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ABSTRACT: Liquid crystal elastomers (LCEs) exhibit soft
elasticity due to the alignment and reorientation of mesogens
upon mechanical loading, which provides additional mechanisms
to absorb and dissipate energy. This enhanced response makes
LCEs potentially transformative materials for biomedical devices,
tissue replacements, and protective equipment. However, there is a
critical knowledge gap in understanding the highly rate-dependent
dissipative behaviors of LCEs due to the lack of real-time
characterization techniques that probe the microscale network
structure and link it to the mechanical deformation of LCEs. In this
work, we employ in situ optical measurements to evaluate the
alignment and reorientation degree of mesogens in LCEs. The data
are correlated to the quantitative physical analysis using polarized
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Fourier-transform infrared spectroscopy. The time scale of mesogen alignment is determined at different strain levels and loading
rates. The mesogen reorientation kinetics is characterized to establish its relationship with the macroscale tensile strain, and
compared to theoretical predictions. Overall, this work provides the first detailed study on the time-dependent evolution of mesogen
alignment and reorientation in deformed LCEs. It also provides an effective and more accessible approach for other researchers to
investigate the structural-property relationships of different types of polymers.

KEYWORDS: Mesogen alignment, reorientation, polarized optimal measurements, Fourier-transform infrared spectroscopy,

liquid crystal elastomer, real-time characterization

1. INTRODUCTION

Liquid crystal elastomers (LCEs) exhibit unique mechanical
properties of soft elasticity and enhanced energy dissipation
with unusual rate dependence."” They show potential to be
transformative materials for mechanical impact and vibration
mitigation,z_8 biomedical devices, tissue replacements, and
protective equipment.”” "

The unique capabilities of LCEs originate from the
organization of liquid crystal (LC) mesogens, which are rod-
like aromatic structures (i.e., mesogens, usually 2—3 linked
benzene rings) built into the polymer network.">™>* When
stretching a polydomain LCE, the LC mesogens gradually
reorient and align themselves in the stretching direction. This
process serves as a second mechanism to dissipate energy in
addition to the viscoelastic relaxation of polymer chains. It
provides LCEs with enhanced mechanical energy absorption
and dissipation capabilities, the latter of which can potentially
match the viscous behavior of a liquid.">'>'%**~**

To understand the unusual and highly rate-dependent
dissipative behaviors of LCEs, it is important to connect the
state of mesogen alignment with the mechanical deformation
in situ. Currently, wide-angle X-ray scattering (WAXS) is the
most commonly adopted technique to characterize the
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microscale organizations of LC mesogens.”” > The diffraction
patterns of X-ray intensity at different azimuthal angles can be
used to determine the mesogen direction and alignment
degree. However, a major limitation of WAXS is the low speed
to acquire the diffraction pattern. Depending on the perform-
ance of employed X-ray detectors, a WAXS measurement
typically takes more than S min to obtain the data of mesogen
alignment degree,29_33 which restricts the characterizations to
near equilibrium (time-independent) material behavior. There-
fore, this approach cannot be used to investigate material rate-
dependent dissipative behavior, which remains a critical
knowledge gap for the aforementioned applications.

Recently, polarized Fourier-transform infrared spectroscopy
(FTIR) has been adopted to characterize the macromolecular
structure of LCEs,***”*"™"" wherein each FTIR scan can be

generated within one second to enable near real-time
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Figure 1. (a) Experimental setup to determine the transmission coefficient of polydomain LCE samples under tension. The angle between the light
polarization and stretching direction is denoted as a. (b) The directional transmission coefficients of the polydomain LCE at different directional
angles of polarized light. (c) Increment of the transmission coefficient of the polydomain LCE in both parallel and perpendicular directions of
stretch. The LCE sample was stretched in a continuous manner (1%/min). (d) Appearances of the polydomain LCE samples under tension. (e)
The transmission coefficient of the polydomain LCE in both parallel and perpendicular directions of stretch. The LCE sample was stretched in a
stepped manner. (f) The evolution of mesogen order parameters with different strain levels.

characterizations. During the tests, LCE samples are exposed
to polarized light. Chemical bonds (e.g,, LC mesogens) on the
chain backbone have the strongest light absorption when the
nematic director state (corresponding to the average mesogen
orientation) is parallel to the polarizer and the weakest
absorption when perpendicular. Their alignment degree can be
identified by comparing the absorption peaks at different
irradiation directions. While the FTIR characterization is much
faster than WAXS, it requires specific functional groups built
on the chain backbone, which have absorption peaks that are
distinguishable on the FTIR spectrum.
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Compared to the FTIR analysis, cross-polarized optical
measurements can provide even faster data collection
controlled by the output frequency of the light power meter
and the data acquisition process. This faster measurement
enables the in situ characterizations on the highly rate-
dependent behaviors of LCEs. This technique does not require
special chemical compositions of the LCE sample (beyond the
obvious requirement that the network forms a nematic or other
LC phase). Previous studies show that stretched LCEs with
highly aligned polymer chains show distinguished refractive
indexes in the directions perpendicular and parallel to the
alignment direction. The differences in the refractive index can
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be used to estimate the network anisotropy and mesogen
alignment degree.' While many studies investigate network
equilibrium at different temperatures and strain,"”*"*" the
transient response concerning mechanical deformations at
different loading rates has not been adequately explored. In
addition, the estimations of the mesogen alignment and
orientation are usually presented qualitatively without
connection to the quantitative WAXS or FTIR character-
izations on the state of mesogens.

This paper examines the rate-dependent mesogen alignment
and reorientation of nematic LCEs in situ using polarized
optical and FTIR measurements. A correlation in mesogen
alignment degree between these two characterization techni-
ques is first established. It is used to determine the time scale
of the mesogen alignment of polydomain LCE samples at
different strain levels and loading rates. Then, the mesogen
reorientation is characterized by stretching a monodomain
LCE sample in an oblique direction of the mesogen
orientation. The relationship between the macroscale tensile
strain and microscale mesogen direction is revealed and
compared to theoretical predictions. Overall, this work
provides the first detailed study on the real-time evolution of
mesogen alignment and reorientation in deformed LCE
networks, which is critical to understand their unusual
mechanical behavior and assist in their application deployment.
The approach also provides an effective and more accessible
approach for other researchers to investigate the structural-
property relationships of different types of polymeric materials
that have polarizing molecular functionalities.

2. RESULTS AND DISCUSSION

2.1. Optical Properties and Mesogen Alignment
Degree of Polydomain LCE Networks. Polydomain LCE
samples were synthesized using the thiol—acrylate Michael
addition (see the Materials and Methods for details). The
experimental setup to characterize the optical properties of
stretched polydomain LCE is illustrated in Figure la. The
sample with a 1.1 mm initial thickness was stretched to 5% and
120% engineering strain respectively at 1%/min and then
stabilized for 30 min. Due to the slow loading rate and
extended stabilization period, the LCE samples after stretching
were in the equilibrium state without notable stress relaxation.
Their optical properties and microscale network structures
were expected to be maintained during the subsequent tests.

A linearly polarized visible light (650 nm wavelength) with
an incident power of T, = 18.24 X 107> W was then irradiated
on the center position of the sample with different directional
angles between the light polarization and stretching direction.
The power of the transmitted light, T, was measured using a
light sensor. As shown in Figure 1b, at a low strain level of 5%,
the transmission coeflicient of the LCE sample, T/T,, is near
identical in different directions of stretch. When the strain is
increased to 120%, the transmission coeflicient strongly
depends on the directional angle. The stretched LCEs with
highly aligned mesogens behave like a light polarizer.
Therefore, the transmission coefficient is the highest when
the light polarization is parallel to the stretching direction and
the lowest when it is perpendicular to the stretching direction.

In the Supporting Information (SI, Section S1), the
transmission coefficients of stretched LCE at different
polarization directional angles are compared to control samples
without mesogens on the chain backbone. The strain and
incident light power were set to be the same. It is observed that
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there are some variations in the transmission coefficients of
control samples when the orientation of light polarization is
changed. However, the peak-to-valley intensity is much lower
than that of the LCE sample. Therefore, the alignment of the
polymer backbones causes negligible influences on the overall
anisotropy of the LCE network. The directional optical
measurement results of LCE samples in Figure 1b are mainly
showing the effects of LCE mesogen alignment and not just
polymer chains.

A polydomain LCE sample was stretched continuously at
1%/min to 120% engineering strain. The evolution of the
transmission coefficients in the parallel and perpendicular
stretch directions was monitored and shown in Figure lc. They
are observed to increase with the strain at different time scales.
For example, when the light polarization is parallel direction of
stretching, the transmitted light power dramatically increases at
~37% strain and saturates at ~90%. With the light polarization
oriented perpendicular to the loading direction, no notable
change in transmitted power is observed until the strain
reaches ~58%. The appearances of the polydomain LCE
samples during the stretch are shown in Figure 1d. The sample
remains mostly opaque until the perpendicular transmission
coeflicient starts to increase. Because the polydomain LCE is
transformed from the opaque to the transparent state after
stretching, the perpendicular transmission coeflicient increases
with the strain, even though the aligned polymer chains tend to
filter some light waves in the perpendicular direction.

The mesogen alignment degree within the polydomain LCE
networks was examined under the stepped-loading condition.
The LCE sample was stretched by 10% engineering strain
within one second and then stabilized for 10 min to reach a
near-equilibrium state. After that, the sample was stretched by
another 10% to reach the next strain level. Figure le shows the
evolution of transmission coefficients in the parallel and
perpendicular directions of stretch. It is seen that within each
loading step, the transmitted light power first increases
instantaneously to some extent and then increases with time
during the stabilization period, which suggests the time-
dependent evolution of mesogen alignment degree. When the
strain level is above ~90%, the increment of light power is less
notable, indicating that the chains are maximally extended and
aligned in the stretching direction.

The transmission coefficients of LCE networks in the
parallel and perpendicular directions of stretch are used to
calculate the respective refractive index, which can be used to
determine the order parameter of mesogen alignment S; (0 <
Sy < 1, a larger S; suggests a higher level of alignment).'® Since
the light power attenuates along the thickness direction of LCE
samples, the thickness change during the mechanical loading
should be considered to calibrate the measured transmission
coefficients of LCE networks. It is confirmed in the SI (Section
S2) that the influence of the sample thickness on the
transmission coeflicient of LCE networks follows the well-
known Beer’s Law," " wherein the transmission coefficient
scales to exp(—ft), with t being the sample thickness and
being the absorption coeflicient depending on the material
composition. In our experiment, when the LCE sample is
stretched to the strain of £ = 120%, the change in sample

thickness is 1/4/(1 + &) = 32.6% under the assumption of
incompressibility. This change in thickness influences the
transmitted light power. To address this issue, we define the

calibrated light power transmission, T = TV ‘/(Hs), with T
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Figure 2. (a) Schematical view of the polarized FTIR characterizations. The LCE sample is stretched in the perpendicular direction. Polarized
infrared light is shined through the sample center. (b) Two representative FTIR spectra of the LCE sample after being stretched to 113% strain. (c)
The absorption peak of the C—S bond on the chain backbone with different directional angles of the polarized light. (d) Summary of the
absorption peak areas of the C—S bond with different strain and polarization directions. (e) The evolution of the order parameter is determined
using the FTIR, which is compared to those determined in the optical measurements.

being the transmitted light power in experiments. T” essentially
represents the transmitted light power of LCE samples with
the same mesogen alignment degree as the deformed sample
but with unchanged thickness.

Note that during the optical measurements, the incident
laser dot was small (~1 mm diameter) and was always at the
center of the sample. Therefore, the decrease of sample width
during the uniaxial tension tests did not affect the measure-
ments.

According to Fresnel’s equation,”" when the incident light is
normal to the sample surface, the transmission coeflicient is

related to the reflective index as below:
T 4Amm,

Ty B (m; + m2)2 (1)

where m; = 1 is the refractive index of the air. m, is the
refractive index of the LCE sample. Measuring the trans-
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mission coeflicient in parallel and perpendicular directions
obtains the refractive indices, respectively. The difference in
refractive index in these two directions,

Amy =my) —my, ()
is used to determine the order parameter S; = Am,/Amy,.'°
The normalization parameter, Am,, describes the intrinsic
anisotropy of the network. It depends on the molecular factors
and can be taken as the value Am, at high strain levels when
the mesogens are maximally aligned.

The determined order parameters at the end of each loading
step are plotted in Figure 1f as a function of strain. It is
observed to notably increase at about the same strain level as
the parallel transmission coefficient and saturates at ~90%. In
the SI, the order parameters of thicker LCE samples (1.7 mm
and 3.9 mm thickness) were characterized using the same
method, which show a similar evolution as the thinner sample
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(1.1 mm thickness) investigated in this section. Since the
transmission coeflicient and refractive indexes are both
normalized, the sample thickness therefore has negligible
influence on the optical measurements of mesogen alignment
degree.

2.2. Calibration of Mesogen Alignment Degree of
Polydomain LCEs with FTIR Analysis. The mesogen order
parameter presented in Figure le has two pitfalls. First, since
the refractive index at the highest strain level is taken as the
normalizer in eq 2, the mesogen order parameter at the highest
strain level is one, which means all the mesogens are perfectly
aligned. However, perfect alignment is not physically realizable
in the LCE networks. Second, the mesogen order parameter is
lower than that tested using WAXS or FTIR at the smaller
strain levels. For example, previous WAXS studies suggest a ~
0.55 order parameter when the strain level is 40%.”’ The
notable difference between optical, FTIR, and WAXS
measurements is due to their different working mechanisms.
The physical FTIR or WAXS analysis examines the alignment
degree of a specific functional group (e.g., mesogens) on the
chain backbone. In contrast, the macroscopic optical measure-
ments interrogate the overall chain alignment degree (averaged
over all functional groups) based on the transmission
coefficients of polarized light. Therefore, the alignment degree
determined by the optical measurements is seen to be lower
than that in the FTIR analysis, especially at lower strain levels.
To this end, the mesogen alignment in the LCE samples was
tested using polarized FTIR analysis to calibrate the optical
measurement results.

A polydomain LCE sample was first stretched by 113%
engineering strain and stabilized for 30 min to be subject to the
polarized FTIR tests (Figure 2a). Two representative
absorbance spectra are shown in Figure 2b, where the polarizer
of infrared light is parallel (@ = 0°) and perpendicular (a =
90°) to the stretching direction. Conventionally, the C—H
groups in aromatic rings, which have a distinguishable
absorption peak at 3300—3350 cm™, can be used as an ideal
signature to determine the alignment of mesogens. However,
due to the potential presence of moisture in the LCE network,
this absorption peak is diluted and hard to be detected in the
FTIR spectra. Here, we chose to examine the absorption of C—
S groups at ~2630 cm™', which was in the polymer backbone
and indicative of the alignment of the polymer chains. Since
the alignment of the polymer chains and the mesogen units are
inherently linked, this peak was used to characterize the sample
alignment.

Note that in addition to the highlighted C—S group at
~2630 cm™!, there are other absorption peaks nearby, which
might be related to the C—O bond on the chain backbone,
C=0 of the ester bonds, the unreacted C=C, respectively.
These absorption peaks are all seen to be maximum when the
polarizer of infrared light is parallel to the stretching direction
and be minimum when they are perpendicular, which suggests
that these chemical bonds could also be used as the reference
to calibrate the optical measurement results. From this point of
view, the presented characterization method may not be
dramatically limited by the material composition.

The absorption peaks of the C—S bond within the stretched
LCE network are shown in Figure 2c¢ at different polarization
directions of infrared light (from 0° to 90°). It is observed that
when the polarization direction changes from perpendicular to
parallel of the stretching direction, the height and area of the
absorption peak both increases. Specifically, the peak area is
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seen to be increased by over eight times. The differences in the
absorption peaks highly depend on the network strain. Herein,
FTIR tests were repeated with different strain levels of the
polydomain LCE samples, and the peak areas are plotted in
Figure 2d as a function of polarization angle. When the LCE
sample is stretched into an anisotropic network, the absorption
peak area varies notably with polarization angle, showing a
periodic pattern in terms of the polarization angle. The
difference in the absorption peak and valley decreases at a
lower strain level. For comparison, the absorbance of the
control sample without deformation is plotted in the same
figure, which shows a uniform absorbance independent of
polarization direction.

The peak areas of the C—S bond in the parallel and
perpendicular directions of stretch are used to calculate the
dichroic ratio of the anisotropic LCE network: D = A, ../A i\,
where A, is the maximum absorbance in the parallel
direction, and A,;, is the minimum absorbance in the
perpendicular direction. The order parameter Sy is determined
as S = (D — 1)/(D + 2).*' The determined order parameters
are plotted in Figure 2e (black square dots), which show an
exponential increment as a function of strain level. The highest
order parameter, ~0.66, is reached when the strain is above
90%. Note that the final order parameter at high strain levels
depends on the cross-linking density of the LCE network. For
example, in the SI (Section S3), a polydomain LCE network
was synthesized with a lower cross-linking density than the
network studied in this section. Using the polarized FTIR tests,
the highest order parameter was determined to be ~0.73.

The mesogen order parameter of the thiol—acrylate LCE
sample determined using WAXS measurement is also plotted
in Figure 2e¢.% At ~40% engineering strain, the ~0.55 order
parameter is close to the value determined using the FTIR
measurements (~0.47). Even so, more WAXS measurements
are needed in future work to find the quantitative relationship
between the alignment degree of C—S bonds and mesogens on
the chain backbone. In this study, the primary goal is to
establish a strong correlation between the optical polarized
microscopy and the microscale polarized FTIR analysis, which
is sufficient to identify the kinetics of chain alignment and
reorientation of LCE networks with different strain levels.

The order parameters obtained from the polarized optical
measurements are presented for comparison (red circular
dots). The maximum order parameter is normalized by the
maximum value identified using the FTIR. It is observed that
the increments of the order parameter in these two
characterization techniques are significantly different, especially
at the lower strain levels. To probe their quantitative
relationships, a nonlinear regression method was used in
MATLAB to determine the mathematical mapping between
the order parameters determined in the FTIR analysis, S, and
those determined in the optical measurement, S;:

BS BSy

i L —
Sp = age aye

3)

where the fitting parameters a; = 0.59, §, = 0.17, a, = 0.59,
and f, = —188.3. Using this relationship, the order parameters
determined in the optical measurements are mapped to the
FTIR regime (blue triangular dots) in Figure 2e, which are
shown to be nearly identical to the FTIR characterization
results.

Note that the correlation in eq 3 is purely empirical without
physical interpretation. The purpose is to establish a
mathematical relationship between FTIR and optical measure-
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Figure 3. (a) Increment of mesogen order parameter during the stabilization period at 10%, 70%, and 90%, respectively, and associated model fits.
(b) The relaxation times of the mesogen order parameter plotted as a function of strain. (c) The measured evolution of transmission coefficient
when the LCE samples were stretched continuously to 120% at different strain rates. Solid lines: transmission coefficient in parallel direction of
stretch. Dashed lines: perpendicular direction. (d) Evolution of the mesogen order parameters when the LCE samples were stretched continuously
to 120%. Solid lines: experimental data. Dashed lines: Predictions after mapping the 1%/min curve.

ment results and reveal the time scale of chain alignment and
reorientation within the LCE networks, which have been
ignored in most existing works. The mapping equation may
adopt a distinguished expression and coefficients when using
the demonstrated method to characterize other types of
polymers. A universal mapping equation might exist based on
the working mechanisms between the FTIR and optical
measurements, which is an interesting topic that deserves
future rigorous study.

2.3. Rate-Dependency of the Mesogen Alignment in
Polydomain LCE Networks. Using eq 3, one can probe the
mesogen alignment degree of polydomain LCEs using the in
situ optical measurements, and the testing results match those
determined by the physical FTIR tests. To characterize the
time scale of the rate-dependent evolution of mesogen order
parameters, the optical measurement results with stepped
loading conditions (Figure le) are re-examined. The evolution
of order parameters is calculated based on the transmission
coefficient (SI Figure S5) and then mapped using eq 3. The
order parameters in each stabilization step are extracted to
evaluate their time-dependent evolutions.

Figure 3a shows the evolution of order parameters when the
strain level is 10%, 70%, and 90%, respectively. It is observed
that the change of the order parameter over the whole
stabilization period is the lowest at 10% strain. The net change
in order parameter is three times higher when the strain is
increased to 70%. The net change of order parameter at 90%
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strain is observed to be lower than that at 70% strain. This is
because, at a higher strain level of 90%, the mesogens within
the LCE networks have already been substantially aligned.
Further increasing the strain does not dramatically increase the
overall order parameter compared to that at a lower strain
level. This can also be visualized in Figure le with the stepped
loading condition. The change in the order parameter over the
stabilization period is observed to be faster at intermediate and
higher strain levels.

To characterize and model the time evolution of the order
parameter at a fixed strain, we assume that there is a dominant
time scale, 7, that determines the rate that the order parameter
evolves toward its equilibrium value and that this rate is
proportional to how far away from equilibrium the order
parameter is>>

das 1
;o _I( eq S)
dt T (4)
wherein S, is the equilibrium order parameter at that strain. 7’

=7 and dt' = p'dt, t and 7 are the physical time and
relaxation time. Note that eq 4 uses a stretched exponential
coefficient (f = 0.65) to stretch the relaxation time scale
because real polymers typically exhibit distributed relaxation
times.”* ">’ Using the stretched exponential function greatly
improves the predictions with respect to the experimental data.
By fitting with the model predictions (dashed lines in Figure
3a) with the experimental data, the relaxation time 7 at a
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Figure 4. (a) The experimental setup to characterize the mesogen reorientation in the monodomain LCE. The initial mesogen direction is 30° with
respect to the stretching direction. (b) The mesogen gradually aligned toward the tension direction when stretching the LCE sample in the
perpendicular direction. (c) Increment of transmission coefficient when the monodomain LCE is continuously stretched at different loading rates.
(d) The transmission coefficient during the subsequent stabilization step. (e) The evolution of absorption peak area during the FTIR
measurements, wherein the LCE is continuously stretched at different loading rates. (f) The absorption peak area during the subsequent

stabilization step.

specific strain level can be determined. The comparison
between predictions and experimental data for all strain levels
is shown in Figure S6 (SI).

The relaxation time of the order parameter is summarized in
Figure 3b as a function of strain level. It is observed that the
relaxation time is nearly a constant ~220 s when the strain is
below 40% and then starts to decrease dramatically. This is
because the force in each polymer chain at higher strain levels
will be higher, which drives the reorientation and alignment of
mesogens faster. Mathematically, the relationship between the
relaxation times and strain levels can be regressed using the
following empirical equation (dashed lines in Figure 3b):

1967

9

= ase
a, +e

©)

wherein ¢ is the axial engineering strain. The fitting parameters
a; = 2.7 X 10° 5, a, = 120.8, and a; = 9.91.

To further verify the evolution rule and relaxation times of
the mesogen order parameter, the LCE sample was
continuously stretched to 120% strain at different loading
rates (1%/min, 50%/min, 100%/min, and 200%/min,
respectively). The transmission coefficients were monitored
in both parallel and perpendicular directions (Figure 3c). They
are used to determine the evolution of order parameters within
the LCE networks using the above-mentioned mapping
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Figure 5. (a) Left: the evolution of transmission coefficient when the LCE sample is under the stepped loading condition. Right: the relationship
between the transmission coefficient and the directional angle of mesogens. (b) Left: the evolution of absorption peak area in parallel and
perpendicular directions when the LCE sample is under the stepped loading condition. Right: The relationship between the absorption peak area
and the directional angle of mesogens. (c) Schematic view showing the modeling framework. (d) Evolution of the microscale direction of mesogens

as a function of strain.

processes, which are plotted as solid curves in Figure 3d. The
black curve in the figure represents the evolution of the order
parameter when the LCE is strained at 1%/min (or 1.67 X
107* s7!). Since the time scale of the loading event, 6000 s, is
much higher than the highest relaxation time (220 s) identified
in Figure 3b, it can be treated as the equilibrium evolution of
the order parameter. With a higher loading rate, the increment
of order parameter will be delayed due to the relaxation of
mesogens, which can be predicted as

S(£) = S(&)hgg/minl1 = € /] ©)
where S(&)| 1o/min is the increment of order parameter at 1%/
min, and k is the loading rate, and 7(¢) is the relaxation time
described in eq 5. A simple derivation of eq 6 is included in the
SI (Section S6).

In addition to the optical measurements shown in Figure 3d,
the LCE sample was subject to FTIR measurements with 47%/
min and 100%/min loading rates. The identified evolutions of
order parameters are shown in the SI (Figure S7). The
evolution of order parameter from optical measurements at
1%/min loading rate is mapped to the different loading rates
using eqs 3 and 6 and presented in Figures 3d and S7 as
dashed curves. Overall, the predictions in these two figures are
seen to be very close to the experimental data, which proves
the effectiveness of the developed method in characterizing the
mesogen alignment degree of LCE networks with continuous
loading conditions, as well as the determined relaxation time
scales of mesogen order parameters.
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The stress—strain relationship during the uniaxial tension of
LCE samples were recorded and compared to the evolution of
order parameters determined using the optical measurements
(SI, Section S8). It is observed that at a given loading rate, the
true stress first increases with the true strain at a near-constant
rate, and then enters the soft-elasticity zone with a dramatically
decreased curve slope. After reaching a critical strain, the
polymer chains within the LCE networks approach their
extensibility, and the stress starts to increase notably. One clear
correlation between the stress—strain relationship and the
evolution of the order parameter is that the critical strain for
strain hardening is close to the strain when order parameters
approach the maximum value, as is highlighted by gray arrows
in the figure. Physically, this is when the polymer chains a
maximally aligned, further increasing the strain changes the
bond length which requires more stress input.

2.4. Mesogen Reorientation with Deformation in
Monodomain LCE Networks. While previous sections
focused on reorientation and rotation dynamics of polydomain
LCE networks, here we examine the same dynamics of
monodomain nematic LCEs. To characterize the time scale of
the mesogen reorientation, a monodomain LCE sample was
first prepared by stretching a polydomain LCE by 120%. The
monodomain structure was then fixed by applying the UV light
to generate a second interpenetrating network. Next, the LCE
sample was cut and stretched to perform optical measure-
ments, wherein the stretching direction was 30° with respect to
the initial mesogen alignment direction (Figure 4a). During
the tests, the polarization direction of the incident light was
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fixed along the tension direction. As the strain increased, the
mesogens were expected to reorient themselves toward the
tensile direction (Figure 4b). Note that the in-chain mesogens
in the monodomain LCE have been highly aligned prior to the
measurements, and the directional angle between the stretch
and mesogen alignment (30°) is small. Therefore, the
mesogens are expected to maintain their alignment degree,
and gradually realign themselves to the tension direction.

In the first group of tests, the monodomain LCE sample was
continuously stretched at different loading rates (1%/min,
50%/min, and 100%/min, respectively). After the strain
reached 100%, the sample was stabilized for 17 min. The
transmission coefficient evolution of the LCE network during
the loading step is plotted in Figure 4c. It is observed that the
transmitted light power increases with strain level, as the
aligned mesogens in the monodomain LCE reorient to the
same direction of polarized light. The increment tends to
stabilize after reaching ~80% strain, suggesting a saturated
degree of mesogen reorientation. However, the difference in
the transmission coefficient with different loading rates is less
significant. The transmission coefficients of the monodomain
LCE network during the stabilization period are plotted as a
function of time in Figure 4d. They are seen to remain
constant over the entire period, with negligible differences
among different loading rates. The comparison in these two
figures indicates that the time scale for the mesogen
reorientation could be much lower compared to the loading
rate adopted in the tests.

FTIR characterizations were performed on the same
monodomain LCE sample to examine the mesogen reor-
ientation kinetics with the deformation. The sample was
stretched continuously at 20%/min, 100%/min, and 450%/
min to 80% engineering strain, with the initial mesogen
alignment direction 30° from the tension direction. After that,
the LCE sample was stabilized for a few minutes. The
absorption peaks of the C—S bond in these two loading steps
were monitored in the parallel and perpendicular directions of
tension, and the evolutions of peak areas are shown in Figure
4e,c, respectively. It is observed that during the tension step,
the absorption peak area in the parallel direction increases as
the mesogens reorient to the loading direction and decreases in
the perpendicular direction. The peak areas are maintained
during the stabilization step. The FTIR characterization results
confirm that the reorientation rate of polymer chains within
the monodomain LCE network is faster than the selected
loading rates. Considering the highest loading rate of 450%/
min (or 0.075 s™') in these tests, the time scale for the
mesogen orientation is estimated to be below 13.3 s (1/0.075
s7h.

In addition to revealing the short time scale of the mesogen
reorientation, the optical and FTIR measurements, combined
with theoretical modeling, are used to identify the relationship
between the microscale directional angle of mesogens and the
strain level of the monodomain LCE sample. The relationship
is first experimentally determined. During the optical measure-
ment, the monodomain LCE sample was stretched in a
stepped manner the initial mesogen 30° from tension
direction. The strain was increased by 10% each time, followed
by 10 min of stabilization. The evolution of the transmission
coefficient is shown in Figure Sa (left figure). On the other
hand, the red dots on the right side of Figure 5a are the
experimental data of transmission coefficients with different
directional angles between light polarization and sample
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stretching. They are the same data points in Figure 1b. The
dashed line represents the curve fitting using the nonlinear
regression method discussed in Section 2.2. Note that the
programming strain of the LCE sample in this section is the
same as that studied in Section 2.1. For a specific strain level
during the stepped loading process, the direction of microscale
mesogens can be determined by looking into the directional
angles on the right side of the figure at the equivalent value of
the transmission coeflicient. The identified directional angles at
different strain levels are plotted in Figure 5d as circular red
dots. It is seen that the angle decreases from 30° with the strain
level. When the strain is 70%, the directional angle is ~12°.

Polarized FTIR characterizations were performed on the
same monodomain LCE sample with the same loading
condition. The evolution of the absorption peak areas of the
C—S bond is shown on the left side of Figure Sb. The peak
area in the parallel direction of stretch increases with strain and
decreases in the perpendicular direction. The red dots on the
right side of Figure Sb are the experimental results of FTIR
absorption peak areas with different direction angles of
mesogens, which are the same data points presented in Figure
2d. The dashed line represents the curve fitting using the
nonlinear regression method. After mapping between these
two figures, the corresponding directional angle of mesogens
are determined and plotted in Figure 5d as blue square dots.

Both optical and FTIR measurements show similar
reorientation behaviors of the mesogen, despite that the
decrease of directional angle in optical measurement is slower
at the lower strain levels. The relationship can be further
established from the theoretical point of view. Marner et al.'®
defined the well-known free energy function of the nematic
LCE network. A unit vector n represents the direction of
mesogens in the deformed configuration. For the 2D
deformation, n is related to the directional angle of mesogens
as Figure Sc. The order tensor of mesogens in the deformed
configuration is § = S (n ® n — I/3), and the anisotropic
conformational tensor of the network is related to the order
tensor as A = I + 3S. In the reference configuration, the order
tensor S« and the conformational tensor A« is defined in the
same way based on the initial director n«. The neo-classical free
energy follows:

M. a1 T
@ 2tr(A FA,F) )
where u (1.1 MPa) is the network shear modulus, and F is the
deformation gradient tensor.

Note that when the monodomain LCE sample is stretched
in the oblique direction of the mesogen alignment and applied
with the fixed boundary condition, the displacement field
around the clamping area will be heterogeneous. A large LCE
sample may also develop nonuniform deformation (e.g., shear
banding) over the cross-section. Assessing how nonhomoge-
nous motion influences optical and FTIR measurements
deserves further investigation. In this paper, both experimental
and theoretical studies on the mesogen reorientation are
limited to the central part of the thin-film LCE sample where
the motion is nearly uniform.

Following Cai and co-workers,”® the deformation gradient
tensor, projected onto a Cartesian frame with fixed basis
vectors in Figure Sc, has components in matrix form as shown
in the figure. With the network free energy defined in eq 7, the
Piola—Kirchhoft engineering stress tensor may be calculated
following standard arguments:”
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P=—

OF (8)
The evolution of nematic order in the equilibrium state
follows:

I-nQ® n)a—¢ =0

on )
With the prescribed boundary conditions that F,, = 1+¢ and
P.. = 0, eqs 7=9 can be solved numerically to obtain the
director n, and thus the directional angle of mesogens as a
function of engineering strain &.

The theoretical prediction on the directional angle is shown
in Figure 5d as the dashed curve. Overall, the experimental
data and model predictions match each other closely, which
suggests the effectiveness of the characterization and analysis
using optical and FTIR measurements. The experimental data
of the optical and FTIR measurements are slightly higher than
the predictions from neo-classic network theory. This might
result from two reasons: first, the neo-classic network theory
predicts the mesogen alignment and reorientation of polymer
melt under external loading, while the LCE samples used in
this work have considerable cross-linking density. Based on the
synthesis stoichiometry, the network cross-linking density is
estimated to be 13 mol %; second, the monodomain LCE
sample was prepared using the two-stage polymerization,
namely the polydomain LCE was first stretched and then
subject to the UV irradiation, wherein a second inter-
penetrating network was formed to fix the alignment polymer
chains. Both the cross-linking effect and the second inter-
penetrating network within the monodomain LCE samples
would restrict the reorientation of mesogens. Therefore, the
evolution of mesogen directional angle is slower than the
theoretical predictions.

3. CONCLUSIONS

In this paper, the real-time alignment and reorientation of
mesogens in nematic LCEs are studied at different loading
rates. The optical and FTIR measurements examine the
mesogen alignment degree of polydomain LCEs at different
strain levels. The evolution of mesogen direction is also
characterized by stretching the monodomain LCEs in the
oblique direction of mesogen alignment. This work has several
major contributions. First, the correlation between the
macroscopic optical measurements and the microscale FTIR
analysis is established, which can be described using a simple
yet effective mathematical function. Second, the time scale of
the mesogen alignment is shown to decrease with the strain
level of polydomain LCEs following an exponential function.
The relationship is demonstrated to be effective in mapping
the evolutions of mesogen alignment degree at different
loading rates. Third, without involving the change of mesogen
alignment degree, the time scale of the mesogen reorientation
of monodomain LCEs is negligible for the loading rates
adopted in this work (up to 450%/min). The relaxation time
of mesogen reorientation is predicted to be lower than 13.3s at
room temperature for the materials studied. The evolution of
the mesogen direction during the mesogen reorientation can
be well predicted using a concise modeling framework. Overall,
this study provides an effective platform to characterize and
predict the real-time alignment and reorientation of mesogens
in LCEs, which is more accessible to other researchers. It
unravels the evolution of microscale LCE networks at different

1970

loading rates, which will significantly advance the under-
standing of the material energy dissipation behaviors from both
experimental and theoretical points of view, as well as to
provide guidance to design dissipative LCE materials and
components for future biomedical devices, tissue replacements,
and protective equipment.

4. MATERIALS AND METHODS

4.1. Preparation of Polydomain and Monodomain LCEs.
The LCE samples were synthesized via a thiol—acrylate Michael
addition reaction.”” It was prepared using the diacrylate mesogen, 1,4-
Bis-[4-(3-acryloyloxypropyloxy) benzoyloxy]-2-methylbenzene
(RM257), dithiol spacer 2,2-(ethylenedioxy) diethanethiol
(EDDET), and tetra-thiol cross-linker pentaerythritol tetrakis (3-
mercaptopropionate) (PETMP), photoinitiator (2-hydroxyethoxy)-2-
methylpropiophenone (HHMP), and thermal catalyst dipropylamine
(DPA). RM257 was purchased from Wilshire Technologies (Prince-
ton, NJ, U.S.A.). All the rest chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, U.S.A.).

The chemical structures of major precursor for LCE synthesis are
shown in the SI (Section S9). To prepare the polydomain LCEs,
mesogen monomer RM257 (powder) was dissolved by adding 40 wt
% of toluene and heating at 80 °C on a hot plate. After the solution
was cooled to room temperature, thiol spacer EDDET and cross-
linker PETMP were added to the solution with a weight ratio of S:1.
The mole amount of acrylate groups in RM 257 was 15 mol % more
than the combined amount of thiol groups in EDDET and PETMP.
0.38 wt % of photoinitiator PPO was then dissolved into the solution
to enable the second-stage photopolymerization reaction, followed by
the vacuum for 30 s to remove the air bubbles. The solution was
finally poured into a mold and placed in a vacuum chamber at 80 °C
for 12 h to evaporate the toluene and polymerize the network.

Monodomain LCE samples were prepared by stretching the
polydomain LCE by 120%. UV light was then applied to generate a
second interpenetrating network. The strain was released after 15 min
of UV exposure, and the monodomain LCE samples were created.

4.2. Polarized Optical Measurements. The optical properties
of LCEs were tested using the visible red light with 650 nm
wavelength. The light was generated by a red laser source (Hiletgo
Inc., Shenzhen, China) with a maximum output power of S mW. The
transmitted light power was measured using a laser sensor (Model
PM16—120, Thorlabs, Newton, NJ) with a maximum data acquisition
frequency of 10 Hz. The experiments were performed on an MTS
tester to enable the tension of the LCE samples, wherein the distance
between the laser source and the laser sensor was 47 cm. The distance
between the laser source and the LCE sample was 38 cm.

4.3. Polarized FTIR Characterizations. Polarized Fourier
Transform Infrared Spectrometry (FTIR) was used to evaluate the
alignment degree and orientation of mesogens when the LCEs were
being stretched. The FTIR characterizations were performed at room
temperature on a Nicolet 6700 FTIR spectrometer (Thermo
Scientific, Waltham, MA, U.S.A.) with a KRS-S wire grid polarizer
and a custom-built sample holder. The LCE sample with a dimension
of 16.5 X 3.9 X 0.45 mm?® was exposed to polarized infrared light. The
FTIR traces were collected in different stretch directions by averaging

32 scans of the signal at a resolution of 2 cm™.
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