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Semiempirical determination of molecular motions associated
with phonon modes in molecular crystals

K. M. White® and C. J. Eckhardt®

Department of Chemistry, University of Nebraska, Lincoln, Nebraska 68588-0304

(Received 11 August 1989; accepted 22 November 1989)

An approach using piezomodulated Raman scattering is presented which permits determination of the
molecular motions associated with the eigenmodes of molecular crystals. When coupled with a lattice
dynamical calculation for the eigenmodes, the experiment can be used to validate the calculation. The
case of 1,2,4,5-tetrabromobenzene is treated and it is shown that the phase relations of the
piezomodulated Raman signals confirm the calculated eigenmodes.

1. INTRODUCTION

Knowledge of the microscopic mechanisms involved in
solid-solid phase transitions in molecular crystals is requi-
site for the understanding, prediction, and eventual control
of intermolecular interactions present in these systems.
While x-ray crystallography has often provided accurate
definitions of the structures of crystalline phases that are
involved in a solid state phase transition, these time-aver-
aged pictures can only suggest possible schemes that de-
scribe the dynamics of the transition. More definitive de-
scriptions have been obtained from examination of the
lattice dynamics of molecular crystals in which their low
frequency lattice vibrations are characterized. Raman and
infrared spectroscopy have been used extensively to identify
these lattice phonon modes. In such spectra, the appearance
or disappearance of vibrational bands in a molecular crystal
over a particular temperature range may be evidence of a
phase transition in the solid, as can changes in frequency or
symmetry (or both) of the lattice phonon modes.

Raman and infrared spectroscopic studies, however, are
unable to determine the actual molecular motions that take
place during a phase transition. Even though these experi-
ments have provided numerous assignments of frequencies
and symmetries of phonon modes in molecular crystals,
much less is known about the lattice mode eigenvectors
which describe the motions the molecules in the crystal un-
dergo during a vibration. Without resorting to somewhat
less certain lattice-dynamics calculations, little more than
symmetry assignments of these eigenvectors have been ob-
tained experimentally. Determination of the lattice mode ei-
genvectors in molecular crystals is vital, since they play a key
role in defining the microscopic mechanisms sought in sol-
id-solid phase transitions and phonon-assisted solid state
reactions.

Anharmonicity manifested by lattice vibrations is
known to be responsible for solid state phase transitions.
Therefore, an experimental approach that directly probes
the coupling exhibited by these modes also has the potential
for providing information regarding the molecular motions
involved in the vibrations. Recently, piezomodulated Ra-
man (PR) spectroscopy was shown to provide an experi-
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mental measure of coupling by the significantly anharmonic
21.5 cm ! lattice mode in 1,2,4,5-tetrabromobenzene
(TBB).! Although the PR responses of the other Raman
active lattice modes in TBB were observed to be smaller,
further investigation shows that for a given stress, the phases
of the derivative-like PR bands are not all the same. This
experimental information, considered jointly with the PR
theory? and a recent determination of the lattice mode sym-
metries in TBB,? indicates that it is possible to extract experi-
mental evidence for the motions of molecules in crystals
from PR data.

The molecular motions associated with a given phonon
have additional importance to chemical reactions in solids.
Specific vibrational modes have been shown to be involved
with solid state reactions.* While the frequency of the
phonon modes may be identified, much greater mechanistic
understanding would be obtained if the actual molecular
motions associated with these modes could be determined.
This knowledge would permit detailed elaboration of the
actual molecular motions involved with a solid state reac-
tion.

Theoretical and experimental details pertaining to the
PR experiment will be outlined first, followed by a presenta-
tion of the results observed for the Raman active lattice
modes in TBB. An interpretation of the data will be made in
terms of the motions allowed for these modes in the TBB
crystal. Finally, the potential of PR spectroscopy as a power-
ful tool in the determination of the microscopic aspects of
lattice dynamics in molecular crystals will be considered.

. THEORY AND EXPERIMENT

In PR spectroscopy, a modulated stress is applied to a
crystal and the inelastically scattered light is detected synch-
ronously with the modulation. A hypothetical example illus-
trates (Fig. 1) the PR spectral response. Consider a Raman
active lattice mode of frequency w,. In addition, suppose that
a tensile uniaxial stress applied in some given direction re-
sults in a decrease of the mode frequency to w _, while a
compressive stress causes the frequency to increase to @, .
If the tensile and compressive stresses are applied to the crys-
tal in a periodic fashion, then synchronous detection of the
Raman scattered light will provide a measurement of the
intensity difference between the w _ and @ , Raman bands
at the frequency setting of the monochromator, w,
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FIG. 1. Hypothetical “positive” PR band (solid line) for mode w, (dashed
line) under tensile (@ _ ) and compressive (w , ) stresses (dotted lines).

Allw) =1, () —1, (o).

Using a Lorentzian model to describe the Raman response of
the vibrational mode, the resulting bandshapes of the Ra-
man and piezomodulated Raman signals are shown in Fig. 1.
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FIG. 2. PR spectrum (dashed line) of the 15.5and 21.5 cm ~ ! lattice vibra-
tions in TBB along with the corresponding Raman spectrum. The [001]
stress employed in this particular PR spectrum provides examples of both
positive and negative PR bands in TBB.

The PR response is similar but not equivalent to the frequen-
cy derivative of the Raman band itself. Instead, it can be
shown by making use of the one phonon oscillator approxi-
mation of Luty and Eckhardt® that for small strains, the
intensity expression above is actually the strain derivative of
the Raman response of the vibrational mode.

The hypothetical example above assumed that a com-
pressive stress resulted in an increase in mode frequency. For
lattice modes in molecular crystals, this has been the typical
response when hydrostatic compressive stresses have been
applied in previous Raman experiments.>” However, this
need not be the case when uniaxial stresses are employed.
The nature of the phase information obtained from the PR
spectra indicates that a positive-type PR band, in which the
band goes positive and then negative when scanning from
low to high energy (see Fig. 1), corresponds to a mode in
which a compressive stress increases the vibrational frequen-
cy, while a tensile stress results in a decrease in frequency.
On the other hand, a mode giving rise to a negative-type PR
band displays the opposite behavior: a decrease in vibration-
al frequency under compressive stress and an increase under
tensile stress. Thus, the uniaxial aspect of the PR experiment
yields directional information pertaining to intermolecular
interactions and their resulting vibrational modes in the
crystal based on the phases of the PR bands alone.

Preparation of the TBB crystal samples is described
elsewhere,' as is the apparatus used in the piezomodulated
Raman experiment."*® The crystals, which have space
group symmetry P2,/a (°C,, ), are columnar along ¢ with
form {110}.>'° The crystals were glued in the appropriate
stress configuration between a rigid stainless steel bar and a
piezoceramic bar secured at one end. Stresses were induced
by applying a high sinusoidal voltage across the piezocera-
mic bar. The experiments were performed in two distinct
stress configurations: (1) the stress normal to (110) (direc-
tion denoted [110]*), and (2) the stress direction of [001].
The spectral measurements employed the 5145 A line of an
argon ion laser operating at 55 mW and scanned the range
from 8 to 60 cm ™' thereby encompassing all of the TBB
Raman active lattice modes. Various polarization geome-
tries were used so that all of the modes could be observed for
a given stress.

HI. RESULTS AND DISCUSSION

A piezomodulated Raman spectrum of the 15.5 and
21.5cm ~ ! lattice vibrations in TBB is shown in Fig. 2 along
with the corresponding Raman spectrum. The [001] stress
employed in this PR spectrum gives rise to a positive PR
band for the 15.5cm ~ ' mode and a negative PR band for the
21.5cm ~ ! phonon. Further examination of the phases of all
of the PR bands measured in TBB in the lattice vibration
energy region shows that the 21.5 and 39 ecm ! modes in-
crease in frequency under a compressive stress in the [110]*
direction and decrease for a compressive stress along [001].
The remaining Raman active lattice modes at 15.5, 41.5, 43,
and 47.5 cm ! show the opposite behavior.

Tabulation of the PR data (Table I) reveals a clear pat-
tern. Its explanation can be obtained from a consideration of
the strains induced in the TBB crystals by the [110]* and
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TABLE 1. Phases of the piezomodulated Raman bands corresponding to
the lattice modes in TBB.*

Mode
frequency
(em™')

Mode
symmetry

Stress
[110]* [001]

15.5
21.5
39.
41.5
43,
47.5

+

mmmwmkwwnmnk
P+ +
+ 4+

!

* Positive phase indicates an increase in frequency upon compressive stress
and negative phase indicates a decrease in frequency upon compressive
stress.

[001] stresses and from the symmetries of the allowed mo-
lecular motions for the six Raman active lattice vibrations in
TBB.

The strains e produced in a crystal under a given stress o
can be determined using the compliance tensor for the crys-
tal S:

e = So.

In this expression, the macroscopically defined stresses and
strains are expressed in matrix notation, with e and o de-
scribed by six-dimensional column vectors and Sby a 66
matrix. For a crystal of any given symmetry, the number of
independent, nonzero elements of the compliance tensor can
be determined, allowing one to derive the types of strains
induced in the crystal by the application of specified stress-
es.!! In addition, the symmetries of the strains can be deter-
mined with the use of the character table that corresponds to
the point group symmetry of the crystal.'

Owing to its monoclinic symmetry, a stress in TBB
along [ 110]* is found to give rise to shear strains of B, sym-
metry in the a*b and bc crystallographic planes. On the other
hand, the [001] stress will only produce strains of 4, sym-
metry along the a*, b, and ¢ axes and a shear strain in the a*c
plane. Thus, the two stress directions used in the PR experi-
ments result in two mutually exclusive sets of strains in TBB
having different symmetries.

Because the elements along the diagonal of the com-
pliance tensor in a molecular crystal are generally larger
than the off-diagonal elements, it is expected that the great-
est displacements in the TBB crystal will be in the same di-
rection as the applied stresses. However, the presence of the
additional strains must also be taken into account in the data
analysis. Moreover, it should be understood that by attach-
ing the crystal to the sample mount, stresses other than the
one supplied by the piezoceramic are present in the experi-
ment. However, these are actually surface stresses and their
influence was minimized by measuring the PR spectra from
the crystal bulk.

The TBB molecules are located at sites of inversion sym-
metry in the crystal unit cell, therefore only librational mo-
tions of the molecules contribute to the Raman active lattice
modes. These motions involve small, rotational displace-
ments of the molecules about their three principal axes of

inertia, with the two molecules in the unit cell having their
movements in-phase for the 4, modes and out of phase for
the B, modes. The resulting six degrees of freedom account
for the six Raman active lattice modes in TBB.

While the librational motions for a given mode seldom
involve pure rotations about a single inertial axis of the mole-
cules, the eigenvector is often found to describe predominant
motion about one particular axis. If this is taken to be the
case for each of the six Raman active lattice modes in TBB,
then the modes can be paired off as in-phase and out-of-
phase librations about the axis normal to the molecular
plane and about each of the two inertial axes contained in the
plane.

An explanation of the pattern in Table I can now be
made. The compressive [ 110]* stress, as shown in Fig. 3,
causes the TBB molecules lying nearly in the a*b plane to be
forced closer together in a side-by-side fashion. This means
the intermolecular contacts on the perimeter of the mole-
cules will interact more strongly, resulting in larger in-plane
forces between them. This type of interaction would mostly
affect a primarily in-plane libration by increasing its energy
and thus its vibrational frequency. Since two in-plane libra-
tional modes are predicted, one each of 4, and B, symme-
try, there should be two corresponding positive bands in the
piezomodulated spectrum employing a [110]* stress. In-
deed, the B, mode at 21.5 cm ™! and the A, mode at 39
cm ! display such a response in the [ 110]* stress PR spec-
tra, indicating that their associated molecular librational
motions are principally in-plane.

The compressive [001] stress (Fig. 4) forces TBB mole-
cules in neighboring unit cells together along the stacking
direction (c axis) of the lattice. For these displacements,
out-of-plane intermolecular interactions will be increased,
thus affecting the primarily out-of-plane librational modes
by raising their frequencies. Consequently, four positive
bands, two corresponding to 4, active modes and the other
two to B, active modes, would be expected in PR spectra

&

FIG. 3. Projection of [110]* stress for S8-TBB, as viewed down the ¢ axis.
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L

' a

FIG. 4. (110) projection of [001] stress for S-TBB.

involving a [001] stress. Again, this is observed in the data.
The A, modesat 15.5and41.5cm ' and the B, modes at 43
and 47.5 cm ~ ! are seen to have positive bands in these PR
spectra. Therefore, their corresponding molecular libra-
tional motions are predominantly out of plane, as deter-
mined from the PR data.

A lattice-dynamics calculation that has been performed
for TBB? generated a calculated crystal potential energy that
was capable of producing eigenvectors for the lattice modes
that are consistent with the molecular motions determined
from the piezomodulated Raman data. For the mode of low-
est energy, the calculation indicated that the 15.5cm ' 4,
mode is principally a libration about an axis lying in the
molecular plane, which is in accordance with the phase in-
formation obtained from its PR bands. On the other hand,
the 21.5 cm~' B, mode was found to have a large compo-
nent of rotation about the axis normal to the molecular plane
and this agrees with the interpretation of the PR data as well.
The other four eigenvectors that have been calculated for
TBB are also consistent with the PR results. The 41.5 cm '
A, mode and the 43 and 47.5cm ! B, modes, whose eigen-
vectors denote librations primarily about axes in the TBB
molecular plane, all had positive PR bands in the [001]
stressed spectrum. The 39cm ~ 4 ¢ mode, which exhibited a
positive PR band in the [110]* stressed spectrum, is asso-
ciated® with the mode calculated at 40.6 cm ~' because its
eigenvector corresponded to an in-phase libration about an
axis normal to the molecular plane. This demonstrates that
PR spectroscopy can be used in the assignment of lattice
modes by comparing the molecular motions deduced from
the PR spectra of the vibration to be assigned to the eigen-
vectors calculated for the various modes.

The question remains of why the phase of the PR band
for each of the lattice vibrations reverses when going from a
[110]}* stressed spectrum to a [001] stressed spectrum, or
vice versa. The answer is found by considering all possible
strains induced in the crystal for these two stress directions.
In the above discussion, only strains in the same direction as
the applied stresses were used to explain the observed phases
of the PR bands. However, for the case of the [ 110] * stress, a
shear strain in the bc crystallographic plane also exists, while
for the [001] stress, linear strains along the a* and b axes
and a shear strain in the a*c plane are also present. It is

readily apparent, particularly for the additional extensive
strains that can occur perpendicular to a [001] compressive
stress, that the PR response of a given mode for one stress
may be 180° out of phase from its response for the perpendic-
ular stress.

It should also be remembered that the [110]* and [001]
stresses give rise to mutually exclusive sets of strains which
are of different symmetries. Thus, the PR experiments em-
ploying the [110]* stress result in coupling of the Raman
active modes of like symmetry, while the [001] stress en-
hances coupling of Raman modes of different (4, and B, )
symmetry.’

IV. CONCLUSION

The PR experiment, by directly probing the molecular
motions that constitute the lattice vibrations, has been
shown to provide an effective test for the validity of the ei-
genvectors obtained from a lattice-dynamics calculation. In
so doing, it can also determine the reliability of the crystal
potential energy in a new and more accurate fashion. It has
always been possible to test eigenvectors in a more indirect
manner by comparing calculated and observed Raman in-
tensities,'>'® but this is extremely difficult in practice and
quite unsatisfactory.

The foregoing interpretation of the phase information
obtained from the PR spectra of the lattice modes in TBB is
significant because it demonstrates that piezomodulated Ra-
man spectroscopy can now be used as a direct, experimental
probe for the determination of the molecular motions de-
scribed by the eigenvectors of lattice vibrations in molecular
crystals. Previously, only normal coordinate analyses and
lattice-dynamics calculations were able to provide this infor-
mation, and their success depended on the reliability of the
force field or the potential energy derived for the calcula-
tions. They thus remained calculative determinations un-
tested by experiment. Now, piezomodulated Raman spec-
troscopy can make use of a large number of stress directions
to produce an experimental description of the vibrational
motions which, in turn, may be used to confirm previous
calculations or used to improve upon the potential energy
functions derived for the calculations. Indeed, this was one
of the major goals of developing this spectroscopy.

Major assumptions about the intermolecular interac-
tions in TBB crystals were employed in the analysis given
above and the description is necessarily phenomenological.
Nevertheless, it demonstrates the potential of the technique
and shows how the combination of PR studies and lattice-
dynamics calculations can be used to determine the actual
motions of the molecules in the lattice. Since the spectrosco-
py does probe intermolecular interactions in crystals, it will
then be able to improve and refine the initial assumptions
made for these forces and potential energies. Thus, piezomo-
dulated Raman spectroscopy provides the first experimental
means for the determination of eigenmode motions of mole-
cules in molecular crystals.
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