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ABSTRACT: In this study, we report on the design and synthesis of new main-chain liquid crystal elastomers
(MC-LCEs), i.e., LCEs with the mesogenic groups inserted in the main-chain, and on their mesomorphic and
mechanical properties. We proposed and tested various approaches to produce in a simple way MC-LCEs exhibiting
systematically the nematic phase, preferably within an accessible temperature range and ideally with a room-
temperature activity, and for which systematic smectic mesophases formation and stability would be reduced.
The first approach consisted in the straight modification of the nematic monomer core by methylation of the
central ring to reduce the side-by-side molecular interactions, but still preserving the molecular anisotropy to
promote nematic materials. As for the second approach, it implied the incorporation within the reticulated network
of bulky and anisotropic cross-linkers, with the expectation to disfavor the tendency for lamellar phase formation
by limiting the microsegregation between the plastifying segments and rigid parts. All the elastomeric systems
reported here exhibited a room-temperature mesomorphic behavior; in all cases, both SmC and N phases were
systematically observed. Particularly relevant, a low-temperature nematic behavior was strongly promoted over
the formation of smectic phases with elastomers containing discotic cross-linkers. In contrast, the degree of
methylation appeared to have almost no influence on the mesophase nature, but contributed to a substantial reduction
of the transition temperatures. The impacts of these structural modifications on the mechanical properties were
also evaluated. For instance, elastomers with anisotropic cross-linkers have a more reduced stretching ability and
are slightly more fragile than those with flexible (and deformable) ones and do not form as stable monodomains
either. The results of these investigations are reported, the mesomorphic and elastic properties are discussed in
correlation with the molecular structures of the components, and also some aspects connected to the synthesis are
evoked.

Introduction

Liquid crystal elastomers (LCEs) have been the subject of
increasing research and are developed as promising functional
materials due to their remarkable properties and, in particular,
to their exceptional elastic behavior,1,2 first predicted by de
Gennes,3 and to the fact that, unlike conductive polymers and
gels, they do not need a solvent to actuate and exert traction.4,5

Indeed, LCEs are materials with uncommon elastic properties
that combine the orientational ordering properties of liquid
crystalline systems (enthalpic contribution) with the rubbery
elasticity of polymer networks (entropic effect).6 Their ability
to change their shape and size significantly (and reversibly) by
inducing disorder in the liquid crystalline structure at the
nematic-to-isotropic (N-I) phase transformation (triggered by
temperature) or in response to other external stimuli (electric
field,7 light8) make them particularly attractive in order to be
potentially incorporated into actuating materials that can mimic
muscle performances (contraction/elongation cycles)9–11 or
integrated into electronics (SHG, lasers).12 The contraction
length, the stress, and the speed of the response of these
materials are the three important parameters to optimize for
successful implementation in a wide range of applications
including robotics, microfluidics, and microelectromechanical
systems (MEMS). Ideally, and this is a real challenge for their

utilization in these applications, LCEs with well-ordered and
immobilized single nematic monodomains at room temperature
are required. However, before considering possible applications,
important fundamental and theoretical efforts are essential to
improve our understanding of the physical properties and
chemical requirements for these types of systems.

There are two main families of LCEs, resulting from the weak
cross-linking of linear polymers:13–18 the main-chain type with
the mesogens inserted within the polymeric backbone19–24 and
the side-on type with the anisotropic units attached as side
groups to the polymer chain.8,13–17,25–30 Other structural varia-
tions including main-chain/side-chain mixed and combined LCE
structures31–33 or LC H-bonded polymer forming transient
networks34 have also been prepared. Side-chain LCEs (SC-
LCEs), the first to be obtained, and since the most stud-
ied,13–17,35,36 produce mainly large smectic temperature domains
when the side groups are attached in the end-on fashion, while
those with laterally attached mesogens (side-on) exhibit pref-
erentially a small temperature-range or a metastable nematic
phase,8d,37 temperature domains that can be tuned by the use
of two types of cross-linkers, in various proportions,38 or by
changing the chemical nature of the side-on group (fluorinated
chains).39 Similarly, both SmC and N phases are simultaneously
produced with MC-LCEs, with a slight tendency to show a broad
temperature-range nematic phase.20–22,40 The presence of me-
sogenic units inserted within the polymeric backbone should
however theoretically lead to a stronger coupling between the
polymeric chain orientation, network strain, and the intrinsically
high liquid crystalline orientational order than SC-LCEs and
thus to a great enhancement of the mechanical properties. This
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was shown experimentally only recently by Wermter and
Finkelmann in their study on a nematic monodomain of a LCE
based on mixed main- and side-chains.32 They showed that
increasing the proportion of the main-chain component versus
the side-chain one resulted in increasing elongations with values
reaching about 300% at the isotropic state-nematic phase
transition compared to the average value of 50% for the mean
elongation observed for pure SC-LCEs.

Encouraged by these results, we proposed and tested various
approaches to produce in a simple way MC-LCEs exhibiting
systematically the nematic phase within an accessible temper-
ature range, and for which smectic mesophases formation would
be discouraged. The first approach consists in the systematic
modification of the nematic monomer core by methylation of
the central rigid part to reduce the side-by-side molecular
interactions auspicious to smectic phase stabilization on the one
hand but still preserving the molecular anisotropy to promote
nematic materials on the other hand. The second approach
implies the incorporation within the network of rigid, anisotropic
cross-linkers to disfavor the lamellar ordering by breaking the
lamellae and reducing the microsegregation between the plastic
and rigid parts.

Results and Discussion

In the first part, the preparation and thermal properties of a
set of four monomers is presented, and the influence of the
degree of methylation and symmetry of the central core on the
thermotropic properties of the resulting main-chain polymers
(MC-LCPs) and related elastomers is discussed. In the second
part, various types of cross-linkers, differing in their branching
multiplicity, rigidity, core geometry and molecular symmetry
are described and the impact of their insertion within the
corresponding elastomers on some physical properties (meso-
morphic and elastic) evaluated. All the systems prepared
exhibited mesomorphic behavior, in which the stability of the
SmC and N phases is strongly dependent on the structures of
both the mesogen and cross-linker. As for the mechanical
behavior, the properties are strongly influenced by the nature
of the cross-linker.

For the preparation of elastomers, we may use two different
approaches: a two-steps method, where the monomer reacts to
form polymeric chains which, after purification, are cross-linked
in a second reaction to yield the network, or a one-step process,
where the polymerization and the cross-linking reactions occur
simultaneously. In this systematic study, where a large number
of new materials must be synthesized, the second method was
adopted preferably for its accessibility and versatility.22a Linear,
rigid mesogens made of three connected aromatic groups
generally present high phase transition temperatures, often near
the temperature of decomposition of the molecule, preventing
their future utilization in the preparation of LCPs and LCEs. A
way to avoid these problems and to obtain LCPs with moderate
phase transition temperatures consists in intercalating flexible
spacers between the rigid units. This one-step method, which
makes use of the hydrosylilation of double bonds, requires
indeed the use of two monomers, one being the mesogen with
two peripheral chains functionalized at both ends by double
bonds, and the other one being, in our case, the disiloxane unit,
namely tetramethyldisiloxane (TMDS), the required flexible
subunit which will act as chain-extender as well as conferring
the plastifying character to the entire system. As for the cross-
linker, it can be equally functionalized by vinyl or siloxane end-
groups.

Effect of the Mesogenic Monomer Structure. It is well-
known that the introduction of a lateral group in the core of the
mesogen or its substitution by a less symmetrical group can
induce a considerable reduction of the phase transition temper-

atures, whatever the liquid crystalline system concerned,22,41,42

up to a point where the mesomorphic order is totally destabilized
or simply lost. However, ingenious core substitution may only
destabilize the smectic order and favor preferentially the nematic
phase, by a controlled reduction of the side-by-side intermo-
lecular interactions. Thus, three methylated monomers, where
the number and the position of the methyl groups were
systematically changed, and their nonmethylated analogue for
comparison, were prepared (Figure 1), and their thermal
behavior was studied.

Synthesis and Thermal Properties of the DiVinyl Monomers.
The four monomers M0-M3 were prepared in good yields
using the same esterification procedure between 2 equiv of
4-(hex-5-enyloxy)benzoic acid and the appropriate hydroquinone
derivative (Scheme S1).

All the monomers present a single nematic phase, easily
identified by the optical texture developed while observing the
sample under a polarized optical microscope. The texture is
characterized by the existence of highly birefringent and
homogeneous domains: either the sanded-threaded texture or
the Schlieren texture is observed, the latter characterized by the
presence of both 2- and 4-brushes disclination defects (s ) (
½ or ( 1, respectively, the former being the proof of the nematic
ordering). The thermal stability and temperature range of the
nematic phase is, as expected, strongly dependent on the nature
of the core substitution. Indeed, M0, which is the most
symmetrical and least bulky monomer with no side-group,
exhibits a high-temperature nematic phase stable over a large
temperature range (Table 1 and Figure 2). The behavior of the
other symmetrical monomer M2 is quasi-similar, although with
a net reduction of the TN-I by about 30 °C with respect to M0,
which is likely linked to the relative bulkiness of the core and

Figure 1. Molecular structures of the monomers M0–M3.

Scheme 1. Liquid-Crystalline Network Synthesis
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the reduced intermolecular interactions. However, the broadest
nematic temperature range is observed for the nonsymmetrical
monomethylated monomer M1, mainly due to an important
decrease of the melting temperature (a fall of ca. 60 °C
compared to the three other monomers), but also to a substantial
decrease of the clearing temperature. As for the other nonsym-
metrical monomer M3, with the lowest molecular aspect ratio,
the combination of symmetry reduction and core bulkiness (three
methylene groups in the core) results in a complete destabiliza-
tion of the nematic mesophase, which now exists over two
degrees only; on cooling, however, the nematic phase is
supercooled down to about 80 °C (Supporting Information). The
variation of the crystal-to-nematic phase transition enthalpy,
proportional to the strength of the intermolecular interactions,
is consistent with the molecular symmetry changes: the more
symmetrical the mesogens (M0, M2 vs M1, M3), the larger
transition enthalpy changes (Table 1).

The physical properties of the monomers (M0-M3) are thus
directly connected to the number of methyl groups and to the
way they are distributed in the central mesogenic core. The next
step was to determine whether these trends could be preserved
(and enhanced) upon the insertion of these nematogenic cores
into the corresponding polymers and elastomers.

Thermal Properties of the Polymers Prepared with the
Various Monomers M0-M3. The four monomers were respec-
tively reacted with 1,1,3,3-tetramethyldisiloxane (TMDS) in
stoichiometric amount, at 60 °C in toluene, to form the siloxane-
based linear polymers, [Mi + TMDS]n: the hydrosylilation
reaction was catalyzed by PtCODCl2 (Supporting Information
and Table S2). Overall, the polymers were obtained with rather
low degrees of polymerization (DP, n) but with acceptable
polydispersity indices (PDI), ranging from 1.5 to 2.0 (PDI )
Mw/Mn), in the expected range for such a polyaddition reaction
according to the Carothers equation.43 The solubility of the

monomers in the solution reaction also influenced greatly the
efficiency of the hydrosylilation: the least soluble monomers
M2 or M3 led to oligomers (low DPs) rather than polymers, in
contrast to the more soluble monomers M1 and M0. Moreover,
in order to later react under the same experimental conditions
used for the preparation of the elastomers, these polymerization
reactions were performed in concentrated solutions, crucial for
the network formation. The good solubility of M1 also allows
performing the reaction under concentrated conditions.

As for their thermal behavior, all the polymers exhibit a
nematic phase, but with in addition, the induction of room-
temperature, ill-defined, ordered smectic-like phases (referred
to as SmX and SmY phases, as not completely characterized),
and of a SmC phase, just below the nematic phase. All the
polymers likely transformed into a glassy phase, although the
glass transition (Tg) could hardly be detected by DSC (Sup-
porting Information), only measured for the M1-containing
polymer. The TN-I was substantially reduced by about 20–30
°C when compared to that of the corresponding monomers
(Table 2 and Figure 2). Interestingly, the temperature range of
the nematic phase, still large but reduced with respect to the
free mesogens, was found to increase concomitantly with the
degree of methylation of the monomer; again, an important
supercooling effect was observed for the nematic phase of the
M3-system. The opposite behavior is observed for the SmC-
temperature range, which decreases with core-substitution and
is almost inseparable from the ordered smectic phase in the M3-
containing system. It is obvious that the M2- and M3-systems
are abusively referred to as polymers and cannot truly be
considered as such, but despite their low DPs, their thermal
behavior is drastically different to that of the monomeric
precursors, showing instead the general trends observed for their
M0 and M1 polymeric analogues (Vide supra). This tendency
for polymeric-like behavior is commonly observed in dimers
and oligomers containing siloxane spacers.44 Overall, the
systematic presence of the nematic phase, despite the segmented
structure of the oligomers and polymers (flexible and nonme-
sogenic siloxane elements45 alternating with rigid monomeric
units within the polymer backbone), is likely consequent to the
reduction of the intermesogen interactions brought by the bulky
siloxane units (which have a larger cross-section area than the
monomers) still conferring entropic flexibility and conforma-
tional freedom to the chains,46 and thus inhibiting, at elevated
temperature, the perfect microsegregation of the different
constitutive parts of the systems.47,48

The enthalpy values associated with the SmX-SmC phase
transition point to slightly more ordered phases below the SmC
phase. The presence of these two phases (SmX and SmY
phases), and the strong tendency of the systems to form layered
morphologies in general, can be understood by the reduction
of the chains’ flexibility and conformational freedom on
lowering temperature, which facilitates the microsegregation of
the various parts. The different orderings observed (X, Y, and
C) are probably linked to various translational orders of the
“tilted” mesogenic parts within the layers.

Unfortunately, the polymerization induces the formation of
undesired smectic phases (SmX, SmY, SmC) due to intra and
intermolecular cooperative interactions which favors the seg-
regation of the different molecular parts. The alignment of the
mesogens forces the elongation of the chain, and because the
polymer is a periodic structure containing the mesogen-siloxane
sequence, the preferential orientation of the mesogens favors
the existence of a positional order (microsegregation), thus
generating a smectic phase at low temperatures. The results also
show that the molecular symmetry of the mesogen influences

Table 1. Mesomorphic Properties of the Monomers

monomer thermal behaviora ∆T (N)b

M0 Cr 130 (68.3) N 201 (4.1) I 71
M1 Cr 65 (45.0) N 151 (3.3) I 86
M2 Cr 124 (51.3) N 176 (3.75) I 52
M3 Cr 120 (46.0) N 122 (2.7) I 2

a Transition temperatures (°C) and enthalpies (∆H in J ·g-1) in paren-
theses. Data were measured during the second heating: Cr, crystalline phase;
N, nematic phase; I, isotropic liquid; b ∆T (N): stability temperature domain
of the nematic phase (°C).

Figure 2. Temperature phase diagram of monomers M0, M1, M2, and
M3, their corresponding linear polymers, and the elastomers with 10
mol % of cross-linker. TCr-N and TN-I: solid lines for the monomers
([). TSmC-N and TN-I: dashed lines for the polymers (b) and dotted
lines for the elastomers (9).
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the stability of the smectic mesophase against the nematic phase,
as observed by Billibin.49

Characterization of the Elastomers Prepared with the
Various Monomers M0-M3. As mentioned above, the synthesis
of the main chain LCEs was performed according to the one-
step procedure.22a The appropriate diolefinic mesogen forms the
network by reacting via the hydrosilylation addition reaction
to TMDS and the cross-linker (HD5) as shown in Scheme 1.

All three components were dissolved in toluene, the temper-
ature raised to 60 °C (for both the preparation of the bulk and
film samples) and after adding a Pt catalyst, the hydrosilylation
reaction proceeded to yield a swollen gel in toluene. For the
preparation of the films, the reaction was performed in a
centrifuge at 5000 rpm for about 24 to 48 h, while the bulk
samples were prepared directly in a round-bottom flask. Several
elastomers were prepared this way, with some of them also
prepared as films, differing in the cross-linking density (the
variable proportions of HD5 are 5, 10, 15, and 20 mol %,
respectively; see Supporting Information) and the type of
monomer. The efficiency of the synthesis and the quality of
the produced elastomers were controlled by determining the
soluble part content (sol. %) and the swelling behavior (R and
q parameters) as a function of the proportion of the cross-linker
and monomer (Tables S4 and S5) for all the elastomers: the
more efficient the reaction, the less free chains inside the
material, and thus the lower the sol content. When in contact
with a solvent, the material swells and thus expands. This
expansion is larger in principle for weakly reticulated materials
than for strongly cross-linked ones.

From the analysis of these parameters (Supporting Informa-
tion), one may suggest the existence of a lower and an upper
limit for the ideal proportion of cross-linker to be used. As
expected, the soluble content decreases upon increasing the
cross-linking density, and up to a certain amount, above 15 mol
% of cross-linker, it remains more or less constant. This can be
explained by the fact that beyond 15 mol % of reticulation, the
cross-linker mostly behaves as a chain extender (a kind of
saturation effect of the reticulation process) or introduces
branches and defects inevitably present with this chemistry in
the network (dangling chains, loops, ...). However, with 5 mol
% or less of cross-linker, a material with a high sol. % is
obtained, indicating that the quantity of cross-linker used is not
sufficient for obtaining a material properly cross-linked. More-
over, it can be verified that the less reticulated elastomers the
higher the swelling. The swelling coefficients parallel to the
direction of elongation (R|) are lower than the ones in
perpendicular directions (R⊥ ) indicating that the materials are
not isotropic, but show a preferential orientation, with a
maximum anisotropy for intermediate cross-linking densities (ca.
10 mol %). This observation is in good accordance with some
other results published in the literature,20,32,50,51 and it is
explained by the prolate geometry of the polymer chains, which
are stretched along one principal preferred direction. This is a
good indication as far as the next step, the preparation of
monodomains, is concerned. The global variation of volume is
expressed by the degree of swelling, q. The q-values are close

to those found in the literature for side-chain,32 mixed,32 and
main-chain51 systems and are indicative of a rather homoge-
neous distribution of the cross-links within the material.

Although, a too quantitative and detailed analysis of these
results should be done carefully: first, the rather poor solubility
of some of the monomers does not facilitate the polymerization
in concentrated medium, as it was evoked for the polymers;
second, due to some synthetic additional problems, that were
later detected, such as the migration of the double bonds of
the monomers and the volatility of the siloxane monomer, the
efficiency of the hydrosilylation reaction was found to be
considerably reduced.43 In particular, the low solubility of
monomers M0 and M2 (and to some extent the volatility of
TMDS) clearly contributes to a decrease of the polymerization,
hence the disappointing results reported in Table S5; these
synthetic problems, specific to the chemistry used, have been
since remedied and will be reported on in due course.52 In this
study, it seems however clear that the optimized system involves
mainly the use of the monomer M1 and a cross-linking density
of 10 mol % as being the optimal quantity of cross-linker to be
used to form a network of relatively good quality.

The mesomorphic properties of the various elastomers are
compiled in Table 3 and some obvious trends can be easily
observed (Figure 2). The mesomorphic behavior of the materials
is not greatly affected by the method used for its preparation,
and may indifferently be studied as bulk samples or film
materials, a rather practical observation, since some of them
could not be obtained as films, and only prepared as massif
materials. Moreover, after removal of the sol content, essentially
constituted of monomers and small oligomers (determined by
1H NMR) from the network almost no change in transition
temperature were observed, except a small increase of the glass
transition. In both cases, the overall tendency consists in a slight
increase of the SmC-to-N phase transition (less than 10 °C).

Clearly, polymerization helps in stabilizing mesomorphism,
with the induction of a SmC phase at the expense of crystalline
phases at room temperature. This effect is enhanced after
reticulation, with some small variations in the transition tem-
peratures on the order of (10 °C, not all significant considering
the macromolecular nature of the materials.53 Providing that
the degree of reticulation is approximately of the order of 10
mol %, the mesomorphic behavior of the elastomers is
comparable to that of the parent polymers for the M2- and M3-
containing systems (Figure 2), while a great enhancement of
the nematic temperature range is observed in the M0- and M1-
containing LCEs. In contrast, increasing the proportion of the
cross-links within the LCEs (>15 mol %) results in the increase
of the transition temperatures as well as the extension of the
SmC phase temperature domains. The cross-linker clearly
imposes some rigidity to the system by decreasing the molecular
freedom of the chains, contributing to the stability increase of
the ordered phases, but concomitantly also shows a plastifying
tendency, a counter-acting effect. The effect of the methylation
degree of the mesogen is still present in the elastomer as
whatever the cross-linking density (10 or 15 mol %), the stability
of the SmC mesophase becomes lower as the number of methyl

Table 2. Thermal Behavior of the Polymers

polymers thermal behaviora TN-I
b ∆T (SmC)c ∆T (N)c

[M0 + TMDS]n SmX 107 (23.0) SmC 154 (7.2) N 176 (2.0) If 25 47 22
[M1 + TMDS]n G 8 (0.08) SmX 28 (4.0) SmC 97 (4.9) N 122 (2.0) I 29 69 25
[M2 + TMDS]n SmY 66 (1.3) SmX 110 (-) SmC 116 (23.3)c N 148 (1.5) If 28 6 32
[M3 + TMDS]n SmY 10 (1.8) SmX 68 (16.9)d,e N 101 (2.4) If 21 0 33

a Transition temperatures (°C) and enthalpies (∆H in J ·g-1) in parentheses, glass transition, Tg, and heat capacity, ∆Cp (J ·g-1 ·K-1) in parentheses. Data
measured during the second heating: G, glass phase; SmX and SmY, ordered ill-defined smectic phases; SmC, smectic C phase; N, nematic phase; I,
isotropic liquid. b Reduction of TN-I upon polymerization of the monomer (°C). c ∆T (SmC) and ∆T (N): stability temperature-domain of the smectic C and
nematic phases (°C), respectively. d Cumulated enthalpies of both transitions. e The SmC and the SmX are not separated enough to be distinguishable. f Tg
not detectable and ∆Cp not measured.
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groups in the central core increases. Unexpectedly, upon
increasing the cross-linking density from 10 to 15 mol %, both
the SmC-to-N and N-to-I phases transition temperatures increase
in the case of the elastomers prepared with nonsymmetric
monomers (M1 and M3) while they decrease for elastomers
prepared with the symmetric monomers (M0 and M2), with
nevertheless an attenuation of the amplitude in M2- and M3-
containing elastomers.

In the graphical representation of the transition temperatures
of the monomers, polymers, and elastomers as a function of
the degree of methylation of the central core (Figure 2), it can
be confirmed that materials prepared with the symmetric
monomers, M0 and M2 have higher clearing points than the
systems prepared with monomers M1 and M3. A certain
leveling effect of the methylation can be seen on going from
the monomers to polymers and elastomers.

Effect of the Cross-Linker Structure. The nature of the
cross-linker may also affect the thermal and mechanical proper-
ties of the elastomers.33,54,55 In particular, as demonstrated by
Greve and Finkelmann,54a it was shown that the orientation of
the nematic director in SC-LCEs does not depend only on the
nature of the mesogenic unit and the chain extender, but also
on the type of cross-link used, and its concentration. We have
thus decided to study the influence of the nature of the cross-
linker (multiplicity, geometry, rigidity) on the thermotropic
properties, with the idea to disrupt the smectic ordering, as well
as to improve the mechanical properties and evaluate the
maximum strain allowed of MC-LCEs prepared with a calamitic
mesogen M1.

Synthesis and Characterization of the Cross-Linkers. Eight
types of rigid cross-linkers were selected for this study, four
having a linear structure with a functionality η ) 3 (L3, L3′)
and η ) 4 (L4, L4′), three with a discotic shape with η ) 3
(D3), η ) 4 (D4) and η ) 6 (D6), and a final one with spherical
shape with η ) 4 (S4) (Figure 3).

The linear, discotic, and spherical cross-linkers were all
similarly prepared in good yields by a DCC-DMAP esterification
of hydroquinone (L4 and L4′), 1,3,5-trihydroxybenzene (or
phlorogucinol for D3 and D6), 1,2,4,5-tetrahydroxybenzene
(D4), and pentaerythrytol (S4) with the correct amount of the
appropriate benzoic acid 4-(pent-4-enyloxy)benzoic acid for L3,
L3′, and D3), 4-(hex-4-enyloxy)benzoic acid (for D4 and S4),
3,4-bis(pent-4-enyloxy)benzoic acid for L3′ and L4′), 3,5-
bis(pent-4-enyloxy)benzoic acid for L3, L4, and D6). The
nonsymmetrical cross-linkers (L3 and L3′) were prepared in
two steps starting by the protection of one hydroxyl group of
the hydroquinone by TBDMSCl, followed by a first esterifica-
tion, the deprotection of the monosubstituted hydroquinone, and
finally by a second esterification reaction. These procedures are
all well detailed in the Supporting Information. Only one of
them, L3′, is mesomorphic, showing a narrow temperature-range

nematic phase (Cr 106 N 116 I), while the range of the melting
points is between 43 and 112 °C.

Characterization of the Elastomers Prepared with Monomer
M1 and the Various Rigid Cross-Linkers. The elastomers were
prepared using the procedure described above and solely with
monomer M1, with the quantities of catalysts slightly increased,
and the temperature of reaction kept at 60 °C. The preparation
of weakly cross-linked systems with 90 and 80 mol % of M1
was attempted, although in the first case (90 mol % of M1),
elastomers were not formed, likely due to the small cross-linking
density (in this case, 10 mol % corresponding to 6.7, 5, and
3.3% for cross-linkers with η ) 3, 4, and 6, respectively).
However, doubling the cross-linking density (systems with 80
mol % of M1), led to another series of elastomers. The
performance of the cross-linker and the efficiency of the
reticulation reaction were evaluated by determining both
the soluble content (sol. %) and degree of swelling (q): the more
performing the cross-linker, the more efficient the reaction and
the fewer free chains inside the material.

The results obtained for the elastomers prepared with
monomer M1 and different rigid cross-linkers are reported in
Table S6. At identical concentrations of M1, the multiplicity
of the cross-linker has an influence on the sol. % and the
swelling behavior of the elastomers: the greater the multiplicity
(functionality), the lower the soluble fractions, as expected.
However, let us remember that for a fixed quantity of monomer,
the quantity of cross-linker to use changes in the inverse
proportion of its multiplicity. In other words, for an elevated
multiplicity of the cross-linking agent, the quantity of reticulation
centers is lower than that of a cross-linker with a smaller
connectivity, at identical concentration (e.g., theoretically, D6
will reticulate six linear chains, while, under identical concentra-
tion, D3 will reticulate three chains, but is twice as concen-
trated). The high sol. % implies that the probability of cross-
linkers with low connectivity acting as simply chain extender
is rather high (since also more concentrated) than that of their
homologues with a higher one. The reticulation is thus more
efficient with highly multivalent systems, despite the reduced
number of potential reticulation centers in the material. This is
an important feature of this study, which should be an important
parameter as far as the mechanical properties, and particularly
the elastic behavior, are concerned. The lower the sol. % is,
the less the material swells, and the better this is reticulated, as
predicted by the theory,56,57 is also verified in this series.

The nature of the mesophases was not at all affected by the
insertion of the rigid cross-linkers, since both a SmC and a
nematic phases are systematically observed for all the samples
(Table 4). It appears that the main effect is an overall lowering
of the isotropization temperatures when compared to the
previous elastomers M1 (TN-I ∼ 130–140 °C for 5 and 10 mol
% HD5), and thus an overall reduction of the mesophase

Table 3. Thermal Behavior of the Elastomers Prepared with the Different Monomers and Different Proportions of Cross-Linker (HD5)

elastomers thermal behaviora ∆T (SmC)b ∆T (N)b

M1 + 20% HD5 G 11 (0.2) SmC 167 (1.2) N (>200) Ic,e 156 >33
M1 + 15% HD5 G 10 (0.2) SmC 157 (1.9) N (>200) Ic,d,e 147 >43
M1 + 10% HD5 G 8 (0.3) SmC 84 (2.1) N 144 (2.4) Id,e 76 60
M1 + 5% HD5 G 8 (0.3) SmC 91 (4.0) N 131 (2.0) Id,e 83 40
M0 + 10% HD5 G 0 (-) SmC 90 (8.2) N 168 (3.4) Id,f 90 78
M0 + 15% HD5 G -14 (0.2) SmC 73 (10.0) N 149 (1.4) Id 87 76
M2 + 10% HD5 SmX 89 (6.5) SmC 120 N (2.0) 163 (1.3) Id,f 31 43
M2 + 15% HD5 G 38 (0.1) SmX 77 (2.25) SmC 109 (0.7) N 161 (1.45) Id 32 52
M3 + 10% HD5 G 16 (0.3) SmC 62 (0.55) N 97 (2.1) Id,e 46 35
M3 + 15% HD5 G 35 (0.25) SmC 72 (1.2) N 116 (1.2) Id 37 44

a Transition temperatures (°C) and enthalpies (∆H in J.g-1) in parentheses, glass transition, Tg, and heat capacity, ∆Cp (J.g-1.K-1) in parentheses. Data
measured during the second heating; G: glass phase, SmX: ill-defined smectic phase, SmC: smectic C phase, N: nematic phase, I: isotropic state. b ∆T (SmC)
and ∆T (N): stability temperature-domain of the smectic C and nematic phases, respectively (°C). c The transition for the isotropic could not be determined
with accuracy because the materials started to decompose beyond 260 °C. d Data obtained from the bulk materials. e Data obtained from the films. f Tg not
detectable and ∆Cp not measured.
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stability. The glass transition temperature is also hardly affected
by the nature of the reticulation agent (Tg ∼ 4–12 °C). Moreover,
the reticulation of the linear chains by nonlinear cross-linkers
(D3, D6, S4) contributes to a greater reduction of the smectic
phase stability with respect to those cross-linked by linear ones
(Table 4); D3, D6, and S4 systems actually exhibit almost
identical transition temperatures. In contrast, the stability of the
nematic phase remains nearly unaltered whatever the shape of
the cross-linker. The phase transition temperatures of the
elastomers prepared with linear cross-linkers are generally high
and not greatly dissimilar to the mesomorphic behavior of the
system with 5 and 10 mol % of HD5. The cross-linker D4 may
actually be seen as a cross rather than a disk, i.e. intermediate
shape between a disk and a rod, made of two linear three-ring

arms crossing at the center, thus almost not altering the smectic
mesomorphism, and in this respect its influence is closer to the
linear ones. Thus, using a cross-linker with a different geometry
from that of the mesogen inserted in the chains produces a
substantial diminution of the smectic phase temperature range
without disturbing the nematic temperature range. Finally, the
nematic phase accessibility was also improved.

XRD Characterization of the Elastomers. All the meso-
phases of the elastomers (and corresponding polymers) were
systematically characterized by small angle XRD, allowing also
the determination of the thickness of the smectic layers and the
tilt angle of the mesogens relative to the layer normal. In this
experiment, the X-ray beam is oriented in a direction normal

Figure 3. Structure of the rigid cross-linkers.
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to the direction of elongation and normal to the surface of the
elastomeric film, and well-aligned and optically clear mon-
odomain samples with smectic layers in the film plane were
obtained by uniaxial stretching.

All the studied elastomers, presenting a smectic phase, have
generated oriented X-ray patterns possessing four intense Bragg
spots at the small angles, symmetric with reference to the equator
and to the meridian, and two crescents, diffuse, in the wide angle
range, located on the equator (Figure 4). This pattern is typical
of a SmC lamellar phase and is commonly observed in
polymeric58 and elastomeric systems,22,59–61 the four spots
indicate a layered structure, with the layer normal tilted relative
to the mesogens orientation, and the two broad scattering halos
at the wide angles are indicative that the mesogens are aligned
parallel to each other and oriented in the direction of the
elongation, that is in the direction perpendicular to the X-ray
beam and parallel to the surface of the film. In such aligned
networks, the director is macroscopically and uniformly ordered
and the orientation of the smectic layer normal is conically
distributed through the sample thickness, with respect to the
molecular director (quasi parallel to the stretching
direction).22e,34a The four Bragg spots slowly loose definition
and become more and more diffuse as the temperature is
increased, concomitantly with the overall loss of the layering
of the structure (positional ordering and cybotactic groups)
characteristic to the SmC-to-nematic phase transformation, while
the two halos in the equatorial position remained unchanged,

in agreement with the persistence of the orientational order. The
halos are slightly more diffuse due to the increasing freedom
of motion resulting in the partial loss of orientational order of
the nematic phase. At all temperatures, a circular diffuse halo
is systematically observed in the wide angles part, which
corresponds to the liquid order of the siloxane groups between
the mesogens. Above the nematic-to-isotropic liquid phase
transformation, the diffuse spots and crescents have totally
disappeared to give circular diffuse halos corresponding to the
complete loss of positional and orientational orders.

The graphics for the radial variation of the intensities of the
small- and wide-angle reflections for the smectic, nematic and
isotropic phases are shown in Figure 4. They were obtained
after normalization of the intensity for the small and wide angles.
For the smectic phase, the intensity at the small angles is higher
than the intensity at the wide angles (predominance of positional
order). For the nematic phase, what prevails is the intensity at
the wide angles, in agreement with the partial loss of positional
order. In the isotropic state, there is no long distance order. The
results are consistent with those obtained for related systems.22

The thickness of the smectic lamellae is almost invariant in
the temperature range of the SmC stability of all the elastomers
(Supporting Information). For the M1 + 10% HD5 system and
up to 84 °C, the periodicity is ca. 25 Å. This is smaller than the
smectic periodicity measured by Rousseau et al.22b for a very
closely related system (d ) 33.7 Å) but in the same range than
those found for the polymers and elastomers reported in this

Table 4. Thermal Behavior of the Elastomers Prepared with M1 and Different Rigid Cross-Linkers (η is the Multiplicity)

elastomers η thermal behaviora ∆T (SmC)b ∆T (N)b

80% M1 + L3 3 G 4 (0.3) SmC 67 (4.0) N 102 (1.4) I 63 35
80% M1 + L3′ 3 G 11 (0.3) SmC 99 (6.2) N 123 (1.9) I 88 24
80% M1 + L4 4 G 5 (0.3) SmC 42 (1.0) N 87 (1.0) I 37 45
80% M1 + L4′ 4 G 8 (0.25) SmC 91 (6.0) N 114 (2.0) I 83 23
80% M1 + D3 3 G 6 (0.25) SmC 36 (0.4) N 82 (0.3) I 30 46
80% M1 + D4 4 G 4 (0.3) SmC 83 (4.55) N 118 (1.75) I 79 35
80% M1 + D6 6 G 4 (0.05) SmC 50 (0.2) N 92 (0.1) I 46 42
80% M1 + S4 4 G 6 (0.45) SmC 52 (2.4) N 86 (0.9) I 46 34

a Transition temperatures (°C) and enthalpies (∆H in J ·g-1) in parentheses; glass transition, Tg, and heat capacity, ∆Cp (J ·g-1 ·K-1) in parentheses. Data
measured during the second heating: G, glass phase; SmC, smectic C phase; N, nematic phase; I, isotropic state. b ∆T (SmC) and ∆T (N): stability temperature-
domain of the smectic C and nematic phases, respectively (°C).

Figure 4. X-ray diffraction patterns (left to right) of the SmC (35 °C), N (115 °C), and isotropic state (155 °C) phases of the elastomer M1 + 10%
HD5. Radial variation (angle �) of the intensity of the small (solid line) and wide angles (dotted line) reflections corresponding to the X-ray
patterns.

3104 Bispo et al. Macromolecules, Vol. 41, No. 9, 2008



study (d ) 24-27 Å) and previously.22a The periodicity is
substantially smaller than the total length of the segment
comprising both the monomers (Mi and TMDS, ca. 34 Å) in
the stretched conformation in agreement with the tilt of the rigid
unit in the smectic layer by about 45°. Above 84 °C, the phase
is nematic, but it is still possible to measure the periodicity
within the cybotactic groups, with some uncertainty due to the
relative broadness of the diffusion peaks (Figure S4).

The tilt angle θ (angle between the layer normal and mesogen)
can be deduced from the X-ray pattern with respect to the
direction of stretching. It decreases slowly with increasing
temperature, in agreement with the increase of the mesogen
cross-section area (d is almost constant), which increases
concomitantly with the temperature due to chain volume
expansion (Figure S5).

The order parameter, S, was estimated using the modified
Debye-Scherer equation at various temperatures. As shown in
Figure 5, S decreases with increasing temperature, expected due
to thermal fluctuations which contribute to the augmentation
of the mean deviation with the director. In the smectic phase,
up to 85 °C, the order parameter is quasi-constant, with a value
of 0.65. Then, it starts to diminish regularly in the nematic
phase down to 0.55 and then falls abruptly close to the isotropic
phase down to nearly 0 (this value does not reach 0 because of
the reticulation points). This value of S is comparable to that
found for other systems with side-end and side-on topologies
(0.68,61 0.7350 and 0.8,62 0.663), with mixed (0.832) and with
main-chain (0.8,22a 0.7–0.851). These values seem to be inde-
pendent of the type of monomer insertion within the elastomer
or on the nature of the mesophase (SmA, SmC, or N), but are
evidently influenced by the facility to orient the sample, and
thus by the structure of the system (lateral chains vs main
chains).

Thermoelastic Behavior of the Elastomers. In this part,
instead of presenting the data for all the elastomers, we decided
to have a comparative discussion between two elastomers, one
bearing the soft cross-linker (HD5), the other made with D6,
the only elastomer with a rigid cross-linker for which it was
possible to prepare an oriented film. Regarding the structural
similarities between these two elastomers, with almost identical
functionality (with multiplicities of five and six, respectively)
of the cross-linking moieties and degree of cross-linking, elastic
properties may be compared, and the effect of the rigid cross-
linker evaluated.

As for SC-LCEs, the smectic state is characterized by a two-
dimensional rubber elasticity, with a strong anisotropy of
Young’s modulus, greater in the normal to the lamellae than
the parallel direction.64 Consequently, the orientation of the
elastomers in the smectic state is difficult to achieve. A good

orientation would thus necessitate the utilization of heavier load,
with the risk to damage and even break the film. To avoid the
rupture of the films during this process, the elastomeric films
were loaded with a smaller weight. The elastomer prepared with
D6 was aligned at room temperature, due to its mechanical
fragility. The sol content and swelling anisotropies obtained for
both systems (vide supra) are similar in the bulk, but slightly
differ as films (Supporting Information). Thus, not only the
elastomers with HD5 are better cross-linked than those prepared
with D6, they are also easier to align than those with the rigid
cross-linker (higher ∆q). For the same reasons as those invoked
for SC-LCEs, the material swells preferentially in the directions
perpendicular to the stretching one.

The elastic behavior can be evaluated, in a first approximation,
by the estimation of the length of the monodomain as a function
of temperature and load (Figure 6). The maximum length of
the elongation is about 2.15 times that of the length of the film
in the isotropic state and remains stable and reversible after
several cycles (Figure 6). The shift of the elongation observed
during the first heat and with subsequent heating–cooling cycles
is a common situation to all elastomers and is due to both the
elastic and plastic components of the material: the elastic one
is reversible since it is fixed by the cross-links, while the plastic
is simply due to physical interactions between polymer chains.
Therefore, the importance in measuring from the isotropic phase
and to wait that the system has reached a new equilibrium for
the viscous component to vanish must be stressed. Indeed, when
submitted to a stress, a material may relax very slowly, and it
is convenient to wait between consecutive measurements to
guaranty a new equilibrium for the system (about 1000 s after
stimuli, i.e., temperature change). The fact that the measurements
are fully reproducible (perfectly superimposed lines) shows that
the system can reach equilibrium and relax rapidly (within a
few hours, for ∆T ) 150 °C).

The amplitude of the elongation as a function of the load
allows evaluating the limit of the mechanical resistance of the
material. Since the elongation ratio L/L0 does not vary, in
general, over a certain range of applied loads, we can deduce
the maximum of constraints to apply to keep the complete
reversibility of the contraction-elongation cycle, which is
independent of small variations. Loads of 2.30-48.0 kPa were
put onto the elastomer M1 + HD5 (Figure 7). It was observed
that the profile remains unchanged and that the maximum length
variation of the sample is constant with temperature, on the order
of 135%. Almost no change is observed either on cooling or
heating; only a small hysteresis is observed in the vicinity of
the nematic-to-isotropic liquid transformation due to the load

Figure 5. Variation of the order parameter S as a function of temperature
(SmC, N, I: smectic, nematic phases, and isotropic liquid; elastomer
M1 + 10% HD5).

Figure 6. Elongation of elastomer M1 + 10% HD5 as a function of
temperature, with a load equivalent to 2.30 kPa. Measurements
performed during first (squares) and second heating (triangle), and first
cooling (circles). L0, the minimal length, was determined in the isotropic
liquid (TNI ) 144 °C).
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(which affects moderately the transition temperatures), since this
is observable only above load greater than 11.7 kPa (Supporting
Information).51

As for the elastomer 80% M1 + D6, the elastic behavior is
unchanged after several heating–cooling cycles (no hysteresis
either at the nematic-to-isotropic liquid transformation) with the
complete superposition of the curves obtained with two different
loads (Figure 8). However, this system shows a much smaller
rate of elongation than the system with HD5 (85% versus 135%)
or of other MC-LCEs systems.32,51,65 In this case, the elongation
ratio is of the order to that observed for SC-LCEs (only about
15–20% of elongation greater).50,62 In order to increase the
amplitude of the elongation, it seems clear that reducing the
volume fraction of cross-linker used is necessary, which should
be possible, providing a great improvement of the reticulation
reaction.

The Young modulus, E, was evaluated from the stress–strain
experiment, at 110 °C in the isotropic liquid phase (Figure 9).
For the elastomer 80% M1 + D6, the stress–strain curve consists
of two parts. At deformations below 30–35%, the linear
stress–strain variation gives an estimate of the elastic modulus
E, equal to 5.6 × 104 N ·m-2, a value of the order to that found
with some mixed main-/side-chain systems; E in this case was
found to increase with the increasing amount of main-chain
constituent (E ) 2.1 × 104 to 25.2 × 104 N ·m-2).32,51 A smooth
change of stress–strain slope occurs at a threshold deformation

greater than 35%, when the elastic modulus takes a slightly
lower value, E ) 3.7 × 104 N ·m-2, indicative that some residual
anisotropy remains. The Young modulus of the elastomer M1
+ HD5 could not be measured due to the elevated transition
temperatures, in particular, the isotropization temperature.

It is known that increasing the temperature (of the experiment)
may diminish the possibility to detect the soft elasticity plateau,
and clearly the latter has never been detected in the isotropic
phase.1,32,51 However, the absence of ”hard behavior” can be
due to other parameters, such as the curing process (or the
second reticulation) to stabilize the monodomain at room
temperature in the smectic phase or by the anisotropy introduced
by a discotic rigid cross-linker, both inhibiting or at least
discouraging a soft behavior. It is suggested that the elastic
behavior of a LCE is linked to its preparation. Indeed, a material
cross-linked in the nematic phase should present a behavior
harder than if reticulated in the isotropic liquid.1,17,66,67 Thus,
the elastomer 80% M1 + D6, which was cross-linked in the
smectic phase, will always retain a residual anisotropy, even in
the isotropic liquid phase that prevents this soft behavior before
breaking.

The other systems prepared with the rigid cross-linkers could
not form stable monodomains. The elastomers prepared in the
bulk were thus all aligned in the isotropic state, by applying
traction with a load. The materials were cooled to room
temperature, the charge was removed, and the length of the
aligned material could be measured. The film was then heated
again to the isotropic state, and its length (L0) was measured.
This process permitted the evaluation of the capacity of the
material to contract during the transition to the isotropic state,
after having been stretched to its maximum length. The graphic
shown in Figure 10 represents the maximum ratio L/L0 for the
different elastomers, as function of the cross-linkers geometry
and multiplicity and compared to a film obtained with the system
M1 + 10% HD5, having a value of about ∼135%. This value,
obtained for a flexible punctual cross-linker, is higher than the
values obtained for any of the materials prepared with the rigid
and bulky cross-linkers.

These results suggest that, for a similar geometry of the cross-
linker, the maximum strain is lower as the multiplicity is
increased. This observation agrees with the theoretical predic-
tions of Tsige and Stevens,67 who have simulated the influence
of the multiplicity of the cross-linker (η ) 3, 4, and 6) of a
reticulated polymeric system. They concluded that elastomers
prepared with cross-linkers of low multiplicity allow larger
strains than the elastomers prepared with cross-linkers of high
multiplicity. They present two main explanations for this
behavior. The first one is the stoichiometry: for materials

Figure 7. Variation of the elongation of the elastomer M1 + 10% HD5

as a function of temperature and of the applied load in the director
direction, on cooling [(b) 2.30 kPa; ([) 11.7 kPa; (4) 24.0 kPa; (O)
36.0 kPa; (0) 48.0 kPa] (TSmC-N ) 84 °C, TNI ) 144 °C).

Figure 8. Variation of the elongation of the elastomer 80% M1 + D6
as a function of temperature, with two different applied forces in the
direction of the director [(9) 9.70 and (]) 15.0 kPa]. Measurements
performed on cooling (TSmC-N ) 48 °C, TNI ) 87 °C).

Figure 9. Stress–strain experiment for elastomer 80% M1 + D6 at
110 °C in the isotropic liquid phase (σt ) true uniaxial stress).
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prepared with higher multiplicity cross-linkers; the concentration
of reticulation points lowers as the multiplicity increases,
resulting in increasing separation of neighboring reticulation
centers. The second reason is connected to the excluded volume
around the reticulation point, particularly important for the cross-
linkers with a high multiplicity. Indeed, the high number of
chains around the reticulation point prevents the existence of
another reticulation point in its vicinity, meaning that the chains
are locally more packed in the case of an elastomer prepared
with a cross-linker of low multiplicity, thus allowing larger
elongations for these materials. In this work, the authors
concluded that the use of highly covalent cross-linkers produces
more resistant materials, allowing the use of larger load before
breaking, but with a smaller strain capacity. These considerations
may also help to explain the behavior of the elastomers prepared
with cross-linkers of equal multiplicity but with different
geometry.

Thus, a flexible cross-linker allows a better arrangement of
the chains around the reticulation point, favoring larger elonga-
tions than the ones allowed for materials prepared with less
flexible cross-linkers. The use of linear cross-linkers allows
larger strains than the ones found when using discotic cross-
linkers. This is in agreement with the predictions of Terentjev56

and Warner,68 who suggested that the anisotropy of the cross-
linking points may couple with the anisotropy of the mesogens,
in the mesophase. The more similar are the cross-linker and
the mesogen structures, the stronger the coupling. We found
that, in contrast, the incorporation of discotic cross-linkers
reduces the stability of the smectic phase due to the stronger
perturbations near the reticulation points, and the difficulties of
the chains to remain locally perfectly parallel.

Conclusions

In this work, we have shown that small changes in the
symmetry of the mesogens have a considerable impact on the
phase transition temperatures and on the stability of the
mesophases. The symmetrical monomers present the highest
clearing temperatures, in contrast to the nonsymmetrical ones,
which present a low-melting behavior. Regardless of the
molecular symmetry, the presence of lateral methyl groups
clearly destabilizes the smectic phase at the expense of the
nematic phase, facilitating therefore its accessibility. Similarly,
the insertion of rigid cross-linkers results in the overall

destabilization of the mesomorphism, rendering the isotropic
state more accessible, permitting the study, and thus the
evaluation of the mechanical properties of the systems.

Interestingly, increasing the cross-linking density of the
elastomers favors the stability of the smectic phase (probably
because the cross-linking reaction takes place at a temperature
where the corresponding polymer is in the smectic phase).

While the core methylation has little effect on the mechanical
properties, the increase of the cross-linking connectivity on the one
hand and the discotic shape on the other hand diminish the ability
of the elastomers to elongate (Figure 10), and the more rigid the
cross-linker, the more fragile the corresponding elastomer.

The results obtained in this work allowed us to evaluate the
effects that could be expected on the properties of an elastomer
by tuning the cross-linker (multiplicity, geometry, rigidity,
density): cross-linkers with high multiplicity allow one to obtain
better reticulated materials (lower sol. % and lower swelling
degrees), while those with a smaller multiplicity allow one to
obtain elastomers capable of larger strains. It becomes clear that
the choice of the cross-linker can be made according to the
behavior expected for the material: mechanically resistant
materials or very elastic/high-strain capable materials.
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