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The values of the transition moment of Raman scattering have been calculated according to the formula
derived from the vibronic expansion approach. The calculations have been performed for the symmetry coordi-

nates of several small molecules and for the normal vibrations of methane.

The electronic wave functions were

calculated by the CNDO/2-CI method. The calculated results are large in comparison with the experimental

ones.

The calculated Raman intensities for the symmetric stretching vibrations were almost all contributed by

the term A4 in the vibronic expansion theory. From the calculated results for the normal vibrations of methane,
it was found that the vibronic method used in this work leads to more appropriate values than those obtained from
the polarizability theory which was used in the previous paper.

The development of the research technique using
the laser Raman instrument has aided the discussion
of the problem of the Raman intensity. Therefore
there is now enhanced interest in the theoretical cal-
culation of the Raman intensity. The theory of the
Raman intensity has been discussed on the basis of
the Kramers-Heisenberg dispersion formula.l) Pla-
czek? approximated the term of the transition moment
of Raman scattering in this formula by the term of
the polarizability derivative of the ground state in
the nuclear coordinate, provided that the incident
light is far away from the resonance region and the
ground state of the molecule is not degenerate. There
have since been several reports® in which the Raman
intensities of H, and H} have been calculated ac-
cording to Placzek’s polarizability theory. Recently
the calculations of the polarizability derivatives for
small polyatomic molecules have been performed by
several investigators, the electronic wave functions
being evaluated by the LCAO-ASMO-SCF method.9
By the use of the wave functions obtained from the
finite perturbation method within the CNDO version,
Hush and Williams® calculated the polarizabilities for
some diatomic molecules and estimated their polari-
zability derivatives. They concluded that these polari-
zability derivatives are suitable for interpreting the
factors determining the Raman transition probabilities
within a valence orbital scheme. Yamada® calculated
the polarizability derivatives with the symmetric
stretching vibrations of four hydrocarbons, CH,,
C,H,, C,H,, and C,H, the polarizabilities being
calculated according to the expression derived from the
second-order perturbation theory. She concluded that
the CNDO calculations might useful in understanding
the Raman intensities, although the calculated results
were small in comparison with the experimental ones.
Moreover the present author and Miyazaki? calculated
the polarizability derivatives for several small mole-
cules by the use of the formula derived from the time-
dependent perturbation theory. The calculations de-
scribed above were performed on the basis of
Placzek’s polarizability theory. Omn the other hand,
there have been several reports®—12) in which the theory
of the Raman intensity has bcen discussed. In this
work, then, the values of the Raman intensity have
been calculated according to the formula derived
from the vibronic expansion approach.8-19 The elec-

tronic wave functions were evaluated by the CNDO/
2-CI method. For the symmetric stretching vibrations
of small molecules, the transition moments of Raman
scattering were calculated in the approximation of
the symmetry coordinate. Moreover, the intensities
and the depolarization ratios of the Raman scattering
for the normal vibrations of methane were calculated.
The calculated results were discussed in comparison
with the experimental ones and with the results
obtained from the polarizability method, based on
Placzek’s theory, which was used in the previous
work.?

Methods of Calculations

Raman  Intensity. The vibronic expansion ap-
proach for the Raman intensity used in these calcula-
tions has been discussed in detail in Ref. 13. The
total intensity of a Raman line after averaging all the
molecular orientations is given as follows:
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T = Tt S5 )l (1)
where ¢ is the velocity of light; I, is the intensity of
the incident light; o is the frequency of the scattered
light; m is the initial state; » is the final state
and (&ps),, is the po-th component of the polari-
zability tensor for the m—n transition; the sum goes
over p=x,9,z, and ¢=x,9,z, which independently
refer to the molecule fixed coordinate system. As has
been described in Ref. 13, the general vibronic rep-
resentation of (aes)p, hes been given as following
ejuation, involving the terms A4, B, and C:
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1 1
4 :fgl;;:l:Eri_Egm_Eo + Eri’“Egn‘i'Eu :l
XL R,y [P | R, [g°X Pl P i X P95, ©))
_ K& IR, |11 | ha| ") R |£°)
B= azrélgzz}sg[{ (Eri_Egm'_Eo)(eg"“eso)

+@ByWMmmwqu
(Eri—Egn+ Ey) (9 —¢?)

XLPil g9 Qal 90

N {Kg” [R.[s9Xs° | ha | 7°0<T°| R, | 8°)
(Eyi— Egm—Eo) (e, —¢1)




1778
¢ IR PR 1)
P AP
X (9212l 91911990 @
and
c-mmma| (2 e

IR C NG |g°>}
(Eyi—Eyn+E,) (e} —¢?)

X (P51 Qal iXPT1 95
{<g°|R PN R, |00 ] 2%
(Bri—Eym—Eo) (e; 1)

(& IR..|r°><r°|R,w><s°|halg“>}
(Eri—Egnt Eo) (2 —2%)

+

><<¢5.I¢I><¢1|Qal¢ﬁ>], 5)

where E,,, and E, are the energies of the initial
vibronic state, |g)|¢%>, and the final vibronic state,
lg>| %), respectively; here |g) is the wave function
of the electronic ground state, and |¢%> and [¢%)
are the wave functions of the m-th and n-th vibrational
states respectively in the electronic ground state;
E,, is the energy of the intermediate vibronic state,
[r>1¢3>; here |r) is the wave function of the electronic
excited state and |¢:) is the wave function of the
i-th vibrational state in the |r) electronic state; E,
is the energy of the incident light; &% is the energy
of the |g% electronic ground state; ¢, and &, are the
energies of the [7%) and [s°) electronic states respec-
tively; here the superscript 0 denotes the equilibrium
nuclear position in the ground state; R, and R, are
the operators of the p- and ¢-components respectively
of the electronic dipole moment; Q, is the normal
coordinate of the a vibrational mode, and A4, =
(0H|3Q ,), the first-order vibronic coupling operator
introduced initially by Herzberg and Teller.1¥) Equa-
tions (3)—(5) can not be used directly in the calcula-
tion of (¢s.),, because we have meager knowledge of
the vibrational wave function of a molecule in the
electronic excited state. Therefore, we have to rear-
range the equations in order to express (tpo),, in a
form without the vibrational wave functions. The
expression of the term A4 is rearranged by Verlan’s
technique,'® an expansion of the energy denominators
around a fixed energy in a power series. When only
the first-order terms in the expansion are retained,
and when E,, and E,,, are put approximately equal
to &%, the term A is given by:
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The terms B and C are simplified as follows by the

use of the approximation that the energy, L,,, is re-
garded as constant over i and put equl to &:
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By using the expressions in Egs. (6)-—(8), the equa-
tion for (#s0),, can be written as:

(“pa)mﬂ = ? (aﬁa)'<¢ilQ.a|¢£>, (9)
where:
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In the above expression, all the terms have been mul-
tiplied by (—1). (xé,)’ corresponds to the polarizability
derivative (9,,/3Q ,), in Placzek’s theory and will
hereafter be called the po-component of the Raman
tensor for a normal vibration, a.

Electronic  Wave Functions. One-electron wave
functions, ¢,’s, were obtained by the CNDO/2 method,
an approximate self-consistent molecular orbital theo-
ry, proposed by Pople et al.¥) The wave function of
the ground state, |g%, was given by an antisym-
metrized product with a closed-shell structure, @,.
The wave functions of the excited states, |r°) and
|5, in Eq. (10) were described by a linear combina-
tion of singly-excited configurations, @(;_,’s.1® By
the use of the coefficients, CG_x’s, of the configura-
tions, the integrals in Eq. (10) could be rewritten as
follows:

+
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where H' denotes R,, R,, or h,. Since H’ is defined
as the sum of one-electron operators, H'=2>f; the
integrals on the right-hand sides of Egs. (11)—(13)
can thus be described by the integral terms with the
one-electron wave functions:

(B H'|80) = 23 Cpul fl 0, (14)
(D H Dy = v/ Z{il Sl 01, (15)
and
(Pier | H' |0y = 3130 2 31 <l Flon)
+ 8: Kl fl 1) — dulo:l floms (16)

where the sums in the above equations go over the
occupied orbitals in the ground state. When H’ is
R, or R,, the integrals, {¢;| fl¢,>’s, are calculated
by the method described in a previous report.’®)  When
H’ is h,, the integrals are expressed as follows:1?)

@ilfle = 23 g%m%(%)-(x NRAII
(17)

where e is the charge of the electron; Zs is the core
charge of the B atom; r:s is the distance vector of the
electron, f, from the § atom; r:s is the norm of the
vector; rg is the position vector of the f atom, and
dy. is the coefficient of the atomic orbital, X,, in the
molecular orbital, ¢,. (9rs/0Q,) in Eq. (17) indicates
the elements of the L, matrix obtained by the usual
GF method. In this work, the integrals on the right-
hand side of Eq. (17) were calculated with the ap-
proximation that the integrals were neglected unless
the atomic orbitals, X, and X., belong to the same
atom. This is consistent with the CNDO version used
to obtain electronic wave functions. When %, and
X, belong to an A atom which differs from the g
atom, the integral is approximated by the following

T8
Tf‘g

expression:
Tip Tap
<x# r_a' x"> = 6#VT’ (18)
tB aB
where r43 is the norm of the distance vector, ras.

When X, and X, belong to the § atom, the integration
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Polarizability Method. According to Method 1,
described in a previous paper,'®) the polarizabilities
were calculated for the molecule distorted in the man-
ner dictated by the normal coordinate. The values
of the Raman tensor were obtained by fitting the
calculated polarizabilities to a cubic function with
respect to the normal coordinate and by taking the
first derivative at the equilibrium position.

Results and Discussions

In the calculations according to the vibronic method,
the wavelength of the incident light was fixed at
5145 A, which is the wavelength of an Ar+ laser line,
but in the calculation of the polarizabilities in the
polarizability method, the energy of the incident light
was taken to be zero.

Symmetric Stretching Vibrations: The symmetric stretch-
ing coordinates discussed in this work were the C-H
and C-C vibrations of acetylene, ethylene, and ethane,
the C-H vibration of methane, and the N-H vibration
of ammonia. Since the Raman tensor with respect
to symmetry coordinate, S,’s, were calculated with
reference to the symmetric stretching modes, (9rs/0Q )
in Eq. (17) had to be replaced by (drs/dS,), which
was approximated as will be described below. For
the C-H and N-H stretching modes, (9r3/dS,) was
zero unless § denoted the hydrogen atom, while for
C-C stretching modes (0rz/dS,) was zero unless g
denoted the carbon atom. The vector (dr;/dS,) had
a direction along the bond referring to the symmetry
coordinate involving the displacement of the f atom.

The calculated results of «,” and (y,’)? are listed in
Table 1, where «,"=[(0a,,/0S,)+ (9cy;/0S,)+ (t,,/
3S)1/3  and  (,)? = [{(90t0,0S,) — (92,,35,)}* +
{(a“yy/asa)_ (a‘xzz/asa,)}2 + {(a“zz/asa) _(aocxx/asa.)}2 +
6{(9eyy[05,)® + (925,/05,)% + (92,/3S,)%]1/2. In the
table, the calculated results in the polarizability
method and the experimental results are also given.
It is found that the values of « calculated by the vib-
ronic method are 2—6 times larger than the exper-
imental ones. The values in the parentheses in Table
1 are those obtained by the calculation using only the
term A4 in Eq. (6). It is indicated that the Raman
tensor for the symmetric stretching vibration is almost
entirely explained by the term 4. This fact supports

is performed rigorously. the conclusion suggested by Verlan.l® Practically,
TaBLE 1. TRACE TERMs, o', AND ANISOTROPY TERMS, ()’)%, oF RAMAN TENsOR wITH
RESPECT TO SYMMETRY COORDINATES FOR SYMMETRIC STRETCHING MODES
@ [A) () [A]

Molecule —
vib.2) pol.® obsd.? vib.2) pol.®

CH, Scn 4.271( 4.302) 0.876 2.08 0.0 0.0
C,H, Som 4.707( 4.716) 0.638 1.44 80.57 2.827
Sce 6.652( 6.911) 1.655 2.94 159.8 14.23
CH, Som 13.36 (13.53 ) 1.243 2.08 431.1 3.242
Sce 10.47 (10.03 ) 1.130 1.89 314.7 18.76
C,H, Som 13.87 (14.03 ) 1.373 2.65 0.006 0.656
Sco 7.628( 7.965)  —0.362 0.92 0.883 0.809
NH;, Syu 5.198( 5.375) 0.991 17.29 1.616

a) The abbreviations vib. and pol. mean vibronic and polarizability methods, respectively. b) From Ref. 18.
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TaBLE 2. L, MATRIX ELEMENTS OF METHANE USED IN THE CALGULATION
Equilibrium poition Ly matrix elements X Ng'/? [g=1/%]")
f at a)
of atom® [A] Qi(A) Q. (E) Q. (T)) Qu(T)
(2919.4 cm™?) (1548.1 cm™1) (3015.9 cm™?) (1319.2 cm™)

ct b4 0.0 0.0 0.0 0.03534 —0.01583
y 0.0 0.0 0.0 0.02909 —0.07063

z 0.0 0.0 0.0 —0.07493 0.08931

H2 X 0.63104 0.28753 0.24678 0.22629 0.34453
y —0.63104 —0.28753 —0.15649 —0.21285 —0.07378

z 0.63104 0.28753 —0.40327 0.20329 —0.16416

H3 X 0.63104 0.28753 0.24678 —0.43682 —0.25022
y 0.63104 0.28753 0.15649 —0.43812 0.01492

z —0.63104 —0.28753 0.40327 0.42857 —0.10529

H* X —0.63104 —0.28753 —0.24678 —0.25135 0.01243
y 0.63104 0.28753 0.15649 0.26479 0.40589

z 0.63104 0.28753 —0.40327 0.24310 —0.36794

Hs X —0.63104 —0.28753 —0.24678 0.04082 0.08189
y —0.63104 —0.28753 —0.15649 0.03952 0.34703

z —0.63104 -0.28753 0.40327 0.01783 —0.42680

a) In molecule fixed coordinate.

the calculated values of the terms B and C were very
small.

The anisotropy term (y,’)? is an effective factor for
the theoretical calculation of a Raman intensity and
is closely related to the depolarization ratio, g; .=
6(y.)2[45(x,)2+7(y,)?]. In comparing the values
of p, calculated from the Raman tensor with respect
to the symmetry coordinates, it is found that the values
of p, obtained from the vibronic method are smaller
than those obtained from the polarizability method,
with the exception of the C-H stretching in ethylene.
In order to discuss the magnitude of (y,")? relative
to the values of «,” in the calculated results, these
values were compared with the experimental results.
From the measurement by Schrotter and Bernstein,!®)
the depolarization ratios of the Raman spectrum of
acetylene are 0.27 and 0.06 for the CG-H and C-C
stretching vibrations respectively. The corresponding
values are 0.310 and 0.308 in the vibronic method,
and 0.445 and 0.383 in the polarizability method.
It may be said that the theoretical calculations lead to
an overestimation of the anisotropy terms in com-
parison with the magnitudes of «'.

Normal Vibrations of Methane: The normal modes
were obtained by the usual GF method, using the F
matrix reported by Shimanouchi et al® The L_
matrix elements used in the calculations are given in
Table 2. The calculated results of the Raman in-
tensities, I/I,, and the depolarization ratios, p., are
listed in Table 3. In the table, the results calculated
by the polarizability method and the experimental
results are also listed. At a glance it may be seen that
the results of the vibronic method show an entirely
different tendency with respect to the relative in-
tensities in comparison with the results calculated
from the polarizability method. In the results of the
vibronic method, the Raman intensity of the », vibra-
tion is strong, while those of the other vibrations are

b) N, is the Avogadro number.

TABLE 3. RAMAN INTENSITIES AND DEPOLARIZATION
RATIOS OF STOKES LINES OF METHANE

I/I,% 10%° [cm?] Pn
/_/\—'—\
vib.2)  pol.2)  obsd.? vib.#?  pol.2
” 101.4 4.260 vs 0 0
Vy 0.000 12.68 w 0.015 0.857
Vs 0.021 3.881 w 0.857 0.857
v, 0.124 0.116 0.857 0.857

a) See footnote a in Table 1. b) From Refs. 20—22.

nearly equal to zero. In the results of the polari-
zability method, however, the Raman intensity of the
vy vibration is larger than that of the », vibration.
In the experiments?0-22) a y; vibration with a very
strong intensity and », and »; vibrations with weak
intensities are observed. Moreover, for the depolariza-
tion ratio of the », vibration the two methods give
different values. The values of the elements of the
Raman tensors calculated in the vibronic method are
listed in Table 4. The values for the v, vibration are
very small; they may be regarded as zero in comparison
with those for the other vibrations. For the », and
vy vibrations, the values of the diagonal elements are
zero. However the values from the terms 4 and B
are not zero, and the absolute value of one element,
for example (a,.)’, from the term A4 is equal to that
of the corresponding element from the term B, and
their signs are opposite. The values of the & cal-
culated by the use of only the term 4 or the term B
are zero. Then, the depolarization ratio calculated
by the use of one term, 4, B, or C, is the same value,
0.857, as that calculated with the total values of the
elements. This is not the case for the », vibration.
The Raman tensors calculated in the polarizability
method are shown in Table 5. The values of the
three diagonal elements of the Raman tensor for the
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TaBLE 4. RAMAN TENSORS OF METHANE CALCULATED BY THE VIBRONIC METHOD (xf,)’X 10* [cm?g~1/2]
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Term A® Term B¥ Term C® Total®
v (A) (otxx)’ —3.326 —0.0051 0.0289 —3.302
(2yy)’ —3.326 —0.0051 0.0289 —3.302
(o)’ —3.326 —0.0051 0.0289 —3.302
(oxy) = (otyx)” 0.0 0.0 0.0 0.0
(otxz)” = (sx)’ 0.0 0.0 0.0 0.0
(0tys)" = (0ug)’ 0.0 0.0 0.0 0.0
7,(E) (oxx)’ 0.1198x 10-¢ 0.0057% 108 —0.0011x 10-8 0.1244 % 10-¢
(255)’ 0.1252x 10-¢ 0.0003x 10-¢ —~0.0011x 108 0.1244x 10-6
(otzg)’ 0.1310x 10~ —0.0055% 10-¢ —0.0011x 10-¢ 0.1244 % 10-¢
(oxy)’ = (etyx)’ —0.0042x 10-% 0.0015% 10-¢ —0.0161x 10-8 —0.0188x 10-¢
(0txn)” = ()’ —0.0006x 10-¢ —0.0006x 10-¢ —0.0074x 10-8 —0.0086x 10-¢
(0tgs)" = (0tzg)’ 0.0033x 10-8 —0.0016x 10-8 0.0105% 10~ 0.0122x 10-¢
v5(Ty) (otxx)’ —0.0311 0.0311 0.0 0.0000
(255)’ —0.0022 0.0022 0.0 0.0000
(o)’ 0.0333 —0.0333 0.0 0.0000
(oxy)" = (2tyx)” —0.0496 0.0333 0.0678 0.0515
(0txz)” = (tgx)” 0.0123 —0.0059 —0.0263 —0.0199
(%ty2) = (otzy)” 0.0069 0.0008 —0.0320 —0.0243
4(T,) (otxx)’ 0.0289 —0.0289 0.0 0.0000
(ayy)’ 0.0007 —0.0007 0.0 0.0000
(22)" —0.0296 0.0296 0.0 0.0000
(axy) = (ayz)’ 0.0669 - —0.0474 —0.0808 —0.0613
(0txa)” = (0tzx)’ —0.0324 0.0170 0.0639 0.0485
(oty2) = (etay)’ 0.0156 —0.0191 0.0143 0.0108

a) See text. b) Sum of the terms 4, B, and C.

TasLE 5. RAMAN TENSORS OF METHANE GALGULATED
BY THE POLARIZABILITY METHOD
(x55)"% 10* [cm? g—1/2]

v1(Ay) vo(E) v3(Ty) v4(Ty)
(otxx)’ 0.6768 0.6233 0.0 0.0
(etyy)” 0.6768 0.3927 0.0 0.0
(oz)” 0.6768 —1.0161 0.0 0.0
(otgy)’ = (ayx)’ 0.0 0.0 —0.6940 —0.0595
(@xz) = (0zx)’ 0.0 0.0 0.2689 0.0470
(otyz)" = (otzy)” 0.0 0.0 0.3289 0.0106

vy vibration are different from one another. This
contradicts the conclusion obtained from the group-
theoretical consideration, as indicated in the review
by Loudon.??)

In comparison with the experimental results, the
results of methane calculated by the vibronic method
will now be discussed in detail. Schrétter and
Bernstein!® determined the Raman intensity by the
use of the rotational Raman line, J=1—3, of hydrogen
as the standard. From their experimental results,
the Raman intensity of the »; vibration is 23.6 x
10-3% cm?, this value being, in magnitude, about one-
fourth of the calculated result. Furthermore, the
Raman line from the », and »; vibrations are also
observed to have weak intensities. However, Dick-
inson et al.?!) reported, from the experimental results,
that the relative intensity of the »; vibration is 5 in
comparison with the value of 20 for the intensity of

the », vibration. On the other hand, this calcula-
tion showed that the Raman intensity of v, is stronger
than those of the », and »; vibrations, although their
intensities are so small as to be unobserved. The
experimental results for the », and »; vibrations may
be explained by a theoretical calculation involving
factors which are not considered in this work.

Conclusions

For the symmetric stretching vibrations of several
small molecules and the normal vibrations of methane,
the theoretical calculations of Raman tensors were
performed in the vibronic method. From the results,
the following conclusions can be drawn:

(a) Verlan’s conclusion that the intensity for sym-
metric stretching vibration is almost entirely con-
tributed by the term A is confirmed.

(b) The calculated intensities for the symmetric
stretching vibrations are large in comparison with the
experimental values.

From a comparison of the results for the normal co-
ordinates of methane in the vibronic method with
those in the polarizability method:

(¢) The vibronic method is more suitable for the-
oretical calculations of the Raman intensity than is
the polarizability method.

I would like to thank Professor Tomoo Miyazaki
for his helpful advice and for his critical reading of
the manuscript.
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