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ABSTRACT: Static and dynamic light-scattering experiments on a nematic side-group polymer are
described. Using two different scattering geometries, the depolarized scattering due to thermally excited
fluctuations of the nematic director was analyzed. The relaxation rates and strengths show the g
dependence known from low molar mass nematics. Values for the bend and splay elastic constants and
the associated effective viscosities have been obtained for a wide temperature range. The elastic constants
are of the same order of magnitude as those of low molar mass nematics, whereas the presence of the
polymer backbone results in drastically increased effective viscosities. In the isotropic phase near-critical
order parameter fluctuations are observed; scattering intensities and relaxation rates are found to be in

accordance with the Landau—de Gennes description.

Introduction

Dynamic light-scattering analysis of thermally excited
director fluctuations is a powerful tool to investigate the
viscoelastic properties of nematic liquid crystals. Several
studies on low molar mass compounds (see, e.g., refs 1
and 2) and nematic polymers of various architectures
dissolved in nematic solvents®—> have been reported. We
now performed static and dynamic light-scattering
experiments on a nematic side-group polysiloxane.

The distortions of the director field result in two
scattering components, being a combination of bend—
splay and bend—twist distortions, respectively. The
differential cross section per unit volume, i.e., the
Rayleigh ratio, is given by®
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where K,,, v =1, 2, and 3, denote the Frank elastic
constants of the splay, twist, and bend modes, Ae¢ the
anisotropy of the dielectric constant, 1 the wavelength
of the light in vacuo and g, qn the components of the
scattering vector q parallel and perpendicular to the
director. p,(q) is a geometric factor, depending on the
scattering geometry: Most conveniently, it is formulated
in the frame of a Cartesian coordinate system {e1,ez,eq},
with the unit vector eg denoting the optical axis, and e,
= (eo x Q)/lep x ql, €1 = (e2 x ep)/|ez x eg|. The factor
p.(q) then reads

pv = (iva + iOfv)2 (2)

with i, and f,, v=1, 2, and 0, denoting the components
of the polarization of the incident and scattered light.

Photon correlation analysis yields the relaxation rates
7,71 of the two deformation modes
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where the o; values denote the Leslie viscosity coef-
ficients, y, denotes the rotational viscosity and #a, b,
and 7. denote the Miesowicz viscosities. In our experi-
ment, the sample was centered as a homogeneously
orientated film in the light-scattering setup. We ana-
lyzed the depolarized scattering using two different
scattering geometries.

1. Alignment of the director in the scattering plane
and approximately parallel to the scattering vector
(Figure 1a): In this case (q; > go and pi(q) = 0), mode
1in eq 1 vanishes, and mode 2 reduces to pure bend
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The bend mode relaxation rate zpeng™?* is determined by

the ratio of the elastic constant Ksz3 and the effective
bend viscosity #pend:
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2. Alignment of the director perpendicular to the
scattering plane (Figure 1b): In this case (g, = 0) the
bend contributions in egs 1—5 vanish and a superposi-
tion of splay and twist mode fluctuations is detected,
weighed by the angular dependent factors p, = f,2. In
the investigated q range, the splay contribution is
predominant. The differential cross section then ap-
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Figure 1. Sketch of the scattering geometries for bend mode
detection (a) and splay mode detection (b): n director; qi, qr
wavevectors of incident and scattered rays; i, f polarizations
of incident and scattered rays; q scattering vector with
components q, qo parallel and perpendicular to the director.
In the bend mode geometry, due to the optical anisotropy the
scattered ray’s wavevector and electric field are not perpen-
dicular (6 = n/2).

proximately reduces to
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The splay mode relaxation rate tspiay * is determined
by the ratio of the elastic constant K;; and the effective
splay viscosity 7spiay
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The second terms in egs 8 and 11 originate from a
backflow effect, a reduction of the effective value of the
rotational viscosity, because the reorientation of the
director is supported by the convective flow associated
with the deformation modes.

Experimental Section
The polymer under investigation has the structural unit

CH3—S|i—(CH2)4—O~©—COO—©—OCH3
0
I_’__AN

It has a broad molecular weight distribution with an average
degree of polymerization P,, ~ 100. The glass transition and
nematic—isotropic transition temperatures are Ty~ 15 °C and
Tn ~ 99 °C, respectively. The samples were prepared as
homogeneously oriented films between two polyimide-coated
and subsequently rubbed glass slides separated by Kapton
spacers (thickness 25 um). Uniform director orientation was
supported by annealing the sample in a magnetic field of about
1.2 T at 75 °C for about 20 h. Figure 2 shows a sketch of the
light-scattering setup. The sample cell was centered in a
refractive index matching bath (silicone oil WACKER AK50).
Temperature was controlled with accuracy better than 0.1 K.
A commercial goniometer (ALV—Langen) with an argon-ion
laser operating at a wavelength of 488 nm was used. For
selection of the VVH scattering component, the experiment was
equipped with appropriately adjusted polarizers in front of the
scattering cell and in front of the detector. The photon
correlation analysis was performed using an ALV-5000/E
Multiple Tau Digital Correlator.

In photon correlation spectroscopy, the normalized intensity
autocorrelation function
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Figure 2. Schematic representation of the light-scattering
setup.

G,(t) = MO)n(H)Im(0)F — 1 (12)

is computed from the detected photon counts n(t) at time
increments t, the brackets denoting a time average. In our
experiments, a coherently scattered static contribution due to
sample heterogeneities was added to the fluctuating scattering
intensity. Because of the interference of the two scattering
components, the experimental intensity correlation function
is related to the electric field correlation function gi(t) by a
generalized Siegert relation’

Gy(t) = f (¢’g,(1)* + 2a(1 — g, (1)) (13)

where the factor a denotes the ratio O:d:Jof the mean
fluctuating intensity contribution and the mean total intensity.
The field coherence factor f < 1 accounts for the averaging
effect due to the finite scattering volume and detector aperture.
The static structure factor of the nematic fluctuations is
derived from the fluctuating contribution 0= ad:0to the
detected total scattering intensity. The experimental correla-
tion functions were fitted according to eq 13, using for the field
correlation function the empirical Williams—Watts function
01(t) = exp(—(t/rww)’). Values of the exponent f < 1 are
indicating a finite width of the relaxation time distribution.
The mean relaxation time and the width of the relaxation time
distribution was computed using the relations® F0= 7ywI['(1/
BB and At/@C= (BT(2/B)IT?(1/B) — 1)¥2, T denoting the gamma
function.

At a given scattering angle 6, pure bend mode detection was
approximately achieved by rotating the sample cell by an angle
6/2 in the same direction as the goniometer. The small
mismatch in q||n alignment due to the different indices of
refraction for the vertically polarized incoming beam and the
horizontally polarized scattered beam leads to a small twist
mode contribution. (qr/q;)? is largest for small scattering
vectors and drops drastically with increasing scattering angle
6. In our experiments, it never exceeded 0.049. At perpendicu-
lar orientation of the director with respect to the scattering
plane, a combination of splay and twist fluctuations is detected,
depending on the ratio of the polarization factors p1,. The splay
contribution is predominant at intermediate q values. Pure
splay detection was approximately achieved by restriction on
a q range satisfying p2/p: < 0.1.

In both scattering geometries described in the Introduction,
sample rotation by an angle 6/2 proved to be favorable for
absolute intensity measurements: Due to the high symmetry
of the paths of incoming and scattered rays, 6-dependent
readjustments of the sample position were not necessary.
Besides, the 6#-independent cross section of the scattering
volume as seen by the detector guarantees a constant value
of the field coherence factor f, thus simplifying data evaluation
according to eq 13.

For intensity calibration, count rates of the critical scatter-
ing of a low molecular weight LC in the isotropic phase were
recorded for samples prepared as a thin film and in a
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Figure 3. Experimental correlation functions G(t), obtained
in the bend mode geometry at 82.9 °C. The solid lines are fitted
curves.
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Figure 4. g dependence of the width of the relaxation rate
distribution Az/[z[] obtained for the bend mode.

conventional light-scattering cuvette and compared with the
scattering intensity of toluene, whose Rayleigh ratio is known
from the literature.® The obtained intensities were corrected
for the angular dependent transmittances of the oil/glass and
glass/sample interfaces for the incoming and scattered beam,
respectively. Also taken into account was the scattered beam’s
solid angle distortion on traversing the glass interfaces.’® In
determination of these quantities as well as of the polarization
factors p, the sample’s optical anisotropy was fully taken into
account.

Results

In Figure 3, we present typical correlation functions
obtained in the bend mode geometry at several scatter-
ing vectors. In contrast to low molecular weight LCs,
no pure exponential relaxation is observed. The width
At/Z0f the relaxation time distribution as derived from
the Williams—Watts exponent 3 shows the q dependence
depicted in Figure 4. The observed variation may
indicate that, on increasing the length scale, the fluc-
tuations average more and more efficiently over micro-
scopic heterogeneities. At increasing temperature, the
disturbing influence of the heterogeneities diminishes.
The finite width of the relaxation rate distribution in
the limit g = 0 may be attributed to imperfect overall
parallel alignment of the director.
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Figure 5. ¢g? dependence of the inverse Rayleigh ratio (pi,

polarization factor; ¢(T) = (7Ae/A?)?kgT)). Results obtained in
bend mode geometry.

The inverse Rayleigh ratio, corrected for the geometric
factor p,, shows a linear g2 dependence, the slope being
related to the selected mode’s elastic constant. Examples
obtained in bend mode geometry are shown in Figure
5. For large scattering vectors, small deviations from
the linear g? dependence to higher values can be
observed, which suggests some stiffening effect on
approaching small length scales. Evaluation of the
scattering intensities yielded the temperature depen-
dence of the bend and splay elastic constants depicted
in Figure 6a. The obtained values are of the same order
of magnitude as those of typical low molar mass nem-
atics, in accordance with results from Freedericksz
experiments on other nematic side chain polymers.1!
Remarkably, the two elastic constants almost coincide
for all temperatures.

The obtained mean relaxation rates show the linear
g2 dependence as predicted by egs 7 and 10. Results
obtained in the bend mode geometry are depicted in
Figure 7. Again, at large scattering vectors small
deviations show up, consistent with the stiffening of the
elastic restoring forces on small length scales as sug-
gested by the g? dependence of the inverse Rayleigh
ratio.

The slope in the plot of the relaxation rate vs g2 yields
the ratio of the selected mode’s elastic constant and
effective viscosity. The values obtained for the two
selected modes are shown in Figure 6b. Obviously the
temperature dependence is governed by the viscosity.
Near the transition to the isotropic phase the relaxation
rates of the bend and splay modes pass over maxima,
which are located in the two phase region. Division of
the slope of 771(g?) by the respective elastic constant
yields the effective viscosity associated with the selected
mode. The values thus obtained for 7pend and nspiay are
depicted in Figure 6¢. They show a substantial decrease
within the investigated temperature range. Further-
more, they are several orders of magnitude higher than
typical values obtained for low molar mass nematics.

In the two-phase region above 95 °C a superposition
of director fluctuations in the nematic phase and critical
order parameter fluctuations in the isotropic phase is
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Figure 6. Temperature dependencies of the splay and bend
elastic constants (a), the elastic constant-viscosity ratio (b),
and the associated effective viscosities (c). Rotational viscosity

y1 and contribution of the nematic matrix y7" (in part c).

detected. Figure 8 presents correlograms measured in
this region, and they show a two-step decay. The
scattering intensities and decay rates of the order
parameter fluctuations did not show a significant q
dependence, suggesting short correlation lengths of the
fluctuations comparable to those in low molecular
weight compounds (typically ~10 nm). As shown in
Figure 9, approaching the nematic—isotropic transition
region a critical slowing down is observed. It is associ-
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Figure 7. g? dependence of the mean decay rates, obtained
in bend mode geometry at different temperatures.
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Figure 8. Correlation functions G,(t) obtained in the two-
phase region (T = 100.0 °C) showing a superposition of nematic
director fluctuations and critical order parameter fluctuations.
The solid lines are fitted according to eq 13, using for the field
correlation function a weighed sum of two Williams—Watts
functions.

ated with an increase of the scattering intensity. Figure
10 depicts the temperature dependence of the inverse
scattering intensity. The values in the two phase region
(first two data points) were obtained at large scattering
vectors, where the correlation functions showed no
significant contribution due to director fluctuations.

Discussion

There are two reasons for the drastic increase of the
viscosities in the nematic phase compared to those of
low molar mass nematogens. First, the presence of the
polymer yields an upward shift of the glass transition
temperature. Second, if the chain conformation is aniso-
tropic, reorientation of the director requires rearrange-
ment of the backbone chains together with translational
motion of the mesogens. The influence of both effects
on the rotational viscosity y; has been demonstrated and
analyzed in previous studies, where we combined di-
electric relaxation spectroscopy, giving the rotational
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Figure 9. Temperature dependence of the relaxation rate of

the order parameter fluctuations in the isotropic phase.

12 T T T T T T T

10

(=]
T

10°T/R,,/ (K m)

I
T

n 1 1 L L 1
26 98 100 102 104 106 108 110

0 1 N 1

T/°C
Figure 10. Temperature dependence of the ratio T/Ryn.

diffusion coefficient Dy, and director reorientation ex-
periments determining y1.1212 Experiments were carried
out for the same LC-polymer as studied in the present
paper and yielded the temperature dependencies of the
rotational diffusion constant D, and of the ratio yi/Ay,
which includes the anisotropy of the diamagnetic sus-
ceptibility Ay. If we now choose, for an estimate, Ay
values obtained in our group for a low molecular weight
compound with similar chemical structure (“CgC3” in ref
14), we may roughly calculate the rotational viscosity
y1. The temperature dependence thus obtained is shown
in Figure 6¢ as a continuous line. It is located above
Nsplay aNd 1pend, Which may be understood, regarding eqgs
8 and 11, as being due to the backflow effect.
According to a theoretical treatment of Brochard,®
in a nematic system containing polymers the rotational
viscosity is the sum of a contribution y7' of the nematic
matrix and a contribution Ay; due to the presence of
the chains. An explicit expression for y]' may be taken
from a work of Raviol et al.,'6 carried out on low molar
mass nematogens. It relates the rotational viscosity to
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the rotational diffusion constant by

pkgT
V =
' D(S)

9(S) (14)

Experimental results for various low molecular weight
compounds were well described by using for the function
g(S) the expression derived by Marrucci’

g(S) = 35%/(2+S) (15)

and taking into account the tube dilation effect, as
discussed by Doi for solutions of rigid rods,® writing

Di(S) = D/(0)/(1-S? (16)

where D(0) denotes the rotational diffusion constant in
an isotropic environment. If we apply eq 14 to deduce
from the previously measured values of D, the tem-
perature dependence of y]", we obtain the dashed line
also included in Figure 5c. It is located below #spiay and
Mobend-

For a further discussion of the results, again one can
refer to the theory of Brochard,'® describing the changes
of viscous properties induced by the presence of the
chains. The anisotropic interaction between backbone
chain and nematic matrix in general results in an
anisotropic chain conformation, which may be prolate
or oblate, depending on the mesogenic species, spacer
length, and degree of polymerization. This has been
shown in a series of small-angle neutron'®~22 and X-ray
scattering?® experiments. Brochard derived expressions
for the additional contributions to the rotational and
Miesowicz viscosities due to the translational motion of
the polymer. The theory, originally derived for dilute
solutions of polymer chains in a nematic solvent, has
been successfully used for the description of viscosity
coefficients of dilute solutions of LC-polymers in nematic
solvents*?* and also of nematic polymer melts.1® The
expressions derived for the viscosity increments read

P L an
° DR, 2+ DR2
Ay = ckgT R/ as)
¢ DR, + DR
_ckgT (Ry”—R/%?
Y1 = 2 2 (19)
DR+ DRy
ckeT R *-R/*
Ay, = (20)

N DR+ DR/

where ¢ is the monomer concentration, N is the degree
of polymerization, R, and Ry are the radii of gyration
parallel and perpendicular to the director (with R;? +
2R? = R?), and D, and Dy are the monomer diffusion
constants for movement parallel and perpendicular to
the director, respectively. The Leslie coefficients o, and
o included in the expressions for the effective viscosities
measured in our experiment can be expressed in terms
of the rotational viscosities y; and y, using the relations
o = 1/2(‘)/2 — vy1) and az = 1/2()/2 + y1). The effective
viscosities then read (the superscript m denotes the
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mesogenic contributions, and b = (DgR;? + DRA) ™
CkBT/N)

(@3 +b(RSR? — RH)?
4

Mbend — YT + b(RD2 - R||2)2 - m
7, + bRH
(21)

and

(of + bRy - RSR )

=y + bR - R —
" - ! nL"+bRD4

Nsplay
(22)

It is interesting to study the limiting cases of spherical,
extremely prolate and extremely oblate coil conforma-
tions, respectively. For spherical coils (R, = Rp), the
chain contributions to y;1 and y, vanish, and the effective
viscosities reduce to

Mpena = V1 — (@3)I(1T + b R*9) (23)

2 4
Nsplay — Vlm - ((Xg]) /(77bm +bR /9) (24)
Thus, we obtain 7peng < 7' and 7spiay < y1, Which is in
contradiction to our results. Hence, we have a clear
indication for the anisotropy of the chains. In the case
of a rodlike chain (R; > Rp), one finds

Mhena ~ 71 00 + 205" = 1y (25)
nsplay ~ VT + bR\4\ =" (26)
In the case of a disklike chain (R, < Rp), one finds

Mvend ~ VT + bRD4 =71 (27)

Nsplay = V1 + 115 — 205 = 17" (28)

Thus, in both cases of extreme chain anisotropy, one of
the two effective viscosities retains a low value, deter-
mined by viscosity coefficients of the nematic matrix,
while the other one behaves asymptotically like the
rotational viscosity y1. The experimental result peng <
Nsplay < Y1 indicates a prolate chain conformation.
Though, the enhanced values of the bend viscosity
coefficient with respect to the coefficient y1" (with 7pend/
yI' > 4 at low temperatures) cannot quantitatively
explained in the framework of the Brochard approach.

The order parameter fluctuations in the isotropic
phase can be discussed using the phenomenological
Landau—de Gennes description.® It gives for the scat-
tering intensity a temperature dependence

kgT

Tar-m (29)

Rum

For low molecular weight nematics, the critical tem-

perature T; is typically located about 1 K below the

transition temperature Ty;. Indeed, near the transition

we find a linear temperature dependence of T/Ryn.
For the relaxation rate I" the theory predicts

C=a(T - THw (30)

where v denotes the viscosity for relaxation of the
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Figure 11. Arrhenius plot of Tt/Ryn, giving the temperature
dependence of the viscosity v associated with the orientational
relaxation in the isotropic phase.

orientational order. Combining egs 29 and 30, the
temperature dependence of the viscosity v can be
extracted: v ~ Tt/Ryn. The result depicted in Figure
11 indicates an Arrhenius-type behavior v ~ exp(—E/
(kgT)). The obtained value E/kg ~ 1.8 x 10* K is quite
high compared to typical results for low molecular
weight nematics (e.g., E/kg = 3.68 x 10° K for MBBA?).
One should keep in mind, however, that, strictly speak-
ing, the viscosity obeys a Vogel—Fulcher law, and a high
value for the apparent activation energy E may just be
due to the higher glass transition temperature of the
polymer (T4 = 15 °C).

Conclusions

From the foregoing discussion we see that in many
respects the investigated polymer’s viscoelastic proper-
ties probed by static and dynamic light scattering are
quite similar to those of low molecular weight nematics,
i.e., the q dependencies of relaxation rates and strengths
and the numerical values for the selected modes’ elastic
constants. Slight deviations at large scattering vectors
may indicate enhanced elastic restoring forces on small
length scales. Strongly affected by the presence of the
polymer backbone are the effective viscosities, which are
several orders of magnitude higher than typical values
for low molecular weight materials. The scattering due
to near-critical pretransitional order parameter fluctua-
tions in the isotropic phase shows a behavior similar to
that observed for low molecular weight compounds. The
results are in accordance with the phenomenological
Landau—de Gennes description.
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