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Unexpected Effect of Internal Degrees of Freedom on Transverse Phonons in
Supercooled Liquids.
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We show experimentally that in a supercooled liquid composed of molecules with internal degrees
of freedom the internal modes contribute to the frequency dependent shear viscosity and damping
of transverse phonons, which results in an additional broadening of the transverse Brillouin lines.
Earlier, only the effect of internal modes on the frequency dependent bulk viscosity and damping
of longitudinal phonons was observed and explained theoretically in the limit of weak coupling of
internal degrees of freedom to translational motion. A new theory is needed to describe this new
effect. We also demonstrate, that the contributions of structural relaxation and internal processes
to the width of the Brillouin lines can be separated by measurements under high pressure.

PACS numbers: 66.20.+d, 78.35.+c, 64.70.Pf, 62.50.+p

Sound waves propagating in supercooled liquids are
damped due to different relaxation processes in the
medium. This damping results in broadening of the Bril-
louin lines observed in the light scattering Brillouin spec-
tra. Damping of longitudinal phonons in glass forming
liquids is usually related to structural relaxation pro-
cesses and density fluctuations. The effect of internal
molecular relaxations on phonon damping is much less
studied and understood.

Zwanzig [1] has shown that in the case of a liquid which
consists of molecules with internal degrees of freedom, in
the limit of very weak coupling of internal and centre
of mass motions, the longitudinal phonons are broad-
ened but the transverse phonons (and the shear viscosity)
are unaffected by the internal relaxations. This result
is sometimes interpreted by saying that the transverse
phonons (and the shear viscosity) are never affected by
internal relaxations. This feature, i.e. that a relaxation
process contributes to damping of longitudinal, but not
transverse phonons is sometimes used [2] to assign this
process to intramolecular dynamics. As we will show in
this letter, this is correct in the case of weak coupling
limit, but not in general.

In order to understand better the theoretical results of
Zwanzig [1] and Mountain [3] let us briefly recall what
is meant by the limit of weak coupling of internal and
translational dynamics, in the sense used by Zwanzig.
The total Hamiltonian of the system consists of parts re-
lated to the centre of mass motions H¢, internal motions
H; and interactions between these two sets of variables
ANU': H = He + Hy + A\U’, where X is the measure of
these interactions. H¢ and Hj consist, obviously, of the
corresponding kinetic and potential energies of the cen-

tre of mass and internal motions, respectively. In the
limit of weak coupling A is very small. In this limit the
interaction energy AU’ can be neglected and thus, the
averages of functions as well as time derivatives can be
separated in two independent (centre of mass and inter-
nal) parts [1]. Only in this limit Zwanzig has shown that
the frequency dependent bulk viscosity and the width
of longitudinal Brillouin lines depend on internal relax-
ations, while these relaxations do not contribute to the
frequency dependent shear viscosity and therefore to the
width of transverse Brillouin lines.

To the best of our knowledge, the effect of clearly as-
signed internal relaxation on the damping of phonons
in supercooled liquids has not been studied (systemati-
cally) as yet. The best documented case so far is ortho-
terphenyl (OTP) where the relaxation processes as well
as longitudinal and transverse phonons were studied in
a broad temperature range. A fast process in OTP of a
relaxation time of a few ps was found [4, 5, 6] and it was
assigned to internal relaxation [2, 6], mainly on the basis
that it was contributing to the damping of longitudinal
but not transverse phonons, as predicted by Zwanzig [1].

A fast vibrational relaxation process of a similar relax-
ation time of a few picoseconds was also found in molec-
ular dynamics simulations [7] and it was assigned to the
phenyl - phenyl stretching. As an internal relaxation pro-
cess, it can contribute to the damping of the longitudinal
(but not transverse) phonouns in the weak coupling limit,
as discussed by Zwanzig. Thus, temperature dependent
experimental studies on OTP have shown, that in this
liquid there exists fast internal dynamics that results in
additional damping (broadening) of longitudinal but not
transverse phonons [2, 4, 5, 6], in agreement with the
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FIG. 1: The chemical structures of BMPC (left), BMMPC
(middle) and OTP (right) with indicated rotations of the
phenyl ring.
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theoretical model developed by Zwanzig.

The question that should be asked at this point is,
whether this limit of weak coupling can be generalized
for all glass forming liquids, i.e. whether the internal
relaxations are always weakly coupled to translational
degrees of freedom, never contributing to the frequency
dependent shear viscosity and to additional broadening
(damping) of transverse Brillouin lines (phonons). As we
show in this letter, such generalization is incorrect since
there are cases when the internal relaxations also con-
tribute to the frequency dependent shear viscosity and
result in a substantial broadening of the transverse Bril-
louin lines.

In order to check the effect of internal modes on
the width of longitudinal and transverse Brillouin lines
(phonon damping) we have studied two molecules: 1,1’-
bis(p-methoxyphenyl)cyclohexane (BMPC) and 1,1-
bis(4-methoxy-5-methylphenyl)cyclohexane (BMMPC).
Their chemical structure is very similar (Fig.1) the only
difference being the presence of an additional methyl
group in the ortho position in both phenyl rings in
BMMPC.

This small chemical difference results in a dramatic
difference in the dynamic processes observed in both
molecules [8]: In BMPC the structural relaxation and
two additional internal modes, related to the phenyl flip
and rotation of OCHjs group exist. The assignment of
molecular origin of the internal modes has been obtained
from deuterium NMR, (phenyl flip) and Dielectric Spec-
troscopy (OCHjs group rotation) studies. In BMMPC the
presence of the additional methyl groups causes an al-
most complete freezing of both internal modes [8]. Thus,
the pair of molecules: BMPC and BMMPC is very well
suited for experimental studies of the effect of internal
modes on the damping (width) of the longitudinal and
transverse phonons (Brillouin lines).

BMMPC and BMPC was prepared at the Max Planck
Institute for Polymer Research, Mainz, Germany, accord-
ing to the procedures described elsewhere [9]. The glass
transition temperature amounted to 265 and 245 K, re-
spectively [8, 9, 10]. The samples were filtered into the
light scattering cells (Millipore filters, pore size 0.22 nm)
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FIG. 2: Temperature dependence of the polarized (VV) Bril-
louin spectra of BMMPC measured in the back scattering
geometry.

at temperatures above their melting point.

We have measured the Brillouin spectra of both BMPC
and BMMPC in a broad temperature range. Addition-
ally, pressure dependent studies were performed in order
to separate the effects of pressure sensitive structural re-
laxation from that of pressure insensitive internal dynam-
ics on the damping (width) of longitudinal and transverse
phonons (Brillouin lines).

Brillouin spectra were measured using a 6-pass Tan-
dem Fabry-Perot interferometer (Sandercock) and either
Ar-ion laser (Spectra Physics, A = 514.5 nm) or Nd:YAG
laser (Coherent, A = 532 nm) as a source of the incident
light. The polarized (VV) spectra were measured in the
back-scattering geometry, while for the depolarized (VH)
spectra 90° scattering angle geometry was used. For pres-
sure dependent studies a high pressure cell operating in
the pressure range of 1 - 2000 bar was used; the high pres-
sure light scattering setup is described in detail elsewhere
[11]. All presented values of the position wp and the half
width at half height I'p of the Brillouin lines have been
recalculated for A = 514.5 nm and a scattering angle of
90°.

A typical set of polarized (VV) Brillouin spectra mea-
sured in the back scattering geometry for BMMPC at
ambient pressure at different temperatures (indicated) is
shown in Fig.2.

The central (attenuated) part of the spectra repre-
sents the instrumental (resolution) function of the Tan-
dem FPI. It can be clearly seen that the frequency of the
maximum is decreasing and the width of the Brillouin
line is increasing with increasing temperature.

Similar measurements were performed for BMPC and
OTP. Also the pressure dependence of the Brillouin spec-
tra was studied for selected temperatures. The depen-
dence of the half width at half height I'p of the longitu-
dinal Brillouin lines at selected pressures is plotted versus
the distance from T, : T'— T}, in Fig.3. As it is evident
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FIG. 3: Temperature dependence of the width of longitudinal
Brillouin lines at selected pressures (indicated) for BMPC and
BMMPC.

from Fig.3, the width of the Brillouin peak for BMPC is
always larger than that for BMMPC, even after correc-
tion for the difference between T,’s. Additionally, at the
glass transition temperatures, Ty, the value of I'p is still
substantial and amounts to about 0.2 GHz for BMPC
and 0.09 GHz for BMMPC, respectively.

It has been shown earlier [8, 10], that in BMPC two
internal relaxations are present: the phenyl flip and ro-
tation of the O-CHjs group, while in the chemically very
similar BMMPC the phenyl flip is no longer possible
and is replaced by low amplitude librational motions of
the rings. Thus, this behavior of I'g for BMPC can
be attributed to the presence of a strong internal relax-
ation - the phenyl flip in this molecule. In the case of
BMMPC a weaker librational dynamics leads to a much
smaller broadening of the Brillouin line. Obviously, the
structural relaxation (density fluctuations) in these su-
percooled liquids can also contribute to the damping of
the longitudinal phonons and broadening of the Brillouin
peaks [12]. In order to separate the contributions of the
structural relaxation and internal dynamics to the I'p,
the pressure dependence of the Brillouin spectra was also
measured.

As we can see in Fig.3, close to the glass transition T,
the increasing pressure is not changing the I'p value very
much. Additionally, the pressure dependence of I'p is
the strongest at the highest temperature and very weak
at the lowest temperature close to T;. This behavior
can be explained in the following way: The high pressure
value of the I'p(P) corresponds to the contribution of
the internal relaxations, since these processes should not
depend on pressure (in this pressure range) but only on
temperature. The contribution of the structural relax-
ation to the I'g(P) can be estimated from the difference
between the value of T'g(P) at a given pressure and the
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FIG. 4: The half width at half height I'g of longitudinal (VV)
and transverse (VH) Brillouin lines measured for OTP, BMPC
and BMMPC at ambient pressure.

high pressure value. This contribution is the highest at
the highest temperature and the lowest pressure studied
where the structural relaxation time is the shortest and
thus the corresponding phonon damping is most efficient.

Similar behavior can be observed for BMPC. The main
difference is that the value of I'g at high pressure and at
the lowest temperature close to T} is approximately a fac-
tor of two higher than that for BMMPC. This difference
may be attributed to the presence of an internal relax-
ation - the phenyl flip which in BMMPC is replaced by
a weaker librational process.

A combined lin-log plot of the width of Brillouin lines
corresponding to the longitudinal and transverse phonons
versus 1" — T, is shown in Fig.4, where also the corre-
sponding values for OTP are show.

The OTP values were re-measured by us and are in a
very good agreement with the literature data [2, 4, 5, 13,
14]. As one can see in this figure, the width of the lon-
gitudinal and transverse Brillouin lines for BMMPC and
OTP behave according to the predictions of the Zwanzig
model: The width of the longitudinal Brillouin lines at
T, is substantially different from zero while the width
of transverse Brillouin lines approaches zero at T,. This
can be explained by the presence of weak internal re-
laxation which, in the limit of weak coupling of internal
dynamics to translational motion, results in an additional
damping (broadening) of longitudinal phonons (Brillouin
lines), leaving the transverse phonons (and the frequency
dependent shear viscosity) unaffected.

The situation is completely different in the case of
BMPC. There, the width of both longitudinal and trans-
verse Brillouin lines at T, is substantially different from
zero, so obviously, the weak coupling limit and the



Zwanzig model do not hold. Additionally, the excess
width at T, is not related to the structural (a-) relax-
ation because, as it will be shown in detail elsewhere
[15] it does not depend on pressure. Thus, the only rea-
son for the unusual behaviour of BMPC, not observed
so far in any liquid, is the strong internal relaxation, i.e.
the phenyl flip which is present in this molecule, while
in BMMPC and OTP only much weaker internal relax-
ations, of the form of librational and stretching motions
of the rings, are present. Thus, we can see, that in the
case of molecules having strong internal relaxations, the
width of both longitudinal and transverse Brillouin lines
is additionally broadened, beyond the usual width due to
the structural relaxation, in contrast to the predictions
of the Zwanzig model.

We conclude, that in liquids composed of molecules
with internal degrees of freedom, the frequency depen-
dent shear viscosity and the width (damping) of trans-
verse Brillouin lines (phonons) can be affected by internal
modes. This is a theoretically not predicted new effect
which occurs together with the usual effect of internal
modes on the frequency dependent bulk viscosity and
damping of longitudinal phonons, explained theoretically
by Zwanzig.

Pressure dependent measurements of the polarized and
depolarized Brillouin spectra allow to separate the contri-
butions of structural relaxation and intramolecular pro-
cesses to the width (damping) of both longitudinal and
transverse Brillouin lines (phonons).

Theoretical model developed by Zwanzig for the lim-
iting case of weak coupling of internal relaxations to the
translational degrees of freedom does not describe this
new effect, as already shown by the author [1]. A more
general theory is needed, which would cover also the case
of strong coupling and other possible mechanisms in or-
der to explain the effect of internal dynamics on the fre-
quency dependent shear viscosity and broadening (damp-
ing) of transverse Brillouin lines (phonons).
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