Downloaded via UNIV OF COLORADO BOULDER on August 5, 2024 at 23:20:48 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Hacromolecules

pubs.acs.org/Macromolecules

Liquid Crystal Elastomers Prepared by Thiol—Ene
Photopolymerization Amenable to Surface-Enforced Alignment

Hayden E. Fowler, Harrison M. Pearl, Jonathan D. Hoang, and Timothy J. White*

Cite This: Macromolecules 2024, 57, 2619-2627 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

——

i o

"w{x}/\,&, A w ______ i »«/

Hs NS oA A 1.2 mml
R—§' Ry A,
V ) _’ . — '
AN & 0.0 mm|
& & Room Temperature 110 °C

ABSTRACT: Liquid crystal elastomers (LCEs) assimilate the anisotropy of liquid crystalline phases with the rubber elasticity of
polymer networks. Numerous recent reports detail the preparation of LCEs by sequential chain extension reactions of diacrylate
liquid crystalline monomers followed by the photopolymerization of liquid crystalline oligomers. While these reactions are widely
utilized, sample fabrication can take hours or even days. Other reports detail the preparation of LCEs via direct thiol—acrylate
photopolymerization via free radical chain transfer reactions. While this is a rapid and straightforward approach to preparing LCEs,
the topology of the polymer network composition is heterogeneous, with wide variance in molecular weight between cross-links and
extensive prevalence of pendant groups. Here, we detail the preparation of LCEs via thiol—ene photopolymerization. The
compositions introduced here are amenable to surface-enforced alignment, which enables the high-fidelity inscription of complex
director profiles. Compared to prior thiol-based LCE compositions, direct preparation of LCE by thiol—ene photopolymerization is
rapid, forms largely homogeneous polymer networks, and has wide tunability in cross-link density.

Bl INTRODUCTION (LCMs) are subject to a thiol-Michael addition reaction

Liquid crystal elastomers (LCEs) are soft, stimuli-responsive followed by subsequent photopolymerization of excess acrylate

materials in which liquid crystalline mesogenic units are bonds to arrest the LCE in a mechanically deformed state (e.g,,

incorporated into a lightly cross-linked polymer network.' aligned)." LCEs prepared by thiol-Michael addition have
Prior research of LCEs has considered the functional utility of displaced hydrosilylation reactions due to the ease and
their nonlinear deformation®~* as well as their stimuli-response accessibility of this chemistry. Further, the rheological
(e.g, actuation). Here, we are concerned with the nascent properties of this material system are conducive to printing
thermotropism of LCEs (e.g., heating LCEs reduces the extent via direct ink writing,9 which has been utilized to produce
of liquid crystallinity to near zero).5 De Gennes first predicted LCEs with spatial variation in alignment.lo

the thermotropic character of LCEs as an approach to realize(g While mechanical and rheological methods are widely
amplified and differentiated thermomechanical response. utilized to prepare aligned LCEs, these methods may be

While LCEs that retain the polydomain orientation exhibit
thermomechanical responses, the deformation is uniform in all
axes. When LCEs are aligned, the directional deformation of
the materials can achieve as much as 50% contractile strain
upon heating.”

Historically, LCEs have been prepared by two-step hydro-
silylation reactions with alignment imparted by mechanical
force in the second polymerization stage.” More recently,
mechanically aligned LCEs are commonly prepared via a two-
step process in which diacrylate liquid crystalline monomers

limited in their scalability (mechanical alignment) or
patterning fidelity (rheological alignment). Other approaches
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have been utilized to enforce alignment to LCEs, including
magnetic' "> and electric fields as well as surface anchoring.
Surface anchoring is widely utilized in the large-scale
manufacture of liquid crystal displays and optical films from
LCMs."? While numerous prior reports detail the preparation
of glassy liquid crystalline polymer networks (LCNs) via
surface-enforced alignment, *"> this technique has only
recently been demonstrated for preparing LCEs. In the initial
report, * LCEs were prepared by photopolymerizing diacrylate
liquid crystalline oligomers prepared by an aza-Michael
addition reaction. This and subsequent reports utilized
photoalignment substrates to prepare LCEs with arbitrarily
complex director patterns with a voxel resolution of 10 ym."”
The fidelity of the photoalignment patterning has been
exploited in theory-led experimental demonstrations of
corrzlglex shape transformations,"*™*" including folding origa-
mi.

Other materials chemistries have been subsequently
demonstrated to be amenable to surface anchoring, generally
utilizing thiol—acrylate reactions.””** In one approach, referred
to as free-radical chain transfer, LCEs are prepared from
formulations containing diacrylate LCMs and dithiol mono-
mers that act as both chain extenders as well as chain transfer
agents.”* "> This chemistry is robust, strongly anchors to
surface coatings, and can be a high throughput as a direct
photopolymerization reaction. However, the polymer network
formation is heterogeneous, which is evident in distinctive
mechanical properties.”> We have recently demonstrated that
adjustment to the kinetics (with comparatively slow base
catalysts) of the thiol-Michael addition reaction to prepare
oligomeric sgecies can produce aligned LCEs via surface
anchoring.””*® However, as with LCEs prepared by aza-
Michael addition reactions, the oligomerization reaction can
occur over hours and limits the throughput of the LCE sample
preparation.

The work presented here prepares LCEs in a direct, one-step
photopolymerization reaction to produce polymer networks
with a regular and robust architecture. This reaction addresses
the limitations of other thiol-based approaches to preparing
LCEs in that it is rapid, forms homogeneous polymer
networks, and is highly tunable. By adjusting the composition
of a recently reported materials chemistry to prepare
semicrystalline LCEs,”” we prepare conventional LCEs via
direct thiol—ene photopolymerization. This chemistry is
amenable to surface-enforced alignment and high throughput
(ie., samples prepared in <1 min). We characterize the
reaction and degree of alignment before exploring the
tunability of materials properties. The LCE materials examined
here exhibit cybotactic nematic phases, which are shown to
affect the thermotropic stimuli-response.

B EXPERIMENTAL SECTION

Materials. Thiol-ene LCEs were prepared by mixing the
photoinitiator 2-benzyl-2-dimethylamino-1-(4-morpholinophenyl)-
butanone-1 (I-369, IGM Resins), thiol monomers 2,2'-
(ethylenedioxy)diethanethiol (EDDET, Sigma-Aldrich) and pentaer-
ythritol tetrakis(3-mercaptopropionate) (PETMP, Sigma-Aldrich),
and liquid crystalline “ene” monomer 2-methyl-1,4-phenylene bis(4-
(hex-5-enyloxy)benzoate) (LC2E, SYNTHON Chemicals
GmbH&Co., KG). Alignment cells were prepared with either
polymeric (Elvamide, DuPont) or photochromic (PAAD 22, Beam
Co.) surface treatments.

Alignment Cell Preparation. Alignment cells were prepared by
coating glass substrates (Colorado Concepts) with Elvamide. First,

2620

the glass substrates were plasma cleaned for 10 min before spin-
coating with 0.125 wt % Elvamide in methanol solution at 3500 rpm
for 1 min. Coated slides were manually rubbed in one direction with a
velvet cloth approximately 30 times. Two glass substrates were glued
together by the corners using a Norland optical adhesive mixed with
30 pm silicon bead spacers. The glass slides with rubbed alignment
were placed antiparallel (i.e., the rubbed sides faced each other with
opposing directions of rubbing). A slight overhang between the
substrates was left to allow for the capillary filling process. The
assembly was exposed to ultraviolet (UV) light for 3 min to cure the
optical adhesive.

LCEs with director profiles described by +1 azimuthal defects were
prepared from patterned photoalignment cells. Again, glass substrates
were first plasma cleaned for 10 min. Subsequently, substrates were
spin-coated with 0.33 wt % PAAD 22 in dimethylformamide solution
at 2000 rpm for 1 min. Coated substrates were placed on a hot plate
at 100 °C for 30 min to remove residual solvent. The cell assembly
was subsequently completed by following the steps outlined above.
After assembly, the photoalignment cells were exposed to 445 nm
light projected through a diffractive waveplate (Beam Co.).

LCE Fabrication. All LCEs were prepared from compositions
utilizing a 1:1 functional group ratio of thiol/ene. The amount of
cross-linker incorporated was adjusted by the ratio of PETMP/
EDDET in the mixture. The mixture of I-369 and LC2E was melt-
mixed at 180 °C. The mixture was set on a hot plate at 100 °C with
the alignment cell for 10 min. PETMP and EDDET were added, and
the mixture was vortexed for 5 min. The mixture was filled at 100 °C
in its isotropic state into the alignment cell via capillary action by
depositing the mixture to the overhang of the cell via pipet. After the
cell was filled, it was transferred to another hot plate set to 35 °C, in
the mixture’s nematic state, for 30 min, after which the cell was
exposed to 365 nm light at 3 mW cm™ for S min to complete
polymerization. The cell was soaked in water for 24 h and opened
with a razor blade to release the LCE.

Real-Time Infrared Spectroscopy. Real-time infrared spectros-
copy (RTIR) was conducted using a custom-built heating stage and a
Nicolet iSS0 Fourier TIR (FTIR) spectrometer to examine the
reaction kinetics of functional group conversion during the reaction.
Mixtures were melted and placed between salt plates on a hot plate at
100 °C. The salt plates were moved to the RTIR stage, where the
temperature was decreased to 35 °C. The values for the area under
the thiol peak (2550—2600 cm™) and alkene peak (~1640 cm™)
were recorded approximately every half second. Samples were
polymerized for S min with 365 nm light. Conversion of functional
groups was calculated via eq 1

A - A
A (1)

X

where X is the conversion, A; is the area under the peak before
polymerization, and A is the area under the peak at a given time point
after initiating polymerization. These conversions were compared to
tlig theoretical conversion at gelation for a step-growth reaction by eq
x

pc = [r(favg,ene - 1)(f:'zvg,thiol - 1)] o (2)
where p, is the conversion at gelation, r is the stoichiometric balance
of functional groups (in this case, 7 = 1), fyygene is the weighted average
functionality of alkene-functionalized monomers, and f,,o i is the
weighted average functionality of thiol-functionalized monomers in
the system.

Gel Fractions. Gel fractions of LCEs were taken to confirm the
network formation. Samples were weighed initially before soaking in
DCM for 72 h. Samples were then dried for 24 h on a hot plate set to
45 °C before weighing again. Gel fractions were calculated according
toeq3
myg

fgel - (3)
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where fo, is the gel fraction, my is the final measured mass after
soaking in DCM and drying for 24 h, and m; is the initial measured
mass before soaking in DCM.

Polarized Optical Microscopy. LCE alignment was assessed
with polarized optical microscopy (POM) using a Nikon Eclipse Ci-
Pol instrument with 10X and 20X optical objectives. LCEs were
observed at 0, 45, and 90° rotation between crossed polarizers.

X-ray Scattering. The alignment and phase behavior of the LCEs
were quantified with wide-angle X-ray scattering (WAXS) and small-
angle X-ray scattering (SAXS) via a Xenocs Xeuss 3.0 SAXS/WAXS
operating in vacuum and transmission using an 8 keV rotating copper
anode. Samples were exposed for 180 s for WAXS scans and 720 s for
SAXS scans. Herman’s orientation parameter was calculated by eqs 4
and S

1 2
S= 5(3(005 0) — 1) 4)

foﬂ/zl(ﬁ)sin 0 cos* 0d0

(cos* 0) = el :
/0 1(0)sin 0dO ()
where S is Herman’s orientation parameter, @ is the azimuthal angle,
and I(6) is the azimuthal intensity distribution. Equation S gives the
average angle of liquid crystalline mesogens relative to the nematic
director. Cybotactic nematic phase parameters, including smectic C
layer spacing, tilt angle, and cell length, were calculated from SAXS
patterns using eqs 6, 7, and 8

g= 2=
Dsaxs (6)
0, -0,
h== (7)
= d
cos f} (8)

where d is the smectic C layer spacing, gsaxs is the g value at which
the maximum intensity occurs in the small-angle region of interest, #
is the tilt angle of smectic C layers to the nematic director, 8, and 6,
are the angles of maximum intensity for the pair of diffuse arcs in the
cybotactic SAXS pattern, and L is the cell length of smectic layers.

Differential Scanning Calorimetry. Differential scanning
calorimetry (DSC) was conducted using TA Instruments’ DSC
2500 to determine the thermal properties of LCEs. A heat—cool-heat
cycle was applied to the samples at a heating and cooling rate of 5 °C
min~. Glass transition temperatures were obtained by the midpoint
of the step change in the baseline on the second heating curve. The
temperature at which the local maximum of the peak occurs on the
second heating curve identified nematic-to-isotropic transition
temperatures.

Tensile Testing. Mechanical properties were measured with a TA
Instruments’ DMA 850 dynamic mechanical analyzer. Tensile testing
was performed on monodomain samples with strips cut perpendicular
to and parallel to the nematic director. Samples were tested in
rectangular strips with dimensions of approximately 2 mm width and
6 mm length. Tensile tests were performed to failure at room
temperature with a linear strain rate of $% min~' of the original
sample length. Young’s modulus values were taken from the linear
region of the tensile curve at low strain values (1—3%). Modulus
contrast was calculated as the ratio between Young’s modulus parallel
and perpendicular to the alignment direction.

Thermomechanical Response. Thermomechanical testing was
performed on monodomain samples using a DMA 850 and tension
clamps. The sample was oriented such that the alignment was normal
to that of the clamps. The stress on the sample was maintained at
approximately 0 MPa, and the contractile strain was tracked as the
sample was ramped from room temperature to 220 °C at a rate of §
°C min~".
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POM, WAXS, and SAXS were also performed for samples heated
discretely from room temperature to 220 °C. Samples were heated
with an INSTEC thermal stage for POM experiments. SAXS and
WAXS profiles were obtained using a Xenocs Xeuss 3.0 SAXS/WAXS
equipped with a Linkam thermal stage.

The deformation of LCEs with +1 azimuthal defect alignment in 3
dimensions was characterized via a Keyence VR-3200 wide-area 3D
measurement system. Height maps were produced to characterize the
LCEs’ shape profile and quantify the amount of deformation.

B RESULTS AND DISCUSSION

LCEs were prepared by one-step thiol—ene photopolymeriza-
tion of the liquid crystal monomer LC2E and thiol monomers
PETMP and EDDET (Figure 1A). The thiol—ene reaction is

P \@\I(O\Q\

Rl
o/\/\/\
o o LC2E
s\ S~
O:><:O ' HS/\/O\/\O/\/SH
\/\«O o)/\/ H ‘ |
HS
\ Y 3 EDDET
PETMP
RS
B Pr tion
e, " opagatio
R,—SH
Initiation
RZ/\/S_\

Figure 1. (A) Alkene-functionalized liquid crystalline monomer LC2E
was copolymerized with thiol-functionalized monomers PETMP and
EDDET via (B) thiol—ene photopolymerization.

outlined in Figure 1B and has been widely reviewed
elsewhere.”*> The copolymerization of difunctional alkene
and thiol monomers results in linear polymer chains.
Increasing the average functionality of the composition to
greater than two by including multifunctional thiol or ene
(typically trifunctional or tetrafunctional) monomers results in
a cross-linked network. Here, LC2E and EDDET (both
difunctional) react to form linear linkages (ie., increase the
molecular weight between cross-links) that react with the
cross-linker PETMP (tetrafunctional). The chemistry pre-
sented here builds upon a recent report preparing semicrystal-
line LCEs by thiol—ene photopolymerization.

Thiol—ene polymerizations can produce cross-linked poly-
mer networks with widely tunable properties. Here, by
adjusting the relative amounts of EDDET to PETMP (while
maintaining a constant 1:1 thiol/ene stoichiometric ratio of
functional groups), we can readily adjust the extent of cross-
linking in LCEs prepared with constant liquid crystalline
content. This is notable, as (1) maximizing liquid crystalline
content is critical to enabling amenability to surface alignment

https://doi.org/10.1021/acs.macromol.3c02291
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and (2) the liquid crystalline concentration is directly
correlated to the magnitude and rate of thermomechanical
response.”> > The compositions examined in this work are
summarized in Table S1 (Supporting Information). As the
concentration of EDDET and PETMP was commensurately
adjusted, the cross-linker content increased from approx-
imately 14 to 29 mol %. The relative mass fraction (reported
here as wt %, Table S1) of liquid crystal monomer changes
very little between formulations (from 67 to 70 wt %). As a
result, the phase behavior of these compositions is similar and
allows materials to be prepared under identical conditions (35
°C) in the nematic phase.

The conversion of thiol and alkene functional groups was
monitored with RTIR spectroscopy during photopolymeriza-
tion (Figure 2). The alkene (Figure 2A) and thiol (Figure 2B)
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Figure 2. (A) Alkene and (B) thiol functional group conversion
during the initial S s of photopolymerization for LCE compositions
prepared with 14 (hollow light green squares), 21 (hollow dark green
circles), and 29 (filled black circles) mol % PETMP. (C) Overall
functional group conversion maps to the calculated gel point
conversion.

functional group conversions are presented during the first 5 s
of photopolymerization for three concentrations of PETMP.
Increasing the concentration of cross-linker reduces both thiol
and ene conversion. Comparing the slope of conversion—time
data in the linear region indicates that the reaction rate
decreases with more cross-linker addition. Comparatively,
LCEs prepared with lower cross-linker concentration have
slightly more conversion of alkene functional groups than thiol
functional groups. This potentially indicates a minor extent of
homopolymerization of LC2E. However, the polymer network
is formed by thiol—ene bonds via step-growth polymerization.
While the overall conversion is low, the measured gel fractions
are high (>90% in all cases, Table S2).

Notably, in this study, the composition includes an aliphatic
diene, an aliphatic dithiol, and a mercaptopropionate tetrathiol.
Canonical studies of thiol—ene polymerizations emphasize that
the reaction of mercaptopropionate thiols can proceed at
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nearly 6 times the rate of aliphatic thiols.”” Unfortunately, we
cannot distinguish the reaction kinetics of these distinct thiol
groups in this composition, but we can assess the overall thiol—
ene polymerization with RTIR.

The conversion of both thiol and ene functional groups can
be affected by cross-linker concentration and the associated
influence on gel point conversion. We use eq 2 to predict the
conversion at gelation. As evident in Figure 2C, the
experimentally measured conversions closely match the
calculated gel point conversions. From these data, we can
conclude that the thiol—ene reaction is generally conventional
and proceeds rapidly on initiation, requiring less than 1 min of
photopolymerization to reach near the maximal conversion of
functional groups (see Figure S1, Supporting Information).

Thiol—ene photopolymerization offers a straightforward and
rapid approach to preparing LCEs that are amenable to surface
alignment. A recent report of a similar composition detailed
the preparation of semicrystalline LCEs.”” Here, we adjust the
composition to prepare LCEs with a monodomain alignment.
This study enforces alignment by drawing the liquid crystalline
monomer melt into an alignment cell. The material aligns with
the rubbing direction of the alignment layers in the nematic
phase. Photoinitiation of the monomeric mixture in the aligned
nematic phase forms an LCE that retains monodomain
alignment. We assess the degree of alignment via polarized
optical microscopy (POM) in Figure 3A, where the
birefringence of monodomain LCEs is illustrated for a
representative sample with 14 mol % PETMP (see Figure S2
for other samples). Alignment was also quantified with X-ray
scattering at wide angles (WAXS) for LCEs prepared with 14,
21, and 29 mol % PETMP. Figure 3B shows a representative
scattering pattern of LCEs prepared with 14 mol % PETMP
(see Figure S3 for other samples). The characteristic nematic
eyebrow evident in Figure 3B confirms the alignment. The
orientation parameter was calculated from the azimuthal
intensity profile (via eqs 4 and S) and ranged from 0.51 to
0.56 (see Table S3). These values confirm strong nematic
alignment similar to values reported in other LCEs prepared by
surface alignment,'®***”*¢

The microstructure is evident in the polarized micrographs
with regular striation normal to the direction of alignment
(Figures 3C and S4). Further, the wide-angle X-ray scattering
(WAXS) pattern in Figure 3B contains multiple faint, diffuse
arcs at smaller angles, indicating additional liquid crystalline
ordering.*® To elucidate the phase retention of these LCEs, we
collected small-angle X-ray scattering (SAXS) patterns. Figure
3D shows the SAXS pattern of a representative sample with 14
mol % PETMP (see Figure SS for other samples). Four diffuse
rod-shaped scattering arcs are present, with the top and
bottom pairs overlapping a faint nematic scattering arc at
constant q oriented along the alignment direction and
coincident with the length of the liquid crystalline mesogen.
This scattering pattern is associated with the cybotactic
nematic phase (illustrated in Figure 3E), in which a nematic
phase has regions of short-range smectic order.”” In these
domains, the liquid crystalline mesogens maintain orientational
ordering along the director, but tilted smectic C-like phases
form. We refer to the angle between the director and the layer
normal as the tilt angle and the thickness of the layers as the
cell length, which is usually on the order of magnitude of the
extended liquid crystalline component.”® The cybotactic
nematic phase has been retained in liquid crystal polymer
materials, including LCEg.>#2538~%4 Average smectic C

https://doi.org/10.1021/acs.macromol.3c02291
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layer normal

Figure 3. (A) Polarized micrograph of an LCE prepared with 14 mol
% PETMP with a 10X objective. (B) X-ray scattering pattern at wide
angles illustrating the classic nematic eyebrow pattern indicative of
uniaxial alignment. (C) Polarized micrograph with a 20X objective
illustrating the microstructure normal to the alignment direction. (D)
X-ray scattering pattern at small angles confirming the (E) cybotactic
nematic phase consisting of smectic C domains within an overall
nematic matrix.

domain layer spacing, tilt angle, and cell length are given for
samples with three different concentrations of PETMP in
Table S3. The cell lengths are on the order of the extended
liquid crystalline unit length (ca. 36.7 A).

Increasing the cross-linker concentration in the LCEs adjusts
the thermomechanical properties. DSC measurements of the
LCEs confirm that, as expected, increasing the cross-linker
concentration increases the glass transition temperature

(Figure 4A,B). The glass transition temperatures for the
LCEs examined here are below room temperature. At higher
temperatures, the LCEs exhibit a nematic—isotropic transition.
Increasing the cross-linker concentration increases the
nematic—isotropic transition temperature of the LCE (Figure
4C). Furthermore, the increase in cross-link density also
broadens the transition due to a decrease in mobility and
potential differences in orientational order (Figure S3 and
Table S3).

The mechanical properties of the LCEs were examined with
tensile testing parallel and perpendicular to the nematic
director. When the LCEs are deformed parallel to the
alignment direction, the stress—strain response is classical
(Figure SA). Notably, increasing cross-linker concentration
sharpens strain hardening. As expected, the stress—strain
response of the LCEs is nonlinear when deformed
perpendicular to the alignment direction, previously referred
to as soft elasticity.”* Increasing cross-linker concentration
sharpens strain hardening and shifts this region to lower strain
values. The stress threshold to induce soft elasticity and the
extent of the soft elastic plateau also increase with increasing
cross-linker concentration. To illustrate the influence of cross-
linker concentration on the mechanical properties of the LCEs,
we measured Young’s moduli in the linear regime in both
directions (summarized in Figure SC). Unsurprisingly,
increasing cross-link density increases the Young’s moduli in
both axes. To assess the influence of cross-linker concentration
on the mechanical properties of the LCE, we also calculate
what we refer to as the modulus contrast (Y;/Y,). As evident
in Figure 5D, increasing the cross-linker concentration
increases the modulus contrast.

The thermotropic stimuli response of LCEs parallel to the
alignment direction was examined. Monodomain LCEs were
heated from room temperature beyond the nematic—isotropic
transition peak observed via DSC (Figure 4). The contractile
strain was measured in tension along the aligned direction
(Figure 6A) for LCEs prepared with 14, 21, and 29 mol %
PETMP. As more cross-linkers are incorporated into the
system, the contractile strain response shifts to higher
temperatures. Notably, increasing cross-linker concentration
does not affect the magnitude of the achievable strain. Close
examination of the thermomechanical curve shape of the LCEs
prepared with 14 and 21 mol % PETMP reveals that the
response has two separate slopes. This is best visualized by
taking the derivative of the strain-temperature curves (Figure
6B). As cross-linker content is decreased, the lower temper-
ature response becomes broader and starts at lower temper-
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Figure 4. (A) DSC thermograms of LCEs prepared with 14 (solid, light green), 21 (dashed, dark green), and 29 (dotted black) mol % PETMP.
The (B) glass transition temperature and (C) nematic—isotropic transition temperature increase with cross-linker concentration.
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Figure 5. Tensile curves (A) parallel and (B) perpendicular to the
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mol % PETMP. (C) Young’s modulus for deformation parallel and
perpendicular to the nematic director as a function of cross-linker
concentration. (D) Modulus contrast (Y;/Y,) of LCEs as a function
of cross-linker concentration.

atures. Interestingly, this initial transition does not appear in
the DSC thermograms. The second response region aligns with
the nematic—isotropic transition temperature determined by
DSC.

POM, SAXS, and WAXS experiments were performed on
LCEs prepared with 14 mol % PETMP heated through the
nematic—isotropic transition temperature. The POM micro-
graphs in Figure 7A show that the LCE maintains birefringence
through the first transition (up to 160 °C) before losing almost
all of the birefringence during the second transition (up to 220
°C). This is consistent with the nematic—isotropic transition
observed via DSC as shown in Figure 4. The WAXS profiles in
Figure 7B confirm that the LCE remains aligned through the
first transition before losing alignment during the second
transition. The SAXS profiles in Figure 7C indicate that the
initial stimuli-response may be associated with the cyclotactic
nematic phase. As with the evolution of the nematic phase, the
small-angle peaks associated with the cybotactic nematic phase
become fainter in the second transition. Data presented in
Figure 7D,E give the corresponding intensity profiles as a
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function of azimuthal angle (designated by the red dashed lines
in the first image of Figure 7B,C) in the wide-angle and small-
angle regions, respectively. From 35 to 100 °C, both intensity
profiles become sharper, indicating improved alignment of the
cybotactic nematic phase. On increasing the temperature is
increased to 160 °C, the sharpness decreases. A considerable
decrease is apparent at 220 °C during the second transition,
although as with the POM image in Figure 7A, there is
evidence that a small amount of alignment remains likely
associated with the paranematic state of this material.

Finally, to illustrate the amenability of these material
compositions to complex director patterns, we subject these
materials to alignment cells prepared with director profiles in a
+ 1 azimuthal defect (via photoalignment). Upon heating, the
LCEs go from flat to 3D, forming a cone (Figure 8A). The
images presented in Figure 8A are 3D height maps of the
deformation of the LCE at room temperature and 110 °C. The
LCE at room temperature has a slight saddle-like shape.”® On
heating, the LCE deforms into a cone, where the height
increases with increasing temperature (Figure 8B). The
deformation produces a classic cone-like shape with positive
Gaussian curvature (Figure 8C) when viewing the profile from
one side (down the Y-axis at the Z—X plane, as labeled in
Figure 8A).

B CONCLUSIONS

This report details the preparation of LCEs via thiol—ene
photopolymerization. The compositions reported here are
subject to surface-enforced alignment. The materials chemistry
has advantages in processability and throughput. Furthermore,
cross-linking is readily adjusted in the materials by adjusting
the ratio of thiol monomers. This report systematically and
exhaustively characterizes the material properties and phase
behavior. Notably, the LCEs retained the cybotactic nematic
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B ABBREVIATIONS

LCE, liquid crystal elastomer; RTIR, real-time IR; POM,
polarized optical microscopy; WAXS, wide-angle X-ray
scattering; SAXS, small-angle X-ray scattering; DSC, differ-
ential scanning calorimetry; PETMP, pentaerythritol tetrakis-
(3-mercaptopropionate); EDDET, 2,2'-(ethylenedioxy)-
diethanethiol; LC2E, 2-methyl-1,4-phenylene bis(4-(hex-S-
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