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We show that, contrary to what is commonly believed, the isotropic phase of side-chain liquid-crystal
polymers has viscoelastic properties which are totally different from those of ordinary flexible melt poly-
mers. The results can be explained by the existence of a transient network created by the dynamic asso-
ciation of mesogenic groups belonging to different chains. The extremely high sensitivity of the com-
pound to the state of the surfaces with which it is in contact offers us an unexpected method of studying
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surface states.

PACS numbers: 83.10.Nn, 61.30.Eb, 83.70.Jr

Side-chain liquid-crystal polymers (SCLCP) are com-
posed of a polymer chain onto the sides of which meso-
genic molecules have been grafted using a flexible chain
called a spacer [1]. This physical link between the meso-
genic groups and the polymer chain should in theory
make the “polymer” characteristics (viscosity, elasticity)
anisotropic, and modify the order of magnitude of the
purely “liquid-crystal” characteristics (torsional viscosity
71, curvature elastic constants). The Fredericks transi-
tion experiments [2] and the transient electrical bire-
fringence experiments [3,4] performed in the nematic and
isotropic phases show that the static properties of these
mesophases are close to those of conventional liquid crys-
tals (no substantial modification of either the bire-
fringence or the curvature elastic constants), while their
dynamic properties are essentially governed by the chains
themselves (increase of viscosities and relaxation times).
A certain number of rheology experiments have also been
carried out [5], and these confirm that the presence of the
liquid-crystal order has no significant role to play in the
dynamics of the nematic and isotropic phases, which con-
sequently have viscoelastic properties which are quali-
tatively similar to those of ordinary flexible polymers.
However, these experiments have not revealed the rub-
bery plateau which is characteristic of entanglement
effects, and which is replaced by an extended distribution
of relaxation times the origin of which is unknown. The
polymer’s polydispersity or/and a relaxation of the meso-
genic groups have been invoked to explain this distribu-
tion [5].

In this Letter, we present new experiments realized

with a rheometer, which enabled us to study orientated
samples with very low shear strains. The results obtained
reveal a viscoelastic behavior which is quite different
from that of conventional polymers, and this suggests the
existence in the melt of elastic clusters of varying sizes up
to 100 um. We will also show that the rheological behav-
ior observed is extremely sensitive to the state of the sur-
faces in contact with the sample.

The experimental setup was inspired by that previously
developed by Cagnon and Durand in their study of the
plastic behavior of certain lamellar liquid crystals [6].
The sample, of thickness e between 13 and 120 um, is
placed between two glass or silica slides, adjusted for
parallelism to within + 5% 10 ™% rad. The sample can be
observed de visu through an aperture. A sine wave dis-
placement with an amplitude between 1 and 500 A is ap-
plied to one surface of the sample using a piezoelectric
ceramic. The amplitude and dephasing of the transmit-
ted stress are measured on the other surface by an identi-
cal ceramic. The stress-over-strain ratio gives the com-
plex rigidity modulus G* =G'+IG". The cell is ther-
mostatically controlled to within 0.02 °C, and placed on a
vibration-free table. For all the experiments, we checked
that the compound gave a linear response as a function of
the distortions applied, up to a maximum of 3x10 3
The setup was tested on a silicone elastomer of known ri-
gidity modulus.

The polymer studied is the one used in transient electri-
cal birefringence experiments [4]. The polymer chain is a
polysiloxane, and the mesogenic groups have the formula
(CH3)6-0-2-CO,-2-0O-CHj. The phase diagram of the
compound is as follows:

glass-3°C— smectic C (SmC)-46 °C— nematic (V)-108 °C—» isotopic (1) .

The molecular weight of the compound is M,, =31000, its polydispersity M, /M, =1.1, and its polymerization degree

N =80.

Two types of experiments were carried out: experiments as a function of the state of the surface of the sample-
bearing slides, and experiments as a function of sample thickness.
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The influence of the state of the surface of the sample-
bearing slides on the compound’s response was tested by
using silica slides polished with felt (standard quality), or
pitch (to A/4), floating glass slides, and glass slides
scratched in a given direction with diamond-based paste.
For the thickness experiments, the minimum thickness of
13 um was used first. The cell gap was then increased us-
ing calibrated spacing shims, without touching the sur-
face of the sample-bearing slides so as not to alter the
wall anchoring. In order to keep the sample in per-
manent contact with the same part of the slides, extra
product was injected for each new thickness.

Although measurements were taken in all phases, most
of the results given below only concern the isotropic
phase. This is in order to facilitate discussion, since in
this phase measurements are not affected by any problem
arising from the influence of orientation quality.

For all the experiments, the compound was introduced
into the cell which had been heated to 150°C, and the
first measurements taken at 129°C, i.e., about 21°C
above the NI transitions temperature, after being an-
nealed for 12 h at this temperature.

We shall first of all present the results obtained by
varying the state of the surface of the sample-bearing
slides, the cell having a gap of 13 um.

With sample-bearing slides made of ordinary felt-
polished silica (standard manufacturer’s polishing), the
isotropic phase reveals a low-frequency elastic response
characterized by the existence of a static rigidity modulus
G, of the order of 10* N/m?2, and a loss angle § close to
0°. This behavior is totally unexpected, since the isotro-
pic phase has always been described as a fluid phase with
the characteristic low-frequency response of viscoelastic
fluids (G' < w? and G" & w when w— 0). This abnormal
behavior is our fundamental result, and the remainder of
the article is devoted to determining and discussing its
origin.

In order to determine whether it is the microgrooves
from the felt polishing which induce the low-frequency
elastic behavior, we used particularly smooth slides, made
of floating glass of silica polished to A/4. In this case,
modulus G, drops sharply to values as low as some 102
N/m2, which are at the limits of measurability with our
experimental setup.

Having thus established the influence of grooves, we in-
tentionally scratched the surface of the floating glass
slides in a given direction, using a diamond-based paste
(0.25 um). The results obtained show that the response
of the compound depends on the orientation of the
scratches in relation to the shear direction. This is shown
by Fig. 1, also obtained with a 13 um sample, which
shows that the low-frequency response of the compound
is either elastic or viscous, depending on whether the
scratches are perpendicular or parallel to the shear direc-
tion. The same figure also shows that the value of the ri-
gidity modulus has increased by 2 orders of magnitude in
comparison with the case corresponding to the ordinary
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FIG. 1. Frequency behavior of the real part of the complex

rigidity modulus, showing the existence of an elastic or viscous
behavior, according to whether the sample-bearing slides have
grooves which are perpendicular to the shear (upper curve) or
parallel to the shear (lower curve).

silica slides. All measurements were taken at 129°C.
Those taken at lower temperatures show that the rigidity
modulus slightly increases as temperature decreases,
which indicates that it is only weakly coupled to the local
orientational order, which strongly increases as T— T;.
Further measurements are necessary to determine wheth-
er this slight variation with temperature is a critical
effect. The measurements taken in the N phase (oriented
by the influence of the scratches) on the same 13 um cell
reveal, as in the isotropic phase, the existence of a low-
frequency rigidity modulus when the scratches are per-
pendicular to the shear. The very slight variation of this
modulus with temperature indicates that this latter is not
very sensitive to the orientational order of the nematic
phase.

We shall now present the experiments conducted as a
function of sample thickness. The results obtained on the
cells using sample-bearing slides with grooves perpendic-
ular to the shear show that the value of the static rigidity
modulus G; decreases gradually as sample thickness e in-
creases, as indicated in Fig. 2, and that it cannot be mea-
sured at the 120 um thickness. This gradual fall of the
elastic rigidity modulus as sample thickness e increases
indicates that the compound is neither a viscoelastic solid,
nor a yield-stress liquid of the Bingham type. Figure 2
also shows that the low-frequency elastic behavior disap-
pears gradually as a frequency increases, to be replaced
by a viscoelastic behavior. This change in behavior
occurs at a frequency which is all the lower as sample
thickness increases, and ceases to be observable for the
120 um sample which is characterized by a @®® law. The
experiments on slides with grooves parallel to the shear
show that G also follows a ®%8-type power law when the
sample thickness is greater than 20 um. This peculiar be-
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FIG. 2. Behavior of the real part of the rigidity modulus, for
various sample thicknesses, when the sample-bearing slides have
grooves which are perpendicular to the shear. The solid curves
show the fit by Eq. (1).

havior of G', which appears to be intrinsic to the com-
pound, cannot be associated with either a polydispersity
effect, which is weak for our compound, or a relaxation of
the mesogenic groups, since the characteristic time deter-
mined by transient electrical birefringence corresponds to
frequencies higher than 10 kHz [4]. It can be compared
to that observed by Colby et al. [5] in conventional rheol-
ogy experiments on a polyacrylate (N =90) and a po-
lymethacrylate (N =328). These experiments show that,
between the low-frequency terminal region and the high-
frequency elastic response, there exists a wide range of
relaxation times, characterized by G'x %> (N =90)
and G' « 0%%7 (N =328).

Our results pose three questions: What is the origin of
the low-frequency elastic modulus for thin samples?
What mechanism is responsible for the ®8-type viscoe-
lastic behavior? Why does the compound’s response de-
pend on the orientation of the grooves in relation to the
shear direction? We propose a model capable of answer-
ing these three questions, which is based on the hy-
pothesis that the compound consists of elastic clusters of
various sizes, separated by viscous regions. In such con-
ditions, the response of the compound is elastic as long as
sample thickness remains less than the size of the largest
clusters. If this is not the case, the response is that of a
viscoelastic liquid with a distribution of relaxation times
whose width is a reflection of the number of clusters re-
laxing. This model requires the existence of two an-
tagonistic mechanisms, one allowing a network to form,
the other limiting the spatial extension of such a network
(via defects, for example). This network is unlikely to be
associated to the presence of entanglements, because of
the low mass of polymer studied, and the absence of any
rubbery plateau in the response of the compound when

FIG. 3. Schematic representation of a network structure
created by the temporary association of mesogenic groups be-
longing to different chains.

the slides have grooves which are parallel to the shear.
On the other hand, an effect of dynamic association of
the mesogenic groups, similar to that shown in Fig. 3,
would allow a network to form without it being necessary
for the polymer coils to become entangled [7]. Only a
strong dynamic anchoring to the surface, which would re-
sult in elastic coupling between the slides and the com-
pound, could reveal the elastic behavior. This anchoring
occurs when the slides have grooves which are perpendic-
ular to the shear. The molecules are then trapped by the
grooves, and obliged to follow any movement of the
sidewall. If the dynamic anchoring is only weak (smooth
surfaces, or slides with grooves parallel to the shear),
then sliding takes place at the sidewalls, and the com-
pound has a response of the viscoelastic liquid type with
an apparent rigidity modulus which is given by Gapp
=Ggid+Glomp- In the case of thin samples (e <20 um)
the measured rigidity modulus is essentially Ggig. With
thicker samples, the viscous effects associated with the
sliding become negligible, and the measured rigidity
modulus can be identified with the intrinsic rigidity
modulus G ¢omp Which scales as w8,

We shall now determine the apparent rigidity modulus
G app Of the compound. We shall call S the total area of
the sample and s the area of elastic regions (with a rigidi-
ty modulus Go) in simultaneous contact with the two
slides; S-s then represents the sidewall area of the viscoe-
lastic regions. We shall assume that these regions can be
modeled with a Cole-Davidson type law usually used to
describe liquids which are characterized by a distribution
of relaxation times [8]. Parallel association of the elastic
and viscoelastic regions gives the following equation for
the apparent rigidity modulus:

V- _ wnsinfo

where y=s/S. n is the viscosity of the viscous parts, 7 a
relaxation time, and B an exponent comprised between 0
(infinite relaxation time) and 1 (a single relaxation time).
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0 is defined by @=arctan(wz). The static rigidity
modulus G; is given by G; =xGo. We have assumed that
x varies with thickness e according to the law y(e)
=exp(—e/k), which verifies the boundary conditions
2(0) =1 and y(e0) =0. k is a positive number.

Analysis of the variation of G with thickness e enables
Go and k to be determined: Go=1.4x107 N/m? and
k=5.7 um.

Equation (1) enables the variation of G' to be analyzed
as a function of frequency. Since G; is known from the
previous analysis, there are only three adjustable parame-
ters: 1, 7, and B. These have been determined using data
for the 53 um thickness, chosen since it represents solid
and viscoelastic liquid behaviors in comparable propor-
tions. The values obtained, n=86 Pas, r =0.15 s, and
B=0.29, were used to plot G' at other thicknesses, repre-
sented as solid lines in Fig. 2. The good fit [9] to the ex-
perimental plot, obtained without adjustable parameters,
indicates that the proposed model gives a satisfactory ac-
count of our observations. More especially, the 120 ym
plot shows that, in the case of greater thicknesses, con-
ventional flow behavior G' « w? reappears at low frequen-
cies (w7 < 1).

In summary, this article shows that the dynamic prop-
erties of side-chain liquid-crystal polymers are completely
original, and resemble neither those liquid crystals of low
molecular weight, nor those of conventional flexible poly-
mers. The results bring up new questions, the most acute
being that of the solid-type behavior observed at low fre-
quencies. This would appear to be a general behavior, at
least for low-mass polymers, having also been observed on
a polymethacrylate with a polymerization degree of 56.
We hope that these results will encourage elaboration of
a theory which would allow us to understand why the
transient network is spatially limited. Our results also
show that SCLCPs are extremely sensitive to the state of
the surfaces in contact with the sample, since the pres-
ence or absence of a strong dynamic anchoring with the
sidewall involves a radical change in the behavior ob-
served: viscoelastic in the case of sliding, elastic solid in
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the other case. SCLCP can therefore serve as an unex-
pected means of studying surface effects. Finally, it
should be pointed out that the slight distortions under-
gone by the samples make our setup appropriate for
studying systems with a fragile organization.

We would like to express our thanks to H. Brandt, Y.
Galerne, J. M. Guenet, K. Kawasaki, R. Muller, and
more especially J. Prost and A. Skoulios, for useful dis-
cussions. We also thank M. Cagnon for advice on the ex-
perimental setup and R. H. Colby for useful correspon-
dence on his own epxeriments. Laboratoire d’Ultrasons
et de Dynamique des Fluides Complex is Unité de Re-
cherche Associée au CNRS No. 851.

[1] See, for example, Side-Chain Liquid Crystal Polymers,
edited by C. B. McArdle (Blackie, Glasgow, 1989).

[2] P. Fabre, C. Casagrande, M. Veyssie, and H. Finkel-
mann, Phys. Rev. Lett. 53,993 (1984).

[3] V. Reys, Y. Dormoy, J. L. Gallani, P. Martinoty, P. Le
Barny, and J. C. Dubois, Phys. Rev. Lett. 61, 2340
(1988).

[4] V. Reys, Y. Dormoy, D. Collin, P. Keller, and P. Mar-
tinoty, J. Phys. II (France) 2, 209 (1992).

[5] See, for example, R. H. Colby er al., Liquid Crystals 13,
2 (1993); and 13, 233 (1993), and references therein.

[6] M. Cagnon and G. Durand, Phys. Rev. Lett. 45, 1418
(1980).

[7] The fact that G; varies slightly with temperature could be
explained by assuming that the rise in the local orienta-
tional order has the effect of increasing the number of
molecules which constitute a “bridge,” without
significantly modifying the number of bridges (cf. Fig. 3).

[8] See, for example, A. J. Matheson, Molecular Acoustics
(Wiley-Interscience, London, 1971).

[9] We have used the values of e deduced from the analysis
of the variation of G, with thickness. The difference be-
tween these values and those measured is systematically
within experimental limits (+ 3%).



