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Elaboration of Side-Chain Liquid-Crystalline
Elastomers and Study of Their Swelling Behavior

in Anisotropic Solvents

N. BOUCHIKHI,1 F. SEMDANI,1 L. ALACHAHER BEDJAOUI,1

AND U. MASCHKE2,∗

1Laboratoire de Recherche sur les Macromolécules, Faculté des Sciences,
Université de Tlemcen, BP119, 13000 Tlemcen, Algeria
2Unité Matériaux et Transformations (UMET), UMR 8207—CNRS, Université
Lille 1 - Sciences et Technologies, 59655 Villeneuve d’Ascq Cedex, France

A poly [6-(4′-cyanophenyl-4′ ′-phenoxy) alkyl acrylate] side chain liquid crystalline elas-
tomer and a poly [n-butylacrylate] network were synthesized via photopolymerization
using 1,6-hexanediol diacrylate as a crosslinking agent. The materials obtained were
characterized by differential scanning calorimetry and polarized optical microscopy.
In particular, the latter method allowed to follow the swelling behavior of the polymer
networks in a low molar weight liquid crystal (LC) and to observe the formation of LC
gels. In the case of the anisotropic network, a stable nematic gel phase and a miscibility
gap were observed, in relationship with the nematic-isotropic transition temperatures
of both LC-solvent and LC-gel. The experimental phase diagrams were well reproduced
by a mean field model combining the Flory-Rehner model for isotropic mixing and the
Maier Saupe theory for nematic ordering.

Keywords Side chain liquid crystalline elastomers; photo-polymerization; swelling;
phase diagram

1. Introduction

During the last two decades, liquid crystalline (LC) polymers have been systematically
studied due to their properties making them useful for a large number of applications
[1, 2]. The interest of these materials lies in the combination of the properties typical for
conventional monomeric LCs with those peculiar to polymers [3]. Note that two different
classes of LC polymers exist: main-chain and side-chain (comb-like). In side-chain LC
polymers, the pendant mesogenic groups are linked to a linear polymer backbone, by
an (often flexible) spacer. Main-chain LC polymers are built up by combining rod-like
mesogenic fragments and flexible moieties in alternating succession.

LC elastomers (LCEs) are polymeric networks containing covalently bound meso-
genic groups, in a main-chain, side-chain or mixed main-chain/side-chain configuration
[4–9]. Their synthesis was reported essentially by Finkelmann et al. [10] using mainly
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polysiloxanes, polyacrylates, polymethacrylates, and polyurethanes as polymer backbone.
This relatively new class of LC has rapidly expanded because they give rise to interesting
macroscopic features [11–13].

Several theoretical [14–18] and experimental studies [19, 20] have been devoted to
the interactions of LCE with solvents in which LC ordering is possible. The potential
applications of nematic elastomers include low frequency, large amplitude actuators and
transducers driven by weak electric and optical fields, and components of artificial mus-
cles (biomimetic sensors) [21, 22]. It is evident that the most attractive applications would
involve a strong response to a low electric field. This has led to intensive investigations of
systems composed of LCEs swollen with low molecular mass nematic materials. Network
formation can be induced chemically by copolymerization of polymer chains with a given
density of reactive sites and the presence of a crosslinking agent. Alternatively, polymer-
ization can be accomplished by addition of a photoinitiator to the system and subsequent
exposure to UV light.

The process of network swelling in low molecular weight solvents has been subject of
intensive studies for several decades [23], and particularly the phase behavior of polymer
network/solvent systems possessing nematicity has attracted much attention mainly from
the theoretical viewpoint [24, 25], because the presence of nematic interactions is expected
to yield new and interesting aspects on the phase diagrams. The control of the polymer
dissolution, diffusion and swelling processes rely in part on the study of the miscibility
behavior of these binary mixtures, providing information about the thermodynamic stability
of the coexisting phases as function of temperature and composition.

The present study is focused on experimental and theoretical studies of the phase
behavior in binary systems containing high and low molecular weight components (solvent).
In the first case a mesogenic solvent and an isotropic polymer network will be considered,
and in the second case, both components represent mesogenic moieties. Swelling data
were used to establish the phase diagrams in terms of composition and temperature, by
means of polarized optical microscopy (POM). The data were analyzed within a theoretical
formalism based on a combination of the Flory-Rehner theory [26] of rubber elasticity for
polymer solutions and the Maier Saupe theory for nematic ordering [27].

2. Theoretical Considerations

The theoretical considerations used here are based upon a modified double lattice model
for isotropic mixing and the Maier-Saupe theory for anisotropic ordering. The free energy
density f will be introduced, which is a sum of two terms. The first one, f (i), represents the
free energy for isotropic mixing and the second one, f (a), is the free energy for anisotropic
ordering. �F denotes the free energy for the whole lattice where �F(i) represents the
isotropic free energy and �F(a) represents the anisotropic energy, assuming n0 sites in the
lattice. Thus one writes

f = f (i) + f (a) = �F

n0kBT
= �F (i) + �F (a)

n0kBT
(1)

The superscripts (i) and (a) stand for isotropic and anisotropic, respectively. The network
can be visualized as a single macromolecule with Nt monomers which means that the total
number of sites is n0 = N t+n1N1. kB is the Boltzmann constant, and T stands for the
absolute temperature.

D
ow

nl
oa

de
d 

by
 [

Si
au

liu
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
0:

30
 1

7 
Fe

br
ua

ry
 2

01
3 



Swelling Behavior of Isotopic and Anisotropic Polymer Networks in 5CB [401]/161

2.1 The Maier-Saupe Theory for Anisotropic Ordering

Small nematic molecules are aligned along a reference axis in the z direction, exhibiting an
angular distribution [28–32]. The nematic free energy density is given by:

f (a) = �F (a)

n0kBT
= ϕ1

N1

[
− ln Z + 1

2
νϕ1S

2
]

(2)

ϕ1 is the volume fraction of the LC. The normalized partition function Z can be written
as:

Z =
∫

e−U (θ)/(kBT )d(cos θ ) (3)

where the orientational potential U (θ ) is given by:

U (θ ) = −m

2
[3 cos2 θ − 1] (4)

m is a mean field parameter representing the potential strength. Minimization of the nematic
free energy with respect to S yields

m = ϕ1νS (5)

where ν is the Maier-Saupe quadrupole interaction parameter:

ν = 4.54
TNI

T
(6)

where TNI represents the nematic-isotropic transition temperature of the LC. The nematic
order parameter S is defined as:

S = 1

2
[3 < cos2 θ > −1] (7)

< . . . > denotes the average with respect to the orientation distribution function and θ is
the angle between a reference axis and the director of the LC.

2.2 Isotropic Free Energy for a Blend of an LC and a Cross-Linked Polymer

Unlike linear polymers that can be described in agreement with the Flory-Huggins model,
a crosslinked polymer network cannot be discussed within this theory due to the existence
of chemical crosslinking points which determine the swelling behavior of the polymer,
significantly altering the phase behavior [33]. To examine this issue in more detail, the
theory of Flory-Rehner [34] will be applied, where the isotropic free energy density is
expressed as follows:

f (i) = �F (i)

n0kBT
= 3αϕ

2/3
0

2NC

[
ϕ

1/3
2 − ϕ2

] + βϕ2

NC

ln
(ϕ2

ϕ0

)
+ ϕ1 ln ϕ1

N1
+ χϕ1ϕ2 (8)

where NC represents the number of monomer units between two consecutive cross-links.
ϕ1 and ϕ2 are the volume fractions of the two species assumed to form an incompressible
mixture, where all units occupy the same volume corresponding to that of a lattice site.
One has ϕ2 = 1 − ϕ1. Isotropic mixing of these two molecular species is controlled by the
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Flory-Huggins interaction parameter χ . Throughout this paper, N1 will have a fixed value
1 and the parameter χ will be assumed to be function of the temperature only

χ = A + B

T
(9)

The constants α and β in equation (8) are model dependent. In the Flory affine network
model [35], we have α = 1 and β = 2ϕ

f
, f being the functionality of the monomers. The

phantom network model proposed by James and Guth [36] suggests other values of these
parameters. Indeed, they suggest to let α = 1 and β = 0. Recently, Petrovic et al. [37]
proposed a linear dependence of α and β on volume fraction of the polymer network of the
form α = f −2+2ϕ2

f
and β = 2ϕ2

f
. It should be noted in the latter model that the limit ϕ2 → 1

corresponds to the Flory affine network model, whereas the limit ϕ2 → 0 corresponds to
the James and Guth phantom model. ϕ0 represents the polymer volume fraction at the
formation of the network, also known as the reference state volume fraction.

3. Experimental Part

3.1 Materials

The n-butyl acrylate (ABu) and the cross-linking agent 1,6 hexanediol diacrylate (HDDA)
were obtained from Sigma Aldrich. The photoinitiator 2-hydroxy-2-methyl-1-phenyl-1-
propanone (Darocur 1173) and the nematic LC 4-cyano-4′-n-pentylbiphenyl (5CB) were
purchased from Ciba and Synthon GmbH (Germany), respectively.

The synthesis of the 6-(4′-cyanophenyl-4′′-phenoxy) alkyl acrylate monomer was real-
ized following the method reported by Shibaev et al. [38]. The complete reaction pathway
includes four steps and was described in more detail in reference [38].

3.2 Synthesis of the Poly[n-Abu/HDDA] Polymer Network

The isotropic polymer network was fabricated as follows: an Abu/HDDA/Darocur 1173
mixture (94.5/5/0.5 weight% (wt%)) was prepared and stirred mechanically for several
hours in order to ensure a uniform distribution of the monomer and the crosslinking agent
over the sample volume. The initial mixture was transferred into a Teflon holder and placed
inside a reaction chamber filled with nitrogen. Subsequently, the sample was exposed to a
UV lamp (Philips TL08) with a wavelength of 365 nm and an intensity of 1,5 mW/cm2.

The exposure time was fixed to 15 minutes, although 5 minutes was sufficient to achieve
a complete conversion of the monomers. After removal from the Teflon mould, the polymer
network was obtained as a transparent disk, with a diameter of 2,5 cm and a thickness of
1,5 mm. The network was washed several times in a bath of toluene (good solvent) in order
to remove the low molecular species eventually remaining inside the network (monomers
and oligomers not attached to the network), dried in air for one day and finally placed under
vacuum at room temperature for few hours.

3.3 Synthesis of the Liquid Crystalline Polymer Network

The nematic polymer network was synthesized as follows: 500 mg of the mesogenic
acrylic monomer were dissolved in 2 ml of a dimethylsulfoxide-toluene mixture (40–60
volume%) [39]. Then, 5wt% of HDDA was introduced as crosslinking agent and a small
amount of photoinitiator (Darocur 1173) was added to the mixture. This blend was stirred
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Swelling Behavior of Isotopic and Anisotropic Polymer Networks in 5CB [403]/163

mechanically for one hour, introduced into a Teflon mold, and exposed to the above
mentioned UV light source under nitrogen atmosphere, for 30 minutes. The isotropic gel
was transferred into a bath of dichloromethane and the solvent was renewed several times in
order to eliminate unattached species. Then, the solvent quality was gradually decreased via
successive exchanges in dichloromethane/methanol mixtures. At the end of the process, the
collapsed LCE was finally obtained as white disc floating in pure methanol. Subsequently,
the network was dried at 40◦C for two days and then at room temperature under vacuum
for one day. The nematic network poly[6-(4′-cyanophenyl-4′′-phenoxy) hexyl acrylate-co-
1,6-hexanediol diacrylate] will be abbreviated as LCE-6OCB.

3.4 Thermal Analysis

Calorimetric measurements were carried out on a Mettler DSC 30 equipped with a liquid
nitrogen system allowing cooling experiments. The DSC cell was purged with 50 ml/min
of nitrogen. Data analysis was carried out on the second heating ramp using a ramp of
5◦C/min for both polymer networks and solvents.

3.5 Polarized Optical Microscopy

The thermo-microscopy studies were performed on a Leitz polarized optical micro-
scope (POM), equipped with a Linkam heating/cooling stage THMS 600 together with
a temperature-controlling unit TMS 92. For the swelling measurements, thin sheets of dry
polymer networks (thickness of approximately 50 µm) were sliced with a scalpel, cut into
approximately 500 × 500 µm squares and placed in a THMS-Q quartz cell (Linkam In-
struments), which allowed the thermo-microscopic observation of liquid samples without
being sandwiched between two glass plates. The THMS-Q cell was filled with LMWLC
and placed in the heating stage under a nitrogen atmosphere. Ratios of the gel dimensions
(swollen/dry states) allow the precise determination of the swelling degree of the gel over
a wide temperature range. The temperature was increased in a stepwise manner until the
swollen polymer samples reached thermodynamic equilibrium at each given temperature.

3.6 Swelling Study

Sub-millimeter-sized samples with nearly rectangular shapes were prepared from the
crosslinked poly (ABu/HDDA) and poly (LCE-6OCB/HDDA) networks. These samples
were immersed in the LC solvents at room temperature for two days to enable the thermo-
dynamic equilibrium state to be reached. Characterization was performed by observations
via POM over a wide temperature range. Micrographs were taken at 5◦C intervals until the
swollen polymer samples reached thermodynamic equilibrium at each given temperature.
Smaller temperature intervals were chosen in the vicinity of the nematic-isotropic phase
transition temperatures of LC and nematic polymer. Six different ratios of length (l1, l2),
width (w1,w2) and diagonals (d1,d2) (swollen to dry states) were collected as a function of
temperature. Then, λ was defined as the average of these six ratios. The value λ is in fact
the cubic root of the swelling ratio Q:

λ = Q1/3 = 1

6

(
λl1,0

λl1
+ λl2,0

λl2
+ λw1,0

λw1

+ λw2,0

λw2

+ λd1,0

λd1

+ λd2,0

λd2

)
(10)
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For each polymer/5CB system, several samples were systematically measured and the
shown values represent the average of results obtained from several samples prepared and
analyzed under the same conditions.

4. Results and Discussion

Figure 1 shows thermograms from DSC measurements of polybutylacrylate (PABu)- and
LCE-6OCB-polymer networks, crosslinked with 5wt% of HDDA. The LCE show two
specific transition temperatures, a glass transition temperature (Tg) and a nematic-isotropic
transition temperature (TNI), whereas the PABu network exhibits only a glass transition
temperature around −40◦C.

In order to evaluate the influence of the nature of the polymer networks on the phase
diagrams, the swelling properties of these networks were examined in a nematic solvent
over a wide temperature range. The swelling behavior of these systems was followed
by POM which allowed observing that the networks always swell homogeneously in all
directions even in the liquid crystalline state. Figure 2 shows two representative swelling
curves of the isotropic PABu and the mesogenic LCE-6OCB-networks, respectively.

In the first case, it is interesting to note that below the TNI of 5CB, practically no swelling
of the network occurred, but when the temperature increases gradually approaching TNI,
the swelling rate increases slowly. The swelling curve of the LCE-6OCB in the nematic
solvent 5CB is quite different from the former one since it presents two distinct transition
temperatures, the first one results from the LC solvent (dotted points), and the second one
from the LC gel (dash-dotted points). For temperatures below TNI of the LC solvent, the two
components of the mixture (gel and solvent) are in the nematic state. In this temperature
range, the swelling rate of the gel remains nearly constant. When approaching TNI of 5CB

Figure 1. Thermograms from DSC measurements of PABu and LCE-6OCB polymer networks,
crosslinked with 5wt% HDDA. The arrows indicate the glass transition temperatures (Tg), whereas
the endothermic peaks correspond to the nematic-isotropic transition temperatures (TNI).
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Swelling Behavior of Isotopic and Anisotropic Polymer Networks in 5CB [405]/165

Figure 2. Evolution of the swelling rate of LCE-6OCB (empty points) and PABu (solid points) in
the nematic solvent 5CB, according to the temperature. The dotted points correspond to the nematic-
isotropic transition temperature of 5CB and the dash-dotted points stand for the nematic-isotropic
transition temperature of the gel.

(35.3◦C) by heating, the swelling rate starts to decrease. In the temperature range between
the TNI of solvent and gel, the excess of solvent has become isotropic while the gel is still
nematic. The corresponding curve in Fig. 2 reaches a minimum for T = 47.5◦C. Further
increase of the temperature tends to depress the strength of anisotropic interactions inside
the gel phase and results in shrinkage of the gel. The transition from the nematic gel state to
the isotropic state (T = 47.5◦C) results on a macroscopic scale by a large volume transition
over a narrow temperature range, of about 0.5◦C. This phase transition is quite specific to
the molecular interactions governing these liquid crystalline interactions. From a practical
point of view the coupling between the clusters of the LC network and those of the LC
solvent represents a new molecular force in the field of smart materials.

The corresponding phase diagrams of PABu/5CB and LCE-6OCB/5CB systems are
presented in Fig. 3. The symbols are experimental POM data and the LC volume fraction
ϕLC was calculated from

ϕLC = 1 − (1/λ3) (11)

The phase diagram on the left hand side of Fig. 3 shows three distinct domains; isotropic,
isotropic + isotropic and nematic + isotropic. On the right hand side of the same figure, the
phase diagram of LCE-6OCB/5CB exhibits five domains, in relationship with two distinct
temperatures 35◦C and 50◦C, corresponding respectively to the TNI of 5CB and of the gel.
The phase diagram shows in this case two monophasic and three biphasic domains.

Figure 4 displays micrographs obtained by POM observations showing the influence
of swelling in the case of the isotropic network (Figs 4a–c) and the LCE-6OCB network
(Figs 4d–f).

Figure 4a shows the sample immersed in 5CB at room temperature, under parallel
polarizers. When the temperature reaches 27◦C, the nematic character of 5CB appears
(Fig. 4b); and further increase of temperature leads to the isotropic phase of the LC
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Figure 3. Phase diagrams of PABu/5CB and LCE-6OCB/5CB systems, obtained by POM. The solid
lines represent the result of theoretical calculations of the isotropic binodals of the phase diagrams,
using the parameters gathered in Table 1.

(Fig. 4c). Figure 4d presents the nematic network swollen in 5CB at 28◦C. When the
temperature increases exceeding TNI of the nematic solvent, the nematic gel is surrounded
by the isotropic solvent (Fig. 4e). A further increase of temperature leads to the isotropic
phase of both gel and 5CB (Fig. 4f).

Figure 4. Optical micrographs showing the phase transitions of the isotropic network PABu and
the nematic network LCE-6OCB swollen in 5CB. a) Isotropic PABu network at room temperature;
b) Isotropic PABu network swollen in nematic solvent at 27◦C; c) Isotropic PABu network swollen in
isotropic 5CB at 40◦C; d) Nematic LCE-6OCB network swollen in nematic 5CB at 28◦C, e) Nematic
LCE-6OCB gel surrounded by isotropic 5CB at 48◦C; f) Isotropic state of LCE-6OCB and 5CB at
70◦C. The scale bar corresponds to 500 µm.
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Swelling Behavior of Isotopic and Anisotropic Polymer Networks in 5CB [407]/167

The solid lines in Fig. 3 represent the results of theoretical calculations obtained
starting from the combination of the theories of Flory-Rehner and Maier-Saupe. Indeed,
thermodynamical equilibrium between two coexisting phases is determined by the equality
of chemical potentials of each component in the two phases. For the nematic LC/crosslinked
polymer system, a phase of swollen network or isotropic gel (α phase) is in equilibrium with
a pure solvent phase (β phase). Thus the equilibrium is reached by equating the chemical
potentials in the two phases (i.e. ϕ

(β)
2 = 0 and µ

(α)
1 = µ

(β)
1 = 0). Swelling of the network

by the LC can occur either in the nematic phase (T < TNI, and ϕ1 < ϕNI) or in the isotropic
phase (T > TNI, and ϕ1 > ϕNI). The quantity ϕNI = T/TNI represents the critical LC volume
fraction below which nematic ordering does not exist.

The calculation of the binodal in the isotropic phase was obtained by differentiating
the free energy with respect to the number of molecules which can be written in terms of f
and its derivative with respect to ϕ2:

µ
(i)
1 = f (i) − ϕ2

df (i)

dϕ2
(12)

µ
(i)
2 = f (i) − ϕ1

df (i)

dϕ1
(13)

The chemical potentials of the constituents should be balanced in equilibrium according to
the equation:

{
µ

(α)
1 = µ

(β)
1

µ
(α)
2 = µ

(β)
2

(14)

In the α phase, the condition ϕ
(α)
1 = ϕ

(β)
1 is imposed. Similarly, in the β phase the condition

is ϕ
(β)
1 = 1 ; ϕ

(β)
2 = 0. ϕ

(β)
2 = 0 implies that the network cannot be dissolved by the LC

solvent. For the LCE-6OCB/5CB system, only the isotropic part was considered since the
model calculation of the phase diagram needs to take into account the effect of nematic
coupling on the miscibility of polymer and solvent, which needs some more investigation.
The results of the calculation procedures are given in Table 1.

Table 1. Results from theoretical calculations using Flory-Rehner and
Maier Saupe theories, for PABu/5CB and LCE-6OCB/5CB systems. NC

represents the number of monomer units between two consecutive cross-
links. The parameter χ will be assumed to be function of the temperature

only χ = A + B/T

Polymer
network PABu LCE-6OCB

Nc 3 62
A −0.07 −0.30
B 124 217
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Conclusions

The preparation of samples of isotropic and LC polymer networks, swollen in a nematic LC
(5CB), were considered in this work. Thin polymer films were immersed in an excess of
5CB, forming polymer gels. An extended study by POM allowed determining the swelling
degree and the corresponding phase diagrams could be deduced for the polymer/LC systems.
The phase behavior of LCE-6OCB swollen by 5CB exhibits an extended miscibility gap
due to the anisotropic coupling between LC solvent molecules and LC side chains of the
network. The influence of the nematic polymer backbone is considerable if it is compared
to the isotropic polymer network. The theoretical analysis gives a good agreement for the
isotropic part of the binodals of the phase diagrams. More investigations will be carried out
to analyze theoretically the remaining domains of the phase diagram of the LCE-6OCB/5CB
system.
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