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Synopsis. The pressure-induced frequency shift of the
intramolecular vibrations in crystal was calculated using an
atom—atom type intermolecular potential. The calculation
indicates that the contribution of the first-order differential
of the potential to the frequency shift is very small when the
potential is well approximated.

A number of theoretical studies were made on the
pressure-induced frequency shift of the intramolecular
vibrations in crystal.)—® The first-order differential of
the potential with respect to the interatomic distances
was assumed to take small value and thus this term was
ignored generally in the calculation.

In this work the neglect of the first-order differential
of the potential is discussed through the calculation of
the pressure-induced frequency shift for the benzene and
hexachlorobenzene crystals.

Theoretical Treatment

The pressure-induced frequency shift of the intra-
molecular vibration in crystal induced by the inter-
molecular interaction with neighboring molecules is
given by!'—
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where Vj; is the atom-atom type intermolecular po-
tential between atoms ¢ and j belonging to different
molecules, r;; is the interatomic distance, and @, and
U@n are the n-th normal coordinate and its unperturbed
vibrational frequency, respectively. The intermolecular

potential is approximated by the sum of the atom-atom
type potential V;; as®V
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where A, B, and C are parameters and ¢; and ¢; are the
electronic charges on the atoms ¢and j. Thus, 0V;;/0r;;
is not equal to 0 at the equilibrium interatomic distance.
The three terms in Eq. 2 represent the dispersive, repul-
sive, and electrostatic potential energies, respectively.

The terms of dr;;/0Q, and 082r;/0@Q2 in Eq. 1 are
represented as

Ori;/0Qn = (Ori; [0r:)(07:/0Qn) 3)

and
8%ri;/0Qn% = (9rij/07:) (0% /0Qy7)
+(87:/0Qn )2 (0%rij /Or°), (4)
respectively. The first term in Eq. 4 is zero because

Q.. is represented by the linear combination of the dis-
placement vector r;. Therefore, in order to calculate
the frequency shift by Eq. 1, the five terms of 0 V;/0ry;,
9?Vij /012, 87:/0Qy, Orij /0T and 9%r;; /0% must be
evaluated. The first two terms can be calculated us-
ing Eq. 2 and the third term, which corresponds to
the Lx vector of the n-th normal vibration, can be ob-
tained from the normal coordinate calculation. Since
the variation of the interatomic distance r;; caused by
the infinitesimal displacement 7; of the atom i due
to normal vibration is very small, the last two terms
ari/ 67‘, and 02r;;/0r? can be approximated by cos ¢;
and cos? ¢; /17 4> Tespectively, where ¢; is the angle be-
tween the displacement vector r; and the direction of
the interatomic distance r;;, and 7% is the equilibrium
interatomic distance.® Through the calculation the con-
tribution of the first-order differential term, the first
term of Eq. 1, to the frequency shift will be discussed.

The molecular geometry and the molecular orienta-
tion in crystal were assumed to keep unchanged under
application of high pressure and the atom—atom dis-
tance between two molecules was evaluated by assum-
ing the isotropic compressibility. The values of com-
pressibility were given for the benzene and hexachlo-
robenzene crystals under various pressures by Vaidya
and Kennedy.'? The frequency shift was calculated as
a function of the distance between the centers of gravity
of the two adjacent molecules (intermolecular distance).
Conversion of pressure into the intermolecular distance
was made in the same way as described in the recent
works.”™®

Results and Discussion

The benzene crystal undergoes phase transition from
the benzene I to II under application of pressure of 1.4
GPa.'>% The crystal structure of benzene I belongs to
the orthorhombic space group Pbca with four molecules
in the unit cell.}>!%) The hexachlorobenzene crystal dose
not undergo phase transition up to 4.5 GPa” and the
crystal structure belongs to the monoclinic space group
P2,/c with two molecules in the unit cell.'® The nor-
mal vibrations of benzene and hexachlorobenzene were



August, 1994] NOTES 2309
Table 1. Difference of the Pressure-Induced Frequency Shifts in the Benzene Crystal
Mode Obsd® Caled
Spackman® BD® and RKW?
¢=1.0 (=124
Dlagm AP Av DFS" RFS® Av DFS RFS Av DFS RFS
Case I™ Case II Case I Casell Case I Casell
v/em™ P/em™! D/em™! P/em™ D/em™! % p/em™! p/em™! D/em™! % ©/em™! D/em™! D/em™r %
2 3061 20 20.3 16.0 4.3 21 12.5 11.8 0.7 6 5.8 5.2 0.6 10
1 991 6 10.7 8.8 1.9 18 7.1 6.7 0.4 6 3.4 3.0 0.4 11
Ta 3048 13 21.7 17.3 4.4 20 12.2 11.5 0.7 6 5.9 5.3 0.6 10
b 19.1 15.2 3.9 20 11.9 11.2 0.7 6 5.9 5.3 0.6 10
8a 1585 4 6.9 5.6 1.3 19 4.2 4.0 0.2 5 1.8 1.6 0.2 11
8b 6.2 5.0 1.2 19 3.9 3.7 0.2 5 1.7 1.5 0.2 12
a), b), ¢), and d) are taken from references 14, 9, 10, and 11, respectively. e) AU=AD; 4 GPa—AD1 atm- f) DFS (difference
of frequency shift)=Alcase 1 —Abcase 111 ) RFS (ratio of frequency shift)=(Abcase 1 —Alcase 11)/ADcase 1+  h) The first-
order differential term of the potential was neglected in the case I and was involved in the case II.
Table 2. Difference of the Pressure-Induced Frequency Shifts in the Hexachlorobenzene Crystal
Mode Obsd® Caled
Spackman® BD® RKW?
Dlatm  ADY Av DFS" RFS® Ap DFS RFS Ab DFS RFS
Case I™ Case II Case I Casell Case I Case Il
v/em™ o/em™' D/em™! D/em™ D/em™! % p/em”! P/em™! /em™' % /em™! Dfem™! D/em™' %
9a, 990 16 22.5 21.8 0.7 3 16.5 15.5 1.0 6 21.9 21.0 0.9 4
9b 12 13.5 13.1 0.4 3 9.9 9.2 0.7 7 13.1 12.1 1.0 8
Ta 393 9 7.3 7.0 0.3 4 5.4 5.0 0.4 7 6.9 6.6 0.3 4
b 18 26.8 25.5 1.3 5 20.8 19.1 1.7 8 27.4 25.3 2.1 8
10a 345 19 21.9 20.8 1.1 5 12.9 12.0 0.9 7 15.8 14.8 1.0 6
10b 19 20.5 19.5 1.0 5 11.9 11.0 0.9 8 15.0 14.0 1.0 7
2 373 20 15.1 14.3 0.8 5 11.7 10.8 0.9 8 15.4 14.3 1.1 7

a), b), ¢), and d) are taken from references 7, 9, 10, and 11, respectively.

footnotes of Table 1.

taken from the assignments given by Mair and Hornig!®

and by Bates et al.,}” respectively.

The frequency shift of the intramolecular vibrations
induced by intermolecular interaction with the neigh-
boring molecules was calculated according to Eq. 2 with
changing the intermolecular distance which was con-
verted from pressure. The numbers of molecules in-
volved in the calculation of the frequency shift are 12
and 8 in the benzene I and hexachlorobenzene crystals,
respectively. The three sets of the values of the param-
eters A, B, and C in Eq. 1 were taken from the data
given by Spackman,” Bonadeo and D’Allessio,'® and
Reynolds et al.'*) Spackman gave two different values of
the parameters based on two different values of ¢ (1.00
and 1.24), which is the exponent of the electron density
function of the hydrogen atom, p(r)=¢3n"exp (—2(r).

The frequency shift was calculated for the 2, 1, 7a, 7b,
8a, and 8b vibrations (Wilson’s notation for the normal
vibration) under various pressures up to 1.4 GPa for the
benzene crystal and the difference of the frequency shift
(AD1.4 gpa— A1 atm) is given in Table 1 together with
the observed value. The frequency shift was calculated

e) AUv=ADs5 gpa—AD1 atm- f), g), and h) See

for the 9a, 9b, 7a, 7b, 10a, 10b, and 2 vibrations under
various pressures up to 4.5 GPa for the hexachloroben-
zene crystal and the difference of the frequency shift
(AD4.5 GPa—AP1 atm) I8 given in Table 2 together with
the observed value. In these tables the first-order differ-
ential term is neglected in the case I, while this term is
involved in the case II as well as the second-order differ-
ential term. The value of (ADcase 1— Alcase 11)/Alcase 1,
which is equal to the ratio of the calculated frequency
shift arising from the first-order differential term to the
frequency shift arising from the second-order differen-
tial term, is also given in the tables. This value is called
as the ratio of the frequency shift hereafter.

Tables 1 and 2 show the following results. (1) Consid-
eration of the first-order differential term causes a slight
decrease of the calculated value of the shift compared
with the value obtained by considering the second-or-
der differential term only. (2) The agreement between
the calculated and observed frequency shifts is not ap-
preciably improved by involving the first-order differen-
tial term. (3) For the benzene crystal the Spackman’s
parameters ((=1.24) gave much better agreement be-
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tween the observed and calculated frequency shifts and
also gave quite smaller value of the ratio of the fre-
quency shift than the other parameters. (4) For the
hexachlorobenzene crystal the Spackman’s parameters
gave somewhat better agreement between the observed
and calculated frequency shifts and also gave somewhat
smaller value of the ratio of the frequency shift than the
other parameters.

These results suggest that (1) the best choice of the
values of the parameters A, B, and C for the poten-
tial giving satisfied agreement between the observed and
calculated frequency shifts gives vanishing value of the
first-order differential of the potential and (2) the ne-
glect of the first-order differential term, which was gen-
erally made in the calculation of the pressure-induced
frequency shift, is thus approved to be reasonable.

References

1) R. M. Hexer, J. Chem. Phys., 33, 1833 (1960).

2) D. A. Dows, J. Chem. Phys., 32, 1342 (1960).

3) F.D. Verderame, J. A. Lannon, L. E. Harris, W. G.
Thomas, and E. A. Lucia, J. Chem. Phys., 56, 2638 (1972).

4) G. Taddei, H. Bonadeo, M. P. Marzocchi, and S.
Califano, J. Chem. Phys., 58, 966 (1973).

NOTES

[Vol. 67, No. 8

5) P.J. Miller, S. Block, and G. J. Piermarini, J. Phys.
Chem., 93, 462 (1989).

6) M. M. Thiery, J. M. Besson, and J. L. Bribes, J.
Chem. Phys., 96, 2633 (1992).

7) G. Sadakuni, M. Maehara, H. Kawano, Y. Nibu, H.
Shimada, and R. Shimada, Bull. Chem. Soc. Jpn., 67, 1593
(1994).

8) S. Matsukuma, H. Kawano, Y. Nibu, H. Shimada,
and R. Shimada, Bull. Chem. Soc. Jpn., 67, 1588 (1994).

9) M. A. Spackman, J. Chem. Phys., 85, 6579 (1986).

10) H. Bonadeo and E. D’Allessio, Chem. Phys. Lett., 19,
117 (1973).

11) P. A. Reynolds, J. K. Kjems, and J. W. White, J.
Chem. Phys., 60, 824 (1974).

12) S.N. Vaidya and G. C. Kennedy, J. Chem. Phys., 55,
987 (1971).

13) G. J. Piermarini, A. D. Mighell, C. E. Weir, and S.
Block, Sciences, 165, 1250 (1969).

14) M. M. Thiéry and J. M. Léger, J. Chem. Phys., 89,
4255 (1988).

15) G. M. Brown and O. A. W. Strydom, Acta Crystal-
logr., Sect. B, B30, 801 (1974).

16) R. D. Mair and D. F. Hornig, J. Chem. Phys., 17,
1236 (1949).

17) J. B. Bates, D. M. Thomas, A. Bandy, and E. R.
Lippincott, Spectrochim. Acta, Part A, 2TA, 637 (1971).




