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The static Kerr eŒect is used to study the pretransitional phenomena in polymer networks
even in the presence of inherent optical anisotropy of crosslinked materials. The pretransitional
phenomena in a liquid crystal polymer and its networks are sensitive to the structure of the
crosslinks and their distribution within the network. The bulky network junctions distributed
more or less homogeneously within the network serve as defects which decrease the
hypothetical second order phase transition temperature T * and suppress the nematic
� uctuations in the polymer network above the clearing point.

1. Introduction The � rst series of networks was obtained by chemical
One of the most important phenomena in liquid reaction with given amounts of crosslinking agents,

crystal science is related to heterophasic � uctuations namely, 4,4 ¾ -methylenediphenyl di-isocyanate (MDI)
that emerge at the isotropic to nematic phase transition. and 1,6-di-isocyanatohexan e (HMDI). The other type
Here nematic � uctuations are embedded within the of network was produced by c-irradiation of the same
isotropic matrix. The formation of � uctuations, their linear copolymer at a prescribed dose.
stabilization and the increase in the average correlation
radius promote signi� cant changes in physical charac-
teristics, thus re� ecting the cooperative nature of the

2. Experimental
liquid crystalline (LC) medium. The Kerr constant is one

The monomer, 4- (4-cyano-4 ¾ -oxybiphenyl)butyl
of these characteristics which gives a unique opportunity

acrylate, was synthesized as previously described [5].to trace the appearance and development of � uctuations.
The copolymer containing 10 mol % of non-mesogenicInvestigations of static and equilibrium characteristics
units (X 5 10) was prepared by copolymerization of theof nematic systems carried out in the last few years
above-mentione d monomer with 2-hydroxyethy l acrylate[1–4] show many similarities in the pretransitional
in chlorobenzene at 65 ß C for 35 h. 2,2 ¾ -Azoisobutyro-phenomena for both low molecular mass and polymer
nitrile (0.1% of the total weight of the monomers) wasliquid crystals. The main goal of this paper is addressed
used as initiator. The copolymer was precipitated from aat answering the following: to what extent and under

which conditions can the crosslinking of linear LC mixture of 1,2-dichloroetha ne and acetonitrile (4 : 1 by vol.)
polymers in� uence the formation of nematic � uctuations into methanol; yield 60%. The composition of the
in the isotropic medium? We report on the observation copolymer was determined by UV spectroscopy using
of pretransitional phenomena in acrylate networks pre- the value of the extinction coe� cient of the homopolymer.
pared by chemical and c-induced crosslinking of a The molecular mass characteristics of the copolymer
random copolymer with the following structure: were determined by gel permeation chromatography

using a Waters liquid-phase chromatograph equipped

with an R401 diŒerential refractometer (Mw 5 1.4 Ö 105,
Mw/Mn 5 3.02).

The preparation of chemically crosslinked and c-cross-

linked samples was carried out as described in [6]. The*Author for correspondence; e-mail: rtalroze@ips.ac.ru
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922 A. S. Merekalov et al.

temperature of phase transition was determined calori- previous studies have shown that the gel dose for the
copolymers under consideration is 10 times lower thanmetrically by linear extrapolation of the dependence of

peak position on the temperature scale on the heating that for the LC homopolymer [12].
Several alternative routes can lead to formation of therate to the zero value of the latter. On the other hand

the Kerr eŒect technique could be used to identify the � nal crosslinks via recombination of various radicals.
FTIR experiments (� gure 1) reveal that the spectralnematic–isotropic transition as the temperature at which

strong light scattering appeared in the melt. The related band at 3500 cm Õ 1 corresponding to the hydroxyl groups
does not change appreciably after c-induced crosslink-data are given in the table where T

ni 5 T
NI 5 nematic–

isotropic transition temperature. ing, but on the other hand, a noticeable decrease in the
intensity of the spectral bands at 2800–2900 cm Õ 1 isThe hand-made instrument for measuring the static

Kerr eŒect was developed as described in [7] and clearly observed. These bands correspond to the vibration
of methylene groups. Therefore, the decrease in intensityallows measurement of the electric � eld induced optical

birefringence in the presence of permanent birefringence indicates their contribution to the crosslinking process.
We assume that initially generated free OH radicalsresulting from the static network anisotropy. Elliptical

compensation with phase modulation of the He-Ne preferentially attack the C–H bonds of the methylene
groups located either in the backbone or in the sidelaser beam was used. The initial polarization vector of

the laser beam was oriented at 45 ß to the electric � eld groups, resulting in formation of secondary radicals. The
� nal recombination process would then form crosslinksdirection. The analyser was crossed in order to obtain

the minimum signal in the registration channel. The containing carbon–carbon bonds. Thus, the hydroxy-
ethyl acrylate (HEA) units are responsible for thetemperature control unit based on a thermoregulator

Proterm 100 regulated the temperature in a large formation of both types of networks. The proposed
schematic representation of the junction’s structure isaluminium chamber where the Kerr cell was kept in the

temperature region from 300–500 K. The accuracy of illustrated in � gure 2.
Above the clearing point, the linear copolymer formsthe isothermic regime was about 0.07 K. The sample cell

consisted of two polished copper electrodes between an isotropic phase and the application of an electric
� eld results in induced birefringence which is given as awhich two thin glass plates were glued. The distance

between the electrodes was 1–2 mm. The temperature function of the square of the � eld intensity in � gure 3.
was measured directly in the ground electrode using a
Pt100 thermoresistor.

3. Results and discussion
The linear copolymer forms a nematic phase with the

transition temperature Tni 5 385 K. As was shown before
[8, 9], both crosslinking agents and c-rays can be used
for the crosslinking of this material. In the � rst case,
the hydroxyl groups of non-mesogenic hydroxyethyl
acrylate units are involved in the crosslinking process
and urethane-containing junction points are formed. In
contrast, the chemical structure and the location of net-
work junctions induced by c-rays cannot be particularly
de� ned due to the non-selective eŒects of c-irradiation.
However, intensive studies of systems containing hydroxyl
groups clearly indicate that c-irradiation initially generates
free OH radicals which promote crosslinking or even Figure 1. FTIR spectra of copolymer CP before (solid line)

and after (dashed line) c-crosslinking.degradation of polymers [10, 11]. For example, our

Table. Some thermodynamics parameters of nematic–isotropic phase transition for copolymers.

Sample Tni(Kerr)/K T */K DT 5 Tni-T */K a0/J K Õ 1 molÕ 1 DB Õ 1/DT /V2 m Õ 1 K Õ 1

CP 386.0 Ô 0.1 385.3 Ô 0.1 0.7 Ô 0.1 14.78 (8.1 Ô 0.4 ) Ö 1010
CP-c 392.0 Ô 0.1 391.0 Ô 0.1 1.0 Ô 0.1 21.67 (4.7 Ô 0.4 ) Ö 1010
CP-HMDI 384.0 Ô 0.2 383.0 Ô 0.2 1.0 Ô 0.2 26.53 (3.68 Ô 0.08) Ö 1010
CP-MDI 382.0 Ô 0.2 373.7 Ô 0.3 6.3 Ô 0.3 134.40 (1.03 Ô 0.08) Ö 1010
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923Pretransitional eŒects in L CP networks

work, the method for the compensation of the electrically

induced birefringence described in [7] has been used.
This allows one to take into consideration and to

compensate for an initial non-zero anisotropy of the

medium. The curves for the induced optical anisotropy

of the crosslinked samples as a function of the square of

the electric � eld are given in � gure 4. The observed

linear Dn(E2) dependence is similar to that for the initial

copolymer and therefore proves the validity of the Kerr
law for the crosslinked samples as well. The slope of the

curves remains positive and increases with decreasing

temperature. These data support the idea of the existence

of heterophasic � uctuations existing in the vicinity of the

isotropic–nematic phase transition, even in crosslinked

systems where the presence of � uctuations also appears

to be independent of the structure of network junctions.

The Kerr constant B calculated for chemically and
c-crosslinked samples is plotted versus temperature in

� gure 5. As the system approaches the clearing temper-

ature from the isotropic melt, the value of the KerrFigure 2. The structure of the network junctions from diŒerent
crosslinking conditions. constant increases, which is indicative of critical behaviour

in the vicinity of the phase transition. This suggests

that the pretransitional behaviour of the LC networksThe linearity of this curve within certain temperature
in general is similar to that of the linear copolymerand electric � eld ranges indicates that the system obeys
and therefore is not signi� cantly altered by either thethe Kerr law. Contrary to a linear copolymer, the cross-
crosslinking conditions or agent.linked materials show a non-zero optical background

The reciprocal Kerr constant B Õ 1 changes linearlyanisotropy above the clearing point so that the term
with temperature, which allows us to estimate the hypo-‘optically isotropic medium’ is no longer valid for these
thetical second order transition temperature T * for allsystems. This may be due to an inherent anisotropy of
the systems studied. Therefore, the Landau–de Gennesthe network, which originates from the crosslinking
description of the nematic network to isotropic networkprocess even if it occurs in the presence of solvent
phase transition theoretically may be used for calculation(presumably in the isotropic state of the linear copolymer) .

In order to avoid the inherent birefringence of the net- of the thermodynamic coe� cient a
0

known from the

Figure 3. The induced birefringence
as a function of the square of
the electric � eld intensity for
the linear copolymer CP.
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924 A. S. Merekalov et al.

Figure 4. The induced birefringence
as a function of the square
of the electric � eld intensity
for the crosslinked copolymers:
CP-HMDI (a) and CP-c (b).

following equation [13]: It is necessary to point out that the analysis of X-ray
pattern azimuthal scans [6] does not give a real, accurate

F(T , S) 5 F0 (T ) 1 [a(T )/2]S2 Õ [b(T )/3]S3
value of DS. Thus it is not possible to calculate and
discuss the absolute values of the a0 coe� cients. However1 [c(T )/4]S4 1 ¼ (1 )
one may compare the estimated a

0
coe� cients for

and
the systems under study having parameters measured
for similar conditions. The T * values, the diŒerencea(T ) 5 a0 (T Õ T *)c (2 )
DT 5 Tni

Õ T *, and the related a0 coe� cients, are given
where

in the table. The DT for the linear and c-crosslinked
copolymers are estimated to be within the rangea

0 5 2DH/T
ni

(DS
ni

)2 . (3 )
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925Pretransitional eŒects in L CP networks

Figure 5. The Kerr constant B
and B Õ 1 versus temperature for
(a) chemically (CP-HMDI) and
(b) c-cross-linked (CP-c) samples.

0.7–1.0 K. This is in good agreement with parameters [6]. As was shown before, below the glass transition
temperature Tg all the samples previously studied arepredicted by the Landau–de Gennes theory that have

already found experimental con� rmation for some low characterized by the same order parameter S. However,
above the Tg value, the samples crosslinked by MDImolecular mass liquid crystals [14, 15] and linear side

group polymers [1, 2]. At the same time, however, the exhibit a signi� cant and continuous decrease in S value
at temperatures far below the nematic to isotropic phaseDT value is equal to 6.3 K for the network prepared

with the MDI crosslinking agent. Thus, in this particular transition temperature.
The structure of the network junctions also aŒects thesystem, the network structure has the strongest impact on

the nematic–isotropic phase transition. This conclusion correlation length of the heterophasic � uctuations and
therefore the average number of molecules that formis also supported by comparison of the temperature

dependences of the global order parameter described in the nematic phase clusters. Taking into consideration
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926 A. S. Merekalov et al.

the a0 coe� cients estimated above, one may compare the temperature. It implies that the size of the � uctuations
in the linear copolymer decreases faster than it does incorrelation radius g2 calculated for diŒerent networks

from the following equation [13]: the crosslinked materials.
The question arises as to the reason for such a strong

g2 5 (45NkT )/[(n2 1 2)2a0 (T Õ T *)]. (4 )
decrease in both T * and correlation radii when the
type of chemical agents and crosslinking conditions areIn � gure 6 correlation radii values are plotted versus

temperature for the diŒerent systems studied. These varied. To answer this, one has to consider the distri-
bution of comonomeric units within the bulk of thecurves clearly show the eŒect of crosslinking on the size

of � uctuations. The g
2

value calculated for the linear linear copolymer. We believe that because of the marked
diŒerence between the structures of the mesogenic andcopolymer is consistent with data obtained for other

systems [4, 13]. The c-induced crosslinking slightly non-mesogenic units, the copolymer should contain
microphase segregated domains enriched with hydroxy-in� uences the � uctuation size, whereas the introduction

of the network junctions based on MDI essentially limits ethyl acrylate (HEA) units. These domains can serve as
spacially con� ned regions where the c-induced crosslinksthis size. On the other hand, the slope of the temperature

curves for the reciprocal Kerr constant (� gure 7) changes are being accumulated and are most likely to form due
to a high local concentration of hydroxyl groups. Thesein the opposite direction: CP > CP-c > CP-HMDI >

CP-MDI. This slope can be considered as a rate of regions essentially ‘shield’ the network junctions from
the mesogenic groups and prevent their deterioratingreduction of the correlation radius with increasing the
in� uence on the nematic order.

As for the chemically crosslinked systems, in which
the junction points are based on fragments of crosslink-
ing agent, the diŒerence in their behaviour in comparison
with the c-crosslinked materials may have two causes.
First, the molecules of the crosslinking agent MDI are
fairly large in size and have a rather rigid structure. As
a result, complete ‘shielding’ of these junctions cannot
be achieved. Second, the chemical structures of the MDI
fragments and mesogenic groups are somewhat similar.
Therefore, during the crosslinking process, the MDI
molecules are likely to penetrate into mesogenic domains
where a small number of HEA units are still present.
This leads to a more homogeneous distribution of cross-
links within the bulk material, causing the decrease in
the global order parameter T *, and the � uctuation in
correlation length, as well as in the broadening of theFigure 6. The correlation radius as a function of temperature

for diŒerent copolymers. phase transition.
Finally, the networks containing the HMDI fragments

as junction points occupy an intermediate position
between CP-c and CP-MDI because they are far more
� exible and should have a low compatibility with the
LC phase. As a result, these crosslinks do not strongly
aŒect the pretransitional phenomena and the global
order parameter [6, 16].

4. Conclusion
Static Kerr eŒect measurements are found to be a

powerful tool for the study of pretransitional phenomena
in polymer networks, even in the presence of inherent
optical anisotropy of the crosslinked materials. The
formation of nematic � uctuations in the polymer networks
can be described in terms of Landau–de Gennes theory.
However, analysis of the pretransitional phenomena in
a LC polymer and its networks shows their sensitivityFigure 7. Reciprocal Kerr constant as a function of temperature

for CP (a), CP-c (b), CP-HMDI (c) and CP-MDI (d). to the structure of the crosslinks and their distribution
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927Pretransitional eŒects in L CP networks

[6] Zubarev, E. R., Talroze, R. V., Yuranova, T. I.,within the network. One may conclude that bulky
Plate’, N. A., and Finkelmann, H., 1998, Macromolecules,junctions distributed more or less homogeneously within
31, 3566.

the network serve as defects, which decrease the hypo- [7] Tsvetkov, V. N., Kolomiets, I. P., Lezov, A. V., and
thetical second order phase transition temperature T * Stepchenkov, A. A., 1983, Vysokomol. Soedin., A25,

1327.and suppress the nematic � uctuations in the polymer
[8] Zubarev, E. R., Talroze, R. V., Yuranova, T. I.,network above the clearing point.
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