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Calculation of Ground State Vibrational Structure and Phonons of the 
Isotopic Benzene Crystals* 

ELLIOT R. BERNSTEINt 

Gates and Crellin Laboratories of Chemistry,! California Institute of Technology, Pasadena, California 91109 
(Received 17 September 1969) 

Using the "giant molecule" technique and existing intermolecular potentials, t~e nor~al modes, phonon 
and exciton structure, site shifts, site splitting, and orientational effect .for the ISOtOPIC ?enz~ne crystals 
are calculated. The agreement between the calculations an? the expe~lI~ental observatIOns IS go?d for 
an H-H, C-H, and C-C potential set independently obtamed by Wllhams from the~modynamlc and 
structural properties of aromatic crystals. The calc~lation presented here. serves to umfy ?ot only ~he 
thermodynamic and spectral properties, but also the diverse spectral propertles themse!ves. ThiS calculatIOn 
emphasizes that all atom-atom interactions, not just H-H interactions, must be conSidered for. ~est agr~e
ment between calculated and observed spectral data. This conclusion was also ~eached ~y Wllhams Wlt~ 
respect to the thermodynamic and structural data. A discussion. of the potent~als, their form,. and their 
relation to standard exciton theory integrals is presented. Future Improvements m .such cal~ulatIOns must 
be directed not toward more extensive parametric data fitting of the atom-atom pair potentlal, but toward 
more gene;al potential functions that include anharmoniciti~s and .m~lticenter terms. The use of actual 
site force constants rather than free molecule force constants IS also mdlcated. 

I. INTRODUCTION 

Understanding the binding or cohesive forces in mo
lecular aromatic crystals has been a long-sought-after 
goal for both theoreticians and experimentalist~ alike. 
Since anything approaching a complete calculatlOn for 
all but the simplest systems is prohibitively difficult, 
the general problem has typically been approached by 
using a greatly simplified model, usually a reduced set 
of atom-atom interactions, to simulate the true inter
molecular potential function. From this model one tries 
to calculate the thermodynamic and spectral properties 
of the crystal. For aromatic crystals for instance it has 
been popular to ignore all but nearby H-H contacts.1•2 

Unfortunately, such calculations accurately render only 
those properties for which they are designed. In many 
cases it has not even been possible to transfer the 
potentials from crystal to crystal for the calculation of 
identical properties.l.a 

Parameteric potential calculations are useful only if 
they are able to reproduce data for many crystals, or 
if the potentials used to calculate successfully one type 
of crystal property can be transferred to obtain an
other.4-6 Thus, it would be quite informative if the set 
of pairwise atom-atom potentials that have been suc
cessfully fit to a large number of thermodynamic or 
structural properties of many different crystals, could 
be employed in the calculation of crystal spectral data7 

such as phonons, site splittings, orientational effects, 
or exciton structure. Such a procedure would not only 
be satisfying from the point of view of getting more 
out of the calculation than was put into it, it would be 
informative in the sense that it would yield an accurate 
test of the model and its approximations. Furthermore, 
such a procedure would lead to a better understanding 
of the relationship between thermodynamic and spec-

Such a variety of data has been successfully fit tha~ it 
is reasonable to assume that the atom-atom potentIals 
employed in these calculations are near optimum at 
least for the properties discussed. In this paper these 
same potentials are tested on the spectral data. . 

The goals of this work, in the light of the fore~omg 
discussion, are then, (a) to show that good mter
molecular potentials are not only transferrable from 
crystal to crystal but are useful in the calculat~on and 
understanding of many diverse crystal propertIes, (b) 
to determine what parts, repulsion or attraction, of the 
intermolecular C-C, C-H, and H-H atom-atom po
tentials are important for the spectroscopic data, (c) to 
elucidate what changes in the potentials are to be made 
if the calculations of such properties are to be improved, 
and (d) to relate and unify the various spectroscopically 
observed phenomena such as isotopic mixed crystal 
spectra, neat crystal spectra, and phonons. 

In Sec. II we shall discuss the theoretical consider
ations8 leading to the calculation of the crystal normal 
modes and show that relationship between standard 
exciton theory9.10 and the "giant molecule approach."8 
We shall further demonstrate how phonons,1·8 exciton 
structure,1o-l2 ideal mixed crystal energies,7 site group 
splittings,1 and the orientational effect7 are interre~ated. 
Section III will contain a description of the mter
molecular potentials considered. This will be followed 
(Sec. IV) with a short description of crystal geometry 
with special emphasis on atom-atom contacts out to 
4.0 A. We shall then compare the calculated results for 
various potential sets (H-H; C-H; H-H and C-H; 
and H-H, C-H, and C-C) with the available experi
mental data (Sec. V). 

II. THEORETICAL CONSIDERATIONS 

tral crystal properties. The calculations of the normal modes of the benzene 
Recent calculations by Kitaigorodskii4 and by Wil- isotopic mixed and neat crystals were made employing 

liams5 have been completed on the therI?odynamic the. G:F method of W~~s~nla as modifie,~ by Sh~man?uchi.8 
and structural properties of many aromatIc crystals. ThiS IS the so-called giant molecule techmque m that 
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the primitive unit cell of the crystal is treated as a 
single molecule whose motion is then assumed to be in 
phase with that of the rest of the crystal. The tech
nique produces only the k=O or "optically active" 
modes.s Since it is most simple to determine the force 
constants in the normal coordinate system, the force 
field of the molecule14 (often referred to in this paper 
as the site7) is expressed in molecular symmetry co
ordinates, and the intermolecular force field, obtained 
from the intermolecular potential, is expressed in the 
intermolecular symmetry coordinate system. Each force 
field, molecular and intermolecular, is therefore diagonal 
in its separate coordinate system. In order to add 
algebraically these two force constant matrices we must 
transform them to the same coordinate system, and it 
is most convenient for the present case of weak inter
molecular coupling to chose the Cartesian coordinate 
system of the site. When such a transformation is 
applied to these matrices one obtains two groups or 
blocks, a "diagonal block" involving only the coordi
nates of one site and an "off-diagonal block" involving 
the coordinates of two sites. The resulting "one-site" 
force constant matrices (Fsite+ F') yield the force con
stants of the ideal mixed crystal.lo The neat crystal force 
constants are obtained from the two-site force constant 
matrices [F' (I, II), F' (I, III), and F' (I, IV) ] com
bined with the one-site matrices. These "super ma
trices," representing the force constants for the ideal 
mixed crystal or the neat crystal, are then mass 
weighted and numerically diagonalized, the eigen
values and eigenvectors being found in the usual 
fashion. Since the mechanics of the above scheme 
have been amply represented in the literature/'s we 
shall merely show here how it is related to the general 
Davydov formalism.9•10 

In the Davydov scheme the energy, to first order in 
the crystal site wavefunctions, of the "optically active" 
transition is given bylO 

where ~I is the gas-phase transition energy, /11 is the 
site shift, and Lfa(k=O), or simply LJa(O) , is the 
first-order Davydov energy associated with the fth 
excited molecular state and the ath representation of 
the interchange group. The site shift term t:./ is com
posed of a site polarization term P and the usual 
Davydov D term. In the present vibrational problem 
P is probably caused by changes in the molecular force 
constants due to changes in the electronic eigenfunctions 
when the molecule is immersed in the crystal. The ideal 
mixed crystal energylO (no resonance interactions) is 
given by 

(2) 

Approximately, 

where M t is the coupling constant for translationally 
equivalent molecules along the t( =a, b, c) axis, M Iq 
couples interchange equivalent molecules I and q 
(q = II, III, IV), and the aqa's are coefficients deter
mined from the interchange group character table. 

We assume that the intramolecular force constant 
matrix Faite of the molecule at the site is the same as 
that of the free molecule, F mol ' Within the framework 
of Eq. (1), such an approximation is equivalent to 
neglecting the site polarization energy P, thereby set
ting /1 = D. This approximation is believed to be fairly 
reasonable because we are dealing with ground state 
vibrations where the gas-to-crystal shifts are small 
( ;S 1 % of Ela) .7 The assumption can indeed be checked 
by the calculation itself as we do not vary the poten
tials to obtain final agreement. Any other approxima
tions made in this calculation deal with the potential 
functions and force constants and will be discussed 
explicitly in the next section. 

Hence, the force constant matrix for the neat crystal 
can be written as 

IV 

Fcrysta=Fmol+F'+ L aqaF'(I, q), (4) 
q=II 

in exact analogy with Eq. (1). The ideal mixed crystal 
force constants are 

FIMC=Fmol+F', (5) 

F mol and F' paralleling the ~I and b/ terms of Eq. (2). 
Equation (5) is simply the "diagonal" or one-site com
ponent of the crystal force constant matrix for a unit 
cell. This force field gives, for the ideal mixed crystal, 
the orientational effect and the site splitting of degener
ate molecular states since F' has the site symmetry C i . 

III. THE POTENTIALS AND FORCE CONSTANTS 

As discussed in the last section, calculation of the 
ground electronic state vibrational frequencies of the 
crystal will be accomplished through the use of intra
and intersite force constants. It has been assumed the 
intrasite force constants are the molecular ones. We 
then proceed with the determination of the inlersite 
force constants and further divide these into "diagonal" 
(paralleling D) and "off-diagonal" (paralleling Lfa) 
contributions to the unit cell vibrational energy. 

The intermolecular force constants are found from 
the intermolecular potential by making the harmonic 
approximation, that is, by assuming that the force 
constant is the second derivative of the potential func
tion V(l). deBoer15 has shown that nonspherical repul
sion terms can be best represented in the form of a 
potential that decreases exponentially with distance. 
The attractive part of the interaction can be repre
sented by an induced-dipole-induced-dipole term.15

•
16 

An over-all interatomic potential function is then repre
sented at this level of approximation as 

u(r) =B exp( -Cr) -Ac·6• (6) 
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FIG. 1. A plot of force constant 
versus distance for the H-H potentials 
13, 14, and 15 given in Table r. 
Potential 15 was derived to find the A 
constant necessary to fit potential 13 
to the desired form. 

'" o 

10.0 

~ 1.0 

" .5 
t
Z 
« 
t
<f) 

Z 
o 
u 
w 
U 
0:: 0.1 
o 
"-

O.OIt-----,---,----,----,-----,----,----,;------.---.------.--.---+ 
2.40 2.50 2.60 2.70 2.80 2.90 3.00 3.10 3.20 3.30 3.40 3.50 3.60 

We next assume that the molecular interaction po
tentials can be broken down into sums of pairwise 
atom-atom interactions (H-H, C-H, C-C). For ex
ample, 

V(I, II) = L I [BHH exp( -CHHrij) -AHHrir6] 
i.i 

DISTANCE (A) 

The second derivative of the potential function with 
respect to the r;/s gives the force constant for the 
atom-atom interactions, 

F;/ = I [BHHC HH2 exp ( - C HHr ij) - 42A HH2r ir8] 

+ [BcHCCH2 exp( -CCHrij) -42AcH2rir8] 

+[BCH exp( -CCHrij) -AcHrir6] + [BCCCcc2 exp( -CCCrij) -42AcC2rir8]\. (8) 

+[Bcc exp( -CCCrij) -Accrir6]\. (7) The Fi/'s are the elements of a (144X144) diagonal 
The sum in Eq. (7) goes over all atoms of each site 
(12X 12 = 144 unique terms for molecule I and each 
of its four type II neighbors). The other potentials 
V(I, III) and V(I, IV) are expressed in the same 
fashion. The rij are the intersite atom-atom distances 
and are thus the symmetry coordinates in which the pair
wise intermolecular force constant matrices are diagonal. 

10.0 

FIG. 2. A plot of the force constants '" 
versus distance for the potentials derived Q 
by Williams (Table I). Note that these "10 
potentials are determined in sets and that ~ . 
they pair (16, 22), (17, 23), (18, 24), ~ 
and (19, 25). The best results are ob- t
tained from (16, 22). Potentials 16 :i 
~k~~~~k 2~9 c-=:I~~~~!ct~~~ T~~dH_~ ~ 
potential 13 is also shown for a com- 8 
parison. Lines a and b represent force w 01 

constant curves for two separate C-H ~ 
potentials (Ref. 1) used to describe the ~ 
interaction in benzene and naphthalene, 
respectively. 

matrix. 
Before specifically discussing how the various A, B, 

and C parameters can be obtained, let us review the 
approximations that have been made. To begin with, 
the P term and any higher order contributionslO were 
omitted. The pair-wise intersite interaction terms are 
represented by a pair-wise sum of two-center atom-

O.OIt-----,----TI--TI--"TI--'I--'I--.I--'I;----1;------.1 --'I ---+ 
2.40 250 2.60 270 2.80 2.90 3.00 3.10 3.20 3.30 3.40 3.50 3.60 

DISTANCE (A) 
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TABLE I. Potentials for H-H, C-H, and C-C interactions in the 
form V = Be-iJR- AR-il. Constants in atomic units. 

Type of potential 
and set number A B C Ref. 

H-H 1 

H-H I 
II 
III 
IV 

C-H 
I 
II 
III 
IV 

C-C I 
II 
III 
IV 

2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

3.397 
1.312 
5.886 
8.529 
3.573 
3.573 
3.573 
3.397 
3.573 
3.247 
4.496 
6.495 

-0.209 
5.12 
4.19 
3.59 
2.61 
3.10 

10.30 
6.21 

11.55 
12.02 
10.00 
43.47 
31.76 
31.27 
38.49 

13.207 
55.46 

10.892 
10.685 
29.14 
15.93 
21.66 
18.926 
10.51 
2.960 

100.9 
5.921 
4.02 
2.75 
4.39 
6.35 
6.35 
6.35 
6.35 

47.9 
47.9 
10.77 
20.09 
21.10 
15.00 

142.15 
66.17 
69.98 

118.68 

aD. H. R. Barton. J. Chern. Soc. 1948, 340. 

2.434 
2.996 
2.257 
2.158 
2.636 
2.434 
2.497 
2.434 
2.160 
1.625 
2.645 
1.625 
1.92 
1.86 
1.95 
1.98 
1.98 
1.98 
1.98 
2.645 
2.210 
1.94 
1.94 
1.94 
1.94 
1.904 
1.904 
1.904 
1.904 

b T. L. Hill. J. Chern. Phys. 14,465 (1946); 16, 399. 938 (1948). 
C C. A. Coulson and C. W. Haigh. Tetrahedron 19, 527 (1963). 

a 
b 
c 
c 
d 
e 
e 
a 

c 
g 
h 

j 
k 
I 
I 
I 
I 
m 
m 

d D. Kivelson. S. Winstein. P. Bruck. and R. L. Hansen. J. Am. Chern. 
Soc. 83, 2938 (1961). 

e J. B. Hendrickson. J. Am. Chern. Soc. 83, 4537 (1961). 
f L. S. Bartell. J. Chern. Phys. 32, 827 (1960). 
g A. Milller. Proc. Roy. Soc. (London) A154, 624 (1936); A178, 227 

(1941). 
hE. A. Mason and M. M. Kreevoy. J. Am. Chern. Soc. 77, 5808 (1955). 
i Plotted from data of Ref. 1; see Fig. I. 
j D. A. Dows. J. Chern. Phys. 32, 1342 (1960). 
k From the data of Ref. I forced to fit the form used in this Table; see 

Fig. I. 
1 D. E. Williams. J. Chern. Phys. 45, 3770 (1966). 
m A. I. Kitaigorodskii. Tetrahedron 14, 230 (1961). 

atom interactions. From these terms we extract only 
the harmonic contributions to the intermolecular force 
constants. The neglect of three- and four-center terms 
in the repulsion energy could be somewhat serious since 
such terms can account for as much as 5% of the lattice 
energy.17 It is further assumed that the attractive terms 
in the interaction, those that hold the crystal together, 
are simply given by London dispersion terms. We com
pletely ignore directional interactions such as "1I'-cloud 
interactions" or any other type of bond-bond coupling 
or polarization not already explicitly present in the 
atom-atom potential function. Of course, underlying 

all these approximations is the Ubiquitous Born
Oppenheimer separation. Any improved calculation 
must address itself directly to these approximations. 
Certainly a fairly easy next step would be to include 
anharmonicities and to use actual site force constants 
rather than free molecule force constants in the calcu
lation. The former is necessary to take care of the 
widespread occurrence of Fermi resonance in the crys
tal while the latter seems to be required to obtain 
better agreement between calculated and observed site 
shifts (vide infra). Three- and four-center terms in the 
potential functions must also be evantually considered. 
We now resort to the bulk crystal properties to find 
the best parameters for the potential model to be used 
in the present calculation. 

The best information concerning the potentials is 
thermodynamic. Such considerations have been exten
sively discussed by Kitaigorodskii4 and Williams.5 One 
can characterize the equilibrium structure of a molecu
lar crystal by a minimum in the free energy. In addi
tion, the stress and strain tensors and the elastic con
stants can be represented, respectively, as derivatives 
of the entropy and free energy of the crystal,18 Knowing 
the enthalpy of sublimation, the stress and strain 
tensors, and the elastic constants experimentally for a 
number of closely related crystals therefore enables 
one to evaluate the intermolecular potentials. The re
sults of such calculations have recently been made 
available.5 From these calculations it is found that the 
relative molecular orientation in the crystals is prob
ably dominated by atom-atom repulsions of which 
H-H interactions have often been assumed the most 
important.2 On the other hand, C-H and C-C inter
actions are the largest over-all contributors to the total 
energy and in contrast to the assumptions of Ref. 2 
have been found to contribute substantially to the rela
tive molecular orientations in the crysta1.5 •19 

In Table I are found the AHH , BHH , and CHH param
eters for a number of potentials discussed in the liter
ature, including those given by Williams.5 The force 
constants derived from some of these potentials are 
plotted in Figs. 1-3. Williams' potentials seem clearly 
superior in view of the wide range of data they fit. 
They were obtained by simultaneously fitting the heat 
of sublimation, crystal structure, and elastic moduli of 

TABLE II. Direction cosines of the molecular axes (x, y, z) 
with respect to the crystallographic axes (a, b, c) for molecule I 
at nOK. Data obtained by using computer program described 
in Ref. 22. 

c 

x 

0.6379 
0.1999 

-0.7265 

y 

-0.3248 
0.9456 

-0.0339 

z 

0.6814 
0.2532 
0.6867 
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FIG. 3. Plot of the C-C force constants 
versus distance for the potentials derived 
by Williams (Table I). These C-C force 
constants pair with the C-H and H-H 
potentials of Fig. 2 such that the sets are 
(16,22,26), (17, 23,27), (18,24,28), 
and (19, 25, 29). 
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TABLE III. Unique atom-atom contact distances to 4.0 A between molecule I and molecules II, III, and IV." 

II III IV 

Type of Atom Distance Atom Distance Atom Distance 
contact positionsb A positionsb A positionsb A 

C-C 11-23 3.762 13-11 3.686 23-21 3.641 
12-23 3.965 21-12 3.902 22-21 3.752 

21-11 3.968 22-13 3.858 
22-22 3.860 
23-22 3.976 

H-C 31-23 2.922 33-11 2.955 43-21 2.839 
32-23 3.374 41-12 3.120 42-23 3.062 
31-22 3.474 33-12 3.491 42-11 3.063 
31-11 3.519 33-23 3.504 42-22 3.075 
32-11 3.812 41-11 3.519 42-12 3.077 

42-21 3.079 
42-13 3.089 
43-22 3.325 
43-13 3.429 

C-H 12-43 3.243 13-31 3.237 23-41 3.657 
11-43 3.303 21-32 3.487 

21-31 3.589 
13-32 3.987 

H-H 32-43 2.526 41-32 2.616 43-41 2.668 
31-43 2.652 33-31 2.694 43-42 3.517 
32-31 3.410 41-31 3.385 42-31 3.659 
31-42 3.630 33-32 3.697 42-43 3.669 
31-31 3.689 33-43 3.715 42-42 3.687 

43-33 3.690 
42-33 3.700 
42-32 3.702 
42-41 3.718 

• Data obtained by using computer program described in Ref. 22. correspond to atom positions in molecule I. 
b See Fig 4 for numbering system. In the table the numbers on the right 
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TABLE IV. CoHo phonons calculated and observeds •b (in em-I). 

Phonon A 

g 95.0 
91. 7 

117.7 
106.2 
98.2 

g 70.1 
67.4 
96.3 
96.1 
87.0 
83.1 

g 46.3 
35.0 
67.3 
67.9 
62.7 
61.0 

1t 78.9 
68.1 

110.3 
110.3 
97.1 

1t 60.3 

1t 

59.4 
82.9 
81.3 
73.8 

34.7 
27.9 
52.0 
50.1 
45.1 

107.9 
123.9 
161. 7 
155.6 
138.2 
132.2 

86.6 
79.0 

117.5 
85.5 
81.8 
83 .1 

85.0 
50.2 
84.5 
74.4 
65.9 
66.5 

62.2 
60.5 

100.7 
118.8 
105.9 
102 

58.1 
43.3 
81.0 

101. 7 
94.5 
90 

o 
o 
o 
o 
o 

105.5 
127.2 
163.1 
151.9 
134.6 

94.9 
72.5 

117.3 
116.1 
108.5 
93.7 

92.6 
66.2 

119.9 
115.3 
102.7 
83.1 

69.6 
50.8 
73.7 
69.5 
63.1 
72 

48.2 
38.5 
71.8 
68.2 
62.4 

o 
o 
o 
o 
o 

Ba 

109.9 
126.0 
159.3 
155.1 
137.7 
132.2 

104.5 
116.0 
150.0 
141.9 
125.7 

86.3 
55.3 

117.1 
109.1 
101.4 
98.1 

56.3 
55.3 
70.3 
69.7 
64.8 

39.0 
33.8 
65.5 
69.2 
60.6 

o 
o 
o 
o 
o 

Potential" 

CHonly 
HHonly 
CHplusHH 
IV 
I 
ExptJ 

CHonly 
HH only 
CHplusHH 
IV 
I 
Exptl 

CHonly 
HHonly 
CH plus HH 
IV 
I 
Exptl 

CHonly 
HHonly 
CHplusHH 
IV 
I 
Exptl 

CHonly 
HHonly 
CHplusHH 
IV 
I 
Exptl 

CHonly 
HHonly 
CHplusHH 
IV 
I 
Exptl 

a Experimental g phonons from Ref. 25 using an ionized argon laser 
(4880-1 line) at 0.5 cm-1 resolution. Data were taken at 77°K. Polarizations 
were assigned employing Refs. 23 and 24. Only those lines observed are 
presented. Some authors (see Refs. 23. 24, and 26), on the basis of qualita
tive arguments, assume unobserved modes (Ag. B2g. B3y) to be degenerate 
with observed ones. This is not borne out by the lJresent calculation. See 
text for fuller discussion. 

b Observed u phonons from Ref. 26. The B2u and B3u phonons have been 
reassigned on the basis of this calculation. 

C CH votential from Ref. 1 i HH potential from Ref. 1; potentials IV 
and I from Ref. 5. 

benzene, naphthalene, anthracene, phenanthrene, py
rene, chrysene, terphenylene, perylene, and ovalene. 

IV. THE CRYSTAL STRUCTURE, ATOM-ATOM 
DISTANCES, AND THE MOLECULAR 

GEOMETRY 

The crystal structure of benzene has been determined 
to be D2h15(Pbca) with four molecules per primitive 

unit cell all occupying equivalent sites of inversion 
symmetry.20 The molecules are labeled I, II, III, and 
IV in accordance with the notation of Cox et al.20 For 
molecule I, the carbon atoms are double indexed 
counterclockwise 11, 12, 13, 21, 22, 23, and the hydro
gen atoms are labeled 31, 32, 33, 41, 42, 43, as given 
in Fig. 4. The molecular axis system is the right-handed 
system with the y axis through Cn and H 3l, the x axis 
lies between C22 , H 22, and C23 , H 43, and the z axis is 
perpendicular to x and y. All the other molecules are 
generated from I using the operations of the D2 inter
change group. This technique uniquely creates sites 
II, III, IV in such a fashion as to preserve the atomic 
numbering system and the right-handed coordinate 
system. It also specifies the phasing of the crystal site 
states.l° Explicitly, C2

s I = II, C2bI = III, and C2"I = IV, 
where C2B,b,c in the full crystal represents twofold screw
axis operations about the a, b, or c crystal axes, respec
tively. 

The detailed crystal structure parameters to be used 
in the calculations were obtained from the neutron 
diffraction data of Bacon et al.21 H-atom positions are 
accurately determined, and the temperature of the neu
tron diffraction experiments (138°K) is close to the 
temperature at which the spectral data were obtained 
(77°K). The direction cosines between the crystal 
a, b, c axes and the site x, y, z axes obtained from the 
neutron diffraction data are given in Table II. Atom
atom contacts were computed from the reduced atomic 
positions and cell parameters of Bacon et al.21 and 
extrapolated to 77°K using the CRYR~ crystallographic 
program.22 The results out to 4.0 A for all unique 
contact distances are given in Table Ill. Since each 
molecule has 12 nearest neighbors (four of each of the 

TABLE V. Phonons for C.D6 calculated employing potential set Is 
and observedb (in em-I). 

Phonons 

g 

g 

g 

11 

u 

11 

a Reference 5. 

A 

95.1 

79.3 
77 

60.5 
57 

88.8 

71.2 

44.1 

126.8 
123 

78.9 
77 

60.0 
62 

96.7 

91.2 

o 

123.2 

105.0 
90 

93.7 
77 

60.2 

57.4 

o 

B3 

125.8 Calc 
123 Exptl 

115.0 Calc 
••. ExptJ 

97.9 Calc 
97 Exptl 

62.5 Calc 
. •. Exptl 

55.3 Calc 
Exptl 

o Calc 
Exptl 

b References 23, 24. and 26. Only observed phonons have been tabulated. 
Estimated degeneracies of other g phonons have been omitted. See text. 
No u phonons have been observed for C,D,. 
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TABLE VI. Calculated- and experimentalb data for C6H6 vibrations (in em-I). 

Vibration Exciton components·· f 

andIMC ~ 

value" IMC - gasd Ii .. A B, B2 Ba Potential 

PI (a,.) +2.7 -0.8 +0.4 +0.9 -0.6 CH 
CC +0.7 +0.1 -0.1 +0.1 -0.2 HH 
990.5 +2.4 -0.7 +0.3 +1.1 -0.6 CHplusHH 

+2.3 -0.8 +0.4 +1.1 -0.8 IV 
+1.7 -0.7 +0.4 +1.0 -0.7 I 
-1.3 -0.2 Exptl 

v2(a,.) +7.4 +0.3 -0.1 -0.2 +0.2 CH 
CH +2.4 +0.2 -0.4 +0.1 0.0 HH 
3063.3& +9.4 +0.6 -0.3 -0.1 0.0 CH plus HH 

+7.7 +0.6 -0.4 -0.1 0.0 IV 
+6.0 +0.4 -0.4 -0.1 0.0 I 
+1.3 -0.6 Exptl 

Va (a..) +7.3 +0.7 +0.3 -0.4 -0.6 CH 
HII +10.7 -8.1 -5.9 +6.2 +7.8 HH 
(1346) +17.9 -7.5 -5.6 +5.9 +7.2 CHplusHH 

+14.6 -7.4 -5.3 +5.6 +7.1 IV 
+10.8 -5.2 -3.9 +4.1 +5.0 I 

Exptl 

P4(b2.) +5.1 +2.3 -1.4 +0.7 -1.6 CH 
Col +5.4 +3.2 -3.3 +2.6 -2.8 HH 
704.9 +11.1 +5.6 -4.5 +3.0 -4.2 CHplusHH 

+9.0 +5.2 -4.8 +3.0 -3.4 IV 
+8.7 +3.6 -3.6 +2.5 -2.5 I 
-2.1 Exptl 

V6 (b2o ) +5.4 -1.6 +0.9 -0.6 +1.1 CH 
Hol +16.2 +8.6 -8.3 +6.5 -6.9 HH 
1004.9 +21.8 +7.1 -7.3 +6.1 -6.0 CHplusHH 

+20.6 +7.9 -10.1 +7.0 -4.8 IV 
+14.9 +5.7 -5.5 +5.1 -4.9 I 
+14.9 +7.6 ExptJ 

v6(e2o) +3.8 2.0 +1.4 +2.3 +2.2 -0.3 CH 
-0.8 -1.9 -1.5 -1.5 

CII +2.1 0.6 +1.8 +0.7 +1.0 +0.8 HH 
-1.2 -1.2 -0.5 -1.3 

606.3 +5.9 1.7 +2.3 +2.2 +2.0 +0.1 CH plus HH 
-1.8 -2.3 -0.9 -2.5 

609.4 +5.6 0.8 +2.3 +1.6 +1.4 +1.2 IV 
-1.0 -2.4 -0.5 -2.8 

+4.7 0.8 +2.1 +1.4 +1.2 +1.1 I 
-0.7 -2.2 -0.5 -2.3 

+0.9 3.1 +3.1 +1.1 Exptl 
-1.5 -2.5 

v7(e2o) +7.2 3.5 +1.7 +1.8 +0.8 +1.7 CH 
-1.9 -1.8 -1.7 -1.9 

CH +2.2 0.9 +0.5 +0.8 +0.5 +0.5 HH 
-0.7 -0.5 -0.5 -0.2 

3042.0& +9.4 2.8 +1.5 +1.6 +2.0 +1.7 CH plus HH 
-1.4 -0.9 -1.6 -1.2 

3047.5 +7.6 2.9 +1.2 +1.5 +1.9 +1.1 IV 
-1.7 -1.3 -2.0 -1.2 

+5.9 2.5 +1.0 +1.3 +1.6 +1.0 I 
-1.5 -1.2 -1.7 -1.1 

+3.8 5.5 +2.2 +3.6 Exptl 
-2.6 
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TABLE VI (Continued) 

Vibration Exciton componentse •f 

andIMC Ll 
value· IMC - gasd /l •• A B B2 Ba Potential 

V8(e.o) +1.4 0.8 +0.4 -0.4 +0.7 +0.9 CH 
-0.5 -0.4 -0.6 -0.1 

CC +1.1 0.2 +1.1 +0.8 +0.5 +0.4 HH 
-0.5 -0.5 -0.5 -0.8 

1584.2- +2.5 0.8 +1.4 +0.4 +0.8 +0.7 CHplusHH 
-1.0 -1.0 -0.6 -0.4 

+1.3 0.4 +1.0 +0.6 +0.3 +0.5 IV 
-0.7 -0.8 -0.4 -0.5 

+1.9 0.3 +0.6 +0.5 +0.2 +0.3 I 
-0.5 -0.6 -0.4 -0.4 

-9.8 <0.3 Exptl 

V.(e2.) +9.4 1.5 +1.3 +0.9 +0.4 +0.5 CH 
-1.2 -0.2 -1.4 -0.6 

Hli +13.5 2.4 +14.3 +15.2 +1.0 +0.5 HH 
-4.4 -6.0 -10.6 -9.9 

1174.34 +22.6 3.2 +13.1 +14.9 +1.3 +0.6 CH plus HH 
-3.2 -5.0 -11.4 -9.8 

1174.8. +18.4 4.1 +13.4 +14.9 +1.5 +0.1 IV 
-3.5 -6.0 -11.3 -9.0 

+13.6 3.2 +8.9 +11.0 +1.2 -0.1 I 
-2.6 -4.8 -7.7 -6.6 

-2.5 0.54 +6.8 +2.7 Exptl 
-0.9 -6.5 

VIO (elo) +6.5 3.2 +3.9 -0.1 +0.7 +1.2 CH 
-0.7 -2.5 -2.7 -2.0 

H.1. +19.3 9.9 -2.4 +15.3 +0.9 +12.8 HH 
-9.1 -5.0 -8.6 -3.9 

862.5 +25.7 11.7 +1.5 +14.5 +0.7 +11.2 CH plus HH 
-9.5 -6.6 -10.7 -2.3 

869.3 +24.4 10.5 +0.2 +15.0 -0.2 +12.0 IV 
-10.1 -6.0 -10.5 -2.'1 

+17.7 7.8 +0.7 +10.5 +0.5 +8.2 I 
-6.9 -4.3 -7.6 -1.4 

+15.6 7.5 Exptl 
-9.8 -7.6 -11.8 -1.0 

Vll (l!:lu) +8.9 -1.0 +1.6 -0.9 +0.4 CH 
H.1. +28.2 +14.9 -14.5 +12.7 -13.0 HH 

696.9 +36.8 +13.8 -13.1 +11.6 -12.3 CH plus HH 

+32.9 +15.4 -14.8 +12.7 -13.3 IV 
+25.4 +10.9 -10.3 +8.5 -9.3 I 

+23.9 +12.1 -15 +10.9 -7.7 Exptl 

vI2(blu) +2.5 -0.4 +0.7 +0.6 -1.0 CH 
CII +1.2 +0.2 -1.1 0.0 +0.8 HH 

1011.3 +2.8 +1.4 +1.2 -2.2 -0.6 CH plus HH 

+4.9 -0.7 +0.3 -0.7 +1.0 IV 

+2.9 +0.1 +1.0 +0.1 -1.3 I 

+1.3 +8.7 -1.5 -2.6 -4.6 Exptl 

V13 (blu) +6.6 +0.1 -0.3 -0.2 +0.3 CH 

CH +2.2 +0.4 -0.2 0.0 -0.4 HH 

(3048)- +9.0 +0.6 -0.4 -0.1 0.0 CH plus HH 

+7.1 +0.4 -0.3 +0.2 -0.3 IV 

+5.5 +0.3 -0.1 +0.2 -0.4 I 
Exptl 
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TABLE VI (Continued) 

Vibration Exciton components"'! 
and IMC ~ 

valuec IMC - gasd 0 •• A B B2 B3 Potential 

1'14 (b"u) +2.0 +0.1 -0.3 +0.3 0.0 CH 
CC +2.6 -1.8 -1.4 +1.4 +1.7 HH 
1312.6 +4.9 -1.8 -1.8 +1.9 +1.9 CH plus HH 

+4.1 -1.8 -1.5 +1.5 +1.7 IV 
+3.1 -1.3 -1.1 +1.0 +1.2 I 
+3.6 -3.1 -0.4 +1.8 +2.7 Exptl 

1'15 (b2u ) +8.9 0.0 +0.3 -0.3 0.0 CH 
HII +13.0 -8.2 -6.2 +6.8 +7.9 HH 
1146.9 +21.2 -7.9 -5.5 +6.0 +7.5 CH plus HH 

+17.5 -8.2 -5.6 +5.9 +7.9 IV 
+13.0 -6.3 -4.2 +4.6 +6.0 I 
+0.9 -0.7 +1.7 +3.4 -4.4 Exptl 

pI6(e2U) +9.6 3.5 -0.4 +7.2 -0.6 +3.3 CH 
-2.1 -3.4 -2.6 -2.9 

C.1. +14.7 7.7 -0.7 +11.7 +0.9 +9.8 HH 
-5.3 -2.9 -5.6 -2.2 

404.8 +24.7 10.6 -2.2 +16.7 -1.4 +11.6 CH plus HH 
-7.9 -6.7 -7.9 -4.6 

413.0 +23.5 8.8 -1.3 +14.7 -2.0 +10.9 IV 
-8.2 -5.7 -7.5 -3.0 

+18.2 7.0 -1.0 +11.6 -1.5 +8.5 I 
-6.3 -4.5 -5.6 -2.4 

+10.7 8.2 +10.1 Exptl 
-4.2 -6.4 

1'17(~") +5.2 2.4 +1.0 +0.5 +2.1 +0.6 CH 
-1.3 -2.2 -1.4 -1.4 

H.1. +14.3 6.7 -2.3 +10.1 -2.9 +7.6 HH 
-5.7 -4.5 -7.4 -3.8 

978.3 +20.1 9.3 -1.7 +7.5 +3.7 +7.0 CHplusHH 
-6.9 -4.5 -7.7 -4.1 

983.9 +17.8 6.0 -0.6 +10.3 -1.0 +3.0 IV 
-6.0 -2.8 -6.3 -3.0 

+13.6 5.7 -1.0 +5.5 -0.6 +6.3 I 
-5.5 -2.6 -5.6 -2.9 

+14.2 5.5 +7.0 +0.8 +7.6 Exptl 
-2.1 -8.5 -5.8 

I'IS(elu ) +7.1 3.4 +2.5 +0.6 +2.7 +1.7 CH 
-1.2 -1.6 -2.0 -2.0 

HII +9.1 2.0 +8.8 +8.1 +5.5 +2.6 HH 
-3.3 -4.4 -5.3 -6.4 

1034.8 +25.9 4.6 +10.5 +7.6 +3.7 +1.3 CH plus HH 
-3.7 -5.1 -3.8 -5.7 

1038.6 +13.1 3.6 +10.0 +7.7 +4.9 +1.3 IV 
-3.8 -4.9 -3.7 -5.2 

+10.0 2.9 +7.7 +5.9 +3.1 +1.0 I 
-3.0 -3.7 -2.5 -4.1 

+0.8 3.8 +4.2 +4.1 -0.1 Exptl 
-2.4 -1.4 -4.7 



4710 

Vibration 
andIMC 

value" 

CC 

147{)1<·h 

CH 

(3036)g 

~ 

IMC - gasd 

+4.3 

+5.7 

10.1 

+8.2 

+6.1 

+7.5 

+2.3 

+9.6 

+7.8 

+6.0 

ELLIOT R. 

TABLE VI 

0 •• A 

1.3 +0.5 
-2.3 

2.3 +6.3 
-2.0 

1.2 +5.1 
-1.5 

1.7 +5.5 
-1.8 

1.4 +4.0 
-1.5 

2.7 +1.3 
-1.5 

0.9 +0.2 
-0.8 

2.5 +1.1 
-1.6 

3.1 +1.5 
-2.4 

2.7 +1.4 
-1. 7 

a CH and HH potentials from Ref. 1; potentials I. IV from Ref. 5. 
b Taken from Refs. 7 and 1()'-12. 
C Ideal mixed crystal energy of Ref. 7 is given (±0.5 em-I). When IMC 

value is not known liquid phase estimates appear in parentheses. 
d EXl'erimental ~ is determined to ±4 cm-I due to the uncertainty in 

the gas-phase values. As discussed in Ref. 7. when the gas and liquid values 
differ by more than the experimental error, the liquid value is the one to use. 

e References 11 and 12. Measured from the center of gravity of the exciton 
components except for the degenerate u vibrations for wbich only the 

~------~------~X 
Z 

FIG. 4. The structure and numbering of the benzene molecule I 
at 77°K, with rc = 1.390 A and rH = 1.083 A (see Ref. 22). 

BERNSTEIN 

( Continued) 

Exciton components··f 

B B2 Ba Potential 

+0.8 +0.7 +1.0 CH 
-0.6 -0.8 -0.7 
+7.0 +0.1 +0.3 HH 
-3.4 -4.8 -4.1 
+6.5 +1.5 +0.7 CHplus HH 
-2.6 -5.2 -4.2 
+6.6 +1.4 +0.2 IV 
-2.7 -4.5 -3.7 
+5.1 +1.1 +0.4 I 
-1.6 -2.8 -2.4 
+3.3 +2.0 +0.8 Exptl 
-1.3 -3.4 -2.0 

+1.3 +1.3 +1.4 CH 
-1.1 -1.3 -1.7 
+0.5 +0.5 +0.5 HH 
-0.5 -0.7 -0.3 
+1.1 +1.4 +1.3 CHplus HH 
-0.7 -1.4 -1.3 
+1.2 +1.6 +1.7 IV 
-1.2 -1.9 -1.4 
+1.1 +1.4 +1.5 I 
-1.1 -1.6 -1.2 

Exptl 

6 Bu components are used to determine the center of gravity. All experi
components except for the degenerate u vibrations for which only the 
6 Bu components are used to determine the center of gravity. All experi
mental numbers are ±O.5 em-I, 

f For vibrational bands for which only some of the 8 or 4 components 
are experimentally observed (e.g .. the g vibrations), we refer the com
ponents to the IMC value (±0.5 em-I). 

g Shifts and splittings due in part to Fermi resonance. 
h Very broad ("-'20 em-I) in mixed crystal. 

other three translation ally inequivalent molecules), 
each unique contact generates three others, related 
to it by the crystal symmetry. It can be seen from 
the distribution of atom-atom contacts in the table 
that seriously misleading conclusions might be reached 
if just one type of contact were employed in the cal
culation. 

From an examination of the potentials and the force 
constants as a function of distance (Sec. III and tables 
and figures), the contacts for C-H and H-H inter
action were cut off at 3.4 A and the C-C interaction 
at 4.0 A. At greater distances the intermolecular atom
atom force constants are less than 10-3 mdyn/ A and 
no longer significantly contribute to the crystal vibra
tional energy. It should be noted that these cutoffs elim
inate any interaction between translation ally equivalent 
molecules since such interaction distances are at least 
5 A. Thus, the translational shift V(O) =0, and the 
ideal mixed crystal frequency is the center of the neat 
crystal exciton band for non degenerate states. This had 
been assumed in earlier workll in order to interpret the 
vibrational exciton data. 
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TABLE VII. Calculated (potential set 1)0 and experimental data for C6D6 vibrations (in em-I). 

Vibration Exciton eomponentsd ••• 1 

and IMC .1-
valueb IMC - gas· Ii •• A BI B2 Ba 

Pl(alg ), CC +3.1 -0.7 +0.5 +0.9 -0.7 Calc 
(945.6) Exptl 

P2(alg) , CH +3.6 +0.4 -0.3 -0.2 +0.2 Calc 
(2293)g Exptl 

pa(thg) , HII +5.9 -2.6 -2.0 +2.1 +2.5 Calc 
(1059) Exptl 

P4(b2g ) , CJ.. +12.4 +6.6 -6.0 +4.1 -4.9 Calc 
(599) Exptl 

P5(b2y ) , HJ.. +5.2 +0.7 -0.9 +1.1 -1.0 Calc 
(829)g Exptl 

P6(e2y) , CII +5.4 1.1 -0.8 -2.5 -0.2 -2.7 Calc 
+2.2 +1.9 +1.0 +1.0 

(580.2) Exptl 

P7(e2g) , CH +2.5 1.5 -0.7 -0.7 -0.7 -0.5 Calc 
+0.4 +0.9 +0.8 +0.4 

(2266)g Exptl 

ps(e.g) , CC +1.2 0.2 -0.2 -0.3 -0.2 0.0 Calc 
0.0 +0.1 +0.1 +0.3 

(1553)g Exptl 

P9(e2g) , HII +9.2 1.9 -1.4 -3.0 -5.6 -4.2 Calc 
+6.4 +7.3 +0.5 0.0 

(869)g Exptl 

PIO(elg) , HJ.. +10.5 4.3 -3.3 -3.0 -4.2 -0.3 Calc 
+0.8 +5.5 +0.1 +4.1 

(660) Exptl 

PH (a2U) , H J.. +16.7 +6.9 -6.4 +5.1 -5.6 Calc 
511.3 +15.1 +6.7 -9.2 +7.7 -5.3 Exptl 

PI2(blu), CII +3.2 +0.1 +0.1 -0.1 -0.3 Calc 
971.0 +1.0 +7.1 -0.6 -1.4 -4.2 Exptl 

pu( blu), CH +3.2 +0.2 -0.1 +0.1 -0.1 Calc 
2268.1g -6.9 Exptl 

PI4(b2g) , CC +0.7 -0.1 0.0 0.0 +0.1 Calc 
1285.1 +3.1 -7.1 +3.6 +2.4 +1.1 Exptl 

Plo(b2u ) , HII +11.0 -5.9 -4.0 +4.5 +5.5 Calc 
820.6K -3.4 -12.6 +3.5 +6.3 +2.8 Exptl 

P16(e2u) , CJ.. +17.6 6.9 -6.4 -4.2 -5.7 -2.2 Calc 
354.8 -0.7 +11.6 -1.0 +8.7 
364.6 +12.0 9.8 -7.9 -10.3 -5.6 Exptl 

+11.6 +5.7 +8.5 
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TABLE VII ( Continued) 

Vibration 
andIMC tl 

valu;:.b IMC - gas· liss 

P17(e2u) , H.L +9.3 2.9 
791.3-
797.8- +7.6 6.5 

PIS (elu ), HII +6.8 2.7 
810.5-
814.6- -1.5 4.1 

PI,(elu ) , CC +2.2 0.2 
1329.2-

0 <1 

P20(elu ) , CH +3.6 1.6 
2278.9-
2282.5" +4.7 +4.5 

• Reference 5. 
b Taken from Ref. 7 (a). 

Exciton eomponentsd .•. f 

A B B2 B3 

-1.6 -2.7 -1.8 -3.3 Calc 
+5.1 +6.1 +0.4 +1.1 

-4.6 +0.1 -5.5 Exptl 
+6.3 +0.5 +2.9 

-1.1 -1.6 -2.6 -2.4 Calc 
+0.8 +3.0 +1.5 +2.2 

-0.7 -3.7 -2.6 Exptl 
+3.6 +0.6 +3.0 

-0.4 -0.1 -0.6 -0.5 Calc 
+0.6 +0.9 +0.3 -0.2 

+0.3 -0.8 Exptl 
+6.8 +5.9 +1.1 

-1.0 -1.5 -0.9 -0.8 Calc 
+0.9 +0.7 +0.8 +1.0 

Exptl 

are experimentally observed (e.g., the g vibrations), we refer the com
ponents to the IMC value (±O.5 em-I). 

• Experimental tl is determined to ±4 cm-1 due to the uncertainty in the 
gas-phase values. As discussed in Ref. 7. when the gas and liquid values 
differ by more than the experimental error, the liquid value is the one to use. 

f Although excellent Raman data exist for the neat crystal g modes 
(Ref. 12), since neither all of the 8 or 4 exciton components are observed 
for any of the 10 g vibrations nor are the IMC values available, there is no 
method by which it is possible to compare calculation and experiment 
(see Refs. 10 and 11). 

d References 11 and 12. Measured from the center of gravity of the 
exciton components except for the degenerate u vibrations for which only 
the 6 Bu components are used to determine the center of gravity. All ex
perimental numbers are ±O.S em-I. 

g Shifts and splittings due in part to Fermi reSOnance. Note especially 
VI!). )/17. and VIS, which interact strongly. 

e For vibrational bands for which only some of the 8 or 4 components 

TABLE VIII. Calculated (potential set I) and obstrved site effects for sym-C6H3D3.· 

tl (em-I)c 
Experimental 

Vibration IMC value (em-I)b Calc Obs Calc Obs 

PJ (al') 954.6 +3.1 0 
P2(al') 3046.3 +6.2 -16 
V3(~') (1252) +5.0 
v4(a/') 703.9 +11.8 +7 
V.( a2") d 927.8 +9.9 +10 
V6( e') 591.8 593.5 +5.2 -1 1.0 1.7 
V7(e')d 2269.0 2274 3.3 -2 1.3 5 
ps(e')d 1571. 2 1572 .2 +1.7 -3 0.2 1.0 
V9(e')d 1102.5 1104.9 +10.6 +2 2.6 2.4 
Plo(e") 718.2 722.7 +10.7 +10 4.3 4.5 
Vl1 (a2") 545.5 +16.8 +15 
VI2(a!') 1002.9 +2.9 0 
VJ3(aJ')d 2281.4 +3.8 -1 
"14 (a.') (1322) +7.1 
VI. (a-/) d 908.0 +12.0 -3 
VJ6(e') 377.5 385.0 +17.9 +12 7.0 7.5 
V17(e') 935.7 939.4 +14.2 +14 5.1 3.7 
vJs(e') 831.5 834.6 +9.1 0 2.4 3.1 
vJ,(e')d 1410.8 +5.3 -1 1.1 <1 
v20(e')d 3060.6 +5.6 -2 2.4 <3 

• Potential set I from Ref. 5. Experimental quantities from Ref. 7. 
b From Ref. 7. When IMC value is unknown, liquid phase value appears 

in parentheses. 

the gas phase values. The mean is used for site-split lines in crystal. As 
discussed in Ref. 7, when the gas and liquid values differ by more than the 
experimental error the liquid value is used. 

e Experimental tl is determined to ±4 cm-1 due to the uncertainty in d Shifts and splittings due in part to Fermi resonance. 
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TABLE IX. Calculated (potential set I) and observed orienta tiona I effeet for CaR.D. 

Sites· (in em-i) 
Vibration 

No. Gas 2 

979.0 982.2 982.2 
2 3078.6 3085.7 3085.4 
3 1296.4 1299.9 1299.6 
4 692.7 704.4 704.3 
5 1001.2 1016.3 1015.2 
6a 604.2 608.8 609.1 
6b 604.9 609.8 609.8 
7a 2282.7 2285.0 2285.9 
7b 3043.7 3050.4 3049.5 
8a 1595.6 1597.2 1597.3 
8b 1591. 8 1593.8 1593.6 
9a 1172.0 1187.1 1184.9 
9b 1157.1 1169.3 1170.4 

lOa 853.6 869.8 875.2 
lOb 784.3 800.5 797.8 
11 606.9 624.3 624.2 
12 1006.0 1008.8 1008.8 
13 3053.7 3059.1 3059.7 
14 1327.5 1337.9 1336.8 
15 1080.6 1091. 2 1091.4 
16a 400.0 416.4 421.6 
16b 377.7 397.4 391.5 
17a 994.2 1006.5 1010.8 
17b 944.3 957.8 958.5 
18a 1031.9 1042.9 1040.8 
18b 858.6 865.8 868.8 

19a 1474.1 1481. 2 1480.2 
19b 1451.4 1456.9 1457.4 
20a 3069.6 3076.0 3075.3 
20b 3075.2 3080.8 3080.7 

a The meaning of "Sites" is discussed in the text. 
b Signs for both calculated and experimental values [Refs. 7 (a) and 

7(b)] are relative to the component of intermediate frequency when all 
three components are resolved. This convention. which is different from 
that used in our earlier papers, was adopted for convenience of comparing 
calculated and observed splittings since tbe assignment of the observed 
components is not known. For the theoretical data the notation H or L is 
used to indicate that an accidental degeneracy occurs in the high (Il) 
or low (Ll frequency pair of components. The most intense experimental 
line is labeled Il or L depending upon whether it is the high or low frequency 

V. RESULTS OF THE CALCULATION 
AND DISCUSSION 

Tables IV and V contain the calculated optical pho
nons for C6H6 and C6D 6. For C6H6 (Table IV), phonons 
obtained employing five different potentials are pre
sented: CH, HH, and CH plus HH from Ref. 1, and 
sets IV and I of Williams.5 The experimentally observed 
phonons,2a.24 including new high resolution Raman data 
taken at 77°K,25 are also presented there for compar
ison. In Table V the C6D6 phonons calculated from 
potential set J5 and the experimental values23 •24 are 
given. Gas-to-crystal (site) shifts A, site splittings oss, 
and exciton structure for these isotopic benzenes are 

Orientational effeetb (in em-i) 

3 Calculated Observed 

982.3 O.I(L) O.4(lJ) 

3083.3 +0.3 -2.1 
1299.6 0.3(L) 1.0 
704.5 +0.1 -0.1 0.1 

1016.3 1.1(11) +",0.2 -1.0 
609.1 0.3(lJ) 

609.9 O.l(L) 

2287.5 +1.6 -0.9 
3048.3 +0.9 -1.2 
1597.3 0.1 (II) 0.2d 
1593.6 0.2(L) Od 
1184.6 +2.2 -0.3 d 
1170.5 +0.1 -1.1 0.1 
868.4 +5.4 -1.4 
800.5 2.7(lJ) 

625.2 +0.9 -0.1 2.2(L)d 

1009 .1 0.3(L) 

3060.0 +0.3 -0.6 
1336.5 +1.1 -0.3 2.2(L) 

1091.4 0.2(lJ) 1.7(lJ) 

417.2 +4.4 -0.8 
397.2 +0.2 -5.7 4.5(IJ) 

1006.0 +4.3 -0.5 
957.6 +0.7 -0.2 0.7 

1040.2 +2.1 -0.6 2.8(L) 

869.8 +1.0 -3.0 +1.1 -2.9 
(~3.5)c.d 

1480.1 +1.0 -0.1 
1457.3 +0.1 -0.4 0.2d 
3074.6 +0.7 -0.7 
3081. 5 +0.7 -0.1 

member of the pair. When two lines of an experimental triplet are un
resolved. it is expected that the unresolved pair has the greater intensity 
(see Ref. 7). The experimental data corresponding to JIll, Jl14, Jl16b, and JlISa. 

for example. provide good examples of the theoretically expected intensity 
relationship. As discussed in Ref. 7, for the experimental values with no H 
or L next to them, it was not possible to determine which line is degenerate. 

C Infrared and ultraviolet data differ. The infrared shows a doublet with 
splitting~3.4±O.5 em-I. See Refs. 7 (a) and 7 (b). Note that PIOa and PlOb 

are nearly degenerate. 
d Splitting may be due in part to Fermi resonance. See Ref. 7. 

presented in Tables VI (C6H 6) and VII (C6D6)' Again, 
along with the experimental data,7·11.12 all five poten
tials are given for C6H6 while only the set I calculated 
values are tabulated for C6D 6. The ideal mixed crystal 
site effects of sym-C6HaDa, C6H5D, and p-C6H4D2, cal
culated (set I) and observed values,7 can be found in 
Tables VIII, IX, and X, respectively. 

From Tables IV and VI, it is clear that much of the 
experimental spectroscopic data are moderately well 
reproduced using the H-H, C-H, and C-C potential 
set I of Williams.5 The result is quite satisfying, as 
set I of all the potentials we have considered is also 
the one that best fits the thermodynamic and structural 
data for many aromatic crystals. It appears that for 
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TABLE X. Calculated (potential set I) and observed orientational effect for P-CJl4D2.a 

Sites (in em-l) 
Vibration 

No. Gas 1 2 

1 975.6 978.6 978.5 
2 3063.2 3070.2 3069.5 
3 1308.6 1320.7 1318.8 
4 629.2 641.1 637.0 
5 988.9 1006.8 1010.7 
6a 598.8 603.4 603.2 
6b 598.9 603.8 604.4 
7a 2278.5 2280.8 2281.7 
7b 3043.7 3050.5 3049.6 
8a 1588.2 1589.6 1589.6 
8b 1581.4 1583.6 1583.4 
9a 1169.5 1184.6 1182.4 
9b 912.6 919.7 922.1 

lOa 853.6 869.7 875.2 
lOb 738.6 748.2 747.4 
11 598.9 617.9 618.2 
12 994.2 992.3 992.6 
13 2287.0 2289.4 2290.3 
14 1291. 5 1292.5 1292.6 
15 1103.6 1116.3 1114.8 
16a 357.3 376.8 370.4 
16b 400.0 416.2 421.6 
17a 971.2 984.7 988.5 
17b 897.3 908.8 910.6 
18a 1029.5 1040.0 1037.9 
18b 819.1 826.4 829.8 
19a 1468.5 1475.7 1474.6 
19b 1412.0 1417.4 1416.7 
20a 3071.2 3077.8 3076.6 
20b 3078.5 3085.7 3085.2 

a See footnotes for Table IX. 

these crystals a potential may be found that is not only 
transferrable from crystal to crystal for the thermodynamic 
and structural properties, but can be used with moderate 
success for the spectroscopic properties as well. 

Although set I of Williams is found to give the best 
agreement with all the combined data, some calculated 
properties for certain of the vibrations simply do not 
agree with measured values. It is believed that these 
discrepancies could be caused by the neglect of three
and four-center terms or of anharmonic contributions 
to the potentials. For example, crystal-induced Fermi 
resonance brought about by these anharmonicities was 
not taken into account, even though it is known to be 
of importance in certain instances. The occasionally 
poor agreement in the site shift A, in particular the 
trend towards negative shifts in the experimental values 
(vide infra), may simply be caused by the neglect in 
our calculation of such crystal-induced Fermi resonance 
as has been discussed in Refs. 7, 10, and 11. Moreover, 
we have assumed at the beginning that the force con
stants Fsite and F mol are identical, or conversely that 
the P term in the Davydov representation was zero, 

Orientational effeet (in em-l) 

3 Calculated Observed 

978.5 O.l(L) 
3067.9 +0.7 -1.6 
1318.4 +1.9 -0.4 +1.3 -3.4 
642.5 +1.4 -4.1 +2.4 -3.3 

1006.2 +3.9 -0.6 
603.2 0.2(L) 
604.5 +0.1 -0.6 

2283.3 +1.6 -0.9 
3048.3 +0.9 -1.3 
1589.6 0.0 
1583.4 0.2(L) 
1182.1 +2.2 -0.3 +1.1 -0.4 
922.5 +0.4 -2.4 +0.7 -1.9 
868.9 +5.5 -0.8 
747.3 +0.8 -0.1 +1.4 -0.5 
617.1 +0.3 -0.8 <l(L) 
993.0 +0.4 -0.3 3.1(L)b 

2291. 9 +1.6 -0.9 
1292.6 O.l(H) <1.0 
1114.6 +1.5 -0.2 ~2.0 

377.2 +0.4 -6.4 4.7(H) 
416.9 +4.7 -0.7 
984.2 +3.8 -0.5 2.0(H)b 
908.3 +1.8 -0.5 +0.6 -3.0 

1037.2 +2.1 -0.7 3.1 (L) 
830.4 +0.6 -3.4 3.7(H) 

1474.6 1.1(L) 
1416.4 +0.7 -0.3 
3075.7 +1.2 -0.9 
3083.3 +0.5 -1.9 

b Splitting may be due in part to Fermi resonance. 

while in actuality the Fsite force constants may be 
somewhat smaller because of electron delocalization in 
the crystalline state. (See Sec. v.c. for further com
ments on this approximation.) 

A. Phonons 

It can be seen from the calculated C6H6 data for the 
various potentials (Table IV) that the phonons are 
most sensitive to the form and size of the intermolecular 
force constants. The calculated values using potential 
set I for both C6H6 and C6D6 (Table V) lattice modes 
are good; the only significant differences between ob
served and calculated frequencies are two B20 phonons 
of both C6H6 and C6D6 and one B2u phonon of C6H 6. 

Three g lattice modes of A 0, B20, and B30 symmetry 
are inactive and cannot be experimentally observed 
directly.23,24 Qualitative arguments have predicted them 
to be degenerate with certain observed ones.24 Since 
the other phonons are so well calculated we must 
reject these arguments and place the unobserved B20 

phonons at 135 cm-1 (C6H 6) and 125 cm-1 (C6D 6) 
and the unobserved B30 phonons at 125 cm-1 (C6H6) 



PHONONS OF ISOTOPIC BENZENE CRYSTALS 4715 

and 115 cm-1 (CJ)a), while the unobserved A g mode 
in both cases should lie at ,......,100 cm-1. These modes 
may be sensitive to intermolecular anharmonicities or 
many-center interactions. Recently CaHa lattice modes 
of u symmetry have been observed2a and again rough 
estimates have been used to assign their polarization 
properties. Our calculations however require that the 
phonons be reassigned as given in Table IV. The sensi
tivity of the phonon assignments to potential function 
indicates the necessity of using good potentials and of 
considering all types of atom-atom interactions in 
crystal calculations. Improved calculations should in 
the future cause such theoretically based assignments 
to be even more reliable than those presented here. 

B. Exciton Structure (CaHa and CaDa) 

While the potential set that gave the best agreement 
between the calculated and experimental results for 
the phonons is also the best potential here, the exciton 
structure of CaH6 and CaDa seems less accurately de
scribed by our model (see Tables VI and VII). With 
few exceptions, however, the general trends are repro
duced. It is clear that the experimental data are far 
from complete as not all components of the bands are 
observed. Polarization data27 are scanty and those 
available are from low resolution spectra. Further
more, the existing data on g vibrations of CaD6 cannot 
be interpreted,1O--12 and, especially for the 1117, 1118, and 
1115 modes and the 115 and IIg modes of CaDa, there is 
strong interaction between some of the vibrations. 
These difficulties make a straightforward comparison 
between the calculated and observed exciton structure 
not always possible. Bands for which this is the case 
are indicated in the tables. However, there are cases 
of real disagreement (1115 and 1112 of CaHa in particular). 
All that can be said here is that although the potential 
model does with few exceptions predict the over-all 
magnitude of the splitting and order of the exciton 
components, the detailed structure of the bands is not 
always obtained. Again this indicates the possibility 
that anharmonic or multicenter terms are important, 
especially for such a complex phenomenon as exciton 
structure. The exciton structure of many CaHa bands, 
notably Ill, 112, lIa, IIg, 1110, lin, 1114, 1116, 1117, 1118, and 1I19 are, 
however, quite well characterized by our model. No 
comment can be made about lIa, 114, lila, and 1120 due to 
lack of good experimental data for these vibrations, 
while for CaDa only lin, 1112, 1114, and lila can be compared 
for agreement. 

C. Gas-to-Crystal (Site) Shift 

Site shifts have been calculated for all the isotopes 
and are tabulated here for CaHa, CaDa and sym-CaHaDa 
(Tables VI, VII, and VIII). Data are presented for 
these isotopes alone since the experimental data are 
most reliable for them. Agreement between theory and 
experiment is a direct check on the approximation in 

which the site distortion energy is assumed small (P=O 
in this calculation), and would indicate that the entire 
shift is due to the D term or the "diagonal" contribution 
of the intermolecular force field to the force field of the 
site. Disagreement between theory and experiment 
would throw doubt on this approximation. 

Site shifts have been discussed extensively recently7 
and the problems involved with accurately measuring 
them have been enumerated (increased Fermi resonance 
in the condensed phase, gas-phase experimental error 
for unresolved bands, to mention two). Nevertheless, 
the data presented in Tables VI, VII, and VIII indi
cate the agreement between the theoretical model (em
ploying potential set I) and the observed values is 
generally pretty good. Three bands however show com
plete variance between the calculations and the experi
mental findings in all the isotopes: 119, 1115, and 1118. The 
calculated shifts are all much too large for these vibra
tions. For 1115 the calculated exciton structure was also 
found to be incorrect, while the exciton splittings for 
119 and 1118 were represented well by the theoretical 
model. It is interesting to note that these three vibra
tions are HII modes in which both the carbon and 
the hydrogen atoms move parallel to one another in 
the molecular plane, but in opposite directions. 

D. Site Group Splitting 

The splitting of a degenerate vibration into two 
crystal site states has previously been discussed for 
benzene.7.10 Only CaHa, CaDa, and sym-CaHaDa have 
degenerate molecular fundamentals and thus show this 
effect. In the present approach it is the force constants 
of the ideal mixed crystal (Fmo1+F' = F UIC ) that give 
rise to the experimental site splitting OS8' Tables VI, 
VII, and VIII contain both the calculated and ob
served values of os. for these isotopes. Agreement is 
again very good using potential set 1. (In CaDa 1118 
and 1117 are in Fermi resonance and the experimental 
splittings of 117 and 1120 are also perturbed by Fermi 
resonance in all the isotopes.) 

It is necessary to comment on lIa, 118, and 119 of 
CaHa and sym-C6HaDa. The calculations predict that 
0.s'6(CaHa) =0.7, 0.?6(CaRaDa) =2.0, and 0.:6(CaDa) = 
1.1 cm- l

, while the observed values are 3.1, 1.7, and 
1.2 cm-\ respectively. The experimental value for 
CaRa appears to be out of line with both the calculated 
and the observed 08.'6 for the other isotopes. For the 
C6R6 band (116+111), in Fermi resonance with 118,088 = 1.2 
cm-1. It is difficult to understand why for a given 
vibration of one isotopic modification the atom-atom 
potential would appear to give correct results while 
it does not for another. Likewise the site splitting in 
the 118 band of CaR6 and sym-C6RaDa [also in Fermi 
resonance with (116+111) ] is difficult to understand. The 
same problem arises in 119 where the calculated and 
experimental values agree for sym-CaHaDa but not at 
all for C6Ha. 
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E. Orientational Effect 

The orientational effect,7 calculated by changing the 
relative numbering of the mass matrix with respect to 
the site force constant matrix, has been obtained for 
all isotopes of lower than Dah symmetry. From symme
try arguments7a.28 it is expected and has been verified 
by direct calculation that C6H 6, C6D 6, and sym-C6HaDa 
do not show an orientational effect in the C i crystal 
site. The experimental data and calculated results for 
C6H5D and p-C6JLD2 using potential set I are given 
in Tables IX and X. The agreement in most cases is 
good. It should be pointed out that while the calculated 
splittings are always known in an absolute sense ("sites" 
1, 2, 3 referring to a deuterium substitution position), 
the experimental ones are arbitrarily determined( i.e., 
the specific orientation of the molecule in the site, 
relative to the crystal axes, is unknown). Thus the 
calculated sign of the orientational effect is of little 
significance when we compare these numbers with the 
experimental results j the quantity that is of concern 
is the "splitting" pattern or the relative positions of 
the lines with respect to one of them. Again inter
actions between vibrations that are orthogonal in the 
gas phase but not orthogonal under the reduced sym
metry of the site make comparison between experi
mental and calculated numbers not meaningful in some 
cases. 

V. CONCLUSIONS 

The most important conclusion of this work is that 
the model of pairwise, atom-atom, interaction poten
tials is a quantitatively reasonable one for the calcula
tion of intermolecular interactions (exciton structure, 
phonons, site shifts and splittings, and the orientational 
effect) and that such potentials are not only transfer
able from crystal to crystal for the thermodynamic 
and structural data but to spectroscopic properties as 
well. To improve the calculation of such crystal proper
ties and site effects, attention must be directed to the 
approximations upon which this model is grounded. 
Therefore, general potentials that take into account 
three- and four-center interactions, and force constants 
that include anharmonic contributions should be con
sidered if one is to fit the experimental results more 
faithfully. Some way of evaluating, and including if 
necessary, the effect of site polarization on the elec
tronic structure and force constants should be found. 
Further, this calculation graphically demonstrates the 
need to consider all atom-atom interactions and not 
just H-H terms. Indeed, grossly misleading results and 
conclusions can be obtained by assuming only one set 
of interactions is important. In conclusion we remark 
that no isotopic effects are obvious in the calculations, 

that is, the same potentials work equally well for H-H, 
H-D, D-D, C-H, and C-D interactions. 
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