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ABSTRACT: The deformation of liquid crystalline elastomers to
load is nonlinear. Unlike traditional elastomeric thermosets, liquid
crystalline elastomers can exhibit a slow recovery and considerable
hysteresis. Recently, we reported the preparation of amorphous
polymer networks that incorporate liquid crystalline monomer
precursors. Upon deformation, these materials undergo mechano-
tropic phase transitions in which the initially amorphous state of
the polymer network transitions into the nematic liquid crystalline
phase. Perhaps unsurprisingly, the deformation of these materials is
analogous to that of liquid crystalline elastomers. However, these
materials distinctly recover the amorphous state rapidly with limited hysteresis. Here, we explore the contribution of the liquid
crystalline monomer concentration and temperature on the deformation of amorphous polymer networks that exhibit
mechanotropic phase transitions. This investigation elucidates the nature of the mechanically induced phase transition in these
amorphous polymer networks and identifies that mechanotropic phase transitions are thermotropic.

fi INTRODUCTION
Liquid crystalline elastomers (LCEs) are a unique class of
polymer networks that are widely considered for functional use
in optics,1,2 soft robotics,3 flexible electronics,4,5 and health-
care.6,7 LCEs are typically lightly cross-linked polymer
networks with glass transitions below room temperature that
retain a liquid crystalline phase upon preparation.8 The
structural anisotropy is retained from liquid crystalline (e.g.,
mesogenic) monomer precursors. Considerable recent re-
search has explored LCEs as soft, cyclable actuators that can be
formulated to respond to a variety of external stimuli, including
magnetic9,10 and electrical fields11 as well as heat12,13 and
light.14,15
To realize directional actuation strain requires LCEs to be

aligned. Several well-established processing approaches have
been utilized16 to enforce monodomain alignment within
LCEs. These include mechanical,17,18 surface,19,20 and
rheological (such as that realized through direct ink write
printing).21,22 Here, we are concerned with another salient
feature of LCEs and their analogues: nonlinear deformation
and recovery. Prior examination of the deformation of
unaligned and aligned LCE emphasizes that these materials
are slow to recover and exhibit significant hysteresis.23
Recently, we reported on a new class of liquid crystalline
(LC)-based materials that deform nonlinearly but also rapidly
recover with little hysteresis.24 We refer to these as
mechanotropic amorphous polymer networks (MT-APN)
and these materials exhibit enhanced elastic recovery (40−
70%) relative to traditional polydomain (PD-) LCEs. MT-
APN have been shown to recover 100% of mechanically

induced strain in <60 s, whereas the analogous PD-LCE
examined as a control experiment did not recover more than
68% at any time point. Contributing to this disparate
mechanical recovery is that, unlike MT-APN, PD-LCE contain
su■cient LC content that they possess a macroscopically
unaligned LC phase defined by extensive intermolecular
interactions. When mechanically stretched, the mesogen
microdomains within PD-LCE contribute to nonlinear tensile
responses that vary depending on whether the cross-linking
temperature is below (nematic genesis, NG) or above
(isotropic genesis, IG) the TNI.25−27 Consequently, not only
can the deformation behavior of PD-LCE be impacted by
thermal conditions but also can their orientational ordering
and ultimately polymer network memory.
In contrast, the LC concentration in MT-APN is su■ciently

low that the material is unable to retain or exhibit the LC phase
upon preparation. While LC content reduction (inclusion of
non-LC PEG comonomers,28 changes in chain extend-
ers,22,29,30 or new LC mesogens31,32) to study changes in
material properties and actuation temperature has been
reported elsewhere, MT-APN remain a distinct material class
in which LC content is intentionally reduced beyond the
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threshold of LC phase retention. The absence of innate
microdomain mesogen interactions in MT-APN minimizes the
nonlinear and temperature-dependent mechanics that are seen
in PD-LCE. It is only through the application of mechanical
stress that the mesogens embedded in MT-APN begin to align
in the direction of applied strain. We hypothesized in our
previous work that, at high strains, the mesogens within MT-
APN become su■ciently aligned that π−π stacking inter-
actions develop into an LC phase within the network structure,
causing these materials to undergo a mechanically induced
phase change.24 While the data suggested this hypothesis to be
true, it did not paint the complete picture to confirm a
mechanically induced phase change was indeed occurring.
Mechanically induced phase changes have been reported

elsewhere and have compelling implications for elastocaloric
materials. Shape memory alloys33−35 (SMAs) and natural
rubber36−38 are two widely studied and commercialized
elastocaloric material types that depend on mechanically
induced phase changes to function. In the case of SMAs, a
mechanically induced first-order transition between the
austenite and martensite phase generates a large temperature
change (30°C) but requires significant input stress (∼1
GPa).33 Natural rubber exhibits a moderate temperature
change (10°C) in response to very large strains (>500%)
due to strain-induced crystallization of its polymer chains.37
Both of these materials are classified as elastocaloric because
they undergo temperature changes that relate to shifts in their
network order, and both materials rely on mechanical inputs to
varying degrees to manifest a mechanical phase transition.
Similarly, mechanically induced phase transitions in MT-

APN manifest compelling properties for use as functional
materials such as for solid-state refrigeration39 and dynamic
optical films.40 In addition to their excellent mechanical
recovery from thermal cycling, MT-APN undergo very large
changes in orientational ordering (orientation parameter > 0.3)
in response to strain and are mechanically tougher than
conventional APN of similar formulation (those comprising no
LC content).24 The mechanically induced phase transition
from the amorphous to LC phase that is characteristic of MT-
APN leads to an appreciable temperature increase (∼2°C) at
small strains (100%) and small stress input (1−2 MPa),
making them competitive in this sense with natural rubber and
SMAs. Ultralow hysteresis, high mechanical cyclability,
enhanced elastic recovery, and appreciable temperature change

at small strains each make MT-APN particularly compelling for
use as an elastocaloric material.
Here, we extend upon the prior study by investigating

mechanotropic phase transitions in materials prepared by thiol-
Michael reactions. Generally, this work seeks to confirm the
nature of the mechanotropic phase transition and to confirm
whether it is thermotropic or not. Toward this end, this
examination explores compositions with a range of LC content
and characterizes the deformation, orientational ordering, and
actuation. In so doing, control examinations of LCEs in the
polydomain orientation emphasize the similarity in mechanical
deformation when these materials are heated about their TNI.

fi RESULTS AND DISCUSSION
Here, we are concerned with understanding the thermotropic
nature of mechanotropic (MT) phase transitions in amorphous
polymer networks (MT-APN). These materials are amorphous
(isotropic) in an undeformed state. Upon deformation, these
materials undergo a phase transition to form an LCE retaining
the nematic phase. The deformation of these materials is
accompanied by an elastocaloric temperature change.39 The
materials examined here are diLerentiated by their preparation
state. Compositions that do not form a liquid crystal (LC)
phase upon mixing or upon deformation will be referred to as
APN-XX where XX is the concentration of the LC comonomer
in mole percent. Compositions that do not form an LC phase
upon preparation but undergo an MT phase transition were
prepared with 32 mol% LC content and will be referred to as
MT-APN-32. Compositions that retain the LC phase were
prepared with 52 mol% LC content and referred to as LCE-52.
Compositions APN-0 and APN-14 are utilized throughout this
study to illustrate the deformation of similar, purely
amorphous, elastomeric polymer networks.
All materials in this article were prepared by a two-stage

reaction. First, the diacrylate monomers were oligomerized by
thiol-Michael addition. Again, the polymer networks were
prepared by varying the relative mole fraction of a classical
liquid crystalline diacrylate (C6M) for bisphenol A ethoxyate
diacrylate (BPAEDA). BPAEDA was selected as it is an
aromatic but nonliquid crystalline diacrylate with a similar
molecular weight to C6M. Chemical structures of the
diacrylate monomers, thiol, and base catalyst are given in
Figure 1a. The C6M/BPAEDA diacrylate monomer mixtures
were oligomerized via thiol-Michael addition using a 1:0.85

Figure 1. (a) Chemical structures of C6M and BPAEDA diacrylate monomers, base catalyst dipropylamine (DPA), and 1,6 hexanedithiol (HDT)
used for thiol-Michael polymer preparation. (b) Schematic representing MT-APN containing diacrylate cross-links, large fractional amorphous
content, and LC mesogens at concentrations too low to exhibit liquid crystalline properties. (c) DiLerential scanning calorimetry (DSC) traces for a
series of thiol-Michael polymers containing diLerent ratios of C6M/BPAEDA diacrylate content show slight increase in glass transition temperature
(Tg) with LC content. Only the highest LC content (LCE-52, black trace) shows a nematic-to-isotropic transition temperature (TNI) at 100°C.
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acrylate-to-thiol mole ratio with hexanedithiol (HDT) as a
chain extender and dipropylamine (DPA) as a base catalyst.
The molar excess of acrylate functional groups in all
formulations results in acrylate-terminated oligomers. The
acrylate-terminated oligomers were subsequently cross-linked
via photopolymerization. C6M mole fractions ranged from 0 to
52 mol% in the compositions examined here. The thiol content
was constant in all formulations at 44 mol%. The formulation
with 52 mol% C6M is a conventional LCE in the polydomain
state (here, isotropic genesis), while the other formulations are
amorphous upon preparation. At a threshold concentration,
the MT-APN contains significant LC content but not enough
to form an LC phase (illustrated in Figure 1b). The state
(phase) of the polymer networks was characterized by
diLerential scanning calorimetry (DSC, Figure 1c). All four
materials are elastomeric at room temperature, with glass
transition temperatures (Tg) increasing with the LC content
(Tg <22°C). Figure 1c confirms that only LCE-52 (Figure 1c,
black trace) exhibited a second thermal transition characteristic
of a nematic to isotropic transition in LCE (TNI = 100°C,
Table 1). The absence of a second transition (e.g., a TNI) for

C6M/BPAEDA networks with ≤32 mol% C6M is a strong
indication that the materials are amorphous. Although our
study focuses on compositions summarized in Table 1, other
polymer networks were prepared with C6M concentrations
between MT-APN-32 and LCE-52, such as LCE-39 (Figure
S1).
These materials were then subject to deformation via tensile

tests undertaken with dynamic mechanical analysis (DMA) to
determine the stress−strain response of each material to failure
(Figure 2a). As anticipated, LCE-52 exhibited three tensile
regions characteristic of the deformation of an LCE
transitioning from a polydomain to monodomain orientation.

These regions are referred to as the linear elastic (Figure 2a-1),
soft elastic plateau (Figure 2a-2), and strain hardening (Figure
2a-3) regimes. The second regime, the soft elastic plateau, is
characteristic of LCEs and is associated with the (re)-
orientation of the liquid crystalline domains to the loading
axis. At strain values exceeding 150% strain, the material
transitions into a strain hardening (0.32 MPa/%) regime
characterized by a rapid increase in stress with the applied
strain. As evident in Figure 2a, the APN-0 exhibits only modest
strain hardening (0.0076 MPa/%) typical of a traditional
elastomeric polymer network.
The mechanical deformation of networks prepared with

intermediate C6M concentrations displays tensile behavior
similar to that of both LCE-52 and APN-0. Most evident in
MT-APN-32, the deformation is typified by an extended linear
response and does not exhibit a classical soft elastic plateau.
The deformation of MT-APN-32 is soft but notably exhibits
considerable strain hardening at approximately 150% strain. In
comparing the deformation of MT-APN-32 to APN-14 and
APN-0, strain hardening is strongly aLected by the C6M
concentration. The similarities in strain hardening response
between LCE-52 and MT-APN-32 (0.32 and 0.26 MPa/%,
respectively) may indicate that the mesogens in MT-APN-32
align to the direction of stretch.
To further understand the association of orientation and

deformation, we monitored the deformation of the materials
with wide-angle X-ray scattering (WAXS). Orientation
parameters (S) were measured from WAXS patterns collected
at 20% strain intervals for each material (Figure S2). As
evident in Figure 2b, the association of deformation and
orientation parameters is strongly dependent on composition.
Notably, the orientation of LCE-52 is 0 at 0% strain, as this
sample is polydomain and the beamwidth of the incident X-ray
is much larger than the domain size. Incorporating C6M into
the MT-APN-32 and APN-14 networks distinguishes the
measurements from APN-0. The relative degree of orientation
as well as the strength of coupling increases with further
increase in C6M concentration. WAXS patterns at the final
deformation of each material are presented in Figure 2c. LCE-
52 achieves the highest orientation parameter upon deforma-
tion. For MT-APN samples with comparatively high
concentrations of C6M, we propose that the deformation of
the material aligns the mesogenic units, which can then
associate via intermolecular interaction, strengthening the

Table 1. Mole Fraction (mol%), Glass Transition
Temperature (Tg), and Nematic-to-Isotropic Transition
Temperature (TNI, When Applicable) for Thiol-Michael
Materials

Sample C6M (mol %) Tg (°C) TNI (°C)
LCE-52 52 −5 100
MT-APN-32 32 −16 -
APN-14 14 −18 -
APN-0 0 −19 -

Figure 2. (a) Stress−strain response of the polymer networks prepared with 0−52 mol% LC. (b) Orientation parameter measured by 2-D WAXS
for the same polymer networks as a function of strain. (c) Network illustrations of highly organized materials that develop enhanced LC
interactions at high strains (LCE-52 and MT-APN-32) and materials that cannot organize and form LC phases (APN-14 and APN-0). These are
accompanied by WAXS diLraction patterns at maximum elongation for each material and their measured orientation parameters (S).
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coupling of deformation and order similarly to LCE-52 (Figure
2c, top left). Reducing the concentration of C6M (or more
broadly, liquid crystalline units) in samples with comparatively
low concentrations naturally limits the proximity and capacity
of the mesogens to interact with each other, thus resulting in a
weaker coupling of deformation and order (Figure 2c, bottom
left). Due to this weaker coupling, APN-14, despite being
composed of a small amount of LC content, does not undergo
an MT phase transition upon deformation and overall is more
similar in its behavior and properties to a purely amorphous
polymer such as APN-0.
With these compositional diLerences established, we now

consider whether the MT phase transition, such as that in MT-
APN-32, is thermotropic (e.g., order depends on the
temperature). Conventional elastomers are naturally temper-
ature-dependent and stiLen with an increased temperature.
Conversely, prior study of PD-LCE demonstrates that these
materials soften with increased temperature.26 To better
understand the similarities and diLerences between LCE and
APN, we measured the modulus of these materials across a
range of temperatures (Figure 3a). The modulus values were

taken from the slope of the linear elastic regime of the stress−
strain curves. As evident in Figure 3a, increasing temperature
results in an increase in the modulus for APN-0, APN-14, and
MT-APN-32 and a decrease in the modulus for LCE-52. We
note that although MT-APN-32 shares some mechanical
features (described above) with LCE-52, in this context, the
amorphous character of the APN-32 dominates its initial
thermomechanical response (i.e., the modulus). This makes
sense in that the modulus is taken within the first 10% of strain

when each material is still in the linear elastic region, and the
embedded mesogens in MT-APN-32 may not have formed a
well-organized LC phase (e.g., S = 0.06 at 20% strain for MT-
APN-32, Supporting Information (SI) Figure 2). This
contrasts with LCE-52 where an LC phase is present upon
preparation and at all points of deformation. LCE-52 initially
has a modulus much higher than that of all APN formulations.
As with prior reports, LCE-52 materials soften dramatically
(modulus decreases over 10x) to nearly 4x lower than the APN
formulations by 90 °C. This eLect is attributable to the
disruption in LC mesogen intermolecular interactions at
temperatures close to TNI. The ruggedness of the materials,
illustrated here by stress at break, was also characterized as a
function of temperature (Figure 3b). Increasing the temper-
ature reduces the magnitude of the stress value at break for
both LCE-52 and MT-APN-32, whereas it does not aLect the
values of APN-14 and APN-0. These data may indicate that
the alignment mechanism of these materials may contribute to
strengthening of the materials.
Conceptually, an MT-APN is analogous to a PD-LCE

heated above its TNI. To illustrate this parallel, LCE-52 and
MT-APN-32 were subjected to deformation across a range of
temperatures. Tensile tests as a function of temperature for
LCE-52 are shown in Figure 4a and for MT-APN-32 in Figure
4b (similar studies were also conducted for APN-14 and APN-
0 and these data are shown in Figure S3a and S3b,
respectively). At temperatures below the TNI (22 and 70°C)
of LCE-52, the material exhibits a soft elastic plateau
(emphasized in the inset image of Figure 4a for 70°C)
followed by strain hardening. Above TNI, the deformation of
LCE-52 changes, and a soft elastic plateau is no longer evident.
Generally, the tensile deformation is very similar to that of the
MT-APN-32 material at room temperature (22°C). Under
these conditions, we expect the elevated temperature to disrupt
the interactions between network-embedded mesogens in
LCE-52 and results in more linear tensile responses with lower
strains and stresses at break. Figure 4c directly compares the
tensile response of MT-APN-32 at 22°C against that of LCE-
52 at 105°C (just above the TNI of 100°C for this material). At
this temperature, it is apparent that LCE-52 is no longer in an
LC phase such that its tensile response is comparable to that of
MT-APN-32 at 22°C. Overall, a thermally induced isotropic
PD-LCE network is mechanically similar to an MT-APN
network. Both network types will experience a mechanically
induced phase transition upon perturbation with mechanical
strain from their isotropic states, regardless of whether those
states occur due to formulation approaches (MT-APN
materials) or thermal conditions (PD-LCE materials).
The orientation of these materials was assessed in two

conditions: (i) at isostrain and (ii) at isoforce. Isostrain
measurements for LCE-52 are reported in Figure 5a. As
evident in Figure 5a-i, upon deformation to 100% strain, LCE-
52 achieves an expected value of the orientation parameter for
the nematic phase of 0.38. Upon heating this material to
110°C, again at 100% isostrain, the material retains this
orientation (Figure 5a-ii). We considered whether the
mechanical deformation of LCE-52 could eLectively shift its
TNI. Accordingly, we measured the isostrain orientation
parameter of LCE-52 up to 250°C. These data, shown in
Figure S5 as a function of temperature, indicate that LCE-52 at
100% strain retains orientation values exceeding 0.34. This
association is confirmed in isostrain measurements collected
with polarized optical microscopy, shown in Figure 5a-iii and

Figure 3. (a) Modulus as a function of the temperature of polymer
networks prepared with 0−52 mol% LC. (b) Stress at break as a
function of temperature.
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Figure 5a-iv. Birefringence is evident at room temperature and
0% strain for LCE-52 when viewed under crossed polarizers
(Figure 5a-iii). When LCE-52 is then taken to 100% strain at
room temperature, a birefringence pattern is seen that
corresponds to an aligned LCE (Figure S4a). Once again,
upon heating to 110°C at 100% strain, LCE-52 retains its
alignment as seen in its birefringence (Figure 5a-iv). Similarly,
the MT-APN-32 material, when subjected to 100% strain,
exhibits an orientation parameter of 0.28 (Figure 5b-i) that
does not change upon heating (Figure 5b-ii, at 60°C). Again,
this is also confirmed with imaging via polarized optical
microscopy. Consistent with classic amorphous polymers, MT-
APN-32 does not display any birefringence at room temper-
ature and 0% strain (Figure 5b-iii) since the mechanically
induced LC phase change has yet to be induced. When
deformed to 100% strain at room temperature, MT-APN-32
shows a bright birefringence pattern (Figure S4b). At an
elevated temperature and strain, MT-APN-32 maintains its
strong birefringence, very similar to LCE-52 when it is aligned
(Figure 5b-iv). Even at elevated temperatures, LCE-52 and
MT-APN-32 retain their orientation and alignment as
evidenced in their orientation parameters and birefringence
patterns.
From these data, it is questionable whether the MT phase

transition is thermotropic. However, we also subjected these
representative materials to similar orientation parameter
measurements collected under isoforce conditions. The
isoforce orientation parameter values of LCE-52, MT-APN-
32, and APN-14 are plotted against temperature in Figure 5c.
In these experiments, each sample was fixed at one end, and a
20 g weight was attached at the other. This experimental setup
was chosen so that the samples are in tension at room
temperature but could then respond to increasing temperature.
This setup mimics the classic LCE actuation demonstration
done by Finkelmann.8 As with the prior measurements, the
magnitude of the orientation parameter scales with the degree
of liquid crystalline content. Upon heating, LCE-52 and MT-
APN-32 undergo a significant change in orientation. At
elevated temperatures, all three samples retain an orientation
parameter of 0.1, which is likely attributable to the residual
order associated with the load. These data indicate that the
MT phase transition in MT-APN samples is thermotropic
under isoforce conditions.
Accordingly, we conclude by examining the thermomechan-

ical response of these materials in isoforce (Figure 6). Upon

heating, all four samples change length along the loading
direction. Comparatively, the deformation of LCE-52 is the
most significant, reaching nearly 50% strain upon heating. The
magnitude of the strain generated decreases with a decreasing
liquid crystalline content. In comparing the deformation of the
MT-APN and APN samples, it is clear that the LC content
increases the amount of deformation. These data confirm the
thermotropic measurements in Figure 5c, where the materials
are clearly changing in orientation and ultimately this order−
disorder transition, as in aligned LCEs, results in a
commensurate change in length.

fi CONCLUSIONS
Amorphous polymer networks (APN) were prepared with a
range of liquid crystalline (LC) contents by thiol-Michael
addition. In compositions prepared with a moderate LC
content, the materials exhibit a mechanotropic transition (MT-
APN) associated with the alignment of the embedded LC
mesogens to the direction of stretch. While the orientational
order of both polydomain LCE and MT-APN does not change
when subject to isostrain, they are thermotropic in isoforce
conditions. The thermotropic response of these materials
under isoforce conditions is observed as thermomechanical
actuation (strain generation) upon heating. This work further
elucidates the fundamental understanding of mechanotropic
phase transitions in LC-containing polymer networks and will
benefit ongoing and emerging functional explorations includ-
ing elastocaloric and optical materials.

fi METHODS
Materials. 1,4-Bis-[4-(6-acryloyloxyhexyloxy)benzoyloxy]-2-meth-

ylbenzene (C6M) was purchased from Wilshire Technologies
(Princeton, NJ). Bisphenol A ethoxylate diacrylate (BPAEDA), 1,6
hexanedithiol (HDT), dipropylamine (DPA), and 4-methoxyphenol
(MEHQ) were purchased from Sigma-Aldrich (St. Louis, MO).
Omnirad 819 was purchased from iGM Resins (Charlotte, NC). All
chemicals were used as received.

Polymer Network Synthesis. C6M, BPADA, Omnirad 819, and
MEHQ were weighed and mixed in a vial. The ratio of C6M to
BPAEDA was adjusted to control the amount of liquid crystalline
content present in each material. The LC content was measured by
mole percent. Four formulations were prepared with 52, 32, 14, and 0
mol% LC content. The compositions included 2 wt% Omnirad 819
(photoinitiator) and 1 wt% MEHQ (radical inhibitor). After the
mixture was melted, HDT and DPA were added. HDT concentration
was held constant at a mole ratio of 1.0:0.85 acrylate and thiol
functional groups. DPA was added at 1 wt%. The compositions were

Figure 4. (a) Stress−strain responses of LCE-52 at varying temperatures. At room temperature, this material is an LCE in polydomain orientation.
Upon heating, the material loses order, which aLects the mechanical response to deformation. Inset highlights the soft elastic plateau still present at
70°C. (b) Stress−strain responses of MT-APN-32 at varying temperatures. LC interactions are disrupted at higher temperatures, which aLects the
deformation behavior. (c) Comparison of the stress−strain response of MT-APN-32 at room temperature and LCE-52 at 105°C.
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vigorously mixed by vortex mixing to ensure homogeneity.
Subsequently, the formulation was drawn by pipet and cast onto
heated glass slides. The formulations were sandwiched using another
glass slide. 100 μm spacers were added to regulate the thickness. The
materials were first subject to thiol-Michael oligomerization at 100°C
for 3 h. Thereafter, each formulation was polymerized, again at
100°C, by irradiation to 50 mW/cm2 of 405 nm light for 5 min on
each side. After polymerization, each material was cooled overnight
before harvesting. The measured gel fractions for all materials ranged
from 94 to 96%.
Characterization. Thermal analysis was undertaken with diLer-

ential scanning calorimetry (DSC 2500-TA Instruments). The
materials were subject to a heat−cool−heat cycle at 10°C/min
(heating) and 5°C/min (cooling). Transition temperatures are
reported from the second heating cycle. Mechanical properties and
actuation response were measured by dynamic mechanical analysis

(DMA 850-TA Instruments). Unless noted, tensile deformation was
conducted at Tg + 20°C to minimize the contributions of slight
diLerences in the glass transition temperature. All rate-dependent
tensile measurements were collected at 10% strain/min. The materials
were deformed until failure. The thermomechanical actuation of the
materials was examined under load. The materials were first deformed
to 100% strain and held at a constant low force. The temperature was
increased from room temperature to 150°C. For all DMA tests, strips
of material were cut with approximate dimensions 20 mm long, 2 mm
wide, and 100 μm thick. Polarized optical microscopy (POM) was
utilized to assess the orientation of the materials before and during
deformation, as a function of temperature. The temperature was
controlled by an Instec heating stage. The materials were deformed
with a custom-made tensile device. Strains were measured with
calipers. Procedurally, we measured the starting length and then the
length to deformation. Each sample was equilibrated at the specified
temperature for several minutes before any images were taken to
reduce any errors on the sample temperature. Orientation was
quantified with wide-angle X-ray scattering (WAXS) on beamline 5-
ID-D at the Advanced Photon Source located at Argonne National
Laboratory. Each scan consisted of a 1-s X-ray exposure with an
energy of 17 keV. The strain was controlled using an Instron servo-
hydraulic tensile stage. The rate of strain was held at 10%/min with
measurements taken every 20% strain until material failure. For
experiments involving temperature and strain, a modular force stage
(MFS-Linkam) was used. Each material was pulled to 100% strain and
measurements were taken as a function of temperature. For the
second set of WAXS experiments, a Xenocs Xeuss 3.0 was used, and
scans consisted of a 120 s X-ray exposure with an energy of 8 keV and
a sample to detector distance of 43.5 mm. For experiments where
tension is held constant, samples are fixed at both ends while the
temperature is increased, and scans are taken at specified temper-
atures. For actuation experiments, samples are held fixed at one end
and then a 20 g weight is suspended from the bottom, allowing them
to respond to increasing temperature. We ensured that the sample was
in constant contact with the heating element to ensure accuracy in
these experiments.

fi ASSOCIATED CONTENT
Data Availability Statement
Data is available on request from the authors.
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Additional characterization of prepared materials by
DSC, POM, WAXS, and tensile testing (PDF)

Figure 5. (a) WAXS patterns (i−ii) and POM images (iii−iv) of
LCE-52 at varying strain and temperature conditions, (b) WAXS
patterns and POM images of MT-APN-32 at varying strain and
temperature conditions, and (c) isoforce orientation parameters
calculated as a function of temperature for thermally actuated
samples.

Figure 6. Isoforce actuation behavior as a function of temperature of
all prepared polymer networks.
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