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ABSTRACT: The anisotropy of liquid crystalline elastomers
(LCEs) is derived from the interaction-facilitated orientation of
the molecular constituents. Here, we correlate the thermomechan-
ical response of a series of LCEs subjected to mechanical
alignment to measurements of the Hermans orientation parameter.
The LCEs were systematically prepared with varying concen-
trations of liquid crystalline mesogens, which affects the relative
degree of achievable order. These compositions were subject to
varying degrees of mechanical alignment to prepare LCEs with
orientations that span a wide range of orientation parameters. The
stimuli-response of the LCEs indicates that the liquid crystalline
content defines the temperature of actuation, whereas the
orientation parameter of the LCE is intricately correlated to
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both the total actuation strain of the LCE as well as the rate of thermomechanical response.

Liquid crystal elastomers (LCEs) are anisotropic, soft
materials with distinctive mechanical”> and optical®*
properties. The liquid crystallinity of LCEs is naturally
thermotropic (e.g, the order of the materials depends on
temperature).” The thermomechanical response of LCEs is
directional when the liquid crystalline orientation is aligned.”~”
Liquid crystallinity within LCEs is based on the organization of
molecular units (e.g, mesogens) via intermolecular inter-
actions between the typically aromatic units in the segment.®
Aligned LCEs exhibit large and directional stimuli-response,
associated with disruption of this orientational order.””
Numerous reports detail thermotropic actuation of LCEs."”~"”

The magnitude and rate of the stimuli-response are two
critical performance metrics used to define the functional
utility of these materials as actuators in applications such as
soft robotics. Enabled by the facile preparation of LCEs via
chain-extension reactions of liquid crystalline monomers
(LCMs),"® recent reports have examined the contribution of
nonliquid crystalline (LC) comonomers as well as an
adjustment to the mesogenic segment of the LCM to the
magnitude and rate of stimuli-response. The inclusion of non-
LC comonomers and use of LCMs with reduced intermo-
lecular interactions have been shown to result in thermotropic
actuation at lower temperatures.w_21 While non-LC como-
nomers lead to a reduction in the rate of thermotropic
actuation, LCMs with reduced intermolecular interactions
produce higher rates of thermotropic actuation.”””' The
origins of these trends have not been fully explored, in
particular, with relation to how the molecular orientation of
LCEs determines the thermotropic response.
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Here, we are concerned with the association of orientational
order and the magnitude and rate of stimuli-response.
Therefore, characterizing orientational order is of critical
importance to this work. The anisotropic alignment of liquid
crystalline materials (both low molar mass and polymeric) has
been observed through a number of different experimental
methods, including X-ray scattering,zz_24 Raman spectrosco-
py’,zs’z6 FTIR sI)<e<:troscop)7,27’28 and NMR. > 7!

To explore the association of orientation and stimuli-
response, we exploit the control afforded by mechanical
alignment. Historically, the utilization of hydrosilylation
reactions to prepare LCEs necessitated the use of mechanical
alignment to realize so-called monodomain (or single crystal)
LCEs.” While the original report of chain extension reactions
utilized surface-enforced alignment, subsequent reports have
detailed both aza-Michael and thiol-Michael addition reactions
can be mechanically aligned with comparatively accessible
chemistries.”' #**%?

Toward this end, this study prepares LCEs with variation in
composition (e.g., the degree of LC content) and magnitude of
mechanical alignment. Mechanical alignment of LCEs is
enforced by deformation of the material in a partially
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Figure 1. (a) Liquid-crystalline and non-liquid-crystalline diacrylate monomers are reacted with an excess of thiol groups through a base-catalyzed
thiol-Michael addition reaction. (b) After the thiol-Michael reaction, the pre-polymers have no macroscopic alignment (WAXS pattern inset). (c)
LCEs are aligned by mechanical deformation (WAXS pattern inset), which is arrested by completing the polymerization with UV light exposure.

polymerized state. Upon loading, the mesogens align to the
deformation axis, analogous to the reorientation of the liquid
crystalline director in LCE to load in the soft elastic regime.**
It has been well established that the maximum ordering in LC
networks occurs at the end of the “soft elastic plateau”,
characterized bgf the onset of strain hardening in stress—strain
diagrams.' >

On the other hand, the relationship between nematic
ordering and the concentration of LC content is not well
documented.

Theories based on mean-field approximations, such as the
Maier—Saupe theorem, predict a linear dependence of
orientational order of nematic mesophases on the number of
liquid crystalline molecules.””*° These theories, however,
were not specifically developed for LC networks and have well-
known shortcomings.*”*'

Experimentally, several recent studies have utilized reduc-
tions in LC content to tailor the phase behavior of LCEs and
lower their actuation temperatures for use in a wide variety of
applications, including biomedical devices."”*”** Tt is notable
these reductions in actuation temperature are accompanied by
considerable reductions in actuation strain, which is an
undesirable result for most LCE applications. Elastomers
prepared with sufficiently reduced LC content will in fact
present no liquid crystalline phase until mechanical strain is
introduced.*’ This indicates decreased LC content leads to a
more readily thermally induced order—disorder transition until
a point where no LC phase is present at ambient temperature.
While these studies provide clues as to the level of ordering in
these elastomers, there has been no quantification of molecular
ordering to accompany LCE actuation data. Effects of mesogen
orientation on actuation are of considerable interest to tailor
LCEs for temperature-specific applications while preserving
suitable actuation performance.**

This examination utilizes a two-step reaction in which
diacrylate monomers are subject to thiol-Michael addition and
followed with subsequent g)hotopolymerization of residual
thiol and ene moieties.”"*>*® To control the degree of liquid
crystallinity in the LCE, we prepared compositions by mixing
the canonical LCM 1,4-bis-[4-(6-acryloyloxy-hexyloxy)-
benzoyloxy]-2-methylbenzene (C6M) with the non-LCM
bisphenol A ethoxylate diacrylate (BPAEDA). This como-
nomer was selected due to the similarity in molecular weight
and aromatic content. These diacrylate comonomers were
mixed with the dithiol 2,2’-(ethylenedioxy)diethanethiol
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(EDDT) and the tetrathiol pentaerythritol tetrakis(3-mercap-
topropionate (PETMP). The secondary thiol—ene reaction
was facilitated by the inclusion of the tetraene glyoxal
bis(diallyl acetal) (GDA), which does not participate in the
thiol-Michael addition reaction and undergoes minimal
homopolymerization. The mass of each reagent is included
in Table S1.

To explore the contribution of LC content, a series of
samples were prepared with a range of mixtures of C6M and
BPAEDA. The overall LC content of the material was
determined by the concentration of C6M, where a material
with an LC content of 0.5 has a network composed of 50%
C6M by mass. The molar ratio of functional groups was held
constant to ensure the materials retain similar network
architecture upon polymerization. These and other materials
examined here were first subject to a base-catalyzed thiol-
Michael addition reaction step to produce unaligned, lightly
cross-linked pre-polymers with excess thiol groups (Figure 1b).
The mesostructure of the pre-polymers was strongly depend-
ent on the concentration of C6M, where at high concen-
trations these materials were polydomain nematic and at low
concentrations they were isotropic (Figure S2). The pre-
polymers were cut into rectangular strips and stretched to
different lengths (strain from 0% to 300%). Upon deformation,
all samples exhibit birefringence (Figure S3). The samples
were then held at this length and exposed to 365 nm UV light
(75 mW cm™ for 10 min) at ambient temperature to lock in
the alignment via thiol—ene reaction between the thiol-
terminated macromers and the tetraene (Figure 1c, Supporting
Information, S4). Wide-angle X-ray scattering (WAXS)
patterns for an exemplar pre-polymer and aligned LCE are
illustrated in Figure 1b,c.

The materials were subject to thermal analysis via differential
scanning calorimetry (DSC) to confirm the nematic—isotropic
transition temperature (Ty;) shifts to lower temperatures as
the concentration of C6M is reduced. Below 0.36 LC content,
the elastomeric material does not exhibit a liquid crystalline
phase transition (Figure SS). Next, we examined the
thermomechanical response of the materials subject to
isostress tension and heating. Here, we analyze materials
subject to 300% strain during second-stage polymerization
(actuation data for all samples included in Figure S6). As
evident in Figure 2a, decreasing the concentration of C6M
considerably reduces the thermotropic actuation temperature
of these materials. For example, an LCE prepared with 0.74 LC
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Figure 2. Thermomechanical response of LCEs prepared with 0—74%
liquid crystalline monomer measured as (a) strain and (b) derivative
of strain—temperature response as a function of temperature.

content has a maximal response at 100 °C that shifts to 25 °C
for the 0.51 LC content LCE. Notably, the magnitude of the
strain response of LCE is reduced from —40% to —20% as the
C6M concentration is decreased. Absent of order, the

elastomers prepared with 0.36 LC content and 0 LC content
expand and exhibit a <1% strain. These results agree well with
other ccl);lzeszmporary reports exploring the role of non-LC

The LC concentration in the materials also affects the rate of
thermomechanical response. This is evident in Figure 2b,
where the derivative of the strain—temperature response of the
materials is plotted against temperature. By reducing C6M
concentration, the maximum rate of thermotropic response
decreases from 1.3% °C'~ for the 0.74 LC sample to 0.5% °C'~
for the 0.51 LC sample. Notably, recent reports utilizing
distinctive LCMs to reduce the strength of the mesogen—
mesogen interaction to shift the thermomechanical response to
lower temperatures retain a large magnitude and high rate of
actuation.””*!

From this basis, we now consider the role of the magnitude
of strain on the orientational order of the materials and the
influence on the corresponding thermotropic response. Figure
3a presents data from tensile tests performed on the unaligned
pre-polymers. These exemplar samples illustrate the influence
of C6M concentration on the stress—strain response. The
difference between the tensile response of the 0.74, 0.67, and
0.59 LC samples may be related to the proximity of the
material from the Ty; in these experiments in ambient
conditions. Despite the differences in the evolution of the
stress—strain response, all materials proceed to a strain-
hardening regime by 100% strain, which is indicative of the
completion of the director orientation. It is important to note
that changing temperature has a strong effect on the tensile
behaviors of LCEs and would therefore be expected to affect
the mo};zcular ordering in these materials, particularly at low
strains.
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Figure 3. (a) Tensile tests of elastomers show the soft elastic plateau corresponding to mesogen alignment ends before 100% strain. (b) WAXS
patterns from 0.67 LC elastomers polymerized at (i) 0% strain, (ii) S0% strain, (iii) 100% strain, (iv) 200% strain, and (v) 300% strain. (c)
Herman’s orientation parameter of elastomers as a function of the strain applied to the material during polymerization. The data point for 0.59 LC
sample at 0% is excluded due to sample damage during experimentation. (d) Orientation parameter as a function of LC content for samples
polymerized at two values of strain. (e) Above 100% strain during polymerization, there is no significant difference in the actuation strain of LCE

polymerized with increasing strain.
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Figure 3b presents WAXS patterns for an illustrative LCE
composition based on 0.67 LC content. The pattern in Figure
3b-i is obtained from an LCE that is not subject to mechanical
alignment and polymerized via a thiol—ene reaction. This
pattern is essentially isotropic and indicates the material does
not have a macroscopic orientation. Subsequent patterns in
Figure 3b-ii—v are taken from materials subjected to 50%,
100%, 200%, and 300% strain during mechanical alignment.
With samples subjected to higher values of strain, a greater
degree of ordering is apparent in the WAXS patterns, as
evident by the nematic arc narrowing in azimuthal angle.**
Evident from the patterns in Figure 3b and presented in Figure
3¢, the orientational order of this material plateaus at around
100% strain (Figure 3b-iii). WAXS patterns for all samples are
included in Figure S7.

The intercoupling between C6M concentration, magnitude
of strain during mechanical programming, and corresponding
orientation are summarized in Figure 3¢c. Hermans’ orientation
parameter was calculated for all samples (Supporting
Information, S8). The orientation parameter of LCE samples
exhibiting thermomechanical response all increase with strain
before plateauing. In the 0.74 and 0.67 LC samples, the
maximum value of the orientation parameter is reached at
100% and 150% strain, respectively, while the 0.59 and 0.51
LC samples reach their maximum orientation parameter at
50% strain (the 0.59 LC sample polymerized at 0% strain was
not included as this sample was damaged during experimenta-
tion). From this data it is clear samples with very low LC
content (0.36 and 0 LC) do not have a high enough
concentration of liquid crystalline mesogens in the network to
retain an aligned mesophase.

Generally, when the materials are prepared with mechanical
alignment of 100% strain or more, the magnitude of the
orientation parameter is defined by the concentration of C6M.
However, samples prepared with mechanical alignment of 50%
strain have a complex dependence (Figure 3d). At this
condition, the maximal orientational order is seen in the
sample with 0.59 LC content. Increasing the LC content to
0.67 or 0.74 actually results in a reduction in orientational
order. We emphasize this dependence as it is a byproduct of
the stress—strain behavior of the pre-polymer, evident in
Figure 3a. At 0.59 LC content, the pre-polymer has moved into
the strain-hardening regime, whereas the pre-polymers with
0.67 or 0.74 LC content are still in the soft plateau region (e.g.,
mesogens have not been completely reoriented).

Finally, we contrast the thermomechanical response of these
materials as a function of C6M concentration and as a function
of the magnitude of strain applied during mechanical
alignment (Figure 3e). Generally, the magnitude of the
actuation increases with the concentration of C6M, as well
as with the magnitude of strain during alignment. However, we
want to highlight two points of particular interest. First, a
maximum is evident in the magnitude of actuation strain at an
intermediate concentration for samples prepared with 50%
strain during mechanical alignment. Informed by the similar
trend in Figure 3d, the orientational order of the LCE has a
stronger effect on the actuation strain than the LC
concentration of the material. Second, above 100% strain
during mechanical alignment, the dominant contributor is the
concentration of C6M and the resulting influence on the
relative degree of orientational order in the material. The data
for the rate of actuation shows the same trends as the actuation
strain data (Figure S9).
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We conclude this work by emphasizing the coupling of
orientational order and thermomechanical response in LCEs
by plotting the magnitude of actuation strain (Figure 4a) and
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Figure 4. Actuation (a) strain and (b) rate of elastomers as a function
of the orientation parameter as determined by WAXS.

thermotropic actuation rate (Figure 4b) as a function of the
measured orientation parameter for all materials analyzed in
Figure 3. The linear association between total actuation strain
and orientation parameter is a result of the coupling between
the LC ordering and the polymer network and has been seen
in a number of LCE systems.*” It is notable that the rate of
thermomechanical actuation is also linearly related to the
orientation parameter, which suggests this metric is also
determined by the degree of coupling between the network
and the LC order. While these may be intuitive associations, it
is important to appreciate the orientation of an LCE can be
affected by the relative concentration of LC units in the
material and the processing conditions (e.g., degree of strain in
mechanical alignment or the shear rate in direct ink write
printing).

The orientation parameter of LCE networks generally has
little impact on the actuation temperature. This is evident in
Figure S, which plots the temperature at which the maximum
rate of actuation occurs for all samples (with total actuation
strain greater than 0.5%) against the orientation parameter.
Rather, the actuation temperature is defined largely by the
composition itself. This mirrors prior reports that demonstrate
that diluting the LC content shifts the actuation temperature to
lower temperatures. However, within a given composition,
while the degree of orientation strongly affects the magnitude
and rate of thermomechanical response, the degree of
orientation does not affect the temperature at which actuation
occurs.

In conclusion, we synthesized a series of LCEs where the
composition and processing conditions were varied to give a
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Figure S. Actuation temperature of LCEs as a function of orientation
parameter.

range of actuation responses. Decreasing the LC content of the
network is associated with a drastic decrease in actuation
temperature, actuation strain, and actuation rate. Changing the
LC content of the network also affects the extent of the soft
elastic regime in these materials, which in turn dictates the
amount of strain needed to induce maximum alignment.
Overall, it was found the orientation parameter of LCE
networks is the key determinant of their total actuation strain
and rate of shape change. These findings should be applicable
for any number of applications where LCEs are being designed
for use as artificial muscles.
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