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The applicability of the oriented gas model to the calculation of Raman intensities of molecular 
crystals is investigated. The basic implications of the model and its consequences are discussed. The 
polarized spectra of only 3 out of 11 crystals considered are compatible with the model. For these, 
quantitative calculations based on calculated eigenvectors give reasonable agreement with experiment, 
while the others are in clear disagreement with available data. It is shown that assignments of 
unpolarized spectra based on the model's predictions may easily be erroneous. Some of the 
parameters affecting the calculation are analyzed, confirming the conclusion that the oriented gas 
model is not a reliable tool for assignment of Raman lattice bands of molecular crystals. 

INTRODUCTION 

Raman bands due to lattice vibrations are unequivocally 
assigned to their proper factor group species by record
ing polarized spectra of Single crystals. These spectra, 
however, are not always available for molecular crys
tals, since a large number of them offer considerable 
experimental difficulties. In these cases, additional 
theoretical considerations might be of great use. For 
internal modes, comparison of observed relative intensi
ties and those calculated using the oriented gas model 
give good qualitative agreement. 1-3 For external modes, 
however, this calculation has been mostly limited by the 
lack of knowledge of the actual crystal normal modes, 
and additional approximations assuming uncoupled rota
tions about molecular prinCipal axes have led to unsatis
factory results. 4 Recently, Elliot and Leroi have used 
the model in combination with lattice dynamical calcula
tion to assign the unpolarized spectra of benzene5 and 
ethylene, 6 using the results for the latter as an important 
argument to decide on its crystal structure. 

In the last few years, several different intermolecular 
force field models of the atom-atom type have been de
veloped to fit simultaneously statical and dynamical 
properties of molecular crystals. 7,8 The resulting cal
culated crystal vibration frequencies have contributed to 
the assignment of some normal modes and, in addition, 
provide a quantitative description for external modes in 
terms of rotation and translation coordinates. As these 
coordinates are used as a basis for constructing the dy
namical matrix, the eigenvectors of the secular equation 
give a direct description of how the mixing of molecular 
librations and translations gives rise to an external 
crystal normal mode. Nevertheless, these calculations, 
although adequate, may contain inversions regarding the 
frequency ordering of some normal modes of different 
symmetry, thus limiting their capacity to define assign
ments in unpolarized spectra. 

In the present work, we explore the possibilities of
fered by the applications of the oriented gas model in 
combination with lattice mode frequency calculations to 
predict Raman band intensities and positions, in order 
to contribute to the assignment of external modes. 
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It must be stressed that owing to the uncertainties in 
experimental intensities, and to the roughness of the 
oriented gas model, only qualitative agreement could be 
expected. However, knowledge of relative orders of 
magnitude should be of great use, allowing, for instance, 
the prediction of vanishingly low observable intensities. 

We have applied the model to a series of 11 molecular 
crystals including aromatic hydrocarbons and chlorinated 
and brominated benzenes. For these compounds, the 
crystal structure is known and a large number of low 
frequency Raman bandS has been Observed and assigned, 
making a qualitative discussion possible. On the other 
hand, except for the brominated benzenes, intermolecu
lar force fields are available, allowing also a quantita
tive test of the model. 

CALCULATION METHOD 

The relative intensities in polarized and unpolarized 
Raman spectra for a nondegenerate normal mode Qn can 
be calculated by 

I const I 8(a u)pcr \2 
,.,(Qn) vn[l- exp(- hVn/kT)] 8Qn ' 

(1) 

respectively. p and (J label coordinates of an orthogonal 
set of coordinates fixed to the crystal, vn is the frequency 
of the normal mode, and (au)pa is the path element of the 
unit cell pol ariz ability tensor. When crystal modes are 
expressed in terms of some set of molecular coordinates, 
the derivatives of the molecular polarizabilities can be 
written as 

8(a u)pa _ L L ~ aq ... 
8Qn -.. k 8q... 8Qn' 

(2) 

where q ... is the kth coordinate of the set chosen for the 
mth molecule in the unit cell. 

The oriented gas model that is used in the present cal
culation is based on the following hypotheses: 

(a) the molecular polarizabilities are additive; 

(b) the charge distribution in each molecule is deter-
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T ABLE I. Relative intensities compatible 
with the model in three orthogonal polari
zations. 

1\ ~ 12 ~ 13 

100 100 0 
100 81 1 
100 64 4 
100 49 9 
100 36 16 
100 25 25 

mined by the intramolecular field only and is consequent
ly independent of motions and distortions introduced by 
other molecules of the crystal. 

Statement (b) is equivalent to saying that the molecular 
polarizability does not change while the molecule trans
lates or librates. According to (a), the crystal polar
izability tensor au is related to the molecular polariz
ability a by 

(3) 

where 1T", is the matrix relating molecular principal axes 
corresponding to the mth molecule and the crystal fixed 
axes. 

The derivatives of au with respect to principal molecu
lar axes rotation and translation coordinates R"". and Til". 
can be calculated, according to (b), as 

8a - -
8Ru 

=1Tm(M"a +a~)7T .. , 
"m 

(4) 

with (MIl)I} = - (Iill, the Levi-Civita tensor. It can be 
seen that translations do not contribute, in this model, 
to Raman intensities. 

The rotation coordinates R"m can be expressed in terms 
of symmetry coordinates S,,(y). The derivatives of the 
element (a"),,, with respect to external normal coordi
nates Qiy) of symmetry y are obtained by 

(5) 

If the pol ariz ability and inertia principal axes do coin
cide, this expression can be Simplified: 

X [(1Tm)P,k+1(1Tm)a,,,..e + (1Tm)p,,,..e(1Tm)a,"+1]. 

In these equations, the derivatives 8R"",/8S,,(y) and the 
transformation matrices 1T", are obtained from crystal 
data, and the a tensor is the polarizability expressed in 
principal axes. If the molecular distortion is not very 
important, free molecule polarizabilities can be used. 
The derivatives as,,(y)/8Q,,(y) which express the composi
tion of each crystal mode are determined from the eigen
vectors of the dynamical matrix diagonalization. 

APPLICATION OF THE ORIENTED GAS MODEL TO 
EXTERNAL MODES 

Intermolecular and intramolecular force fields are in
volved in the calculation of Raman intensities by the ori
ented gas model. Nevertheless, this model makes a 
clear distinction between both fields when it conSiders 
that the molecular polarizabilities produced by the inter
nal field are unchanged when the crystal field acts on the 
molecules during the vibrational motion. This assump
tion implies that the trace of the polarizability tensor, 
which is invariant with respect to Similarity transforma
tions, is preserved during librations in any orthogonal 
coordinate system and therefore 

8(a .. )"" 8(a"')>7 8 (a",)" .. _ 0 
~+ 8Qn +~-

(6) 

for the mth molecule in the nth normal mode Qn. From 
the additivity hypothesiS, it is possible to extend expres
sion (6) to the crystal unit cell: 

8(a u)xx 8(a,,)yy 8(a,,) ... _ 0 
~+ 8Q" +~-. 

(7) 

It must be stressed that thiS relationship stems from the 
basic assumption of the model only and is independent 
from other factors of the intensity calculation such as 
crystal structure, pol ariz abilities, and eigenvectors of 
the secular equation. 

Equation (7) establishes relationships between permis
sible relative intensities in three orthogonal polarizations 
pp, aa, and TT with p 1 a 1 T, which can be summarized by 

412 ;:;' II ;:;, 413 , 

2(12 +13);:;' 11 ;:;' (/2 +13) (8) 

for 11 ;:;' 12 ;:;, 13• (See Table I). 

Even though other invariants of the polarizability ten
sor do not provide direct relationships between observ- . 
ables, Eq. (8) constitutes a rough guideline for the ap
plicability of the model. 

Raman intensities are in general poorly determined 
experimental data. In particular, intensities in three 
orthogonal polarizations cannot be compared directly 
owing to unavoidable modifications in the experimental 
setup. However, both the guideline expressed in Eq. (8) 
and the results from more refined calculations can be 
applied admitting a possible correction factor common 
to all bands observed in each polarization. The magni
tude of this factor may be estimated within the assump
tions of the model. In general, owing to the orthogonal
ity of normal modes, 

Cpa = const L vn[l - exp( - hVn/kT)] Ipa(Qn} 
n 

(9) 

The observable relation Cpa/Cp'a' is independent from 
the mixing of librations in the normal modes and q~m in 
(9) can be replaced by R"",. The oriented gas model can 
only predict spectra compatible with values of Cpa calcu
lated according to (9) together with relative intensities 
restricted by (8). 
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T ABLE II. Compatibility of the oriented gas model with ob
served polarized spectra. 

Crystal 

Naphthalene1. 

Anthracene'" 

Biphenyl" 

Benzene'b 

(3 -p-dichlorobenzenea 

p-dibromobenzeneA 

1,3,5-trichlorobenzenec 

1,3,5-tribromobenzened 

Restrictions of the model 

Intensity 
relations in 
three orthogonal Ability to 
polarizations predict zero 
(Iaa :lbb : Icc) intensity bands 

yes yes 

yes yes 

yesi' yes lf 

yes yes 

yes no 

yes no 

no yes 

no yes 

1,2,4,5-tetrachlorobenzene8 no 

Hexachlorobenzene f 

yes 

yes 

-Spectra from Ref. 4. 
bSpectra from Ref. 12. 
·Spectra from Ref. 13, 14. 
dspectra from Ref. 13. 
·Spectra from Ref. 15. 
fSpectra from Ref. 16. Incomplete polarization data. 
irJ:f there are two nonresolved Ag bands. 

Compatibility 
with 

C,/C"a' 

yes 

ye.s 

yes 

no 

yes 

yes 

no 

no 

no 

yes 

Finally, we can analyze the possibilities of the model 
considering that for each symmetry species the symmetry 
coordinates Sk(Y) form a basis for the corresponding vec
tor space. The der~vatives 

with 

(10) 

may be viewed as the scalar product Qn(Y) • Fpu(Y), the 
intensities lpa being proportional to the square of the pro
jections of Fpu(Y) onto Qn(Y) considered as a vector in the 
symmetry space y. The absolute value of F pa(Y) is 

\ F ( )\ = { const Cpa, if (O!u)puEY (11) 
pu YO, otherwise. 

For rigid body external motions, the six nonvanishing 
F pa(Y) vectors are determined, within the assumptions of 
the model, by molecular polarizabilities and crystal 
structures only. Even though the space is hexadimen
sional, for noncentrosymmetric molecular sites, the 
components of F pa(Y) vanish for the three translational 
coordinates according to Eq. (4). In general, this de
scription establishes that the maximum number of zero 
intensity modes Qn(Y) predicted by the model for each 
symmetry species y is equal to the difference between 
the dimensions of the y symmetry space and the subspace 
spanned by the nonvanishing Fpu(Y) vectors. In this 
sense, the invariance of the trace [Eq. (7)], and the defi
nition in Eq. (10), show that 

3 

~ Fpp(Y) = 0, 

and thus, these vectors are coplanar and the model ac-

cepts that a mode Qn(Y)- Fpp(Y) x Fuu(Y), p if-a, may have 
zero intensity in three orthogonal polarizations even 
though it is Raman active by symmetry. 

We can take, for example, the space group Cih with two 
molecules per unit cell located at C i sites, which is a 
very common case for molecular crystals. 9 The sym
metry space 'Y is tridimensional. For Bg modes, as 
only F ab and Fbe are nonzero, except for accidental de
generaCies, only one mode may have zero intensity. As 
FaAAg) does not lie in the same plane as Fpp(Ag), the 
model does not allow zero intensity Ag bands. The acci
dental degeneracies may stem from molecular or crys
tal structure. If the molecular polarizability tensor is 
diagonal [reduced form of Eq. (5)] and has two identical 
elements, all vectors F pa(Y) have to lie in the degenerate 
plane. If the crystal unique axis coincides with a mo
lecular principal axis, all F pa(Ag) are parallel to this 
axis, and there may be up to two Ag zero intensity 
modes. 

CRYSTAL NORMAL MODE CALCULATION 

The calculation method used in the present work is 
discussed in detail in Ref. 10. We have used an atom
atom intermolecular potential of the form 

Vij = -Ari1 +B exp(- Crij ) • 

The eigenvectors provide a direct picture of the degree 
of mixing of molecular rotations and translations in each 
normal mode. For the case of benzene, they were taken 
directly from Ref. 10. In all cases, atom-atom contacts 
up to a distance of 6 A were taken into account. The 
rigid body approximation has been used throughout, as it 
is a negligible source of errors for the eigenvectors. 11 

RESULTS AND DISCUSSION 

First we will discuss the applicability of the model to 
a series of Raman spectra of molecular crystals in semi
qualitative terms. Table II summarizes the compatibility 
of the observed spectra with three main features of the 
model which do not depend on the intermolecular force 
field. 

For naphthalene and anthracene, the intensity relations 
for the three Ag modes and the values of Cpp in three 
orthogonal polarizations are acceptable, and all three 
allowed bands are observed. Values of Cpa (pif-a) are 
also consistent, and the model would be a priori appli
cable. 

For benzene, although the Ag band intensities relation 
is preserved, the value of Cae, predicting a very weak 
spectrum in that polarization, is in contradiction with 
experiment. 

For biphenyl, the band at 54 cm-1 escapes the scheme 
of Table 1. As no structural near-degeneracy occurs, 
the absence of one Ag band cannot be accounted for by the 
model, except if one postulates two nonresolved Ag 
bands, as the calculation suggests. 17 This also happens 
for the {3 -P-dichlorobenzene and p-dibromobenzene crys
tals, where only two Ag bands have been observed. 

For 1, 3, 5-trichlorobenzene and 1, 3, 5-tribromoben-
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T ABLE III, Observed and calculated frequencies, normal mode composition, and calculated relative intensities for 
crystals under consideration, 

Crystal 

1,3, 5-CsH3C13 d 

Sym, 

Ag 

Bg 

C I pa 

Ag 

Bg 

Ag 

Bg 

C{X1 

Ag 

Normal modes Relative intensities" 

lIaxpu lIeale 
(cm-!) (cm-!) 

84 
56 
45 

103 
65 

108 
55 
31 

58 
46 
36 

49 
21 

56 
45 
21 

54 
38 
25 

57 

46 
34 
30 
23 

61 
54 
46 
34 

56 
44 

32 
22 

58 

48 
36 
31 

92 
79 
57 

128 
100 
(57) 

76.8 
54.2 
41.7 

110.4 
63.4 
49,7 

115.3 
59.9 
35.2 

61.4 
54.8 
35.5 

69.1 
47.6 
18.5 

Rx 

0.15 
0.88 
0.45 

-0.15 
0.71 

-0.69 

-0.02 
-0.98 
-0.18 

-0.90 
0.42 
0,08 

0,00 
0.98 
0.19 

Ry 

-0.01 
0.45 

-0.89 

-0.11 
-0.70 
-0.70 

-0.35 
-0,17 

0.92 

-0.23 
-0,32 
-0,92 

0.08 
0.19 

-0.98 

Rz 

-0,99 
0.13 
0.08 

-0,98 
-0,03 

0.18 

-0.94 
0.08 

-0.34 

-0,36 
-0,85 

0,39 

0.99 
-0,01 

0.08 

aa bb ee ae ab be 

o 
10 
14 

3 
o 

39 

2 
14 

6 

1 
12 
20 

o 
1 

21 

2 
2 

18 

60 100 67 79 23 38 

2 
2 
4 

1 
1 
4 

1 
4 
o 

o 
3 
6 

1 
o 
2 

1 
o 

48 

82 38 65 73 17 100 

52.4 - O. 75 - O. 64 0.14 6 3 
39.9 0.44 - O. 65 - O. 62 18 24 
28.1 - O. 49 0.40 - 0,77 2 1 

o 0 
1 3 
5 10 

51.0 
38.3 
26.2 

53,7 
45.5 
43,7 
34.0 
28.5 
20.0 

58,6 
47.0 
45.0 
33.9 
30.0 

55,2 
42,7 
36.8 
32.8 
22.2 

54.8 
51.5 
45.3 
41.2 
31.1 

95.0 
75.0 
55.0 

128,0 
96.0 
60.0 

-0.47 
0.43 

-0.77 

0.09 
0.79 
0.31 

-0.16 
0.44 

-0.23 

-0.18 
-0.72 

0.38 
-0.55 

0.07 

-0.11 
0.08 
0.64 

-0.52 
-0.55 

-0.21 
0.55 

-0.37 
0.15 
0.71 

-0,88 
-0,33 

0,35 

-0.16 
-0,24 

0,93 
0,17 

-0.14 
-0.02 

0,93 
0,03 

-0,01 
-0,36 
-0,01 

0.91 
0.22 
0.18 
0.24 
0,16 

0.37 
0.69 
0.32 
0.42 

-0.34 

-0,64 0.47 
-0,58 -0.81 
- 0, 50 0.34 

-0.94 
-0.26 

0.21 

0.30 
-0.94 

0.17 

0.10 
-0.84 
-0.54 

-0.05 
-0.04 

0.14 
-0.79 
-0.01 

0.59 

0.18 
0.06 
0.85 
0.46 
0.13 

0.09 
-0.11 

0.57 
-0.16 

0.79 

-0.08 
0,29 
0,61 

-0.70 
0,22 

-0.60 
-0.01 
-0,80 

0.15 
0,22 
0.96 

54 59 

1 
3 

45 
5 
2 
1 

o 
o 
o 
3 
o 
4 

15 
9 
4 

6 
24 
46 

7 16 67 100 

1 
3 

49 
1 
3 
1 

19 
2 
o 
4 
o 

o 
2 
7 
6 
1 

2 
o 

50 
24 

3 

74 3 77 50 23 100 

40 
3 

59 

2 
20 

2 

25 
37 
39 

2 
23 

1 
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Total 

6 
34 

100 

7 
49 

100 

3 
6 

77 

4 
12 
19 

3 
o 

100 

10 
49 
28 

42 
67 

100 

2 
6 

94 
8 
5 
6 

3 
o 

100 
49 

5 

38 
4 
1 
9 
o 
o 
5 

14 
13 

1 

67 
59 

100 

5 
46 

3 

41 
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TABLE III (Continued) 

Normal modes Relati ve intensitiest 

I'ezptl Peal" 
Crystal Sym, (cm-I ) (cm-I ) Rx Ry Rz aa bb CC ac ab bc Total 

C6H6
f 101. 0 -0.39 0,92 0.09 3 5 

B2I 90 93,0 -0.34 -0,23 0.91 0 1 
79 83.0 0.86 0.32 0.40 1 2 

128 127.0 -0.96 0.27 0.03 1 2 
B36 (92) 89.0 -0.16 - O. 46 -0,87 7 14 

61 66.0 -0.22 -0.85 0.48 36 72 

Cpo 100 24 100 6 41 42 

109 104.9 -0.84 -0.53 0.12 23 16 1 0 40 
Ag 74 75.7 0.53 -0.85 -0.06 10 2 22 33 100 

51 51. 5 0.13 0.02 0.99 0 3 2 0 5 
CloHB a 

125 101.1 -0.99 -0.09 -0.07 10 1 21 
Bg 71 70.6 0.10 -0.96 -0.26 16 33 

46 45.4 0.04 0.27 -0.96 1 0 3 

cpa 100 62 46 64 34 30 

121 116.3 0.95 0.22 -0.23 6 4 0 0 10 
Ag 70 72.9 0.25 -0.96 0.10 32 0 33 18 100 

39 38.9 -0.20 - 0.15 -0.97 0 8 6 0 15 
C14H10 

h 
125 107.7 -0,99 -0.08 0.05 3 1 7 

Bg 65 64.7 0.07 -0.99 -0.14 2 17 38 
45 47.4 0.06 -0.13 0,99 5 12 35 

Cpu 100 26 76 39 22 43 

88 80.9 0.41 -0.06 0.91 11 12 0 1 24 
Ag 54 56.6 0.68 0.68 -0.26 7 2 16 38 100 

51. 5 0.61 -0.73 -0.32 20 5 5 13 55 
C12HIO 

I 
88 82.0 -0.37 -0.84 0.40 1 5 12 

Bg 54 65.3 0.15 0.38 0.91 2 3 9 
42 42.9 0.92 -0.40 0.02 4 41 90 

Cpa 92 58 41 100 14 77 

aFrequencies at 300 K, our measurement. Crystal structure at 300 K, Ref. 18. O!n=9.4; O!w=13.1; O! •• = 18. 6 (A3), 

Ref. 19. I"" >Iyy>I ... 
bFrequencies interpolated at 138 K, according to Refs. 4 and 20. Crystal structure at 138 K, Ref. 18. Molecular 
polarizabilities from Ref. 19. I",,> Iyy> I ••• 

"Frequencies at 300 K, Ref. 15. Crystal structure at 300 K, Ref. 21. 0!",=12.3; O!)I)I=19.7; 0! •• =22.4 (A3
), 

estima ted by the authors. I",,> IYlI> Iu' 
dFrequencies at 300 K, Ref. 16. Crystal structure at 300 K, Ref. 18. 1",,>1)1)1""1 ••• 
"Frequencies at 300 K, Ref. 14. Crystal structure at 300 K, Ref. 18. Ix,,> 1)1)1"" I ... Only the librational components 
of eigenvectors are tabulated. 

'Frequencies at 140 K, Ref. 12. Calculated frequencies and mode composition from Ref. 10. 1 •• >1)1)1""1"". 
'Frequencies at 300 K, Refs. 4 and 22. Crystal structure at 300 K, Ref. 23. O!xx= 20.2; O! yy= 18. 8; O! .. = 10. 7 (A3). 

In> 1)1)1> lxx, Ref. 19. 
hFrequencies at 300 K, Refs. 4 and 22. Crystal structure at 300 K, Ref. 24. O!n= 35.2; O!yy= 25.6; 0! •• =15.2 (A3

). 

1 •• >1)1)1>1"" Ref. 19. 
IFrequencies at 300 K, Ref. 4. Crystal structure at 300 K, Ref. 25. O!n= 13. 84; Cl yy =20.28; 0! .. =24.74 (A3

). 

In> 1)1)1> I •• , Ref. 26. 
ITabulated values normalized to 100 for the largest Cpa' 
krabulated values normalized to 100 for the largest intensity in unpolarized spectrum for each crystal. 

zene, the bands at 57 cm-1 and 48 cm-l, respectively, are 
observed only with bb polarization, and therefore in
compatible with the model. In the case of 1, 2, 4, 5-tet
rachlorobenzene, the intensity relations for Ag modes is 
in doubtful agreement with the model. Also, the magni
tude of disagreement between observed and calculated 
values of C pc> for these crystals cannot be attributed to 
change in experimental setups only. 

For a-p-dichlorobenzene, there are no polarized 
spectra, while for hexachlorobenzene the data are in
complete. For this last crystal, the model seems to be 
appropriate. 

Even though the qualitative agreement is not particular
ly encouraging, we have performed quantitative calcula
tions for the crystals under consideration (except for the 
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TABLE IV. Relative intensities for /3-p-dichlorobenzene ob
tained for three different sets of molecular polarizabilities. 

Molecular 
Sym. v~&le polarizabilities aa bb 

a 0 3 
1l0.4 b 0 

c 0 

a 10 0 

AK 63.4 b 13 0 
c 4 4 

a 14 39 
49.7 b 18 43 

6 28 

a 
115.3 b 

c 

a 
BJi 59.9 b 

c 

a 
35.2 b 

c 

ee ac 

2 1 
1 0 
6 3 

14 12 
14 11 
16 14 

6 20 
5 17 

29 

au be Total 

7 
4 

19 

49 
48 
52 

100 
100 
100 

0 3 

0 
0 4 

2 6 
3 8 

21 18 
17 18 
31 16 

3 

77 
71 
93 

~u=9.4; a,.,,=13.1; a •• =18.6 (A3), Ref. 19. 
bO'",,=8.83; a,.,,=12.48; 0' •• :21.29 (A3), Ref. 27. 
"a"" = 9.36; a,." = 15.12; a •• =18.02 (A3), Ref. 28. 

~b 

o 50 100 

em-' 

FIG. 1. Polarized Raman 
spectrum of naphthalene, 
Ref. 4. Calculated frequen
cies and relative intensities 
are represented by full lines. 

bb 

~ab 

o 50 100 

em-' 

FIG. 2. Polarized Raman 
spectra of anthracene, 
Ref. 4. Calculated frequen
cies and relative intensities 
are represented by full lines. 

brominated benzenes, for which no suitable potential pa
rameters are available) in order to see if some general 
features of the spectra could be deduced from the appli
cation of the model. 

For the hydrocarbons we have used atom-atom poten
tial parameters proposed by Williams,7 and for chlori
nated benzenes, those obtained by Bonadeo and 
D' Alessio. 11 

The transformation matrices relating molecular prin
cipal axes and crystal fixed axes were obtained from 
crystal structural data. For monoclinic crystals we 
have chosen a crystal system (a'be) with a'lbe, or 
(abe ') with e' 1 ab, according to the available experimen
tal polarizations. 

In every case we have employed molecular polariz
abilities from the iSOlated mOlecules without further re
finements. In the same approximation, justified by the 
smallness of the molecular distortion in the crystal, we 
have assumed that the polarizability tensor is diagonal 
in the principal inertia axes system and applied the re-
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duced expression of Eq. (5) for the calculation. Thus, 
the molecular pol ariz abilities do not appear in calcula
tions for 1, 3, 5-trichlorobenzene, hexachlorobenzene, 
and benzene, where only one difference between diagonal 
elements is nonzero and appears as a scaling factor. In 
the other cases, the polarizabilities used in the calcula-
tions are included in the corresponding table. a a 

Table III shows the calculated frequencies, intensities, 
and eigenvectors for each normal mode of the crystals 
under consideration. Figures 1-10 show the observed 
spectra, and, indicated by vertical lines, the calculated 
intensities for the bands, in arbitrary units. 

The eigenvectors listed in Table III show that in most 
cases it is impossible to think of crystal normal modes 
as being pure rotations around principal molecular axes. 
In fact, most modes are mixed more than 20%, and only 
in the case of anthracene do all modes have less than 
10% coupling. This result shows that, except for a few 
cases where the moments of inertia are widely different, 
the assumption of uncoupled rotations is unrealistic. On 
the other hand, calculated intensities may depend strong-
lyon the eigenvectors. In anthracene, for instance, the 
assumption of pure rotations leads to a 46: 100 ratio for 
the intensities of the 121 cm-1 band in the aa and bb po
larizations, while our calculation, with an eigenvector 
containing 90% rotation about the lowest moment inertia 

a 

cc 

ac 

bc 

40 80 120 
-1 cm 

FIG. 3. Polarized Raman 
spectra of biphenyl, Ref. 4. 
Calculated frequencies and 
relative intensities are repre
sented by full lines. 

ac 

100 50 100 50 

FIG. 4. Polarized Raman 
spectra of benzene, Ref. 12. 
Calculated frequencies and 
relative intensities are repre
sented by full lines. 

axis leads to a 148: 100 ratio. However, reasonable 
changes in the eigenvectors do not alter the order of 
magnitude of the calculated intensities. 

Table IV shows the results obtained for {3-p-dichloro
benzene using three different sets of molecular pol ariz
abilities. It can be seen that the general pattern is not 
substantially changed in the unpolarized spectrum, al
though some relative intensities may change by factors 

.1 
cm 

I 

121 
I 
I 
I 
I , 
I 

I I 

.Ia l c 'aic· 
I I I 

I I I 
I I 
I I 
I I 
I 
I 

FIG. 5. Polarized Raplan 
spectra of hexachlorobenzene, 
Ref. 16. Calculated frequen
cies and relative intensities 
are represented by full lines. 

J. Chem. Phys., Vol. 63, No. 1. 1 July 1975 



Burgos, Bonadeo, and O'Alessio: Raman intensities of lattice modes 45 

~blaalC 
II 

F iii iii I 

c(aclb 

b\ablc 

40 80 T20 
-f cm 

FIG. 6. Polarized Raman 
spectra of ,a-p-dichlorobenzene, 
at 300 K, Ref. 4. Calculated 
frequencies and relative in
tensities at 138 K are repre
sented by full lines. 

as large as 4 Or 5. The differences in the polarized pre
dictions are much larger. the intensity of some bands 
changing as much as 20% of the intensity of the strongest 
band. 

As discussed before, the oriented gas model is a priori 

20 60-

cm-' 
FIG. 7. Unpolarized Raman spectrum of ,8-p-dichlorobenzene 
at 108 K, Ref. 20. Calculated frequencies and relative inten
sities at 138 K are represented by full lines. 

20 60 

em-I 
100 

FIG. 8. Unpolarized Raman spectrum of Ot-p-dichlorobenzene 
at 108 K, Ref. 20. Calculated frequencies and relative inten
sities at 300 K are represented by full lines. 

compatible with the polarized spectra of naphthalene and 
anthracene. It can be seen in Figs. 1 and 2 that the mod
el's prediction of the intensity pattern is acceptable, with
in the roughness of the model and the uncertainties in the 
observed spectra. For biphenyl, Fig. 3, if one accepts 
that the band at 54 cm-1 is the superposition of two Ag 
bands, as suggested by our calculations, the results are 
acceptable too. 

Elliot and Leroi5 have performed an oriented gas mod
el intensity calculation for the nonpolarized spectrum of 
benzene. At the time of their work, the polarized spec
tra were not available. Although on the basis of calcu
lated intensities they correctly assigned the 61 cm-1 band 
to the B3g species, they wel'e led to attribute the 100 cm-1 

band to a superposition of Bag and B3K modes, while the 
polarized spectra clearly show that it belongs to the Bu 
species. Their calculated results do not agree with 
ours, maybe because we USe different eigenvectors, but 
both predict a low intensity ac spectrum, which again 
does not agree with experiment (see Fig. 4). 

For hexachlorobenzene, Fig. 5, the ab polarization 
prediction widely fails, while the rest of the pattern is 
halfway compatible with observed spectra. 

For !3-P-dichlorobenzene, Fig. 6, the superposition of 
two Ag bandS is not supported by any theoretical or ex
perimental argument. In any case, the polarized spectra 
do not agree with the model's predictions, the biggest 
problem being that the lowest lying Ag mode, not ob
served, is predicted to be the most intense band of the 
spectrum. Figure 7 shows an unpolarized spectrum and 
the corresponding calculated intensities. It can be seen 
that if one would rely on the calculation, the Bg band at 
55 cm-1 would be mistakenly asSigned to the Ag species. 
This type of results is a warning against the use of the 
model in the assignment of bands. 

The calculated pattern agrees well with the unpolarized 
spectrum of a-p-dichlorohenzene, Fig. 8, but this re
sult is not very significant since only three bands are in
volved. 

1, 3, 5-trichlorobenzene, Fig. 9, and 1, 2, 4, 5-tetra
chlorobenzene, Fig. 10, could not be expected to yield 
good agreement; in fact, the calculations give results 
which are completely contradictory with the spectra. 
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CONCLUSIONS 

In the present work, we have considered the applica
bility of the oriented gas model to 11 molecular crystals. 
Out of these, only two (naphthalene and anthracene) un
doubtedly meet the conditions imposed by the basic assump
tions of the model, and biphenyl may be included in this 
category with additional assumptions on the interpreta
tion of the spectra, while for hexachlorobenzene and 
a-p-dichlorobenzene the available data are incomplete. 
For the rest of the crystals, a Priori considerations 
show that the model is inadequate. 

Quantitative calculations on nine of these crystals using 
available force fields show that while for naphthalene, 
anthracene and biphenyl the mOdel yields results which 
roughly agree with experiment, the predictions for the 
other crystals are in clear contradiction with experimen-

, L 

cc be 

20 60 20 60 

FIG. 9. Polarized Raman spectra of 1,3, 5-trichlorobenzene, 
Ref. 16. Calculated frequencies and relative intensities are 
represented by full lines. 
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FIG. 10. Polarized Raman spectra of 1,2,4, 5-tetrachloroben
zene, Ref. 15. Calculated frequencies and relative intensities 
are represented by full lines. 

tal data. 

These results are rather discouraging, since the a 
Priori applicability, which seems to be a good criterion 
by which to judge calculated intenSities, is verifiable 
only if polarized spectra are available, in which case the 
assignment of the bands is experimentally assured. 
Therefore, the usefulness of the heuristic power of the 
model is severely limited: we have shown how assign
ments based on the model may easily be erroneous. On 
the other hand, we have not found any particular property 
which could differentiate the crystals for which the mod
el is appropriate from those for which it is not. 

The obvious conclusion is that the electronic cloud 
around the molecules is indeed distorted appreciably 
during the librational motion, and that further refine
ments of the model, based on theoretical considerations, 
will have to come from molecular orbital calculations, 
which may indicate in more detail the conditions under 
which the Simple oriented gas model could be an accept
able zeroth order approximation to the problem of the 
Raman intensity of lattice modes. 
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