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Elastocaloric Response of Isotropic Liquid Crystalline
Elastomers

Jeremy A. Herman, Jonathan D. Hoang, and Timothy J. White*

Liquid crystalline elastomers (LCEs) are soft materials that associate order
and deformation. Upon deformation, mechanically induced changes order
affect entropy and can produce a caloric output (elastocaloric). Elastocaloric
effects in materials continue to be considered for functional use as solid state
refrigerants. Prior elastocaloric investigations of LCEs and related materials
have measured ≈2 °C temperature changes upon deformation (100% strain).
Here, the elastocaloric response of LCEs is explored that are prepared with a
subambient nematic to isotropic transition temperature. These materials are
referred as “isotropic” liquid crystalline elastomers. The LCEs are prepared by
a two-step thiol-Michael/thiol-ene reaction. This polymer network chemistry
enhances elastic recovery and reduces hysteresis compared to acrylate-based
chemistries. The LCEs exhibit appreciable elastocaloric temperature changes
upon deformation and recovery (> ± % °C, total !T of 6 °C) to deformation
driven by minimal force (<< 1 MPa). Notably, the strong association of
deformation and order and the resulting temperature change attained at low
force achieves a responsivity of 14 °C MPa−1 which is seven times greater
than natural rubber.

1. Introduction

Liquid crystalline elastomers (LCEs) have been considered for
functional use in energy,[1,2 ] optics,[3–5 ] soft robotics,[%,7 ] and
impact-resistance[8–1( ] due to their unique assimilation of or-
der and mechanical properties. LCEs are lightly to moder-
ately crosslinked polymer networks that retain the liquid crys-
talline phase typically imparted from the monomeric starting
materials.[11 ] LCEs undergo order–disorder transitions upon
heating, which disrupts the ability of the mesogenic segments
to align. Numerous prior reports, including some recent ex-
aminations, have detailed approaches to shifting the transition
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temperature of LCEs to lower
temperatures.[12,13 ] Of relevance to this
examination, are reports that detail the inte-
gration of )-(%-acryloyloxy)hexyloxy)phenyl-
)-(%-(acryloyloxy)hexyloxy)benzoate as
mesogenic units in LCEs.[1)–1% ] Compared
to LCEs prepared with the canonical
liquid crystalline monomer 1,)-Bis-[)-
(%-acryloyloxyhexyloxy)benzoyloxy]−2-
methylbenzene, these materials shift
and sharpen the thermotropic transition.

This examination is generally con-
cerned with exploring the elastocaloric
response in LCEs. An elastocaloric ma-
terial emits heat (e.g., a temperature
increase) when subject to mechanical
deformation. The thermodynamics of
the process are well-established.[17–19 ] Al-
though the caloric response of materials
has been long studied (since Gough),[2( ]

motivated by potential use in refrigeration
the mechanical (elastocaloric),[21–2% ] elec-
trical (electrocaloric),[27–31 ] and magnetic
(magnetocaloric)[32–35 ] caloric effects have

been topics of considerable recent interest. Although Gough and
early examinations focused on natural rubber, more recently, the
elastocaloric effect has been extended to other materials, most
notably shape memory alloys (SMAs). Like natural rubber, SMAs
can undergo phase transformation accompanying deformation.
The SMA nitinol has been extensively examined in these prior
reports to exhibit a mechanically induced first-order austenite to
martensite transition that can produce a temperature increase of
3( °C.[25,3%,37 ] However, the mechanical properties of metals re-
quire large force inputs to achieve mechanical phase transition.
Of soft materials, natural rubber (NR) remains an exemplar ma-
terial and can achieve a moderate temperature increase (1( °C)
with only several MPa of input stress.[2),38,39 ] The elastocaloric
response of NR proceeds by strain-induced crystallization. The
conversion from amorphous to semi-crystalline occurs at very
large strains (> 5((%).[)( ] The elastocaloric effect of NR is also
temperature-dependent, achieving larger temperature changes at
lower temperatures.[)1 ]

Recent theoretical and experimental studies have considered
LCEs as elastocaloric materials.[1,2,27,)2 ] Initial studies detail tem-
perature changes of 1–2 °C at low-stress values (<< 1 MPa). Com-
putation has suggested that LCEs can achieve even higher tem-
perature changes (1( °C).[)3 ] We recently reported on a newly dis-
covered phase transition in polymer networks containing appre-
ciable liquid crystalline (LC) content.[)),)5 ] These materials do not
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Figure 1. a) Chemical structures of diacrylate, thiol, vinyl, and amine monomers used in this report. b) Image taken above TNI at room temperature
where the material appears optically transparent. c) Image taken below TNI where the material appears optically opaque as it becomes polydomain. d)
Polarized optical micrographs showing no birefringence at room temperature above TNI. e) Below the TNI the material now displays birefringence in the
polarized optical micrograph.

exhibit an LC phase upon preparation at any temperature and
are not LCEs but amorphous polymers. Upon deformation, the
embedded mesogens in these materials align to the direction of
stretch and form an LC phase that we refer to as a mechanotropic
phase transition. This phase transition was recently shown to also
exhibit an elastocaloric.[1 ] To small strain (1((%) and minimal
stress (≈2 MPa), mechanotropic phase transitions in amorphous
materials exhibited a small temperature change (≈2 °C).

The magnitude of the elastocaloric temperature change achiev-
able in liquid crystalline systems is associated with the coupling
of order and deformation. Extensive fundamental studies gen-
erally confirm that the magnitude of the orientation parameter
for a given material system is maximized by the amount of liq-
uid crystalline molecules in the composition. To achieve an amor-
phous state in our original studies, we copolymerized a moderate
concentration of nonliquid crystalline monomer with liquid crys-
talline monomers.[1,)),)5 ]

Here, we report on a new class of unaligned LCEs with nematic
to isotropic transition temperatures (TNI’s) below room temper-
ature that have near-maximal liquid crystalline content and ex-
cellent elastic recovery properties. These materials achieve larger
and more e,cient elastocaloric temperature changes compared
to our prior examination of mechanotropic phase transitions in
related materials. We utilize a two-step thiol-Michael/thiol-ene
materials chemistry based on a two-phenyl ring liquid crystalline
mesogen to create LCEs with TNI’s below room temperature.
The polymer network is based on thiol-ene polymerization re-
sulting in more homogenous distribution of crosslinking.[)%–)8 ]

Since these particular materials exhibit an LC phase at subam-
bient temperatures, we refer to these materials isotropic liquid
crystalline elastomers (IsoLCEs). Notably, the IsoLCEs contain
maximal LC content which is expected to enhance the coupling
of deformation and order (entropy). The integration of thiol-ene
polymerization as the basis for the network improves the elas-
tic recovery of these materials which enhances the caloric per-
formance. The elastocaloric response of the IsoLCEs is shown to

exceed > 3 °C temperature changes at extremely small stress and
strain values.

2. Results and Discussion

The liquid crystalline (LC) materials examined here were pre-
pared from compositions with a range of concentrations of
liquid crystalline monomer (LCM). The isotropic liquid crys-
talline elastomers (IsoLCEs) were prepared by a two-step
thiol-Michael/thiol-ene chemistry.[12,)9 ] This examination uti-
lizes the LCM C%BAPE (Figure 1a).[1)–1% ] NMR spectra on this
monomer is shown in Figure S1a (Supporting Information).
When necessary, the LC content is diluted by incorporation
of the monomer bisphenol A ethoxylate diacrylate (BPAEDA,
Figure 1a). Thiol-Michael oligomerization of C%BAPE, BPAEDA,
and the chain extending dithiol 2,2’-(Ethylenedioxy)diethanethiol
(EDDT, Figure 1a) was catalyzed with dipropylamine (DPA,
Figure 1a). By utilizing a molar excess of thiols, the thiol-Michael
addition reaction produces thiol-terminated oligomers. Subse-
quently, the material system was subject to photoinitiated thiol-
ene polymerization between the oligomeric dithiols and the vinyl
crosslinker glyoxal bis(diallyl acetal) (GDA, Figure 1a). To eluci-
date the contribution of crosslink density, IsoLCE samples were
prepared by introducing the divinyl molecule trimethylolpropane
diallyl ether (TMPDE, Figure 1a) in place of GDA. The relative
concentration of C%BAPE was varied by modifying the molar ra-
tios of functional groups, the inclusion of BPAEDA, or replac-
ing GDA content with TMPDE. The molar ratios of the compo-
sitions are specified in the Experimental Section. Samples will
be referred to as IsoLCEXXYY where XX is the mole fraction of
LC content and YY is the mole fraction of GDA crosslinking con-
tent. The composition and material properties are summarized
in Table 1.

Motivated by a recent report, these compositions exhibit ne-
matic to isotropic transition temperatures (TNI’s) below ambient
temperature. Accordingly, the polymerization of these materials
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Figure 2. a) Elastocaloric cycle where temperature increases/decreases with stress. Heat is either lost or gained from the environment in between
loading and unloading steps. Representation of LC network is inset for each cycle step. b) FLIR images taken during varying time points for IsoLCE44%.3.
The sample’s measured temperature is inset in each image. c) WAXS patterns taken during each elastocaloric step. Calculated Herman’s orientation
parameters are inset.

was done in the isotropic state and not subject to alignment.
Prior examinations have prepared LCEs by polymerizing above
the TNI of the mixture (by heating) to form so-called isotropic
genesis polydomain LCE. Isotropic genesis polydomain LCEs are
typically optical opaque at the macroscale but exhibit small mi-
croscale birefringent domains. The IsoLCE materials examined
here were imaged and subject to polarized optical microscopy
(Figure 1b,d). Notably, the IsoLCEs are optically clear and do
not exhibit any domains even at high magnification. Upon cool-
ing these materials, they become opaque (Figure 1c), and exhibit
microscale birefringence (Figure 1e) associated with the polydo-
main state. The TNI for the materials prepared here is reported
in Table 1. Associated DSC thermograms are presented in the
Supporting Information. Accordingly, these materials should be
considered analogous to isotropic genesis polydomain LCE but
in the ambient experiments, are in the “isotropic” state (hence
the phrasing, isotropic LCE).

Informed by our previous study of mechanotropic phase tran-
sitions in related materials capable of mechanically induced
isotropic to liquid crystalline phase transitions, we hypothesized

Table 1. Material properties of all networks with varying LC and crosslink-
ing content. Iso represents the isotropic state these materials are in upon
preparation since at room temperature every network is above its TNI.

Sample
Name

LC Content
[mol%]

GDA
Content
[mol%]

Tg [°C] TNI [°C] Modulus
[MPa]

IsoLCE3(1).( 3( 1).( −39 3 1.3

IsoLCE3(11.) 3( 11.) −39 0.5 1.3

IsoLCE3().5 3( ).5 −41 −0.3 0.%

IsoLCE4211.5 42 11.5 −3% % 0.93

IsoLCE429 42 9 −3% % 1

IsoLCE42).5 42 ).5 −35 ) 0.9

IsoLCE44%.3 44 %.3 −3( 15 0.)4

IsoLCE44(.4 44 (.4 −3( 14 0.)

IsoLCE44).5 44 ).5 −35 14 0.)

IsoLCE4)).5 4) ).5 −35 1% 0.59

that IsoLCEs may also be compelling elastocaloric materials. The
proposed elastocaloric cycle and the associated LC network ori-
entation are illustrated in Figure 2a. Applied stress is expected to
align the materials and realize an initial increase in temperature.
As the network is aligned, heat (Q) is lost to the environment
and the sample returns to ambient temperature. Releasing the
deformation allows the material to recover the disordered state,
accompanied by a decrease in temperature. Again, elastocaloric
heating and cooling are adiabatic processes (e.g., the total entropy
of the system is zero). Upon deformation, the IsoLCE materi-
als undergo a disorder-to-order transition (decrease in configu-
rational entropy). The ordered state is associated with the pref-
erential orientation of the liquid crystalline segments in the ma-
terial to align. This change in entropy is offset by a temperature
increase (e.g., thermal entropy). When the IsoLCE is unloaded,
the material recovers the disordered state (increase in configura-
tional entropy) that is accompanied by a temperature decrease.

The proposed elastocaloric response of IsoLCE was confirmed
by FLIR imaging presented in Figure 2b for IsoLCE))8.3. Here,
the material was subject to rapid deformation to 15(% strain.
Upon deformation, the material exhibits a 3.35 °C increase in
temperature. To sustain deformation, the material recovers to
room temperature. Upon releasing the deformation, the mate-
rial exhibits a −3.)2 °C decrease in temperature before recover-
ing to ambient temperature. To confirm the association of defor-
mation and order (entropy), we utilized wide-angle X-ray scatter-
ing (WAXS) to monitor orientational order parameter changes
during deformation (Figure 2c). As expected, upon deformation,
IsoLCE))8.3 orients when deformed (to an orientation parame-
ter of (.3%) and recovers the disordered state upon release. As
an adiabatic elastocaloric process, the total entropy change in the
network is zero. Accordingly, the decrease in configurational en-
tropy (e.g., the mechanically induced orientation) must be accom-
panied by an increase in the thermal entropy of the system.[19 ]

Similarly, when the material recovers to the isotropic state, the
increase in configurational entropy is offset by the decrease in
thermal entropy of the system.

The elastocaloric temperature profile for IsoLCE))8.3 when
instantaneously stretched to 15(% strain and subsequently re-
leased is shown in Figure 3a. This temperature profile is taken
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Figure %. Experimental results for IsoLCE44%.3. a) Temperature profile for elastocaloric experiment where sample was taken to 150% strain rapidly, held
for 15 s, and then rapidly taken to 0% strain. Calculated increasing and decreasing temperatures are inset. b) Creep-recovery experiment where the
sample was rapidly loaded, held for 5 min, and then allowed to recovery for an extended period of time. c) Tensile loading and unloading cycles to show
mechanical hysteresis.

from the thermal imaging (Video S1, Supporting Information).
The temporal response of the temperature change seems to mir-
ror the deformation, with a near-instantaneous temperature rise.

Compared to our recent examination of mechanotropic phase
transitions, the IsoLCE material exhibits a larger temperature
change. Further, unlike the previous acrylate-based material, this
composition has near-identical temperature increase and de-
crease. To better understand the mechanical deformation of this
material and associated mechanical response, we subjected the
material to creep recovery and hysteresis measurements. As pre-
sented in Figure 3b, the material was held in tension at a constant
stress, the stress is then removed, and the material was allowed
to recover. The amount of stress imparted on the network is de-
rived from its room temperature tensile test (Figure S)b, Sup-
porting Information). The material has a near-instantaneous re-
covery time, considerably improved from the prior report. Fur-
ther, IsoLCE))8.3 was subjected to repeated deformation cycles
to 1((% strain and back (Figure 3c). As in typical material load-
ing and unloading cycles, this network has a softer response
upon unloading. However, the loading and unloading curves are
nearly identical and the differences only add up to 1(% hystere-
sis. The low mechanical hysteresis of these materials results in
minimal variability in the elastocaloric response. Accordingly, the
elastocaloric values reported are averages of at least five experi-
ments. For example, the elastocaloric response of IsoLCE))8.3 is
3.35 ± (.(7 °C (Figure 3a).

We now consider the impact of compositional factors such as
crosslinking and LC content on elastocaloric output. Nine IsoLCE
samples were prepared with either equivalent LC content and var-
ied crosslinking or equivalent crosslinking and varied LC con-
tent. The primary crosslinking molecule in this study is the tetra-
functional vinyl crosslinker glyoxal bis(diallyl acetal) (GDA).

IsoLCE samples were formulated in stoichiometric ratios in
which GDA was replaced with the difunctional vinyl monomer
trimethylolpropane diallyl ether (TMPDE). As TMPDE concen-
tration increases (and GDA decreases) in the mixtures, the
crosslinker molar concentration decreases, but the overall liq-
uid crystalline content remained constant. IsoLCEs could be pre-
pared with as low as %.5 mol% GDA. To isolate the contribution
of LC content, the molar concentration of the crosslinker GDA

was held constant, and BPAEDA was substituted for C%BAPE.
Figure 4 summarizes the characterization and response of the
nine IsoLCE materials, presented in groupings defined by liq-
uid crystalline concentrations: 37 mol% (Figure )a–c), )2 mol%
(Figure )d–f), and )) mol% (Figure )g–i). Each set of materials
was subject to creep recovery experiments. In all cases, increas-
ing crosslinking (e.g., GDA concentration) reduces the amount
of creep (Figure )a,d,g). Short timescale recovery is evident in the
insets in Figure )a,d,g. In each sample series (e.g., 37, )2, and ))
mol% LC), the IsoLCEs with the highest crosslinker concentra-
tion have the fastest recovery rate. Hysteresis values were calcu-
lated from cyclic stress–strain deformations reported in Figures
S2–S) (Supporting Information). However, the highest hystere-
sis for the nine materials is 1).5%. A rubber band, for example,
can exhibit 15% hysteresis when subjected to the same loading
and unloading conditions (Figure S7, Supporting Information).
The elastocaloric response of these materials is summarized in
Figure )c,f,i (raw data found in Figures S2–S), Supporting Infor-
mation). All samples were rapidly strained to 1((%, held for 15 s,
and then released. Unlike our previous examination, all samples
exhibit commensurate magnitude +ΔT and −ΔT upon deforma-
tion and recovery. Two conclusions can be drawn from these data:
i) increasing crosslinking in these materials increases the magni-
tude of the achievable temperature change and ii) increasing the
liquid crystalline concentration maximizes the amount of achiev-
able temperature change. To isolate and emphasize the contri-
bution of liquid crystalline content to the elastocaloric response,
the data in Figure ) is presented as a function of LC content at
the maximum crosslinker concentration achievable in each for-
mulation in Figure 5. A fourth sample is added to further ex-
tend the comparison, containing )% mol% C%BAPE. As evident
in Figure ) and Figures S2–S% (Supporting Information), all four
samples exhibit limited creep and rapid recovery.

Figure 5a compares the elastocaloric temperature change of
the four IsoLCE materials. This comparison indicates that in-
creasing liquid crystalline content increases the magnitude of
+ΔT and −ΔT. Notably, IsoLCE)%%.5 displays the largest temper-
ature change almost reaching 3 °C when strained to 1((%. This
makes sense, as IsoLCE)%%.5, comprised of the highest amount
of LC content, can achieve the largest change in order which
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Figure 4. a) Creep-recovery experiments for IsoLCE3( materials with varying GDA content. Immediate recovery results (inset) show that recovery is
dependent on crosslinking content. b) Average percent hysteresis for IsoLCE3( materials with varying GDA content showing how hysteresis decreases
as crosslinking increases. c) Increasing and decreasing temperature changes for IsoLCE3( materials with varying GDA content. d) Creep-recovery exper-
iments for IsoLCE42 materials with varying GDA content. e) Average percent hysteresis for IsoLCE42 materials. f) Increasing and decreasing temper-
ature changes for IsoLCE42 materials. g) Creep-recovery experiments for IsoLCE44 materials with varying GDA content. h) Average percent hysteresis
for IsoLCE44 materials. i) Increasing and decreasing temperature changes for IsoLCE44 materials. For further clarity, a–c) represent data for material
IsoLCE3(, d–f) represent data for material IsoLCE42, and g–i) represent data for material IsoLCE44.

corresponds to the largest temperature change upon deforma-
tion. However, the cooling temperature for IsoLCE)%%.5 is lower
than expected. As summarized in Figure 5b, this sample has a
significant increase in hysteresis which we suggest is at the root
of the comparatively reduced −ΔT. If the network cannot fully
recover the disordered state (or does not rapidly recover full dis-
ordered state), the magnitude of the entropy change will be less
and so will the corresponding−ΔT. Generally, increasing LC con-
tent does increase the average hysteresis value (Figure 5b). This
makes sense, as the deformation and recovery of materials with
more LC units have a greater number of intermolecular forces
to balance. With lower observed values, it does not seem that the

hysteresis affects the magnitude of the +ΔT and −ΔT in any of
the materials but IsoLCE)%%.5.

Comparatively, the magnitude of the temperature changes ob-
served in the IsoLCEs fall short of the magnitude achieved in
shape memory alloys (SMAs) like nitinol (≈3( °C) or soft materi-
als, like natural rubber (NR) (≈1( °C). However, the elastocaloric
response in these materials is distinctive, in that the temperature
change is induced nearly instantaneously upon deformation to
small force inputs. Comparatively, elastocaloric effects in SMAs
can require upwards of 1 GPa of stress. Further, the deforma-
tion of NR often requires a minimum of 5((% strain to initi-
ate crystallization and an appreciable temperature change. The
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Figure 5. a) Increasing and decreasing temperature changes as a function of LC content and crosslinking for 100% strain experiments. Top data points
correspond to increasing temperature upon loading while bottom data points correspond to decreasing temperature upon unloading. b) Average percent
hysteresis for each network when loaded to 100% strain and back three times. c) Elastocaloric responsivity metric as a function of LC content for 100%
strain experiments. d) Full temperature changes (increasing and decreasing together) for Iso-44%.3 and Iso-4)).5 for multiple strain values.

coupling of temperature change and force input is commonly as-
cribed as responsivity in elastocaloric materials. For reference,
SMAs have responsivity around (.(5 °C MPa−1 while NR has re-
sponsivity values ≈2 °C MPa−1. The calculated responsivities for
the IsoLCE to 1((% strain are shown in Figure 5c. All four sam-
ples shown here have responsivity values that exceed 2 °C MPa−1,
with IsoLCE)%%.5 achieving nearly 1) °C MPa−1. The magnitude
of the elastocaloric temperature change is also affected by the
extent of the deformation. Figure 5d plots the full temperature
change (e.g., +ΔT ±ΔT) for IsoLCE))8.3 and IsoLCE)%%.5 as a
function of strain. The materials have effectively identical tem-
perature changes at strains of 25%, 5(%, and 75%. However, at
1((% strain and above, the full temperature change associated
with the deformation of IsoLCE)%%.5 is less than IsoLCE))8.3.
Again, this is attributable to the reduction in −ΔT due to hys-
teresis and recovery.

In Figure 6, the full temperature change (Figure %a), respon-
sivity (Figure %b), and average hysteresis (Figure %c) are plotted
against LC content. LC content has a direct impact on each result
as the materials with the highest LC content display the highest
temperature changes, the highest responsivities, and the high-
est hysteresis. As discussed previously, a baseline crosslinking of
%.5 mol% GDA content was used for each set of materials since
this was found to be the lowest GDA content that makes a cohe-
sive film. These lowest crosslinked materials are plotted in purple

separately from the rest of the data to highlight their differences
where the materials with the lowest crosslinking display the low-
est temperature changes, the lowest responsivities, and the high-
est hysteresis. Finally, we plot the full temperature change, re-
sponsivity, and hysteresis against GDA content in Figure %d,e,f,
respectively. GDA content has a clear and significant effect on
the full temperature change and average hysteresis as materials
with higher crosslinking have higher temperature changes and
lower hysteresis as discussed previously. The GDA content does
not seem to have as significant of an effect on the responsiv-
ity as these values remain constant. These IsoLCEs demonstrate
unique behavior among elastomers and their properties can eas-
ily be tailored to achieve a range of properties.

%. Conclusion

This examination explores elastocaloric responses in LCEs pre-
pared and tested in the isotropic state. Because of the low ne-
matic to isotropic transition temperature of the formulations,
these materials are isotropic at room temperature. The polymer
network topology is analogous to isotropic genesis polydomain
LCE, however, enabled by the low TNI of the LCE prepared here,
caloric experiments are undertaken in the isotropic state. A sys-
tematic evaluation of LC content and network crosslinking illus-
trate the association of deformation, recovery, and caloric output.
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Figure 6. a) Summary of full temperature change measurements across all samples as a function of LC content. The samples with the lowest GDA
crosslinking content ().5 mol%) are plotted in purple while the rest that have more than ).5 mol% GDA are plotted in orange. b) Calculated responsivity
metric across all samples as a function of LC content. c) Average percent hysteresis for all samples as a function of LC content. The data is plotted this
way to highlight the significance of LC content to elastocaloric results but also to show the coupling of crosslinking with LC content. d) Full temperature
change measurements across all samples as a function of GDA crosslinking content. e) Calculated responsivity metric for all samples as a function of
GDA crosslinking content. f) Average percent hysteresis for all samples as a function of GDA crosslinking content.

At minimal stress (<< 1 MPa) and strain (< 2((%) imparted on
these networks, they show an appreciable elastocaloric temper-
ature change (> 3 °C) that is fully reversible across several cy-
cles. A responsivity of as much as 1) °C MPa−1 is observed. By
examining the composition-structure relationships with correla-
tion to the caloric output, this work establishes a foundational
understanding for future research and advances the functional
performance of these materials in applications such as solid state
refrigeration.

4. Experimental Section
Materials: Compositions were based on the diacrylate liquid

crystal monomer 4-()-acryloyloxy)hexyloxy)phenyl-4-()-(acryloyloxy)-
hexyloxy)benzoate (C)BAPE, Synthon). This monomer was oligomerized
by thiol-Michael addition with the dithiol 2,2’-(ethylenedioxy)diethanethiol
(EDDT, Aldrich). The thiol-Michael reaction is catalyzed by 1 wt% of the
base catalyst dipropylamine (DPA, Aldrich). Photoinitiated crosslinking
was facilitated by the inclusion of the tetrafunctional vinyl crosslinker
glyoxal bis(diallyl acetal) (GDA, Aldrich). Photopolymerization was
initiated by the inclusion of 2 wt% of 2-benzyl-2-dimethylamino-1-(4-
morpholinophenyl)-butanone-1 (Irgacure 3)9, IGM Resins). Finally, the
radical inhibitor 4-methoxyphenol (MEHQ, Aldrich) was included at
1 wt% to suppress polymerization before light exposure. In samples
where crosslinking was held constant but liquid crystalline content was
changed, the nonliquid crystalline diacrylate monomer bisphenol A
ethoxylate diacrylate (BPAEDA, Aldrich) was added. When crosslinking

was changed by liquid crystalline content was held constant, the difunc-
tional vinyl molecule trimethylolpropane diallyl ether (TMPDE, Aldrich)
was added.

Sample Preparation: All solid components (C)BAPE, BPAEDA, Ir-
gacure 3)9, MEHQ) were melted and mixed in a glass vial. Liquid com-
ponents (EDDT, GDA, TMPDE, DPA) were then added. The mole ratios of
functional groups were adjusted to yield materials of varying LC content
and crosslinking. After vortex mixing, each mixture is transferred onto a
glass slide and sandwiched with another glass slide with 100 µm spac-
ers in between to control sample thickness. The formulations were held at
100 °C for 3 h to facilitate the thiol-Michael reaction. After 3 h, the formu-
lations were polymerized at 100 °C using a 3)5 nm light at 50 mW cm−2

for 10 min. After polymerization, each formulation was cooled overnight
before harvesting.

Characterization: Differential scanning calorimetry (DSC 2500–TA In-
struments) was performed on each material formulation to assess any
thermal transitions. A heat-cool-heat cycle was conducted with the heating
rates set at 10 °C min−1 and the cooling rate at 5 °C min−1. The second
heating cycle is reported for each material. The glass transition tempera-
ture (Tg) is reported from the midpoint of the second-order endothermic
transition while the nematic to isotropic transition temperatures (TNI) are
reported from the location of the endothermic peak. Dynamic mechanical
analysis (DMA %50–TA Instruments) was used for tensile, creep-recovery,
hysteresis tests. Each sample was strained at 10% min−1 for the initial ten-
sile tests until material failure. Reported modulus values were calculated
from the slope of the initial linear region in each tensile test. For creep-
recovery studies, each material was held at a constant stress for 5 min.
The stress values were chosen so that each material was pulled to ≈100%
strain. The stress was removed after 5 min and the material was allowed

Small 2024, 20, 2400(%) © 2024 Wiley-VCH GmbH2400()6 (( of 9)
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to recover for 10 min. Hysteresis studies were conducted as three consec-
utive loading and unloading cycles at rates of 1000% min−1. The average
hysteresis percentage was calculated using Equation 1.

Average Hysteresis (%) =
AreaLoading − AreaUnloading

AreaLoading
× 100% (1)

Polarized optical microscopy (POM) was used to visualize birefrin-
gence as a function of temperature while the temperature was controlled
with an Instec cooling stage.

Elastocaloric Experiments: Strain was controlled using dynamic me-
chanical analysis (DMA %50–TA Instruments). Temperature changes were
monitored and calculated using an infrared thermal imaging camera
(FLIR). Samples were equilibrated at room temperature before being
rapidly deformed to a set strain value. Samples were held under constant
strain for 15 s where the strain was then rapidly released. All steps were
monitored using the FLIR camera and temperature changes were calcu-
lated from the FLIR temperature gradients. The stress from each experi-
ment was monitored using DMA %50 and was used to calculate each ma-
terial’s responsivity metric.

Wide Angle X-Ray Scattering (WAXS): X-ray diffraction patterns were
taken on beamline 5-ID-D at the Advanced Photon Source (APS) at Ar-
gonne National Laboratory. Each scan consisted of a 1-s X-ray exposure
with an energy of 1( keV. The strain was controlled using an Instron servo-
hydraulic tensile stage. The experiments done here mimic elastocaloric
experiments where the sample is rapidly deformed to a set strain, held
in tension for 15 s, and then strain is rapidly released. X-ray scans are
taken before straining, immediately upon application of strain, through-
out the isostrain experiment, and then immediately upon removal of
strain.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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