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We have investigated the elastic and the optical properties of nematic and smectic side chain po-
lymer liquid crystals at hypersonic frequencies. In contrast to classical liquid crystals, the polymer
materials show a significant coupling between the static order parameter and the square of the elas-
tic strain €;. The inverse shear stiffness constants do not diverge. All elastic constants behave con-
tinuously at the nematic-isotropic transition (T,;). From certain optoacoustic properties and the re-
fractive index functions, it follows that order-parameter fluctuations play no role at T,,;, but that the
glass transition dominates the dynamic elastic properties at hypersonic frequencies.

I. INTRODUCTION

Although classical liquid crystals of low molecular
weight (CLC’s) show significant optical anisotro-
pies!(@ =1 only small elastic anisotropies are observed
within the monodomain state.? This holds true even at
hypersonic frequencies** where the shear stiffness con-
stants may become significant.”> This means that CLC’s
show only a very weak coupling between the static order
parameter'®®>!® and the classical elastic strain tensor
components €;;.

On the other hand, oligomer single crystals with layer
structure (e.g., paraffin single crystals) have moderate
elastic anisotropies while the molecular layers themselves
possess a large anisotropy (c;; —cy,)/c;; ~20.%7 In cer-
tain perfluoro-alkanes with hexagonal symmetry the an-
isotropy of the bulk material may even become strongly
negative.® The significant reduction of the stiffness con-
stant c¢;; for longitudinal wave propagation along the
molecular chain axis of these layer crystals is attributed
to the small interlayer stiffness.*’ Elastic anisotropies of
nematic and smectic polymer side chain liquid crystals
(PLC’s) are thus expected to be small or even negative.

In nematic CLC’s the anisotropy of the sound velocity
of quasilongitudinal polarized phonons is typically of the
order 10~2 with a maximum along the optical axis.> No
acoustic attenuation anomalies are observed at the
nematic-isotropic transition (T,;) at hypersonic frequen-
cies. Brillouin spectroscopic investigations of a PLC ex-
ist only for the smectic and nematic state of one poly-
domain sample.” Concerning the elastic anisotropy of
monodomain PLC’s only preliminary data exist!®®
which indicates an unexpectedly large elastic anisotropy
with a maximum along the optical axis. However, this
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sample contained oriented chromophore molecules. It
could therefore not be excluded that part of the anisotro-
py was due to the influence of angle-dependent local heat-
ing of the sample.'!

Neutron scattering experiments show that the po-
lymer main chains have a preference to be oriented or-
thogonal to the optical axis. The ratio of the mean di-
mensions of the chain molecules perpendicular and paral-
lel to the director was found to be about 1.1 in the nemat-
ic and about 4 in the smectic-4 phase. The conclusion
was that the chain backbone is predominantly confined to
the smectic layers.'>!* From these experiments the max-
imum of the sound velocity of longitudinal polarized pho-
nons is then expected in these directions rather than
along the optical axis.

In this paper we present Brillouin scattering results on
the speed and polarization of sound waves in mono-
domain samples of the nematic and of the smectic- 4 po-
lymers A and B, respectively, given in Table I. The po-
lydispersity of the polymer molecules of both samples
was M, /M, ~(210.1). For sample A the complete elas-
tic stiffness tensor c={c;;} could be determined at room
temperature in the frame of pure elasticity theory. Be-
cause of the reduced optical quality of sample B com-
pared with that of sample A, the stiffness coefficient c
of the former could not be measured yet. For sample A
the temperature dependence of ¢ could be determined up
to the isotropic phase. By comparing the refractive index
functions n;(T) (i=1,3) with the optoacoustic DR func-
tions [see Sec. III and Refs. 10(a) and 10(b)] the influence
of relaxation processes in the vicinity of the nematic-
isotropic phase transition will be discussed. It will be
shown that these relaxation processes are not connected
to the order-parameter fluctuations at T,; but can be at-
tributed to the dynamic glass transition.
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TABLE 1. Chemical formulas and transition temperatures (from DSC) of samples A and B.

sample A
CH2 (o)
| Il
H-C=C-0-—1(CH
\.._..,.___/_n
Tg=295 K, Tni=378 K
sample B
CH2 (e]

| I

H—C—C—O-(CH2)6~—O

\_____.|.____J“

T

g5, 00 K, TSAn =357 K

’

A

T
n

[

©i-oDoes

i=378 K

II. EXPERIMENTAL

Thin filmlike samples of thickness d ~ 30 um have been
prepared using glass slides as support for the films. To
prepare thin homogeneously aligned monodomain sam-
ples the surfaces of the glass slides were coated with a po-
lyimide (Merck, Liquicoat Pl) and rubbed along an arbi-
trary direction within the film plane which defines the
director. The transition temperatures obtained for both
samples from differential scanning calorimetry (DSC)
measurements (heating rate: 10 K/min) are given in
Tahla T\

For the interpretation of the elastic stiffness data we
used an orthogonal reference frame with the x; axis
parallel to the director and the x, axis orthogonal to the
film plane. The monodomain samples had fiber symme-
try. This was confirmed by measurements of the
birefringence and is consistent with the elastic behavior
(see Sec. III). The calculation of the stiffness coefficients
c;; (Voigt notation) was done using similar densities as
obtained for acrylate side chain polymers with an identi-
cal chemical structure of the side chain:"” p (300
K)=p(300 K)=1100 kg/m* for samples A and B, re-
spectively. Since the volume expansion coefficient of
sample A is not yet known, we neglected the temperature
dependence of p, in our calculations of the elastic
stiffness coefficients. This is justified because the
influence of the volume expansion coefficients on the elas-
tic constants is expected to be small compared to the ob-
served elastic anomalies [a,=~a, =~5X107* K~! (Refs.
15 and 16)].

The Brillouin measurements were made with a high-

performance Brillouin spectrometer using an argon-ion-
laser at the vacuum wavelength A;=514.5 nm. The
characteristics of this spectrometer were discussed else-
where.!” Figure 1 shows schematically the spectrometer
setup which was used to obtain different realizations of
the 904- and 90R-scattering geometries'®®"1%1% de-
scribed below. Using the shutters SH indicated in Fig. 1
we could discriminate between these two types of scatter-
ing geometries. Furthermore, the sample SA could be ro-
tated in a defined way around x, (Fig. 1). The optical po-
larization conditions could be chosen using a Faraday ro-

Mi Mi

FIG. 1. Brillouin setup for a simultaneous measurement of
different phonon modes. LA, argon ion laser; BM, beam
splitter; FR, Faraday rotator; SH, shutters; SA, sample; MI,
mirrors; PO, polarizer; BS, Brillouin spectrometer; x,, unit wave
vector along the x, axis of the sample coordinate system. The
90 4 and 90R methods are explained in the text and in Fig. 2.
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tator FR and a polarizer PO (Fig. 1). All these functions
were computer controlled.

The principles of the 90A4- and 90R-scattering
geometries are shown in Figs. 2(a) and 2(b), respectively.
The 904 method requires some comments. (i) A sound
velocity polar plot (see, e.g., Figs. 4 and 5, curves I and
II) can easily be obtained for sound wave propagation in
the (x,,x;) plane of the sample by simply rotating it
around x, [Fig. 2(a)]. (i) Using proper optical polariza-
tion conditions, the involved acoustic wavelength
AR4=),/ V2 does not depend on the optical properties
of the sample. The 90R-scattering geometry is the only
simple method for determining the elastic stiffness
coefficient c¢ of a thin film (¢4 is not obtainable from
90 A measurements).'%?»20 Presuming fiber symmetry of
the LC films the 90 4- and the 90R-scattering geometry
can be used to determine the optoacoustic DR functions
described in Sec. III. These functions provide a sensitive
measure for the presence of hypersonic dispersion or
deliver, in the absence of dispersion, directly the main re-
fractive indices n; (i=1,3). For sample A such measure-
ments were performed as a function of temperature up to
the isotropic state. For sample B such measurements are
postponed until samples of better optical quality are
available.

To avoid heating or burning of the sample, the effective
laser power within the scattering volume was kept below
20 mW. The smallness of the scattering volume, together
with this small illumination power, led to a rather low
scattering intensity. Because of the resulting limited
quality of the Brillouin spectra we abstain from a discus-
sion of the hypersonic attenuation behavior. Excessive
hypersonic attenuation can, however, be excluded, even
in the vicinity of the nematic-isotropic transition temper-
ature T,;. Figure 3 shows a Brillouin spectrum for the
phonon wave vector q oriented within the (x,,x;) plane
with an angle ® =45° between q and the x; axis. The full
line in the spectrum is only a guide line. The intensity of
the Rayleigh line R was reduced by a factor of 10° by
means of a Pockels-cell as light modulator.'® The tem-
perature dependent main refractive indices n,=n, and
ny of sample A were determined with a prism method.

(a) (b)

90A

FIG. 2. Characteristics of the 904- and 90R-scattering
geometry. Outer scattering angle=90% k;, wave vector of the
incident laser beam; k,, wave vector of the scattered light; q,
phonon wave vector; x,, unit wave vector along the x, axis of
the sample coordinate system.
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FIG. 3. Brillouin spectrum of sample A. Phonon wave vec-
tor q oriented in the (x,,x;) plane ®=<(q,x;)=45". QL (QT),
Brillouin lines of quasilongitudinal (quasitransverse) phonons;
R, Rayleigh line.

III. RESULTS AND DISCUSSION

The 90 A-scattering geometry was used to determine
sound velocity polar plots for the A and the B sample at
room temperature by rotating the phonon wave vector q
within the (x,,x;) plane. Within the limits of error the
influence of birefringence on the sound velocity results
can be neglected.!®® Figures 4 and 5 show the measured
data points for the quasilongitudinal (curve I) and quasi-
transverse (curve II) sound waves. Curve III in Fig. 4
represents the velocity of the pure shear mode. It was
constructed from data points on the x,; and the x; axes.
The data point on the x; axis was obtained from 90 4
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ﬂ
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4
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FIG. 4. Sound velocity polar plot of sample A for q oriented
in the (x,x;) plane, measured at room temperature. Curve I,
sound velocities of QL sound waves; curve II, sound velocities
of quasitransverse sound waves; curve III, sound velocity of the
pure shear mode. ® = <(q,x3).
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FIG. 5. Sound velocity polar plot of sample B of q oriented
in the (x,,x;) plane, measured at room temperature. Curve I,
sound velocities of QL sound waves; curve II, sound velocities
of quasitransverse sound waves. ®=<(q,x;).

measurements using the fact that for sound propagation
along the x, axis the quasitransverse and the transverse
mode degenerate yielding v =1/ ¢4, /p. The point on the
x,; axis results from 90R measurements along the
equivalent x, axis with the incident laser light polarized
along the x, axis (orthogonal to the scattering plane) and
the scattered light polarized within the scattering plane
(VH polarization) yielding v =1/ c¢/p. Because of the
small scattering cross section and the bad optical proper-
ties of the smectic sample B, 90R measurements were not
yet successful. The stiffness coefficient c¢ for this ma-
terial and the related curve III in Fig. 5 are therefore
missing.

The basic relation for the determination of the elastic
stiffness coefficients from the measured data is the
Christoffel equation. Assuming fiber symmetry for the
monodomain samples, this leads to the following cubic ei-
genvalue equation:

det[IcI"—Ec,]=0, (1

with
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I, 0 0 0 Iy I
I= 0 IZ O 13 0 11 Py (2)
0 0 I, I, I, 0

Ci1 €12 Cy13 0 0 0
cp €3 ¢3 0 0 O
Ci3 €13 Cj33 0 0 0
c:—.cT: (3)
0 0 0 cu O O
0 0 0 0 co4 O

0 0 0 0 0 cg

ca=pw2/q2=pu2 ,
and
q=I,, ), ;) =1 %+ I, +13%; . @

x; (i=1,2,3) are the unit vectors in the coordinate direc-
tions of the sample coordinate system, q=g¢q is the
acoustic wave vector, I; (i=1,2,3) are the direction
cosines of q,c; (i,j=1,2,... ,6) are the elastic stiffness
coefficients (Voigt notation), f =w/2m is the sound fre-
quency, v is the sound velocity, p is the mass density, %
are eigenvalues which have been measured by Brillouin
spectroscopy for different directions q of phonon propa-
gation, and E is the unit matrix. An appropriate data
analysis procedure using Egs. (1)-(4) and Marquardt’s
nonlinear least-squares fit combined with the formula of
Cardano'®® yields for sample A the complete elastic
stiffness tensor, whereas for sample B the shear coefficient
e is missing. The results including the compliance ten-
sor {s;;} of sample A are given in Table II.

With the exception of the shear coefficient ¢4y, the
nematic and the smectic, samples A and B, respectively,
exhibit an almost identical elastic behavior. Both show a
strong elastic anisotropy, comparable to that found in
mechanically oriented amorphous polymers.2!  The
coefficients ¢33 are at room temperature more than twice
as large as c,,, indicating a pronounced increase of the
longitudinal elastic stiffness along the preferential orien-
tation of the mesogenic side chains. The influence of the
preferential orientation of the backbone molecules (or-
thogonal to the director) on the elastic properties are
overcompensated by the ordering of the mesogenic side
chains. Our earlier results on a PLC containing chromo-
phore molecules'®® are therefore at least qualitatively
confirmed.

The difference in the elastic characteristics of mono-
domain CLC’s on the one hand, and of monodomain

TABLE II. Elastic stiffness coefficients c;; (GPa) of samples A and B and the compliance coefficients s;; (GPa~ 1) of sample A at

room temperature. The given deviations Ac;; hold for both samples.

€33 iy Ca4 Ceo6 €3 533 Si Sa4 S66 513
Sample A 12.86 5.90 1.15 0.95 4.76 0.12 0.34 0.87 1.05 —0.06
Sample B 12.50 5.49 0.64 4.00
tAc;; 0.02 0.03 0.02 0.05 0.03
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PLC’s on the other hand, can be understood as follows.
Monodomain CLC’s deform under stress primarily by
translation of the nearly rigid molecules relative to each
other. This shift strains mainly van der Waals bonds.
Apparently these displacements take place with similar
ease parallel and perpendicular (depending on the applied
stress) to the axis of the director (x; axis). Such systems
therefore behave almost elastically isotropic.

In PLC’s, on the other hand, the translations of the
mesogenic side groups relative to each other are hindered
by the coherency of these groups via the polymer back-
bone. This restraining influence is more pronounced for
deformations parallel to the preferred side chain orienta-
tion than for deformations perpendicular to it. This is
understandable, since the former require either (i) a
straining of the relatively rigid side chains, (ii) a strong
local deformation of the polymer backbone, or (iii) an
orientational change of the mesogenic groups involving
straining of covalent and polar bonds. The latter, on the
other hand, require only smooth deformations of the
backbone in addition to changes in the van der Waals in-
teractions. This difference explains qualitatively the ob-
served elastic anisotropy.

Only a small difference is observed between the shear
stiffnesses c44 and c¢ for the nematic sample A. ¢4 and
c¢e are comparable to those found in (oriented) amor-
phous polymers'*?>23 and oligomers.'®’ The remark-
able size of these values is a consequence of the
frequency-dependent imaginary part of the complex shear
viscosity, which leads to a real elastic shear constant at
high frequencies (o7 >>1, where 7 is the relaxation time
of the corresponding shear viscosity). It is obvious that
neither [c4, 17! nor [cg ]! diverge in the nematic state.

For the nematic sample A sound velocity polar plots
have been determined with increasing temperature up to
the isotropic state. Using the procedure described above
we could calculate the stiffness coefficients c¢,;, ¢33, ¢4,
c¢s» and c; as functions of temperature (®, Fig. 6). On
slow cooling through T,; the same monodomain state
could be reproduced (O, Fig. 6).
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FIG. 6. Elastic stiffness coefficients c;; of the nematic sample
A as functions of temperature T. T,;, transition temperature at

the nematic-isotropic transition (@, with increasing tempera-
ture; O, with decreasing temperature).
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The strongest influence of the order parameter is
reflected by the temperature behavior of the coefficient
c33. The other coefficients are only slightly affected. As
expected, the behavior of ¢, in the nematic phase is com-
parable to the behavior of ¢} (in the isotropic phase) if
the latter is extrapolated to the nematic phase.

Although the nematic-isotropic transition is weakly of
first order (Svetkov-order parameter S =~0.25), the elastic
stiffness coefficients and the refractive indices n; (Fig. 8)
behave continuously at T,; (within the error limits). This
may be partly due to a rather broad distribution of the
molecular weights of the polymer chains which leads to a
smearing out of the transition. From the elastic proper-
ties it follows, therefore, that the transition may be de-
scribed approximately as a second-order transition (Fig.
6) with a coupling between the static order parameter and
the elastic strain component €;;. Qualitatively the tem-
perature dependence of c;; for T < T,; suggests a quadra-
tic coupling between the order parameter and the elastic
strain €;; described by a free-energy density term
F.=058S¢€3,, where § is a constant.?* Unfortunately the be-
havior of the elastic stiffness constants with temperature
results from a superposition of the nematic-isotropic
transition and the glass transition, whose relative contri-
butions to the elastic anomalies cannot yet be deter-
mined. The quasistatic glass transition of sample A
occurs at T, =295 K (Table I). The dynamic glass transi-
tion is therefore expected to develop above room temper-
ature and to interfere with the LC transition.

A clear indication for the influence of the dynamic
glass transition on the elastic properties is the tempera-
ture dependence of special optoacoustic functions, which
we call D functions.!%®»1%®) Eor the following discussion
we define only those, from which, in the absence of hy-
personic dispersion, the refractive indices n; (i=1,3) of
our samples can be deduced. Assuming ¢’ <<c’ one has

DR(Q)={[c"°R(q,p) /c"°4(q,p))(n?—0.5)+0.5}'/% .
(5)

¢’ and ¢" are the real and imaginary parts of the complex
elastic stiffness modulus ¢*=c¢’'—jc"". p gives the polar-
ization of the sound mode involved.

Keeping in mind that x; and x, define symmetry
equivalent directions, the D% functions can be evalu-
ated from easily measurable sound frequencies using the
following scattering conditions. (i) 90 A-scattering
geometry: q parallel to x; and the electric field vectors
E;. and E, of the incident and scattered laser light
parallel to x;. The wavelength A% of the longitudinal
sound mode along x; is then independent of the optical
properties,

A=),/ V2 . (6)

(ii) 90R-scattering geometry: q parallel to x, and E;,. and
E,. both parallel to x; (i=1,3). The wavelength A™R of
the longitudinal sound mode involved in the 90R-
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FIG. 7. Sound frequencies of the longitudinal polarized
acoustic modes of sample A as a function of temperature for
propagation along x,, using the 90R-scattering geometry. The
electric field vectors are chosen to be E,||E,||x, and ||x;, respec-
tively.
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FIG. 9. AD and An as a function of temperature T of the
nematic sample A. 0, An; O, AD.
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scattering experiment depends on n;,
APR=) /[(4n}—-2)]"2, (i=1,3). )

From Egs. (5)-(7) we get the desired relation between
D/®R and the measured frequencies,

DPR(xy)=({[fPR(x) /f 4P +1}/2)'2, i=1,3.
(8)

X, represents the set of symmetry equivalent directions of
type x,. As mentioned in Sec. II, we can measure the hy-
personic frequencies f/°R(q|lx,) and f*°4(q||x;) simul-
taneously from the same scattering volume (cf. Fig. 1). If
hypersonic dispersion is negligible this experimental pro-
cedure yields the refractive indices n, =n, and n, besides
the elastic stiffness modulus ¢;; =c,,. Making use of the
optical analysator PO (Fig. 1) to realize the scattering
conditions for the detection of transverse phonons the
stiffness coefficients ¢4 and cqq can be obtained, at least
in principle.

The quantity (D°% —n;) is a sensitive indicator for hy-
personic dispersion. For normal dispersion, (D% —n,)
>0 holds. This probe for acoustic dispersion effects is of
special interest if the phonon line widths are difficult to
obtain, as in the case of the present measurements on thin
liquid crystal film. Even if n; is not precisely known, the
temperature dependence of the D functions can be used
as an indicator for the presence of sound dispersion in the
hypersonic region.

Figure 7 shows the temperature dependences of the
sound frequencies f/° (i=1,3). At any temperature the
difference between these frequencies is mainly due to the
difference of the refractive indices n, and n;.

Equation (8) has been used to determine D% (i=1,3)
for sample A. Figure 8 shows D°R(T) and D°R(T) in
comparison with »,(T) and n;(T). Above room temper-
ature the deviation of the D*R functions from the corre-
sponding n functions increases with temperature, indicat-
ing the onset of an acoustic relaxation process at hyper-
sonic frequencies. Since the increase becomes even
stronger in the isotropic state, this relaxation process can
be attributed to a glass relaxation process.'*®"10®:22
contrast to our earlier results on a different (polydomain)
PLC (Ref. 9) there is no hint of order-parameter fluctua-
tions at hypersonic frequencies in the vicinity of the
nematic-isotropic transition. In addition to the n; and
DR values we present the orientation-averaged data
(nY=2n,+n;)/3 (M, Fig. 8) and (D*R)=(2DR
+D%®)/3 (e, Fig. 8) for the nematic phase of sample
A. Both quantities show no anomalies at T,;.

Finally the n functions have been used to calculate the
birefringence An =n; —n, as a measure for the static or-
der parameter (Fig. 9). As expected, only small devia-
tions appear between An (O, Fig. 9) and AD =DR
—D?OR (0, Fig. 9), indicating that in contrast to the
DR functions themselves, the AD(T) function (deter-
mined only from Brillouin data) is also a good measure
for the static order parameter.
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