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ABSTRACT: A smectic main-chain liquid crystalline elas-
tomer (LCE), with controlled shape memory behavior, is
synthesized by polymerizing a biphenyl-based epoxy monomer
with an aliphatic carboxylic acid curing agent. Microstructures
of the LCEs, including their liquid crystallinity and cross-
linking density, are modified by adjusting the stoichiometric
ratio of the reactants to tailor the thermomechanical properties
and shape memory behavior of the material. Thermal and
liquid crystalline properties of the LCEs, characterized using
differential scanning calorimetry and dynamic mechanical
analysis, and structural analysis, performed using small-angle and wide-angle X-ray scattering, show that liquid crystallinity,
cross-linking density, and network rigidity are strongly affected by the stoichiometry of the curing reaction. With appropriate
structural modifications it is possible to tune the thermal, dynamic mechanical, and thermomechanical properties as well as the
shape memory and thermal degradation behavior of LCEs.

■ INTRODUCTION

Shape memory polymers (SMP) are a category of smart
materials that are able to return to their original shape from a
deformed state when exposed to external stimuli. SMPs
generally consist of cross-linked polymer networks, which
determine the permanent shape of the material, and switching
segments, which can be oriented and solidified to fix a
temporary shape.1 The shape recovery is driven by the entropic
force of the switching domains which tend to gain entropy and
return to a random conformation when undergoing phase
transitions, such as glass transition, liquid crystalline (LC)
transition, and melting transition.2,3 Liquid crystalline elas-
tomers (LCE) represent a special class of SMPs that are defined
by a reversible LC phase transition and a unique coupling
between LC mesogens and polymer networks. They exhibit
reversible shape change when exposed to external stimuli, such
as heat,4 light,5−8 or magnetic field,9,10 which makes them
excellent candidates for artificial muscles, sensors, lithography
substrates, and shape memory materials.11−16

A number of LCEs with different LC phases and network
structures have been synthesized and characterized, including
nematic main-chain,17−19 smectic main-chain,20,21 nematic side-
chain,22,23 and smectic side-chain LCEs.24−26 These materials
exhibit a wide variety of shape memory and actuating behaviors.
However, in spite of their promising properties and remarkable
potential, practical applications of LCEs are limited because of

the difficulties encountered when tailoring thermal transition
temperatures and thermomechanical properties of the materials
for end-use applications. Several methods have been proposed
to prepare LCEs with tunable shape memory properties. A
smectic main-chain LCE has been designed and synthesized
through copolymerization of two benzoate-based vinyl
monomers with different LC phase transition temperatures.27

It has been shown that both LC transition and thermomechan-
ical properties of LCEs could be tailored by changing the ratio
of the two monomers. On the other hand, a series of smectic
side-chain LCEs with methylene spacers of different lengths
have been synthesized. The effect of these microstructure
changes on the shape memory properties of the LCEs was
investigated.28 The smectic polymorphism was successfully
modified by varying the length of the spacers and the resulting
LCEs exhibited different shape memory behavior.
In the present work, a different approach was used: a smectic

main-chain LCE was produced by polymerizing a biphenyl-
based epoxy monomer with an aliphatic carboxylic acid curing
agent. By adjusting the stoichiometric ratio between the
monomer and the curing agent, it was possible to control
liquid crystallinity, cross-linking density, and network rigidity of
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the LCEs, thereby providing an easy way to tailor the LC
transition and thermomechanical properties of the material.
The prepared LCEs exhibited significant differences in phase
transition temperature, stress−strain, shape memory, and
thermal degradation behavior as well as in dynamic mechanical,
thermomechanical properties that were attributed to the
tailored microstructure.

■ EXPERIMENTAL DETAILS
Materials. Epichlorohydrin and 4,4′-dihydroxybiphenyl were

obtained from Acros Organics (Belgium). Sebacic acid (SA), 1,5,7-
triazabicyclo[4.4.0]dec-5-ene, and benzyltrimethylammonium bromide
were purchased from Sigma-Aldrich (Milwaukee, WI). Sodium
hydroxide, isopropyl alcohol, chloroform, methanol, and acetone
were supplied by Fisher Scientific (Fair Lawn, NJ). All chemicals were
used as received without further purification. The epoxy monomer,
4,4′-diglycidyloxybiphenyl (BP), was synthesized according to a
reported procedure.29

LCE Preparation. The epoxy monomer was placed in a beaker
which was heated in an oil bath. After the monomer was completely
melted, curing agent and catalyst were introduced, followed by
vigorous stirring for approximately 1 min. The mixture was poured
into a PTFE mold and cured in a convection oven at 170 °C for 6 h.
The molar ratio of BP to SA was adjusted to prepare LCEs with
different microstructures. Three ratios (0.5, 0.7, and 1.0) were used,
and the resulting LCEs were referred to as BP-SA-05, BP-SA-07, and
BP-SA-10, respectively.
Characterization. The thermal properties of the LCEs were

determined using a differential scanning calorimeter (Discovery DSC,
TA Instruments) under a nitrogen purge of 20 mL/min. A heat−
cool−heat cycle with a ramp rate of 20 °C/min was used. The glass
transition temperature (Tg) and LC−isotropic transition temperature
(Tlc) were determined from the second heating scan.

The dynamic mechanical properties of the LCEs were investigated
using a strain-controlled rheometer (ARES G2, TA Instruments) in
DMA mode with a linear film tension geometry. The LCE samples
were tested in a temperature range from −50 to 170 °C at a heating
rate of 3 °C/min, a strain of 0.065%, and an oscillation frequency of 1
Hz.

Two-dimensional X-ray scattering measurements were carried out
using an Anton Paar SAXSess mc2. The scattering beam was recorded
on an imaging plate (Multisensitive Storage Phosphor) and read using
an imaging plate reader. The X-rays were generated at 40 kV/50 mA,
and the wavelength of the used X-ray beam was λ = 1.541 Å (Cu Kα
radiation). The structure of both unaligned and aligned LCEs was
examined using both small-angle X-ray scattering (SAXS) and wide-
angle X-ray scattering (WAXS) configuration. Aligned LCE samples
with strain values of 100% and 200%, respectively, were prepared by
mechanical stretching using the ARES G2 rheometer in tension mode.
Because of their different transition temperatures, the stretching was
performed at 40, 65, and 75 °C for BP-SA-05, BP-SA-07, and BP-SA-
10, respectively. The samples were stretched under a constant strain
rate of 0.0033/s until the desired strain value was achieved. Then the
temperature was decreased to 25 °C at 1 °C/min.

Fracture surfaces of the LCEs were examined using a scanning
electron microscope (FEI Quanta 200F FE-SEM) to investigate the
effect of liquid crystallinity on the fracture morphology. The LCE
samples were immersed in liquid nitrogen for 5 min and then fractured
in a three-point bending fixture. The fracture surfaces were sputter-
coated with a thin layer of Au, and SEM images were collected at 20
kV accelerating voltage.

Static tensile tests were carried out using a stress-controlled
dynamic mechanical analyzer (Q800 DMA, TA Instruments) in a film
tension geometry. The samples were uniaxially stretched at a
temperature between Tg and Tlc at a stress ramp rate of 0.2 MPa/
min to study the polydomain−monodomain transition of the LCEs.
Because of the LCEs’ different transition temperatures, the tests were

Figure 1. Thermal properties, liquid crystalline behavior, and dynamic mechanical properties of LCEs with different compositions determined by
DSC and DMA: (a) first cooling and second heating DSC scans, (b) storage modulus E′, and (c) dissipation factor tan δ.
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performed at 40, 65, and 75 °C for BP-SA-05, BP-SA-07, and BP-SA-
10, respectively.
Cyclic thermomechanical tensile tests were carried out using a

Q800 DMA in a controlled force mode. The strain of the LCEs was
measured over a temperature range covering the LC phase transition
(40−80 °C for BP-SA-05, 65−125 °C for BP-SA-07, and 75−145 °C
for BP-SA-10) and under a constant stress of 0.1 MPa. Taking BP-SA-
05 as an example, the sample was heated to 80 °C, and then a constant
uniaxial stress of 0.1 MPa was applied. The sample was equilibrated
under these conditions for 10 min. Then the temperature was
decreased to 40 °C at a cooling rate of 1 °C/min. The LC domains
that formed upon cooling were immediately oriented under the
constant stress, resulting in an extension of the LCE film. The

temperature was then increased to 80 °C again at a heating rate of 1
°C/min to examine the contraction of the film caused by the transition
from the LC phase to the isotropic phase. These steps were repeated
for 10 times on the same sample to study the repeatability of the shape
memory properties.

Cyclic thermomechanical tensile tests were also performed at
different stress levels to investigate the sensitivity of the LC networks
to applied stresses. Six stress levels (0.01, 0.05, 0.1, 0.2, 0.3, and 0.4
MPa) were examined. Taking BP-SA-05 as an example, tests consisted
of the following steps: (1) heating the sample to 80 °C, (2) applying a
constant uniaxial stress of 0.01 MPa, (3) equilibrating the sample for
10 min, (4) decreasing the temperature to 40 °C at a cooling rate of 1
°C/min, and (5) increasing the temperature to 80 °C at a heating rate

Figure 2. (a) Possible chemical reactions between the epoxy monomer and the curing agent. (b) Molecular simulation of the mesogens and the LC
phase formation.
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of 1 °C/min. This testing procedure was repeated using the other five
stress levels on the same sample.
Cyclic thermomechanical compression tests were carried out using a

thermomechanical analyzer (Q400EM TMA, TA Instruments). The
samples were pressed with a force of 0.05 N, and the dimensional
change was measured as a function of temperature. The measurements
were performed using a heat−cool−heat cycle with a temperature
ramp rate of 3 °C/min. The coefficients of thermal expansion (CTE)
of the LCEs in different temperature regions were investigated and
correlated with the change of microstructure in the samples.
Isostrain tests of the LCEs were performed using an ARES G2

rheometer in a strain-controlled DMA mode with a linear film tension
geometry. Because of the different LCE transition temperatures, the
tests were performed at 40, 65, and 75 °C for BP-SA-05, BP-SA-07,
and BP-SA-10, respectively. The samples were stretched to a strain of
100% using a constant strain rate of 0.0033/s. Then the stress required
to maintain the constant strain was measured as the temperature was
increased to 150 °C at 1 °C/min.
The thermal stability of the LCEs was studied using a

thermogravimetric analyzer (Discovery TGA, TA Instruments). The
LCE sample was placed in a platinum pan and heated from 25 to 800
°C at a rate of 20 °C/min under a nitrogen purge of 10 mL/min.

■ RESULTS AND DISCUSSION

Thermal, Liquid Crystalline, and Dynamic Mechanical
Properties. Three LCEs with different compositions were
prepared from the reaction between an epoxy monomer, 4,4′-
diglycidyloxybiphenyl (BP), and a curing agent, sebacic acid
(SA). Three molar ratios between BP and SA (0.5, 0.7, and 1.0)
were used and the resulting LCEs were referred to as BP-SA-05,
BP-SA-07, and BP-SA-10, respectively. The presence of cross-
linked LC domains and their reversible phase transitions upon
heating and cooling determine the shape memory behavior of
LCEs. Therefore, thermal and LC properties of the synthesized
LCEs were investigated using differential scanning calorimetry
(DSC). Figure 1a shows that the three LCEs exhibited different
glass transition temperature (Tg) and liquid crystalline
transition temperature (Tlc), indicating that the formation of
the LC domains and the structure of the cross-linking network
were strongly affected by the chemistry between the monomer
and the curing agent.
The reaction between an epoxy and carboxylic acid is

complicated, involving several parallel reactions as depicted in
Figure 2a. The first step involves the ring-opening reaction of
the epoxy by carboxylic acid, resulting in the formation of a
linear oligomer with carboxylic acid groups on the end as
further reaction sites. This step is considered crucial for the LC
phase formation because the aspect ratio of the BP mesogen
alone is not high enough to exhibit LC behavior. The addition
of SA increases the mobility of BP by introducing aliphatic
chains onto the monomers, facilitating their self-organization
into an ordered LC phase. The second step involves the cross-
linking reaction through the hydroxyl groups formed in the
previous step. They can react either with carboxylic acid

through an esterification reaction or with epoxy through an
etherification reaction. It was assumed that the chemical bond
formation during this step was highly dependent on the
stoichiometric ratio between BP and SA which greatly
influenced the liquid crystallinity and network structure of
the LCEs.
The values of Tg, Tlc, and ΔHlc were determined by DSC and

DMA and are listed in Table 1. The degree of liquid
crystallinity (related to ΔHlc) decreased with increasing
amounts of SA, indicating that the formation of a LC phase
was highly affected by the cross-linking reaction of the system.
In the case of BP-SA-05, the hydroxyl groups formed in the first
step immediately formed cross-links because of the abundant
supply of SA molecules, leading to highly branched oligomer
chains that were difficult to be rearranged to form an LC phase.
A visual comparison of the LCEs with different compositions is
provided in Figure S1 (Supporting Information), in which BP-
SA-07 and BP-SA-10 samples appeared more opaque because
of their higher degrees of liquid crystallinity that causes light
scattering. In contrast, BP-SA-05 appeared more transparent
because of the limited number of LC domains in the network.
Additionally, small air bubbles were observed on the bottom
surface of sample BP-SA-05, suggesting a higher degree of
esterification reactions between the hydroxyl groups and
carboxylic acid. As can be seen in Table 1, the thermal stability
of the LC phase (Tlc) was also dependent on the stoichiometric
ratio. For thermotropic LC polymers, the thermal stability of
the LC phase was closely related to the morphology of the LC
lamellae.30 LC domains with thinner lamellae generally
exhibited lower melting temperatures. As the number of SA
molecules increased, the integrity of the LC lamellae was
adversely affected, leading to LC domains with loosely packed
mesogens that resulted in a lower transition temperature of the
LC phase. The glass transition of the LCEs was also influenced
by the stoichiometric ratio, as shown in Table 1. The LCEs
showed a decrease in Tg as more SA molecules were
incorporated into the system, indicating a softened network.
Figures 1b and 1c show the storage modulus (E′) and
dissipation factor (tan δ) of the LCEs as determined by DMA.
Two thermal relaxations were observed from the E′ and tan δ
curves, corresponding to the glass and LC−isotropic transition
of the LCEs, respectively. The dynamic mechanical data
determined by DMA are also summarized in Table 1. Similar to
the DSC results, Tg and Tlc of the LCEs decreased with
increasing number of SA molecules. Of particular note is that
BP-SA-05 exhibited the highest value of E′ in the rubbery
plateau region, indicating a higher cross-linking density resulted
from the higher reaction content of hydroxyl groups. These
differences in LC properties were expected to significantly
influence the shape memory properties of the LCEs.

Structure and Morphology. To investigate the macro-
and microstructure of the LCEs, both SAXS and WAXS were

Table 1. Thermal Properties, Liquid Crystalline Behaviors, and Dynamic Mechanical Properties of the LCEs Determined by
DSC and DMA

LCE Tg
a (°C) Tlc

b (°C) ΔHlc (J/g) Tg
c (°C) Tlc

d (°C) E′ at −50 °C (GPa) E′ at 150 °C (MPa)

BP-SA-05 28.83 54.91 5.61 46.13 62.80 2.38 3.94
BP-SA-07 43.97 92.52 14.67 53.89 84.79 2.26 2.14
BP-SA-10 57.18 112.80 15.43 65.27 101.29 2.45 1.62

aMeasured from the midpoint of the step change in the second heating DSC scan. bMeasured from the peak of the second heating DSC scan.
cMeasured from the first peak of the tan δ curve after peak deconvolution. dMeasured from the second peak of the tan δ curve after peak
deconvolution.
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used to explore the arrangement of the LC domains in the
network and the molecular ordering inside a single LC domain.
Figure 3 shows the 2-dimensional X-ray scattering patterns of
LCEs with different compositions and degree of orientation.

The patterns were quantified through radial integration along
the scattering vectors and the results are shown in Figure S2.
Figures 3a,d,g show that in the case of unstretched LCEs two

major concentric rings indicated the presence of a smectic LC

Figure 3. SAXS/WAXS patterns of LCEs with different compositions and degree of orientation: (a−c) BP-SA-05, (d−f) BP-SA-07, and (g−i) BP-
SA-10.

Figure 4. Fracture surfaces of LCEs with different composition.
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phase. The inner, sharp scattering ring (q = 4.3 nm−1, d = 14.5
Å) was attributed to the periodic layers of the smectic LC
structure with an average layer thickness of 14.1 Å. This value
was compared to the value obtained by a molecular simulation
of the mesogens performed using ChemBio 3D software,
shown in Figure 2b. The results from SAXS/WAXS and
molecular simulation indicated that the thickness of the smectic
layer was controlled by the branching/cross-linking points at
which hydroxyl groups were formed. The outer, diffuse
scattering ring (q = 14.8 nm−1, d = 4.2 Å) resulted from the
scattering of neighboring mesogens in the smectic layers. It also
can be seen in Figures 3a,d,g that all LCEs exhibited very
similar scattering patterns, indicating that the microstructure of
the LC domains was not affected by their composition; rather
composition affected their morphology such as domain size and
number. For BP-SA-10, an additional scattering ring was
observed near the beam stop (q = 2.2 nm−1, d = 27.8 Å). This
additional ring was attributed to the stacking of separated LC
domains into an ordered superstructure, which resulted from
the high degree of liquid crystallinity of these LCEs, while such
scattering was not observed for BP-SA-05 and BP-SA-07
because of their relatively lower degree of liquid crystallinity. In
order to examine the morphology of the LC domains, the LCE
samples were cryofractured, and the fracture surfaces were
examined using SEM. Fracture surfaces of LCEs with different
compositions are shown in Figure 4. As the stoichiometric ratio
increased, an increase in roughness of the fracture surfaces was
observed. Considering the fact that LC domains deviate crack
propagation and result in rough fracture surfaces, the SEM

results indicated a higher number of LC domains in BP-SA-10.
Similar results were also observed for densely cross-linked
liquid crystalline epoxy resins, where rougher fracture surfaces
were observed for resins cured into an LC phase compared to
those cured into an amorphous phase.31

LCEs are known to exhibit large dimension change upon
mechanical stretching because of the macroscopic orientation
of the LC domains. In order to determine the correlation
between the degree of orientation and mechanical deformation
of the LCEs, SAXS/WAXS experiments were performed on
samples with different strain values, and the scattering patterns
are shown in Figure 3. Quantified scattering data are shown in
Figure S2. The LC domains became highly oriented after
mechanical stretching as indicated by the scattering arcs with
nonuniform intensity distributions. In particular, the inner
scattering ring turned into a pair of scattering arcs in the
meridional direction, indicating that the LC molecules were
aligned along the direction of the mechanical stretching and the
incident X-rays were perpendicular to the layer normal of the
smectic LC domains. A significant increase in scattering
intensity resulting from the smectic layers was observed
because of the macroscopically oriented LC domains (Figure
S2). On the other hand, the laterally packed mesogens after
orientation were indicated by a pair of scattering arcs in the
equatorial direction. It is noteworthy that the position of the
scattering peaks was not affected by mechanical stretching,
indicating that the elongation of the LCE samples was caused
by the rotation of the LC domains instead of their deformation.

Figure 5. Static tensile behavior and cyclic actuating behavior of LCEs with different compositions: (a) stress−strain curves of the LCEs and (b−d)
cyclic thermomechanical tensile tests of the LCEs.
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Stretching did change neither smectic layer thickness nor
mesogen spacing.
The degree of orientation was evaluated based on the

azimuthal intensity distribution of scattering pattern resulted
from the layered smectic ordering as shown in Figure S3. An
order parameter S was calculated according to Herman’s
method:32

α χ θ=cos( ) cos( ) cos( )

∫

∫
α

α α α α

α α α
⟨ ⟩ =

π

π

I

I
cos

( ) sin cos d

( ) sin d
2 0

/2 2

0

/2

α= ⟨ ⟩ −S
1
2

(3 cos 1)2

where α is the angle between the smectic layer normal and the
direction of mechanical stretching, χ is the azimuthal angle of
the scattering ring, and θ is the scattering angle. I(α) is the
intensity distribution of the sample; it can be directly calculated
from the azimuthal intensity distribution I(χ). The calculated
order parameters of LCEs with different compositions and
degree of orientation are shown in Figure 3 with their
respective scattering patterns. Each LCE exhibited a significant
increase in order parameter after mechanical stretching.
Interestingly, a slight difference in the degree of orientation
was observed for the stretched LCEs. In more detail, under a
deformation of 100%, BP-SA-05 reached a highly ordered state
with an order parameter of 0.842, while BP-SA-07 and BP-SA-
10 showed a relatively lower degree of orientation. After
stretched to a deformation of 200%, a relatively large increase in
order parameter was observed for BP-SA-07 and BP-SA-10,
compared to BP-SA-05. These indicated that degree of liquid
crystallinity significantly influenced the degree of mechanical
deformation of the LCEs as the elongation of the samples
resulted from the rotation of the LC domains. Thus, LCEs with
higher degrees of liquid crystallinity were expected to exhibit a
higher degree of mechanical deformation.
Thermomechanical Properties. Figure 5a shows the

static tensile behavior of LCEs with different compositions. The
stress−strain curves of all LCEs exhibited a plateau region,
indicating a polydomain−monodomain (P−M) transition of
the LC phase. However, the difference in liquid crystallinity
resulted in plateau regions with different widths for the three
LCEs. In BP-SA-10, the high number of LC domains that were
able to align caused a longer P−M transition. In addition,
compared to the other two LCEs, BP-SA-10 required the
highest critical stress to induce the P−M transition, which was
attributed to the relatively rigid network created by the high
content of biphenyl molecules. Figure S4 shows the LCEs after
static tensile testing. The relatively transparent central region of
the LCE samples indicated the macroscopic orientation of the
LC domains.
The investigated LCEs exhibited reversible shape change

characteristics that were facilitated by the reversible phase
transition of their LC domains. Figure S5 illustrates triple shape
memory behavior of the investigated LCEs. Cyclic thermo-
mechanical tensile tests were employed to study the effects of
liquid crystallinity, cross-linking density, and network rigidity
on the shape memory behavior of the LCEs. Figures 5b−d
show the thermally induced actuating behavior of the LCEs
under a constant stress of 0.1 MPa. The experiments were
carried out at different temperature ranges that reflect the

different Tlc of the LCEs. In general, the strain of the LCEs
increased during the cooling process, indicating that the smectic
LC domains formed upon cooling were immediately aligned.
However, during the heating process, the strain decreased,
indicating a contraction of the LCEs caused by the transition of
the LC domains from the smectic phase to an isotropic phase.
Interestingly, BP-SA-07 exhibited the highest strain value of
75% under the applied stress, compared to 55% and 65% for
BP-SA-05 and BP-SA-10, respectively. This was attributed to
the combined effects of liquid crystallinity and cross-linking
density. In the case of BP-SA-05, the liquid crystallinity was
greatly reduced by the cross-linking reaction, and therefore the
LCE was not able to exhibit large dimensional change. In
contrast, the high ratio of BP to SA resulted in a relatively rigid
network in BP-SA-10, and the stress required to achieve the
same strain value was increased. In the case of BP-SA-07, the
network was less rigid while a sufficient degree of liquid
crystallinity remained, and this resulted in higher strain values
observed during cyclic thermomechanical tensile testing.
However, it is worth mentioning that the shape memory effect
is evaluated not only by the capability of reversible shape
change but also by the repeatability of the actuating behavior.
Figure 5 shows that although BP-SA-05 exhibited the smallest
dimensional change, the repeatability of the actuating behavior
was improved, which was attributed to the improved network
integrity. The permanent deformation after 10 cycles was less
than 1% for BP-SA-05, whereas BP-SA-07 and BP-SA-10
showed a permanent deformation of 5% and 4%, respectively.
Detailed strain values for the studied LCEs during each cycle
are summarized in Table S1.
The stress sensitivity of the LCEs was expected to be

different given their structural differences. Thus, the cyclic
thermomechanical tensile tests were performed at several
different stress levels and the results are shown in Figure 6.
Again, BP-SA-05 exhibited the highest repeatability of the
actuating behavior, even at the highest stress level (0.4 MPa), at
which BP-SA-07 and BP-SA-10 exhibited large permanent
deformations caused by the slippage of polymer chains.
However, BP-SA-07 showed the highest sensitivity at lower
stress levels (from 0.01 to 0.1 MPa) caused by the balance
between liquid crystallinity and network rigidity, as mentioned
earlier. In the case of BP-SA-10, the LCE sample exhibited the
largest dimensional change at higher stress levels (above 0.2
MPa) which was attributed to its high degree of liquid
crystallinity. The change in shape of both BP-SA-05 and BP-SA-
07 was limited by their relatively low number of LC domains
that were able to undergo orientation. Detailed strain values for
the studied LCEs at each stress level are summarized in Table
2.
Figure 7a shows the results of cyclic thermomechanical

compression tests used to characterize the shape memory
behavior of the LCEs. All LCEs exhibited a reversible shape
change, although here the LC domains were not aligned in a
specific direction, suggesting that the LC domains formed
during the cooling process were able to adopt any
conformation in response to the external force. During the
heating process, entropic forces allowed the LC domains to
return to random conformation. The higher sensitivity of BP-
SA-07 to small stresses was further confirmed by the larger
dimensional changes observed. The coefficient of thermal
expansion (CTE) of the LCEs was determined by the second
heating process of the cyclic thermomechanical compression
test, and the results are shown in Figure 7b. The difference in
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CTE values provided additional information on the structural
differences of the LCEs. For example, BP-SA-10 had the lowest
CTE values in the glassy region (below 60 °C), indicating the
relatively rigid characteristic of the material caused by the high
ratio of rigid biphenyl molecules that resisted dimensional
change. In the rubbery region (above 140 °C), however, BP-
SA-05 exhibited the lowest CTE values because of the high
cross-linking density that provided additional support to the
network against thermal expansion.
Isostrain tests were carried out to evaluate the retractive

forces generated by the aligned LCEs when they are heated
through the LC−isotropic phase transition. In this experiment,
the LCE samples were stretched to a strain of 100%, and then
the stress required to maintain the constant strain was
measured as a function of temperature (see Figures 8a−c).
Figure 8d compares the stress evolution of the LCEs during the
heating process. Initially, a decrease in stress was observed,
suggesting a relaxation of the cross-linking network. When the
temperature approached the LC−isotropic phase transition
temperature, the stress increased, an indication of the retractive
force generated by the aligned LCEs. However, the LCEs did
not show identical relaxation behavior, which was attributed to
the differences in the degree of liquid crystallinity. In order to
better understand the evolution of LCE microstructures during
relaxation, detailed in situ SAXS/WAXS experiments were
performed, as shown in Figure 9. One end of the LCE sample

Figure 6. Cyclic thermomechanical tensile tests of LCEs at different
stress levels.

Table 2. Actuating Strains of the LCEs Determined by Cyclic
Thermomechanical Tensile Tests at Different Stress Levels

stress (MPa) actuating strain (%)

LCE BP-SA-05 BP-SA-07 BP-SA-10

0.01 3.9 12.8 4.3
0.05 34.9 60.9 31.3
0.1 54.8 78.7 63.2
0.2 66.3 96.9 99.5
0.3 72.1 115.2 137.2
0.4 76.4 159.8 273.6

Figure 7. (a) Cyclic thermomechanical compression tests of LCEs
with different compositions. (b) Coefficient of thermal expansion of
the LCEs determined from the second heating processing.
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was fixed on the sample stage, and scattering patterns were
collected at different relaxation temperatures. An increase in
orientation was observed when the LCE was relaxed at
temperatures below Tlc, which was attributed to the release of
internal stresses in the cross-linking network. As mentioned
earlier, mechanical stretching of the LCE samples caused a
rotation of the LC domains and led to the elongation of the

samples. Because the LC mesogens were directly incorporated
into the backbone of the polymer chains, the rotation of the LC
domains was expected to result in large deformation of the
cross-linking network, which restricted the initial orientation of
the LC domains to some extent and resulted in residual stress.
With increasing temperature, the network softened relieving the
residual stress and resulted in a perfection of the orientation.

Figure 8. Isostrain tests of LCEs with different compositions: (a−c) original test profiles of the iso-strain tests and (d) comparison of the generated
stress in the three LCEs.

Figure 9. In situ SAXS/WAXS thermal relaxation study of a 100% stretched BP-SA-10: (a) photo of LCE sample with one end fixed on the sample
stage; (b−h) scattering patterns of LCE at different relaxation temperatures.
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Figures 9b−e also show that the increase in regularity caused
not only an increase in scattering intensity by the smectic layers
but also stronger scattering by the superstructure formed by the
LC domains (the scattering arc near the beam stop). This
indicated a cooperative motion of the LC domains during the
thermal relaxation process because there was no external forces
to further align them. When the temperature increased beyond
Tlc, the LCE started losing its orientation as shown in Figures
9f−h. Of particular interest is the fact that the disruption of the
LC domains originated from the LC mesogens rather than the
smectic layers. As can be seen in Figure 9f, the ordered smectic
structure was still present even though the ordering between
mesogens was lost. Once the temperature reached 155 °C, the
LC ordering completely disappeared. However, after cooling to
room temperature, the LCE exhibited a smectic LC phase
again.
2.4. Thermal Stability. The thermal stability of the LCEs

was investigated to determine their structural differences; the
results are shown in Figure 10 and Table 3. T1, T5, and T10

represent the temperatures at which a sample lost 1%, 5%, and
10% of its initial weight, respectively. BP-SA-10 exhibited better
thermal stability in the low temperature region (<350 °C),
indicating that the disruption of the network was restricted by
the relatively rigid LC domains. However, as the temperature
further increased, cross-linking density played a more important
role than morphology, which was reflected in the higher T5 and
T10 observed for BP-SA-05. When comparing the residual
weight percent of the LCEs, BP-SA-10 exhibited the highest
values, indicating a high percentage of BP molecules, because
during the thermal decomposition of polymers, char formation
is generally promoted by aromatic structures.

■ CONCLUSIONS
Smectic, main-chain LCEs were synthesized by polymerizing an
epoxy monomer with a dicarboxylic curing agent. By changing
the stoichiometric ratio of monomer to curing agent, LCEs with
different degrees of liquid crystallinity, cross-linking density,
and network rigidity were prepared. Because of these structural
differences, the LCEs exhibited significant differences in

thermomechanical properties and shape memory behavior.
The thermal relaxation of aligned LCEs was studied in depth to
explore the evolution of the LCE microstructures during
deformation. The result will contribute to the fundamental
knowledge of LCEs in general and in the future will aid in the
design and application of practical shape memory LCE systems.
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