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® Mechanical properties and relaxation phenomena were studied throughout at broad thermal range.
® Cyclic loading to high stress resulted in efficient energy dissipation (hysteresis) in the rubbery nematic thermal range.
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Liquid crystal elastomers (LCEs) exhibit exotic mechanical behaviors such as reversible actuation, elevated loss
tangent above the glass transition, and soft elasticity; however, LCEs have yet to be thoroughly investigated
under high-strain cyclic loading. This study explores a main-chain polydomain nematic elastomer synthesized
from a thiol-acrylate Michael-addition reaction in the nematic state. Low-strain (i.e., < 0.2%) dynamic me-
chanical analysis and creep behavior was used to help link viscoelasticity and mesogen reorientation to high-
strain cyclic loading. Specifically, the behavior was compared at discrete temperatures below the glass transi-
tion, in the nematic-rubbery regime, and in the isotropic-rubbery regime. Creep behavior in the nematic-rubbery
regime was modeled using two characteristic relaxation times, which decreased with increasing temperature (ty,
T3 (19°C) = 1405, 165, and 19, T2 (62 °C) = 2.4s, 0.6 ). Samples were repeatedly loaded to 50 kPa at 5 cycles/
min at each temperature for 350 cycles. In the rubbery nematic state at 62 °C, low threshold stress and short
relaxation times allowed reversible domain reorientation between each cycle, resulting in a repeatable stress-
strain curve with high hysteresis (220 kJ/m®). In contrast, the 19 °C and 39 °C conditions in the rubbery nematic
state demonstrated ratcheting behavior in response to cyclic loading, which lowered the hysteresis values with
increased cycling. The findings presented here represent the first investigation into mechanical energy dis-
sipation in main-chain nematic LCEs under large oscillating stress conditions. Overall, this study helps to better
understand the role LCEs can play in energy dissipating applications with high values of strain and varying
temperature.

1. Introduction [2,3]. Conversely, polydomain LCEs are comprised of many micro-

scopic domains of random mesogen alignment relative to one another

The unique combination of rubber elasticity and liquid crystalline
behavior found in liquid crystal elastomers (LCEs) gives rise to a broad
range of thermomechanical properties such as soft elasticity and shape-
actuation [1]. Domain structure, one of the most significant factors
governing mechanical behavior, is classified into two broad groups:
monodomain and polydomain. Monodomain LCEs are defined by the
uniform alignment of liquid crystalline components, called mesogens,
that imparts a high degree of anisotropy and reversible shape-actuation
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that are capable of reorganizing by domain and/or mesogen reor-
ientation in response to mechanical load. Several studies have shown
that monotonic tensile loading of polydomain LCEs results in the unique
soft or semi-soft deformation in which the polydomain structure
evolves towards a monodomain by mesogen and domain reorientation
to the tensile axis [4-10]. This phenomenon of mesogen/domain re-
orientation, in addition to viscous motion of non-mesogenic chains,
provides a mechanism to dissipate and absorb applied mechanical
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energy that is unique to LCEs but has not yet been thoroughly in-
vestigated.

Polydomain nematic LCEs are proposed for mechanical energy dis-
sipation owing to the soft elastic effect [11]. For example, the response
of nematic LCEs to large-strain repeated loading under isothermal
conditions is limited to a single study of side-chain LCEs. Results de-
monstrated material stiffening under repeated compressive loading due
gradual domain reorientation [12]. Other studies investigated energy
dissipation in main-chain polydomain nematic LCEs in the context of
small strains [4,13]. In these studies, loss tangent (tan §) is used to
indicate energy dissipation; however, the small-strain nature of these
loading schemes make it unlikely that soft elasticity played a significant
role, as larger strains are generally required to induce domain reor-
ientation [14,15]. The direct coupling between mesogen and polymer
chains found in main-chain LCEs promises significant energy dissipa-
tion capability in response to large-strain mechanical load, which has
not previously been demonstrated with respect to repeated loading
conditions.

It is important to consider viscoelasticity and the influence of tem-
perature on the time-dependent material response in the context of
large repeated deformations. Several investigations demonstrated that
LCEs conform to the traditional concepts of viscoelasticity in dynamic
mechanical experiments [1,13,16-18]. However, only stress relaxation
experiments could show that domain/mesogen reorientation and tra-
ditional viscoelastic mechanisms contribute to mechanical response at
different time scales [4,19-21]. This implies that the capacity for me-
chanical energy dissipation resulting from each mechanism should vary
with temperature in the thermal range between the glass and isotropic
transitions, though this has not been shown explicitly.

This study demonstrates the ability of polydomain nematic main-
chain LCEs to dissipate energy under large oscillating mechanical load
at discrete temperatures. Mechanisms related to viscoelasticity and
domain reorientation were elucidated at various temperatures in-
cluding the glassy, rubbery nematic, and paranematic thermal ranges.
Cycle-by-cycle analysis of set strain progression, average modulus, and
hysteresis suggest the presence of more than one dissipation me-
chanism, which are strongly dependent on temperature. In contrast to
previous studies, the results demonstrate reversible deformation me-
chanisms that do not produce material stiffening at all temperatures.
Rather, the response governing energy dissipation in LCEs is dependent
on temperature and is most efficient at high temperature in the rubbery
nematic regime.

2. Results & discussion

Polydomain nematic main-chain LCEs were fabricated using the
thiol-acrylate Michael addition reaction described by Traugutt et al.
[22]. When mixed with a base catalyst, mesogenic diacrylates (RM
257), flexible dithiol spacers (EDDET), and flexible tetrathiol cross-
linkers (PETMP) assembled into a network of mesogens and spacers
composing a main-chain with crosslinker dispersed intermittently
(Fig. 1). Thiol-acrylate stoichiometry was balanced such that the reac-
tion consumed equal parts thiol and acrylate functional groups, with
15mol.% crosslinker. Polymerization took place at room temperature
rendering a nematic-polymerized polydomain elastomer, sometimes
referred to as nPNE [10], with relatively large domain texture. Previous
studies have shown that nPNEs deform by domain reorientation and
give relatively short relaxation times compared to the isotropic-poly-
merized analog [8,10]. Those results indicated that nPNEs might dis-
sipate energy efficiently by reversible domain reorientation under
cyclic load; however, this behavior was expected to vary significantly
with temperature due to viscoelastic considerations.

Thermomechanical properties including storage modulus (E’) and
loss tangent (tan &) were investigated by dynamic mechanical analysis
(DMA) to elucidate temperature-dependent energy dissipation me-
chanisms under small cyclic load. Results, shown in Fig. 2a, were
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Fig. 1. Nematic LCEs were fabricated by a solvent-less base-catalyzed reaction
between diacrylate mesogen (RM 257), dithiol spacer (EDDET), and tetrathiol
crosslinker (PETMP). Polymerization resulted in a polydomain nematic LCE
with nPNE characteristics. The dashed lines represent domain boundaries.

generally consistent with previous observations [22] demonstrating
several thermal ranges with distinct mechanical properties [23]. The
glass transition temperature (T,) at 3°C and the isotropic transition
temperature (T;) at 76 °C were defined by the low-temperature peak of
tan § and the absolute minimum of E’, respectively. These characteristic
temperatures define thermal ranges in which distinct deformation me-
chanisms dominate and lead to dissimilar capacity for energy dissipa-
tion, indicated by the magnitude of tan §. In the glassy regime below T,
network deformation was restricted to elastic deformation mechanisms
and insignificant energy dissipation indicated by high E” and low tan §.
Energy dissipation improved above T, as the network gained mobility
and E' decreased by several orders of magnitude. In the rubbery nematic
range between T, and T;, domain rotation and viscous deformation of
non-mesogenic segments efficiently dissipated energy, suggested by
elevated tan §. At T;, the network transitioned from the nematic phase,
lost domain structure, and behaved similar to an amorphous rubber
with limited energy dissipation. A previous study that used the same
fabrication technique confirmed paranematic behavior above T; by X-
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Fig. 2. a) Storage modulus (E”) and loss tangent (tan §) curves show the glass
transition (T,) at the maximum of the loss tangent curve and the isotropic
transition (T;) at the minimum of the E’ curve. All further testing was performed
at discrete temperatures to represent properties in the glassy (— 15 °C), rubbery
nematic (19°C, 39°C, 62 °C), and paranematic (89 °C) ranges. (b) Monotonic
tensile loading/unloading at each temperature demonstrated the different re-
sponses at each temperature. (c) Creep response to constant 50 kPa tensile load
was fit to Equation (1) (dashed lines) or Equation (2) (solid lines) giving
characteristic relaxation times at each temperature.

ray scattering analysis [22], which is supported by the broad transition
apparent between 65°C and 85°C in Fig. 2a [24]. These results de-
monstrate the potential for efficient energy dissipation throughout the
rubbery nematic regime, but are limited to small amplitude loads that
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may not fully capture mesogen/domain reorientation as a dissipative
mechanism.

Mechanical response to larger loads was further examined at dis-
crete temperatures in the glassy (—15°C), rubbery nematic (19 °C,
39°C, & 62°C), and paranematic (89 °C) thermal ranges to elucidate
deformation mechanisms. At each temperature in the rubbery nematic
range (19 °C, 39 °C, and 62 °C), tensile loading at 400 kPa/min (Fig. 2b)
elicited three regimes defining the underlying mechanisms of de-
formation according to literature [4-10]: (I) initially, loading pro-
ceeded linearly as network components extended elastically under
tensile load. (II) Beyond a threshold point, a semi-soft region developed
defined by a significant reduction in slope associated with a transition
from polydomain to monodomain texture. During this polydomain-
monodomain transition, the domains reoriented toward alignment with
the tensile axis. The slope in regime (II) remained relatively high due to
the continuously increasing applied load required to accommodate
domain reorientation. This contrasts with LCEs polymerized in the
isotropic phase (iPNEs) that exhibit near-zero slope as domains reorient
to the tensile axis, called the soft elastic plateau. The dissimilarity stems
from a difference in domain size, which has previously been shown to
be significantly larger in nPNEs like the ones studied in this article [10].
(II1) Elastic network extension resumed with increasing slope as do-
mains reached maximum alignment with the tensile axis. At high ex-
tension, the nPNE remained optically semi-opaque indicating that do-
mains were not fully aligned with the tensile axis, which is
characteristic of nPNEs. Azoug et al. [4] previously showed tempera-
ture-dependent variations in the onset of deformation regimes (I), (II),
and (II) of an iPNE of similar chemistry. The nPNE studied in this ar-
ticle demonstrated like temperature-dependence; the threshold point
for the transition from region (I) to region (II) decreased from 190 kPa
to 33% strain at 19 °C to 30 kPa and 5% strain at 62 °C, demonstrating a
significant decrease in the load required to initiate widespread domain
reorientation. In a previous study on nPNEs fabricated by the same
method, Traugutt et al., demonstrated strain-induced change to the
domain structure by polarized light microscropy, confirming wide-
spread domain reorientation due to tensile extension [22]. Threshold
stress and strain values were calculated by a 50% departure from a
tangent to the semi-soft slope for each temperature in the rubbery ne-
matic regime and are tabulated in Table 1. Fig. 2b also showed large
areas enclosed by the loading and unloading curves at each temperature
in the rubbery nematic range along with non-zero residual strain after
unloading to zero stress. This indicated significant energy dissipation
due to inelastic viscous deformation and domain reorientation me-
chanisms.

The viscoelastic nature of each mechanism was further elucidated
by creep testing at each temperature to better understand the respective
contributions of each mechanism to total deformation of the LCE. Creep
relaxation times were estimated by fitting exponential functions to
creep data obtained under constant applied stress of 50 kPa for up to
60 min at each temperature. The first 30 s of creep results are reported
in Fig. 2c. An exponential decay function (Equation (1)) derived from
the Kelvin-Voigt model is commonly used to elucidate relaxation times
of viscoelastic polymers [23,25-27] by fitting creep strain to a char-
acteristic relaxation time. However, this model was inadequate in the
rubbery nematic range where the summation of two decay functions
(Equation (2)) was required to obtain an accurate fit. This was

Table 1
Compilation of data from tensile and creep tests.

Temperature (°C)  Threshold Stress (kPa)  Threshold strain (%) 7t; (s) 72 (s)
-15 - - 830 -

19 190 33 140 16
39 80 19 29 1.8
62 30 5 2.4 0.6
89 - - 0.6 -
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attributed to the presence of two different relaxation mechanisms in
this temperature range. Both relaxation times trended toward shorter
time scales with increasing temperature (Table 1) due to increased
network and domain mobility, which is consistent with traditional
viscoelastic principles. Approximately one order of magnitude differ-
ence was maintained between relaxation times at each temperature
within the rubbery nematic regime. The longer relaxation time ranged
from 140 s to 2.4 s while the shorter relaxation time ranged from 16 s to
0.6 s over the temperature interval from 19 °C to 62°C. Creep rate,
shown in Fig. 2¢, demonstrated a corresponding trend, reaching steady-
state after about 60 minat 19 °C and after 27 sat 62 °C. These results
suggest that viscous deformations and domain reorientation are sepa-
rate, but not independent, relaxation mechanisms, which is supported
by the literature [1,4,5,20,28,]. This study did not attempt to assign a
specific mechanism to each relaxation time, although previous studies
have proposed domain/mesogen reorientation and traditional polymer
mechanisms as the short and long time scale phenomena, respectively,
in side-chain nematic LCEs [19,20]. These results indicate that the two
mechanisms can be leveraged to efficiently dissipate energy under
cyclic loading at an appropriate temperature and loading scheme.
However, the longer of the two relaxation times could be detrimental to
energy dissipation, especially in the high-frequency domain where the
cycle time is significantly shorter than the relaxation time. The steady-
state strain values for 19 °C, 39 °C, and 62 °C were 52%, 36%, and 16%,
respectively.

In contrast to creep behavior in the rubbery nematic range, me-
chanical responses in the glassy and paranematic thermal ranges were
straightforward, demonstrating rigid elastic deformation at —15 °C and
rubbery elastic deformation at 89 °C. Neither condition showed evi-
dence of domain reorientation and was simply fit by the traditional
creep relaxation model (Equation (1)) with a single relaxation time.
Long relaxation time on the order of 830s was characteristic of the
glassy range. Creep strain reached less than 1% after 30 min of constant
applied stress. The paranematic range showed the fastest creep rate,
reaching the steady-state of 5% strain within 3 s, and a relatively short
relaxation time of 0.6s, which was comparable to the fastest char-
acteristic time observed at 62 °C.

The ability of LCEs to efficiently dissipate energy in response to
large cyclic loads was evaluated at each temperature under an applied
stress amplitude of 50 kPa. The loading scheme followed a triangle-
wave with 5 cycles/min frequency. This loading scheme was selected to
highlight the influence of domain reorientation under large amplitude
loads. Previous studies were restricted to low amplitude DMA in-
vestigations, which do not emphasize domain reorientation as a dis-
sipative mechanism. Stress-strain plots of several cycles are shown in
Fig. 3a for each temperature. Hysteresis and set strain (i.e., the strain
upon unloading), which were measured during each cycle, reached
steady-state values shown in Fig. 3b. Hysteresis, a measure of large-
strain energy dissipation, was evaluated as the area enveloped by the
stress-strain loops generated during each cycle. This data is also re-
presented on a cycle-by-cycle basis in Fig. S1 and Fig. S2 of the Sup-
porting Information.

Cycling in the rubbery nematic range produced stress-strain cycle
loops (Fig. 3a) indicating significant hysteretic energy dissipation with
each cycle. The contributions of viscous deformations and domain re-
orientation to energy dissipation varied at each temperature and, in
some cases, changed with continuous cycling before reaching a steady-
state. This was evident in the shape of the stress-strain loops and dis-
similarity in set strain at each temperature (Fig. 3b) as well as cycle-by-
cycle analyses of hysteresis and average modulus (Fig. S1 and Fig. S3).
Average modulus captured the relative stiffness of the LCE during each
cycle and was calculated by Equation (3) [25].

Cycling at 19 °C demonstrated the effect of long relaxation times on
energy dissipation during cyclic loading. The cycle time was sig-
nificantly shorter than either relaxation time elucidated from creep
testing. Consequently, stress relaxation was evident at the maximum of
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Fig. 3. (a) Stress-strain loops generated during cyclic loading. Cycles 1-3, 10,
20, 30, 150, 250, and 350 are shown for each temperature. (b) Steady-state set
strain and hysteresis were calculated from cyclic tests. Set strain, the semi-
permanent deformation observed at the start of each cycle after steady-state
was reached, was highest at 19°C and decreased dramatically at higher tem-
perature. Hysteresis, representing energy dissipation in each cycle after steady-
state was reached, was significant in the rubbery nematic range. Cycle-by-cycle
analysis of hysteresis and set strain are shown in the Supporting Information.

each loop where stress decreased as strain continued to increase. The
inverse stress-strain relationship was observed at the minimum of each
loop. The long relaxation time also caused an accumulation of 80% set
strain after about 300 cycles, shown in Fig. S2. Hysteretic energy dis-
sipation was comparable to values observed at each condition in the
rubbery nematic range (Fig. 3b); however, a unique trend in hysteresis
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was observed in a cycle-by-cycle analysis shown in Fig. S1. The dis-
sipative mechanism was dominated by viscous deformation through
350 cycles, except a period of about 50 cycles near the start of the
experiment. As shown in Fig. 3a, the first 3 cycles showed linear stress-
strain relationships during the loading strokes with negligible strain
recovery upon unloading. Deformation in these first few cycles was due
to traditional viscoelastic mechanisms; however, hysteresis increased
with each cycle from about 240 kJ/m? in the first cycle to a maximum
of about 350kJ/m?® in cycle 15. The cause of this rapid increase in
hysteresis was an increasingly significant contribution of unrecovered
domain reorientation to the total deformation of the LCE. This caused
modulus to decrease in the first 15 cycles (Fig. S3) as domain reor-
ientation became the prevalent deformation mechanism, akin to the
tensile transition from region (I) to region (II) shown in Fig. 2b. Beyond
cycle 15, the trend reversed as domains became oriented towards the
tensile axis and hysteresis reached steady-state at about 240 kJ/m®.
This was the highest steady-state hysteresis observed in this study.
Modulus increases slightly from the minimum at cycle 15 to reach the
steady-state value, consistent with the tensile transition to region (III).
Although energy dissipation at this temperature was significant, the
accumulated set strain produced a large deformation that would be
disadvantageous in mechanical damping applications.

Cycling at 39°C resulted in set strain accumulation reaching a
steady-state of 12% by cycle 10, which was a significant decrease
compared to the 19 °C condition (Fig. 3b). Stress-strain loops showed a
dramatic change in shape in the first few cycles (Fig. 3a) during which
the cycle loop narrowed, reducing the encompassed area. This gener-
ated a single-cycle hysteresis of 500 kJ/m? in the first cycle (Fig. S1),
the highest observed in this study, but rapidly decreased to 160 kJ/m>
as domains gradually reoriented toward the tensile axis with each
subsequent loading stroke. Modulus increased in the first few cycles,
consistent the transition from region (II) to region (III) of tensile ex-
periments. Thus, domain reorientation was the dominant energy dis-
sipation mechanism in the first few cycles but diminished as domains
reoriented. Despite the reduction in set strain compared to the 19°C
condition, energy dissipation was also significantly reduced as shown in
Fig. 3b.

At 62°C, low threshold stress and short relaxation times allowed
reversible domain reorientation with each cycle. In contrast to the 19 °C
and 39°C conditions, cycle loops maintained the same shape
throughout the experiment (Fig. 3a), demonstrating non-linear elastic
deformation and recovery with each cycle. Energy dissipated by re-
versible domain reorientation produced steady-state hysteresis of
220 kJ/m® with set strain limited to just 3% (Fig. 3b), which resulted
from the first cycle only. Energy dissipation at this temperature was
significantly improved over the 39 °C condition while set strain was
greatly reduced compared to the 19 °C and 39 °C conditions. Modulus
maintained a relatively low value of 200 kPa, suggesting domain reor-
ientation was entirely reversed in each cycle (Fig. S3). This contrasts
sharply with the continuous dynamic stiffening of side-chain nematic
LCEs observed by Agrawal et al. [12]. In that study, mesogens gradually
reoriented toward the neutral axis with each cycle resulting in stif-
fening of the LCE with continuous cycling.

In the paranematic range (89 °C), the LCE behaved similarly to an
amorphous rubber with negligible hysteretic energy dissipation. The
first cycle produced a set strain of about 2% that did not increase with
further cycling. This observation is reminiscent of the Mullins effect
commonly observed in filled and crystallizing rubbers [29], although
the LCE presented in this study did not contain fillers nor has it shown
crystallinity [22]. This phenomenon may also explain the set strain
produced in the first cycle at 62 °C. Hysteresis in the first cycle was
about 80 kJ/m? resulting from the set strain of the first cycle. By the
second cycle, hysteresis reached the steady-state of 20 kJ/m?>, which
was insignificant compared to the values observed in the rubbery ne-
matic range. Highly elastic behavior of the glassy range (—15 °C) de-
monstrated negligible energy dissipation value.
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Energy dissipation under the high amplitude, low-frequency loading
scheme was clearly improved by domain reorientation; however, per-
formance may be further improved by optimizing the LCE micro-
structure. Several recent papers on LCEs with similar chemistry have
demonstrated the importance of monomer selection and stoichiometry
on thermomechanical properties [30,31,32-34]. Likewise, domain
structure can be tuned by the use of a solvent [22] or temperature
during synthesis to further influence mechanical response such as re-
laxation time [21]. This study used a loading frequency on the order of
the longest relaxation time observed at 62 °C, which showed excellent
energy dissipation. However, this performance is not expected at higher
frequencies, which is a critical limitation for vibration damping appli-
cations. Therefore, future efforts will attempt to reduce relaxation time
by control of the LCE microstructure. Alternatively, reversible domain
reorientation could be forced by tension-compression cyclic loading
scheme rather than the tension-tension scheme demonstrated in this
article. These investigations are ongoing.

3. Conclusions

The findings presented here represent the first investigation into
mechanical energy dissipation in main-chain nematic LCEs under large
oscillating stress conditions. Viscoelasticity and domain reorientation,
which contribute to energy dissipation, were first investigated by
monotonic tensile tests and creep experiments. Tensile tests in the
rubbery nematic thermal range elicited classic polydomain nPNE re-
sponses with semi-soft plateaus. Threshold stress and strain marking the
onset of widespread domain reorientation decreased from 190 kPa and
33% strain to 30 kPa and 5% strain with a temperature increase from
19°C to 62 °C. Thus, load required to induce domain reorientation de-
creased at higher temperature. Creep experiments in the rubbery ne-
matic thermal range demonstrated two deformation mechanisms with
separate relaxation times at each temperature. The longest relaxation
time decreased from 150s to 2.4 s while the shortest relaxation time
decreased from 18s to 0.6 s with increasing temperature from 19 °C to
62 °C. This result indicated faster recovery of the original polydomain
texture after unloading from a deformed state. Cyclic tests showed ex-
cellent energy dissipation at 19 °C indicated by steady-state hysteresis
of 240kJ/m>; however, this came at the expense of set strain accu-
mulation up to 80% due to progressive domain reorientation toward the
tensile axis with each cycle. At 62 °C, both recovery times were shorter
than the cycle time, allowing domains to reorient reversibly in each
cycle. This deformation mechanism produced a high steady-state hys-
teresis of 220 kJ/m® without set strain accumulation. These results in-
dicate a reversible deformation mechanism that dissipates energy effi-
ciently at high temperatures within the rubbery nematic regime
without performance loss over hundreds of cycles.

4. Materials and methods
4.1. Materials

4-bis-[4-(3-acryloyloxypropypropyloxy) benzoyloxy]-2-methylben-
zene (CAS: 174063-87-7) (RM257) was purchased from Wilshire
Technologies, Inc. (Princeton, NJ, USA). Pentaerythritol tetra (3-mer-
captopropionate) (PETMP), 2,2-(ethylenedioxy) diethanethiol
(EDDET), 2,6-di-tert-butyl-4-methylphenol (BHT), and triethylamine
(TEA) were purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA).
All materials were used as-received without further purification.

4.2. Liquid crystal elastomer fabrication

Main-chain liquid crystal elastomers were synthesized by a method
adapted from the literature [22]. Stoichiometric balance of acrylate
functional (RM 257) groups relative to thiol functional groups was
maintained to ensure high conversion. The amount of crosslinker
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(PETMP) (15mol.%) was calculated by the number thiol functional
groups contributed by crosslinker relative to the total number of thiol
groups from crosslinker and spacer (EDDET).

RM257 and BHT (1.5wt %) were melted and mixed with EDDET
and PETMP monomers. TEA (0.33 wt%) was added to the reaction
mixture to initiate a thiol-acrylate Michael addition reaction. The so-
lution was degassed under 21 in-Hg vacuum and cast between two glass
slides with 1 mm polytetrafluoroethylene spacers between slides. The
mixture polymerized overnight at room temperature forming an opaque
white elastomer, indicating a liquid crystalline phase in the polydomain
conformation.

4.3. Dynamic mechanical properties

Dynamic mechanical properties including storage modulus (E”) and
loss tangent (tan §) were investigated with a dynamic mechanical
analyzer (DMA Q800, TA Instruments, New Castle, DE, USA) in DMA
strain control mode using tensile grips. LCEs approximately 7 mm wide
and 1 mm thick were clamped with 10 mm between grips, thermally
cycled into the paranematic thermal range, cooled to subambient
temperature, and allowed to reach thermal equilibrium for 10 min prior
to starting each test. All tests were performed at 0.2% strain amplitude,
0.01 N preload force, and 1 Hz oscillating frequency. Temperature was
ramped up at 0.5 °C/min to maintain uniform temperature through the
thickness of each sample. The glass transition temperature (Ty) was
determined at the peak of the tan § curve while the paranematic tran-
sition temperature (T;) as taken at the minimum of the E' curve.

4.4. Tensile response

LCEs measuring approximately 10 mm wide by 1 mm thick were
clamped in the Q800 DMA and uniaxially extended in controlled force
mode at a constant rate of 4 N/min to resolve the stress-strain behavior
of the sample. Threshold stresses for each temperature were evaluated
at the points where the stress-strain curve deviated by 50% from the
slope of second linear regime (semi-soft regime). The threshold stresses
indicated onset of the polydomain-monodomain transition in which
widespread domain reorientation was the primary deformation me-
chanism. Unloading and elastic recovery behavior was obtained by
reducing force to ONat 4N/min from a predetermined load corre-
sponding to a point beyond the second linear regime. When no
threshold point was detectable, such as at —15°C or 89 °C, samples
were unloaded from points of high load.

4.5. Creep testing

Viscoelastic behavior was evaluated by creep testing under constant
applied stress of 50 kPa for up to 1 h. Relaxation time was estimated by
fitting creep data to an exponential decay function (Equation (1) and
Equation (2)) where 1 represents relaxation time.

e(t) ~ e/t D)

E(f) ~ e—t/n + e—t/rz (2)

4.6. Cyclic loading

LCEs measuring approximately 10 mm wide by 1 mm thick were
cyclically loaded in a tension-tension scheme with a minimum stress of
1 kPa and a maximum stress of 55 kPa for all temperatures. Loading was
carried out with the Q800 DMA in controlled force mode with a ramp
rate of 4 N/min in triangle-wave fashion (i.e., linear loading up and
down) at a frequency of 5 cycles/min. This loading scheme allowed
sufficient data for individual cycles to be observed, which was neces-
sary for analyzing changes in thermomechanical properties over time.
Residual strain was evaluated as the minimum strain observed in each
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cycle. Average modulus (Eg,,) was calculated by Equation (3) for each
cycle. The energy dissipated by each cycle was evaluated by the area
enclosed by each loop, representing hysteresis.

Omax _— Omin

E. . =
e Emax — Emin (3)
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