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A THEORETICAL STUDY ON THE IONIC STATES AND THE PHOTOELECTRON SPECTRUM
OF DICHLOROMETHANE (CH,Cl,)

Kouichi TAKESHITA !
Department of Chemistry, Faculty of Science, Hokkaido University, Sapporo 060, Japan

Received 3 January 1990

Ab initio calculations are performed to study the molecular equilibrium structure and the vibrational level of the low-lying four
ionic states, 2B,, ?B,, 2A, and %A, of dichloromethane (CH,Cl,). The theoretical intensity curve obtained by the Franck-Condon
factors for the ionization transitions are also reported and compared with the photoelectron spectrum of CH,Cl,. A number of
new assignments of the photoelectron spectrum are proposed.

1. Introduction

Photoelectron (PE) spectra of CH,Cl, have been
reported by many workers [1-5]. In fig. 1 the PE
spectrum observed by Kimura et al. [5] is presented.
There are two bands below 13 eV. These probably
originate from the four low-lying ionic states ?B,, ?B,,
2A, and 2A,, and are an electron ionization from Cl
lone pairs. The first band ranges from 11.32 to 12.5
eV. The vibrational progression of three peaks at
11.32, 11.40 and 11.48 eV has been observed by Potts
et al. [3]. They have assigned this progression as the
CCl, stretching mode of the 2B, state. A broad tail of
the first band ranging from 11.5 to 11.8 eV has been ’
assigned as the ?A, state. The second band around
12.2 eV has been interpreted as the 2B, state and the
following tail as the transition to the A, state.

Theoretical approaches to the PE spectrum of
CH,Cl, have also been reported [1,5-10]. Katsu-
mata and Kimura [5] have carried out the SCF MO J
calculation and reported the order of states as ?B,, '
2B,, %A, and %A, based on Koopmans’ theorem. The 1'1 13
first band was assigned as the B, and 2B, states and
the second one was assigned as the A, and 2A, states.
Li et al. [10] have calculated the vertical ionization
energies (IEs) by the SCF Xa method and provided
the ordering of states as 2B, 2B,, A, and 2A,.

Fig. 1. Photoelectron spectrum by Kimura et al. [5].

In these theoretical studies on CH,Cl, [5,10], the
assignment of the PE spectrum has been made by
! Present address: Faculty of Bioindustry, Tokyo University of considering only the vertical ionization energies. As
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librium structure and the distribution of vibrational
levels, it is desirable to investigate the potential en-
ergy surface near equilibrium and the vibrational lev-
els and to calculate a theoretical intensity curve of the
transition.

The purpose of the present work is to study the na-
ture of the four low-lying ionic states ?B,, *By, %A,
and *A,; of CH,Cl, theoretically. An ab initio self-
consistent-field (SCF) method was applied for de-
termining the molecular equilibrium structure and the
harmonic force constant matrix element of the ground
and four ionic states. Using the harmonic oscillator
approximation, we obtained vibrational frequencies
of the totally symmetric modes (v ~v,). We also cal-
culated Franck-Condon factors (FCFs) and the the-
oretical intensity curve of ionization. Based on these
results, we reexamine the assignment of the PE spec-
trum of CH,Cl,.

2. Methods of calculation

We used the basis sets of the MIDI-4 type prepared
by Tatewaki and Huzinaga [11,12]. These are aug-
mented by one p-type polarization function for H and
one d-type polarization function for C and Cl. The
exponents of the polarization function for H, C and
Clare 0.68, 0.61 and 0.56, respectively. The gradient
technique for Roothaan’s restricted Hartree-Fock
(RHF) method was employed to determine the op-
timum molecular structures of the ground and four
ionic states with restriction of C,, symmetry.

The single and double excitation configuration in-
teraction (SD CI) method was employed to obtain
more accurate ionization energies at the equilibrium
structure. By using a single reference configuration of
an SCF wavefunction of the respective state (see ta-
ble 1), singly and doubly excited configuration state
functions (CSFs) were generated with the inner shells
(K shell of C, K and L shells of Cl) kept frozen. The
generated CSFs were then restricted to the first-order
interacting space [ 13]. The number of the generated
CSFs of each state is also given in table 1.

The totally symmetric harmonic force constant
matrix elements were calculated by means of the gra-
dient technique within the framework of the RHF
method. The second derivative was estimated by nu-
merical differentiation of the first derivative. We cal-

Table 1
Electronic configuration

State Reference function 2’ #CSF
1A, (2a2)%(92,)2(7b,)?(3b,)? 19604
2B, (2a2)%(9a;)(7b,)' (3b,)? 20268
2B, (23,)2(92,)%(7b;)?(3b, )" 20197
2A, ..(2a2)%(92,) ' (7b;)?(3b,)? 20287
24, ...(22,)1(9a;)2(7b;)%(3b;)? 20178

2) The b, and b, orbitals have a nodal surface in the CI-C-Cl and
H-C-H planes, respectively.

culated 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 [14].

This work has been carried out by the use of the
computer program system GRAMOL [15] for the
gradient technique and the calculations of normal
modes #'. The program MICA3 [17] was used for the
CI calculations.

3. Results and discussion

The optimized molecular structure of the ground
and four ionic states are listed in table 2. The differ-
ences of geometric parameters between the ionic
states and the ground states are also presented in ta-
ble 2. An appreciable change occurs in the B, and
2B, states. In the 2B, state, the change in CI-C-Cl an-
gle is the largest among the four ionic states. We no-
tice that, as for the C-H and C-Cl bond distances
and H-C-H angle, the change in the 2B, state is the
largest among the four ionized states.

The vertical IEs (VIE) and adiabatic 1Es (AIE)
obtained by the SD CI method are listed in table 3.
The energy lowering of AIE from the VIE is 0.51, 0.14,
0.14 and 0.07 eV for the ?B,, 2B, ?B, ?A,; and 2A,
states, respectively. As is expected from the large dis-
tortion of the 2B, state, the energy lowering is the
largest among the four ionic states.

Table 4 contains the calculated vibrational fre-
quencies of the total symmetric mode of the ground
and ionic states by the SCF method. A classical half-
amplitude of the zero-point vibration was calculated

# GRAMOL included the program JAMOLS3 of the RHF cal-
culation written by Kashiwagi et al. {16].
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Table 2
Optimized geometries by the SCF calculation and the geometric change in the ionized state relative to the ground state
State C-H(AC-H) C-Cl1(AC-C1) H-C-H(AH-C-H) CI-C-C1(ACI-C-CI)
(A) (A) (deg) (deg)
1A, 1.082 1.775 111.74 112.55
B, 1.083(+0.001) 1.780 (+0.005) 117.25(+5.51) 90.84 (-21.71)
?B, 1.113(+0.031) 1.707 (—0.068) 102.24(-9.50) 118.58 (+6.03)
2A, 1.092(+0.010) 1.765(-0.010) 119.01(+7.27) 121.10(+8.55)
2A, 1.083 (+0.001) 1.794 (+0.019) 114.05(+2.31) 103.79 (—8.76)
Table 3 the zero-zero (0-0) IEs. The result is presented in

Ionization energies (eV ). The total energies of the 'A, state by
the SCF and SD CI methods are —956.968094 and —957.364785
au, respectively.

State VIE » AIE 0-0IE ©
2B, 11.30 10.79 10.80
2B, 11.34 11.20 11.16
2A, 11.95 11.81 11.78
2A, 11.98 11.91 11.90
) Vertical ionization energy.
®) Adiabatic jonization energy.
) 0-0 ionization energy.
Table 4
Vibrational energies (cm™')
Mode State

IAl ZB2 ZBI 2Al ZA2
v, 3305 3312 2963 3171 3301
12 1572 1547 1186 1458 1566
Vs 755 807 721 640 744
V4 304 330 337 310 303

in order to characterize each normal mode. The re-
sults are shown in table 5. The table indicates that a
half-amplitude of the C-H stretching is the largest for
the v, mode for each electronic state. The v, mode
may be characterized as the C-H stretching. The »,
mode is clearly the H-C-H bending mode, and the v,
mode is the CI-C-Cl bending mode. The v; mode is
the C-Cl stretching mode accompanied with a Cl1-C-
Cl bending motion except for the 2B, state. The v,
mode of the B, state is a mixture of the C—Cl stretch-
ing, C1-C-Cl bending and H-C—~H bending motions.

Using the adiabatic IEs from the SD CI calculation
and the zero-point vibrational energies, we estimated

table 3. The FCFs of 0-0 transition for the ?B,, *B,,
2A, and %A, states are 0.000, 0.200, 0.096 and 0.108,
respectively. As is expected from the large distortion
of the 2B, state, the FCF for the 00 transition for °B,
is negligibly small in comparison with the other 0-0
transitions. Observation of the 0-0 transition for ?B,
may be impossible. The geometric changes in the C~
H and C~Cl bond distances and H-C~H angle of the
2B, state are the largest among the four ionized states;
nevertheless the FCF for the 0-0 transition is the
largest of all states. This situation is ascribed to the
large classical half-amplitude of the zero-point vibra-
tion of the C-H and C-Cl bond distances and H-C-
H angle of B, which is compared with the amplitude
of the geometric changes in the C-H and C-Cl bond
distances and H-C-H angle (see tables 5 and 2).
Fig. 2 shows the theoretical intensity curve of the
ionization with a half-width of 645 cm~!. A total in-
tensity curve was obtained by using the assumption
that the transition probability of the electronic part
is the same for each ionic state. The theoretical inten-
sity curve agrees well with the observed PE spectrum
in fig. 1. The 0-0 ionization energy of 2B, is lower
than that of 2B,. However, fig. 2 reveals that the max-
imum intensity of the first band of the PE spectrum
is due to the ionization to the 2B, state. The 2B, state
contributes to the tail of the first band. The %A, and
2A, states contribute to the head and tail of the sec-
ond band of the PE spectrum, respectively.
Vibrational structure is observed in the first band
of the PE spectrum. Potts et al. [3] have associated
this structure with the B, state. The present calcula-
tion shows that the vibrational structure is attributed
to the 2B, state. The vibrational levels of the B, state
are presented in table 6. The calculated 0-OIEis 11.16
eV. The FCF of the 0-0 transition is large enough to
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Table 5
Classical half-amplitude of the zero-point vibrational state

State Bond distance Vibrational mode

/angle @
Yy vy Vi Vs

A, C-H 0.073 —0.003 0.001 —-0.001
C-Cl -0.004 0.006 0.040 0.010
H-C-H -0.4 11.5 0.9 -0.0
Cl-C-C1 0.4 -0.6 -2.8 34

’B, C-H 0.073 —0.001 0.002 —0.000
C-Cl —0.004 0.007 0.046 0.003
H-C-H -0.5 11.6 1.1 -0.3
Cl-C-Cl1 0.3 -0.5 -2.3 3.1

’B, C-H 0.077 —0.009 -0.005 -0.001
C-Cl —0.003 —0.002 0.040 0.008
H-C-H 0.0 12.3 4.8 -0.2
Cl-C-Cl 0.4 -0.1 -3.1 3.5

2A, C-H 0.074 —0.000 —0.001 0.000
C-Cl —0.003 0.006 0.041 0.007
H-C-H -0.5 119 0.6 0.1
Cl-C-Cl 0.3 —-0.7 -29 38

A, C-H 0.073 -0.002 0.001 —0.000
C-Cl —0.004 0.006 0.044 0.007
H-C-H —-0.4 11.5 1.3 —0.1
Cl-C-Cl1 0.3 -0.5 —-2.6 3.3

) Distances in A; angles in degree.

be observed. Thus, the observed first peak at 11.32
eV should correspond to the 0-0 transition of the °B,
state. The second peak at 11.40 ¢V with maximum
intensity is due to the (0010) state. The third peak at
11.48 eV is attributed to the (0020) state. The FCF
of (0030) transition is large so that this transition is
observed as the fourth peak. The result indicates that
excitations to the vibrational levels of the »; mode
contribute to the intensity curve. Although the 0-0
ionization energy of the 2B, state is lower than that of
the 2B, state, the maximum of the 2B, state is beyond
that of the 2B, state. This situation is due to the large
geometric change in the Cl-C-Cl angle of the 2B, state
and the contribution of the higher vibrational exci-
tation of the v, mode (Cl-C-Cl bending) to intensity
curve (see table 7).

No vibrational structure is found in the theoretical
intensity curve and the PE spectrum of 2A, and 2A,,.
However, the present calculation shows that higher
vibrational excitations to the », (Cl-C-Cl bending)

mode contribute to intensity. The band of the %A,
state is mainly due to the vibrational levels of (0000),
(0001), (0002) and (0003). The band of the 2A,
state is ascribed to the (0000), (0001), (0002) and
(0003 ) transitions. Higher vibrational excitations to
the v, mode are connected to the geometrical change
in C1-C-Cl angle which is larger than the amplitude
of the zero-point vibration of the v, mode.

4. Conclusion

The molecular equilibrium structure and the vi-
brational frequency are calculated for the ground and
lower four ionic states. By the use of the FCFs we ob-
tain the transition intensity curve. The main results
are as follows.

The 0-0 IE of the 2B, state is lower than that of the
2B, state by 0.41 eV; nevertheless the maximum in-
tensity of the 2B, state is found beyond that of the 2B,
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Total

\

%1.00  12.00  13.00

Fig. 2. Theoretical intensity curve with a half-width of 645 m~'.

Table 6

Vibrational levels of the B, state

Quantum number 1IE FCF® Obs. IE
(v1020304) (eV) ref. [3]
(0000) 11.16 0.200 11.32
(0010) 11.25 0.309 11.40
(0020) 11.34 0.233 11.48
(0030) 11.43 0.114

(0040) 11.52 0.041

(0050) 11.61 0.011

*)'Franck-Condon factor.

i
state. This situation is ascribed to the large geomet-
rical change of CI-C-Cl angle of the B, state.

The vibrational structure of the first band of the
PE spectrum is due to the vibrational excitations of
the v; mode of the 2B, state. The character of the v,
mode of 2B, is a mixture of the C-Cl stretching, Cl-
C-Cl bending and H-C-H bending motions. The four
vibrational peaks of the PE spectrum are assigned as
the vibrational levels of (0000), (0010), (0020) and
(0030).

Table 7

Vibrational levels of the B, state
Quantum number IE FCF
(nivasg) (eV)
(00010) 11.21 0.006
{00011) 11.25 0.009
(00012) 11.29 0.014
(00013) 11.33 0.020
(000 14) 11.37 0.026
(000 15) 11.41 0.034
(00016) 11.45 0.041
(00017) 11.49 0.047
(00018) 11.54 0.053
(00019) 11.58 0.056
(00020) 11.62 0.058
(00021) 11.66 0.058
(00022) 11.70 0.056
(00023) 11.74 0.053
(00024) 11.78 0.048
(00025) 11.82 0.043
(00026) 11.86 0.037
(00027) 11.90 0.031
(000 28) 11.95 0.026
(00029) 11.99 0.021
(000 30) 12.03 0.017
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