-H bending motions. However, the phase
of those motions is-not consistent with that of molec-
ular distortion. Therefore, the »s; mode does not
contribute to the intensity.

The assignment of the vibrational levels of the A
state of CD,0, is shown in Table 7. We find only
two vibrational progressions: progressions A and B.
The vibrational progression of A (v, =0-5) has
strong intensity and that of B (v5 =1 and v; = 0-4)
has medium intensity. The progressions A and B are
separated from each other because of the distinguish-
able difference of the vibrational frequencies be-

tween the v, and v; modes. We should connect the
contribution of these modes to the intensity with the
change in the geometrical parameters. The character
of the v; mode is a mixture of the C—O, stretching,
C-0, stretching and O;—C-D bending motions (see
Table 4). Table 5 shows that the phase of the vibra-
tional motion of v, is consistent with that of the
change in the geometrical parameters. Therefore, the
v, mode contributes mainly to intensity. The v;
mode has a large amplitude in the C—O,—D bending
motion and is mixed with the O,—C-D bending
motion. The phase is inconsistent with the molecular
distortion in the C—0,—D and O;—C-D bond angle.

Watanabe et al. have reported that the first band
of the spectrum consisted of at least two vibrational
structures. A very strong vibrational component
(1486 cm™!) for CH,0, did not change for CD,0,.
They assigned it to the C=0 stretching mode. An-
other structure of a weak band with lower frequency
(964 cm™') was resolved in CD,0,. They explained
that the intensity of the weak band would be the sum
of the O—H bending and C—H bending modes be-
cause of almost equal frequencies of the two modes
in the ground state. The present calculation shows
that the strong vibrational component is assigned to
the vibrational excitation of the »; mode. The calcu-
lated vibrational frequencies of CH,0, and CD,0,
are 1796 and 1774 cm™!, respectively. The calcu-

CH20, CD20:2
v T T T D
v . . . . C
T 1C r T T T B
T T B T T T T T ¥ A
T T A
TIC TIC
T T T ¥ Z\/\' /l\ ) T T T d T T T '/l\
8kem* 6 4 2 o 8kem?! 6 4 2 0
PES PES
[PTCRE B T E

Fig. 3. The theoretical intensity curves of ionization of the “A” state with a half-width of 300 cm™~? and the observed photoelectron spectrum

by Watanabe et al. [3].
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Assignment of the vibrational levels of the A" state of CH,0,

125

Vibrational progressions

A B
0W)

vy (W) vg (W), vs (W), v (W)
2v; (W) vy + v (W), v3 + v (W), vy + 1, (W)
3, W) 2u34+ v, (W), 2v3+ws (M),  2v;+ 2 (W)
v, (W) 3Bvy+ye W), 3us+ws (W),  3Buy+3, (W)
5V3 (W) 4113 + Ve (W), 4V3 + Vs (W)a 4V3 + Vg (W)
6vy; (W) Sva+y, (W),  Svy+ws (W), Svy+z (W

6vy + vs (W)

vs + vg (W),

vy + vs + vg (W),
2vy + vs + v (W),
3vy + s + vy (W),
4y, + vs + vg (W),
5v;+ vs + v (W),

2V4 (W),

vy + 2y, (W),
2v;+ 2y, (W),
3vy+2y, W),
4yy + 2y, (W),
S5v;+2p, (W)

v + vs (W)

vy 4+ + vs (W)
2v; + y + vs (W)
3v+ v+ vs (W)
vy + vy + vs (W)

Intensity is classified into S, M or W according to magnitude of FCF as follows: M: 0.07 > FCF > 0.03 and W: 0.03 > FCF > 0.005.

lated frequencies overestimate by 19-21% compared
to the observed ones. The character of the v; modes
both of CH,0, and CD,0, is the C=0 (C-0,)
stretching mode in the ground state. However, in the
ionic state of A, the character of the v, mode is a
mixture of the C-O, stretching, C-O, stretching
and O,—C-H bending motions. We assign that an-
other weak band in CH,0, is associated to the two
v, and v, modes. The v, mode is assigned to the
O-H bending mode. The calculated vibrational fre-
quencies of v, and v, are 1527 and 1281 cm™’,
respectively. The v, mode could not be assigned to
the C—H bending mode. The weak band in CD,0, is
associated only to the », mode, which may be
assigned to the O—D bending mode. The calculated
vibrational frequency is 1066 cm ™.

The calculated TIC of the second ionic state *A” is

Table 9
Assignment of the vibrational levels of the 2A” state of CD,0,

Vibrational progressions

A B C D
0W)
V3 (W) Yy (W)

2v; (M) v+, (M) 2y, (W)

v, (M) 2v3+, M) w2y (M) 3y, (W)

dv, (W) 3vy+p, M) 2v34+2y, M) vy +3y (W)

S, (W) dug+u, M) 3u3+2u, M) 295 +3, (W)

6v; (W) Svy+y, (W) 4wy 425, (M) 3343, (W)
6vs+y, (W) Svy+25, (W) 4v; 43, (W)
Tvs+ v, (W) 6v3+23 (W) 5v;+3p, (W)

Intensity is classified into S, M or W according to magnitude of
FCF as follows: M: 0.07> FCF > 0.03 and W: 0.03 > FCF >
0.005.

shown in Fig. 3. The vibrational progressions are
found in the TIC. The assignments of the vibrational
levels of CH,0, and CD,O, are shown in Tables 8
and 9, respectively. For CH,0,, we find that the v,
vy, Vs and v, modes contribute to intensity. For
CD,0,, the v; and », modes contribute to intensity.
We notice that the higher vibrational levels of the v,
mode contribute to all vibrational progressions. The
character of the »; mode is a mixture of the C-0,
stretching, C—O, stretching, O,—~C—H bending, O,—
C-0, bending and C—-O,-H bending motions (see
Tables 5 and 6). The phase of these motions, except
for the O,—C-0, bending motion, is inconsistent
with that of the change in the geometry by ionization
(compare Table 5 with Table 1). Thus the contribu-
tion of the »; mode to intensity is important.

The observed PES of the second ionic state *A” is
also shown in Fig. 3. The vibrational structure of the
TIC is not obviously in agreement with that of the
PES. The observed separation between the first and
second peaks was 1053 cm ™!, while the calculated
value is 1687 cm ™! ((v; + v,)/2), which is overes-
timated by 60%. The present TIC has an intensity
beyond 8 K cm™? (1.0 eV), while the intensity of the
PES becomes weak beyond 5 K cm™! (0.62 eV).
These situations suggest that the harmonic oscillator
approximation should not be suitable for this case.
Nguyen has studied the 1,3-hydrogen shifts in the A"
state at the UHF/6-31G** level [7]. He has re-
ported the geometry of the transition state and the
barrier height. The potential surface has double min-
ima. The transition states possess C,, symmetry.
The change in geometry between the minimum and
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transition structure is estimated as follows: C-H =
—0.003, C-0, = —0.038 A, C-0,= +0.053 A,
O-H = +0.316 A, 0,—C-H= +11.4°, 0,-C-0,
= —16.1° and C — O, — H = —40.1°. He has calcu-
lated the barrier height from PUMP 2/6-31G" * +
ZPE using UHF/6-31G** geometries. It was 0.99
eV. The direction of the change in the geometry of
c-0,, C-0,, 0,—C-H, 0,-C-0, and C-0O,-H
from the minimum to the transition points is incon-
sistent with that of the v, vibrational motion. There-
fore, the potential energy surface corresponding to
the v, vibrational motion should have double energy
minima and the harmonic oscillator approximation
should fail in the v; mode. The v; mode should
have lower vibrational frequency and larger vibra-
tional amplitude so that the intensity of ionization
should have a large value in the lower energy region.
We should need further investigation beyond the
harmonic oscillator approximation method to obtain
a more reasonable intensity curve.

Nguyen et al. bhave reported the 1,3-hydrogen
shifts in the *A’ state at the UHF /6-31G* * level [6].
The change in geometry between the minimum and
the transition structure is estimated as follows: C—H
= —0.004 A, C-0, = —0.001 A, C-0,= +0.014
A, O-H= +0.344 A, 0,~C-H= +13.0°, 0,—~C-
0,= —233° and C-0,~H = —36.5°. The vibra-
tional motion of the », mode of Al is not always
consistent with the motion of the distortion from the
minimum geometry to the transition state. The bar-
rier height was 1.55 eV. The TIC has an intensity
below 1.0 eV. Therefore, the harmonic oscillator
approximation should be reasonable for the ’A state.

4. Conclusion

The molecular equilibrium structure and the vibra-
tional frequency were calculated for ‘A, *A’ and A"
states of CH,0O, and CD,0, within the framework
of the RHF method and the harmonic oscillator
approximation. We also calculated the theoretical
intensity curve of ionization. An appreciable geomet-
ric change is found in the C=0; and C-O, bond
length, and in the O,—~C-H, 0,—C-0, and C-0,-H
bond angles of both states. The C—O double bond
lengthens and the C—O single bond shortens so that
the distinction of the characters of single and double

bonds should be meaningless in the ionic states. The
O,—C-H angle becomes narrow and the C-O,-H
angle becomes wide.

The theoretical intensity curves of the ’A state of
CH,0, and CD,O, are in good agreement with the
observed photoelectron spectra. The strong vibra-
tional component is assigned to the vibrational exci-
tation of the »; mode. The character of the v, mode
of the ground state is assigned to the C=0 (C-0,)
stretching mode, while that of the ’Al state changes.
The character of the »; mode is a mixture of the
C-0, stretching, C-O, stretching and O,—C-H
bending motions. The phase of the vibrational mo-
tion is consistent with that of the molecular distor-
tion by ionization. A weak band in CH,0, is associ-
ated to the two modes v, and v,. The v, mode is
assigned to the O—H bending mode. The v, mode is
not assigned to the C—H bending mode. The charac-
ter is a mixture of the C-O, stretching, C-0O,
stretching, O;—C—0O, bending and C-O,—H bending
motions. Both », and v, modes have a large ampli-
tude in C—O,—H bending motions. The weak band in
CD,0, is associated only with the »s; mode and
may be assigned to the C—O,—D bending mode.

The vibrational progressions are found in the
calculated TIC of the second ionic state A”. The
higher vibrational levels of the v, mode contribute
to all vibrational progressions. The character of the
v, mode is a mixture of the C-0O; stretching, C-O,
stretching, O;—C-H bending, O,—C-0, bending and
C-0,—H bending motions. The phase of these mo-
tions, except for the O,—C—0O, bending motion, is
consistent with that of the change in the geometry by
ionization. The vibrational structure of the TIC is not
in agreement with that of the PES. This should be
connected to the anharmonicity of the potential sur-
face due to the 1,3-hydrogen shift. The vibrational
motion of the v; mode is consistent with the motion
of the distortion by the 1,3-hydrogen shift. We should
need further investigation beyond the harmonic oscil-
lator approximation method to obtain a more reason-
able intensity curve.
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