
VOLUME 53, NUMBER 10 PHYSICAL REVIEW LETTERS 3 SEPTEMBER 1984

Elastic Coefficients and Twist Viscosity in Side-Chain Mesomorphic Polymers
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The splay and bend elastic constants and the twist viscosity coefficient pl have been mea-
sured for a series of side-chain nematic polymers. While the static properties are close to
those of conventional liquid crystals, the hydrodynamic behavior resembles that of ordinary
flexible polymers in the melt state. Furthermore, the results indicate an anisotropic confor-
mation of the main chain as well as a coupling between the director rotation and the motion
of the backbone.

PACS numbers: 61.30.6d, 61.40.Km

During the past several years, there has been in-

creasing interest in the properties of thermotropic
mesomorphic polymers. ' However, relatively little
is known about the typical mechanical liquid-crystal
properties of these systems. We present here
what we think to be the first comprehensive experi-
mental study of the Frank elastic coefficients and of
the twist viscosity constant y& for side-chain nemat-
ic polymers. Extremely high values of y~ are found
which may be associated with an effect of backbone
reorientation under nematic torques. These results
are discussed in terms of the relevant parameters of
the system, schematized below (Fig. 1), i.e., the to-
tal length of the chain N, the degree of coupling n

between the main polysiloxane chain and the meso-
morphic moieties, and the temperature. The syn-
thesis method4 ensures a well-defined value of the

N

chain length N, which allows a reliable determina-
tion of the physical constants. In Table I are
presented the different polymers studied, their
nematic-to-isotropic transition temperatures T„and
their glass-transition temperatures Tg as defined by
differential scanning calorimetry analysis. The
viscoelastic coefficients of two analogous low-
molecular-weight (lmw) liquid crystals have also
been measured for comparison: M2 (CsHt3 —0—/-
COO —$—O-CzH, ) and Ms (CsHt7 —0—P—COO-
/-O-CsH»), where $ represents a benzene ring.

The experimental procedure is the study of the
dynamics of a Freedericksz transition, 5 in two dif-
ferent geometries: From the planar geometry, we
get the splay elastic constant K~ and the twist
viscosity coefficient yq, from the homeotropic case,
we obtain the bend elastic constant K3. In both
cases, the principle of the method is the same: A
magnetic field H )H, is applied perpendicular
to the orientation of the director: H. . .= (m/

J

d)21' t s/X„where d is the sample thickness (20 to
100 ia, m) and X, the diamagnetic anisotropy per
unit volume. 7 At time t =0, H is rapidly decreased

TABLE I. Physical characteristics of the polymers Pg .
n
N

FIG. 1. Schematized representation of polymers Pg:
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rt 3(Hf) =

to Hf (H„causing the sample to relax to its initial
alignment. In the limit of weak distortion, it has
been shown in conventional liquid crystals5 that the
distortion relaxes exponentially with a characteristic
time v, according to the relationship

(H,2 —Hf ), (l)
ri Hf

where rl(Hf) is independent of Hf and equal to yt
in the planar case, where backflow effects are negli-
gible. In consequence, by measuring v.

~

' for
several values of Hf, one gets yt/X, and Kt/X,
(via H, ); from r3 ', one gets only the elastic term

K3/X. .
The experimental results show, first, that the

behavior of the polymers is quite similar to that of
lmw compounds, exhibiting a critical field H, and a
unique relaxation time r which obeys Eq. (l). As
for the elastic constants K& and K3, the striking
result is that they are the same order of magnitude
as those found in conventional liquid crystals (Fig.
2), in contrast to the case of main-chain systems.
A more detailed analysis of the complete results as
a function of N (total chain length) and n (length of
flexible spacers) shows the following.

(i) The length of the chain has only a small influ-
ence: Going from Pso to P95 slightly increases (fac-
tor of = 1, 2) both Kt and K3 (Fig. 3). This would
imply either a low exponent in a molecular-weight
power law or a saturation effect.

(ii) The length of the spacer plays a more pro-
nounced role in the Frank elasticity. In particular,
the anisotropy of the splay and bend elastic con-
stants, defined by K, /Kt, is inverted when going
from n =6 to n =4, mainly due to a large increase

of the bend constant K3 (Fig. 3). This would be
consistent with the existence of cybotactic groups,
but no smectic phase is evidenced for P65. Howev-
er, this suggests an interpretation which is not fun-
damentally different from the cybotactic hy-
pothesis, but at a more local scale; it relies on the
idea that the backbone does not have a spherical
conformation, but resembles rather an elongated el-
lipsoid, and that this anisotropy increases with shor-
tening of the spacer. The fact that a bend distortion
for the director corresponds to a splay distortion of
the backbones makes this difficult for flat main-
chain conformation, leading to an increase for K3.
This anisotropic model is supported by the results
concerning the dynamics of these systems, as dis-
cussed below.

Considering now the twist viscosity coefficient
y&, it has to be emphasized that, for all the poly-
mers studied, y& is larger by several orders of mag-
nitude when compared to analogous lmw com-
pounds: At T/T, =0.957, yt(Ms) =0.88 P and
yt(P&& ) = 255 P. Also 3 t sharply increases when
the temperature is lowered.

In order to analyze the data in more detail and to
determine the effect of N and n, we first have to
discuss the temperature dependence of y&, which is
a delicate problem. Recall that this coefficient
describes the viscous coupling between the rotation
of the director and the fluid, being thus specific to
the nematic state; it therefore depends both on the
absolute temperature T and on the reduced tem-
perature T/T„which controls the order parameter
of the nematic phase. To take into account the in-
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FIG. 2. Splay and bend elastic constants of some typi-
cal compounds as a function of the reduced temperature
T/T,

FIG. 3. Anisotropy K3/Kt of the elastic constants, as
a function of the reduced temperature for polymers and
1m' liquid crystals.
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FIG. 4. Temperature dependence of the twist viscosity
coefficient for the polymers.

fluence of the order parameter, one may assume for
yt the relationship y~(T, T/T, ) =X, (T/T, )f(T),
which holds for conventional liquid crystals. %ith
y&/X, then plotted as a function of the temperature
for the three polymers (Fig. 4), it appears that the
experimental curves are well fitted by an exponen-
tial law

y)/X, =A(n, N)e~ ~r,

where E', of the order of 104 K, depends on the
spacer length, but not on the degree of polymeriza-
tion (cf. Table I). We emphasize that, because of
the proximity of the glass temperature T~, E' does
not represent an activation energy, but has to be in-
terpreted as an average value, on our temperature
interval, of the exponent appearing in free-volume
models, such as that in a %illiam-Landel-Ferry-type
equation; this interpretation is consistent with the
numerical values of E' and its variation with the
spacer length.

If we turn now to the prefactor A in Eq. (2),
which bears the dependence with the main-chain
length N, it is observed that it varies nearly propor-
tionally to N. It thus appears that, although y& is
specific to the nematic phase, its behavior is very
similar to that of shear viscosity in ordinary nonen-
tangled melt polymers. This suggests that, in this
particular nematic phase, the rotation of the direc-
tor involves a cooperative motion of the main
chain, accompanying the turn of the mesogenic
moieties. This leads us to rely, for discussing the
results, on a model set up by Brochard for dilute
chains in a nematic solvent, which may also be valid
for nonentangled melts. ' The basic idea is that an
anisotropic conformation of the backbone requires a
readjustment of the whole chain when changing the
orientation of the director, causing a polymer-type
dissipative effect. The chain is then described as an

"anisotropic dumbbell" with two size parameters
R

~~
and R~ and two friction coefficients X~~ and XJ,

leading to the expression

y&
= kT7& [c/N](R~ —R t'~ )'/R ~'~R ~,

where c is the number of monomers per unit
volume and 7& is a characteristic relaxation time of
the chain, expressed by

r~ ——(1/kT) A. ))R (( X~R /(X~R ~ + A. )(R )) ).
In this formula, the temperature dependence of y~
is included in the friction coefficients A.

~~
and A. ~.

Neglecting the anisotropy influence in ~z in a first
approximation, one expects ~& to scale as N "+'
with v = 0.5; this corresponds to the classical Rouse
model, which is valid for moderate chain length in
the melt state, and leads to the prediction of a linear
dependence of y~ with N. This is close to the ex-
perimental results, as previously noted. The some-
what larger increase from N =50 to N =95 (cf.
Table I) may be understood by an additional effect
due to an increase of the anisotropy factor
F = (R~ —R

~~
)2/R~R

~~
when the chain is

lengthened. Furthermore, the large variation of 2
when changing n (N being constant) may also be
interpreted in the same way: A stronger coupling
between the main chain and the mesogenic moieties
leads to a more anisotropic conformation chain,
hence, to a larger value of I'. More precisely, calcu-
lating the variation of Fwhen deforming a sphere of
size R to an ellipsoid, with the additional condition
of constant volume (R~R

~~
=R ), one finds that

an increase of R ~/R of 0.14 is sufficient to multiply
F by a factor equal to 25; this is very consistent with
the results obtained for A (n) in P95 and P95 A
more accurate description of the anisotropy would
require either an independent measurement of v z,
or a direct determination of R

~~
and R ~, by small-

angle x-ray or neutron scattering. At the present
state, the analysis of the whole experimental results
of the twist viscosity coefficient in terms of T, n,
and N is in agreement with the "anisotropic
dumbbell" model. This implies both a nonspheri-
cal conformation of the main chain, as indicated
also by the elastic constant study, as well as a
cooperative motion of the flexible chain when rotat-
ing the director.

It thus appears that certain of the properties of
the side-chain nematic polymers are very close to
those of conventional lmw liquid crystals: This is
the case of K~,K3 and of the order parameter. " On
the other hand, as for the viscosity, the behavior is
dominated by the flexible chain aspect, which also
appeared in the miscibility diagrams. ' However,
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the coupling between the two parts of this com-
posite object is evidenced both in the static and
dynamic properties, implying an anisotropic confor-
mation of the backbone.

We are grateful to F. Brochard, J. F. Joanny, and
J. P. Montfort for numerous and fruitful discus-
sions.
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