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ABSTRACT: The network structures of liquid crystal elastomers (LCEs) are crucial to impart rubbery behavior to LCEs and
enable reversible actuation. Most LCEs developed to date are covalently linked, implying that the cross-links are fixed at a particular
position. Herein, we report a new class of LCEs integrating polyrotaxanes (PRs) as slidable cross-links (PR-LCEs). Interestingly, the
incorporation of a low loading (0.3—2.0 wt %) of the PR cross-linkers to the LCE causes a significant impact on various properties of
the resulting PR-LCEs due to the pulley effect. The optimum PR loading is determined to be 0.5 wt %, at which point the toughness
and damping behavior are maximized. The robust mechanical properties of the PR-LCE offers a superior actuation performance to
that of the pristine LCE along with an excellent quadruple shape-memory effect. Furthermore, the incorporation of PR is useful to
enhance the efficiency of shape-memory-assisted self-healing when heating above the nematic—isotropic transition.

KEYWORDS: liquid crystal elastomers, polyrotaxanes, shape-memory polymers, self-healing, actuators

H INTRODUCTION the LCEs developed to date remain statically fixed and thus
could not be translated in the absence of external stimuli.
The incorporation of sliding cross-links into polymer
networks has been demonstrated as an interesting strategy to
achieve high stretchability and mechanical elasticity, in

Liquid crystal elastomers (LCEs) undergo spontaneous shape
transformations in response to various external stimuli, such as
heat, light, and humidity, due to a change in the molecular
ordering.'~® The large actuation capability up to 400% strain

- . . 30-33
along with an anisotropic molecular order of LCEs has been fiddltlon o promoting self-healing. .For example, the

. . introduction of polyrotaxanes (PRs) constitutes a representa-
harnessed to create a unique smart material platform and a

variety of interesting devices, including soft robots - tive m%e4thod in the development of slidable polymer net-
switchable surfaces,'>~* micro,ﬂuidics 1S smart adhesi\;es 16 works.”™ PRs are necklace-like supramolecules in which
dampers,'”'® and b;omedical substmtes,lg*21 LCEs are lighjdy cyclodextrins (CDs) are threaded onto linear polymer chains

! ) that d with bulky end . The CD ri lid
cross-linked through robust covalent networks, which impart at ate rapped With bty end groups. 2e fngs can sude

rubber-like properties to them and enable effective reversible alolng d.the ph(?l}}flmer a5, l.esp ecially .durlng l.oadlng and
- ) ) i unloading, which can equalize the applied load in a manner
actuation. To further enhance their mechanical properties and
actuating performances, LCEs consisting of dual networks have
also been developed.”” ** Recently, various types of dynamic
covalent bonds that allow LCE network rearrangement under
heat or light stimuli have also been introduced, and such
systems are expected to offer several benefits over conventional
LCEs, such as reprocessing, shape-reconfiguration, and self-
healing properties.”>~>’ However, the cross-linking points in
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similar to a pulley. Through this so-called “pulley effect” at the
molecular level,”™ such PR-containing materials can exhibit
enhanced stretchability and toughness as demonstrated in
hydrogels,®® glassy polymers,”” polymer electrolytes,*® and
elastomers.” ™"

Thus, we herein report the synthesis of a new series of
dynamic LCEs incorporating supramolecular PR (PR-LCEs)
by linking diacrylate-terminated LC oligomers with multi-
acrylate-functionalized PRs as slidable cross-linkers, in addition
to a subsequent exploration of their thermal, mechanical, and
actuation properties. To the best of our knowledge, this is the
first investigation that even a small PR loading (0.3—2.0 wt %)
in LCEs can bring a significant impact on the mechanical and
viscoelastic properties compared to the non-PR-LCE counter-
part while preserving the intrinsic shape-transformation
characteristics of the LCEs. In addition, the tensile strength
and toughness are optimized to improve the shape-memory
and actuation performances of the resulting PR-LCEs.
Furthermore, the influence of the slidable cross-linker motility
on the self-healing efficiency over the pristine LCE is examined
under the same heating conditions.

B EXPERIMENTAL SECTION

Synthesis of LCE-Containing PR Cross-Linkers. The liquid
crystal oligomer (LCO) and the PR were synthesized segarately
following procedures described in our earlier publications,*”** and
their detailed synthetic protocols as well as their characterization
results can be found in the Supporting Information. The PR was
dissolved in chloroform to prepare a stock solution with a
concentration of 1.5 X 107> M; then, a desired amount in the PR
solution was transferred to a vial containing the LC oligomer and
mixed using a heat gun and a vortex. Subsequently, the mixture was
cast onto a glass Petri dish and placed in a vacuum oven at 80 °C
(nematic state) for 3 h to remove the solvent. Afterward, the desired
amount of the PR-LCO mixture was placed between two glass slides
pre-cleaned with acetone, and 100 gm aluminum spacers were
inserted between the glass slides to control the sample thickness. The
PR-LCO mixture was then hot-pressed by applying a gentle pressure
(1 MPa) at 80 °C (nematic state), and the pressed PR-LCO mixture
was exposed to UV light (OmniCure S1500, 4 = 365 nm, 38 mW
cm™) for 30 min at room temperature for photocross-linking.
Preparation details for the mechanically programed LCEs can be
found in the Supporting Information.

Materials Characterization. The 'H NMR spectra were
recorded on a 500 MHz Varian spectrophotometer using CDCl; as
a solvent. A polarizing optical microscope (Nikon Eclipse LV100N
POL) equipped with a heating stage (Linkam LTS420) was used to
identify the LC phase, the phase transition, and alignment and to
evaluate the thermal actuation of the LCEs using ToupView software.
Differential scanning calorimetry (DSC, TA Instruments, Discovery
DSC25) was performed under nitrogen flow; the samples were heated
to 150 °C, then cooled to —50 °C, and then reheated to 150 °C at a
rate of 10 °C min™". Atomic force microscopy (AFM, Park XE-7 from
Park Systems) was used to examine the surface topographies and
phase images over 10 ym X 10 pm areas of the LCEs in the non-
contact mode at a scan rate of 1.5 Hz (PPP-NCHR AFM probe, k =
~42 N m™!, f = ~330 kHz). AFM imaging was conducted at 30 °C
under a 40% relative humidity, and XEI software (version 4.34) was
used for data processing. A laser scanning confocal microscope
(Olympus OLS5000) equipped with a heating stage was used to
characterize the thermal actuation of the LCE microdimples and the
self-healing process of the damaged LCEs. When characterizing the
samples using a heating stage, the cover of the heating stage had to be
removed, and therefore the temperature was calibrated using a
thermocouple after the measurement.

Gel Fraction. All the samples were immersed in chloroform for 48
h to extract the un-cross-linked components and then dried in a

vacuum oven for 24 h at room temperature. The mass of the sample
before and after extraction was measured, and the gel fraction (G) was
calculated using following eq 1

G (%) = £ x 100 (%) "

where m; is the initial mass of the sample before extraction and my is
the final dried mass of the sample after extraction and drying.

X-ray Scattering. The small- and wide-angle X-ray scattering
(SAXS and WAXS) measurements were performed at the 9A U-SAXS
beamline of the Pohang Accelerator Laboratory (PAL), Korea. The
2D scattering patterns were recorded using a 2D CCD detector
(Rayonix MX170-HS), which was located 2.05 and 0.22 m away from
the sample for SAXS and WAXS, respectively. The 1D intensity
profiles versus the scattering vector q = (47/4) sin(6/2) were
obtained from the 2D patterns, where 8 is the scattering angle and 4 =
1.119 A (E = 11.07 keV) represents the X-ray wavelength. The order
parameter (S) was calculated using the following Hermans-Stein
orientation distribution function (2 and 3)

S= 3{cos’ 0) — 1
- 2 ()
n/2 . 2
f I(0)sin 6 cos”0 dO
(cos® 9) = =2

[ 10)sin 0 do 3)

where 0 is the azimuthal angle and I(6) is the 6-dependent intensity at
g = 141 A. The value of g; corresponds to the position of the
maximum in the WAXS 1D profile, which indicates the intermolecular
distance between the LCEs and the PR-LCEs.

Mechanical and Viscoelastic Properties. A dynamic mechan-
ical analyzer (TA instruments, DMA Q850) was used to characterize
the stress—strain responses and the temperature-dependent viscoe-
lastic properties in the tensile mode. For the stress—strain
measurements, all samples were equilibrated at room temperature
under a preload of 1 mN, and the force was increased at a rate of 0.2
N min~". Rectangular specimens were prepared with dimensions of
7.0 mm (L) X 4.0 mm (W) X 0.1 mm (T) for the polydomain LCEs
and 5.0 mm (L) X 2.5 mm (W) X 0.1 mm (T) for the monodomain
LCEs. For the viscoelastic measurements, the polydomain LCEs with
dimensions of 7.0 mm (L) X 5.0 mm (W) X 0.1 mm (T) were heated
from —50 to 150 °C at a rate of 3 °C min~" under 14 ym amplitude at
a constant frequency of 1 Hz. The values of T, were determined from
the first peak observed in the tan § curve.

One-Way Shape-Memory Properties. The cyclic thermome-
chanical shape-memory cycle was programed using dynamic
mechanical analysis (DMA) with a controlled force mode and a
tension film clamp. A rectangular specimen of the polydomain LCE
was prepared with dimensions of 7.0 mm (L) X 5.0 mm (W) X 0.1
mm (T), and the quadruple shape-memory cycle was created
according to the following protocol. Initially, the sample was
equilibrated at 150 °C for 3 min. (1) To obtain the first temporary
shape (B or ¢g), the sample was elongated at 150 °C by ramping the
force from the preload (1 mN) to 0.006 N at a rate of 0.006 N min™".
The sample was then cooled to 85 °C at a rate of 3 °C min™' under a
constant force (0.006 N) and equilibrated for 20 min. The force
applied to the sample was then unloaded to reach the preload value (1
mN) at a rate of 0.006 N min~". (2) To obtain the second temporary
shape (C or &¢), the sample was elongated at 85 °C by ramping the
force to 0.015 N at a rate of 0.006 N min™". Subsequently, the sample
was cooled to 30 °C at a rate of 3 °C min~" under a constant force
(0.015 N) and equilibrated for 20 min. The force applied to the
sample was then unloaded to the preload value (1 mN) at a rate of
0.006 N min™". (3) To obtain the third temporary shape (D or &p),
the sample was elongated at 30 °C by ramping the force to 0.05 N at a
rate of 0.006 N min~". Subsequently, the sample was cooled to 0 °C at
a rate of 3 °C min~! under a constant force (0.05 N) and equilibrated
for 20 min. The force applied to the sample was then unloaded to the
preload value (1 mN) at a rate of 0.006 N min~". (4) Finally, to
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Figure 1. (a) Schematic representation of the photocross-linking reaction of PR-LCE and (b) sliding behavior of @-CDs in the PR-LCE upon

stretching.

recover the permanent shapes (C,., Brew and A, OF €¢ e Ep e and
€arec), the sample was heated first to 30 °C and equilibrated for 20
min, then to 85 °C and equilibrated for 20 min, and finally to 150 °C
and equilibrated for 20 min; these heating processes were carried out
at a rate of 3 °C min~". This procedure was repeated twice more on
the same sample. The quantitative shape-memory properties,
including the strain, the shape fixity ratio (R;), and the shape
recovery ratio (R,), were then determined by analyzing the results of
the cyclic thermomechanical measurements. R; and R, were calculated
according to the following eqs 4 and S
g, — €
R;(X—>Y)=—1—" %100 (%)
6‘y,loa\d - & (4)
g, — €
R (Y- X)=1"=
g — €

X 100 (%) )
5

where X and Y denote two different shapes, respectively, &4 is the
maximum strain under a load before unloading, €, and ¢, are the
strains after cooling and unloading, respectively, and &€, .. is the strain
after recovery.

Reversible Actuation. A monodomain LCE floated on a small
drop of silicon oil was placed on a glass slide, and the dimensional
change of the LCE as a function of temperature was monitored under
POM using a heating stage. To evaluate the actuation performance of
the various LCEs, DMA was employed using a tension film clamp.
The monodomain LCEs [10 mm (L) X 2.5 mm (W) X 0.1 mm (T)]
were heated from 30 to 180 °C under the isostress mode(a preload of

X

x.rec

1 mN) or under the isostrain mode (a strain of 0.001%) at a rate of 10
°C min™' to determine the actuation strain or stress, respectively. To
determine the stability during thermal actuation, the monodomain
sample [10 mm (L) X 2.5 mm (W) X 0.1 mm (T)] was heated and
cooled between 20 and 120 °C under a preload of 1 mN at a rate of 5
°C min~" in the controlled force mode. This temperature cycling test
was repeated 20 times on the same sample.

Work Capacity. To evaluate the work capacity, the polydomain
LCE samples [7 mm (L) X 40 mm (W) X 0.1 mm (T)] were
equilibrated at an isotropic state (120 °C) in the controlled stress
mode. Subsequently, the samples were cooled from 120 to —50 °C at
a rate of 3 °C min~! under a constant bias stress (100 kPa). Finally,
the volumetric work capacity was calculated using following eq 6

w

Kk e _ FbiasAL _ Fbias
work capacity = Yo IwT - A

LWT A

AL
T = Opjgs X €

(6)

B RESULTS AND DISCUSSION

Synthesis of LCEs Incorporating Slidable Cross-
Linkers. The aim of this study is to investigate the impact
of a PR cross-linker on the viscoelastic, mechanical, shape-
memory, actuation, and self-healing properties of LCEs. To
prepare a model LCE system, a diacrylate-terminated poly(f-
amino ester) type LCO was initially synthesized based on a
previous literature method (Figure S1, Supporting Informa-
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Figure 2. (a) AFM phase images of the LCE and the PR-LCEs. Scale bars represent 2 ym. (b) 2D SAXS patterns, (c) 1D azimuthal scan profiles at
q = 0.16 A" (ie, SAXS), and (d) 1D azimuthal scan profiles at g; = 1.41 A™" (i.e., WAXS) of the LCE and SOPR(0.5)-LCE before and after

~150% uniaxial stretching.

Table 1. Thermal and Mechanical Properties of the LCE and the PR-LCEs

sample T, (°C)" T, (°C)° G (%)°
LCE 16 59 82
S0PR(0.3)-LCE 20 65 85
SOPR(0.5)-LCE 13 58 83
S0PR(2.0)-LCE 15 62 86
30PR(0.3)-LCE
30PR(0.5)-LCE

elastic modulus (MPa)?
2 + 0.05
3.6 +04
3+0.1
1 + 0.05
3+03
24 + 0.1

strain (%)?  tensile strength (MPa)?  toughness (MJ/m®)“

167 + 10 3+0.6 1.4 + 0.2
1SS+ 7 53 +03 2.7 + 0.1
193 + 6 6+ 04 33+02
239 + 26 1+04 1+£05
214 + 16 4.8 + 0.4 33 +03
295 +1 25+1 3+08

“Determined from the tan & curve in the temperature range of 0—30 °C. *Determined from the tan & curve in the temperature range of 30—85 °C.
“Determined by comparing the mass before and after extraction in chloroform. “Determined from the stress—strain curves of the polydomain

samples.

tion).** The number-average molecular weight (M,) of the
resulting oligomer was 6300 g mol™', as determined by 'H
NMR end group analysis (Figure S6a, Supporting Informa-
tion). Separately, a multiacrylate-functionalized PR consisting
of 30 or 50 a-CD rings was synthesized according to our
previously reported protocol,”> and molecular characterization
by '"H NMR spectroscopy confirmed the successful replace-
ment of the hydroxyl groups of the CD rings by acrylate groups
(Figures S2—SS and S6b, Supporting Information). Notably, a
number of n-butyl groups were also introduced to the CD ring
along with the acrylate groups to enhance the solubility of the
resulting PR in moderately polar solvents, such as chloroform.
Subsequently, solutions of LCO and the PR in chloroform
were combined, homogeneously mixed, and cast onto a glass
Petri dish. After removal of the solvent, the PR-LCO mixture
was hot-pressed at 80 °C, then photopolymerized at room
temperature to yield the desired PR-LCE (Figure S7a,
Supporting Information and Figure la,b). To investigate how
the LCE properties are affected by the PR loading and the
number of CD moieties on the PRs, a series of PR-LCEs were
prepared by adjusting the PR weight percentage and the
average number of CDs. As a control, a pristine LCE without a
PR cross-linker was also prepared via the same method (i.e.,
hot-press and photopolymerization). Throughout this article,
the PR-incorporating LCEs are denoted as nPR(m)-LCE,
where n and m represent the average number of @-CD moieties

32489

(n =30 or 50) in the PR and the weight percentage of the PR
(m = 0.3, 0.5, or 2.0 wt %) in the LCE, respectively.

Although uniform PR-LCO mixtures were obtained with
relatively low PR loadings (i.e, 0.3 and 0.5 wt %), the mixture
became heterogeneous upon increasing the PR loading 2.0 wt
%, and this was attributed to agglomeration of PRs (Figure S8,
Supporting Information). After photopolymerization, the PR-
LCEs exhibited an opaque appearance, implying no global
orientation of the LC domains (i.e., polydomain) within these
samples (Figure 1a and S8, Supporting Information). Figure 2a
shows the AFM phase images of the PR-LCEs prepared at
different PR loadings, and these images clearly show the
presence of PR agglomerates in the LCE matrix for the
SOPR(2.0)-LCE sample. The domain size of PR agglomerates
is 500—1000 nm in diameter and 15—30 nm in height as
shown in the AFM topography image (Figure S9, Supporting
Information). The gel fractions of both the pristine LCE and
the various PR-LCEs were greater than 80%, thereby indicating
sufficient cross-linking (Table 1).

To investigate the effect of PR incorporation on the LCE
nanostructure, SAXS and WAXS measurements were con-
ducted. To clearly identify the LC phase, the LCE and PR-
LCE were uniaxially stretched by ~150%, inducing the
uniform alignment of their mesogenic domains. The cybotactic
order (i.e., a nematic phase with smectic-C type fluctuations)
was observed for all samples regardless of the PR loading
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Figure 3. Viscoelastic and mechanical properties of the polydomain LCE and the PR-LCEs: (a) storage modulus and tan & curves during heating,

(b) stress—strain curves, and (c,d) summary of the mechanical properties.

(Figure 2b and S10a, Supporting Information).** The layer
spacing (d), the molecular tilt angle (f), and the molecular
length (L = d/cos f3) was calculated for each stretched sample
based on the 1D SAXS profiles (Figure 2c and S10b,
Supporting Information), and the results are summarized in
Table S1. From the WAXS results (Figure 2d and S10c,d,
Supporting Information), the intermolecular distance (d;) and
the order parameter (S) were determined, as listed in Table S1.
Overall, the microstructure and the extent of ordering of the
LCE were preserved despite the incorporation of PRs into the
LCE network.

Thermal, Viscoelastic, and Mechanical Properties.
The viscoelastic properties of the various LCE networks were
investigated by DMA as shown in Figure 3a, and results are
summarized in Table 1. The glass transition temperatures (Tg)
of each LCE network was determined by the maximum peak
from the corresponding tan & curve and was found to be in the
range of 13—20 °C regardless of the PR loading, thereby
indicating that the slidable cross-linker had a minimal effect on
the segmental motion of the LCE. In addition, the T, values of
the LCE networks determined by DSC were observed at
approximately —4 °C (Figure S11, Supporting Information).

Interestingly, additional broad peaks were observed in the
tan 0 curves between 30 and 80 °C for all LCEs, and these
peaks were attributed to a transition from the polydomain to
the monodomain (Tpm).45 This transition implies that the
randomly oriented LC microdomains undergo a reorientation
along the oscillating loading and become uniaxially aligned in
this temperature range.A'6 More interestingly, the intensities of
the T, peaks of the PR-LCEs became more pronounced
compared to the pristine LCE originating from the “pulley
effect” of the PRs."” More specifically, the CDs linked in the
LCE networks can slide along the poly(ethylene glycol) (PEG)
backbones of the PRs when the LC domains undergo
reorientation, thereby leading to a greater energy dissipation.
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In addition, the energy dissipation of the PR-LCEs at T,
tended to increase with an increased PR loading, as evidenced
by the greater intensities of the tan 6 peaks. However, a large
excess of PR [ie., SOPR(2.0)-LCE] was found to lead to
inefficient energy dissipation due to agglomeration. Above the
Tym rubbery plateaus were observed, confirming the network
structure. The cross-link density (v,) of each LCE network was
calculated according to eq 7

—_— E/
3RT

* ?)
where E’ is storage modulus at 140 °C (ie., at the rubbery
plateau), R is the gas constant, and T is the temperature (in
Kelvin). The cross-linking densities of the LCE, SOPR(0.3)-
LCE, SOPR(0.5)-LCE, and SOPR(2.0)-LCE were determined
to be 2.7 X 1075, 3.0 X 1075, 3.2 X 107°, and 1.65 X 10> mol
cm™®, respectively. Furthermore, the nematic—isotropic
transition (T,;) of each LCE network was determined by
DSC to be ~106 °C (Figure S11, Supporting Information); we
note that the T, in the tan & peak was not clearly observed
likely because LCEs were cross-linked in the nematic state.**

The mechanical properties of the various LCE network were
then examined by stress—strain curves at room temperature
(Figure 3b and Table 1), and the corresponding strain and
tensile strength values are shown in Figure 3¢, wherein several
tendencies can be observed. For example, the strain of the
SOPR-LCE tends to increase with an increasing PR loading,
wherein the larger deformability is caused by the increased
“pulley effect” at a higher PR loading, which generates a greater
number of cross-links within the LCE network. As a control,
we also synthesized n-butylated PRs containing no acrylate
groups and simply blended them within the LCE matrix; these
analogues are denoted as nBPR(m)-LCE. During the tensile
measurements, the SOBPR-LCEs were found to be less
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Figure 4. (a) Elongation-based one-way quadruple shape-memory effect of polydomain SOPR(0.5)-LCE: photographic images (top) and shape-
memory cycles (bottom). (b) Controllable stepwise shape recovery of the polydomain SOPR(0.5)-LCE during stepwise heating.

stretchable compared to their SOPR-LCE counterparts and the
pristine LCE, which suggests that the pulley effect is less
effective for a physical blend of PRs and LCEs (Figure S12 and
Table S2, Supporting Information). In addition, the SOPR-
LCEs with a low PR loading (0.3 and 0.5 wt %) exhibited
higher tensile strengths [5.3 and 6 MPa for SOPR(0.3)-LCE
and SOPR(0.5)-LCE, respectively] than that of the pristine
LCE (3 MPa), and their elastic modulus values increased by
3.6 and 3 MPa, respectively, compared to that of the pristine
LCE (2 MPa). In contrast, both the tensile strength and the
elastic modulus of the SOPR(2.0)-LCE decreased considerably
(ie, by 1 MPa) due to a pronounced pulley effect. The
number of CDs incorporated into the structure was also found
to affect stretchability and toughness of the PR-LCEs.
Previously, it has been reported that a low CD coverage
allows the CDs to slide longer distances on the PEG axis
compared to the case of PRs with high CD coverages.49 Thus,
as expected, the 30PR-LCEs exhibit a greater elongation and a
lower tensile strength due to a larger “pulley effect” compared
to the corresponding SOPR-LCE counterparts at the same PR
loading (Figure 3c). In Figure 3d, we summarize the
mechanical properties of the various LCE networks, which
suggests the mechanical properties can be effectively tailored
by adjusting the PR concentration and the number of CDs in
PRs of the LCE matrix. For the remainder of the study, we
focus mainly on the properties of the SOPR(0.5)-LCE due to

the fact that it exhibited the highest toughness (i.e., ~3.3 MJ
m™3) of the various LCE systems examined herein.
Shape-Memory Properties. Because LCEs are renown as
shape-transformable materials, we moved on to explore various
shape-shifting properties including the one-way shape-memory
effect and two-way reversible actuation. According to the DSC
and DMA results, the SOPR(0.5)-LCE exhibited multiple
thermal transitions, including T, (~13°C), Tom (~58°C), and
T,; (~100 °C), thereby suggesting the potential of multiple
shape-memory effects.’®™>> Thus, we initially examined the
quadruple shape-memory effect of the polydomain SOPR(0.5)-
LCE by exploiting these thermal transitions. As shown in
Figure 4a, three distinct programed strains (&g, &, and &p) are
successfully obtained by the employed shape fixing procedures,
namely, loading at elevated temperatures (150 °C; T > T, 85
°C; Ty < T < Ty and 30 °C; Ty < T < Tpy,), and cooling and
unloading at specified temperatures (85 °C; Tom < T < Ty, 30
°C; Ty < T < Ty and 0 °C; T < Tg). Interestingly, the sample
underwent a spontaneous elongation (65%) during cooling
from the isotropic phase (150 °C) to nematic phase (85 °C),
which would generate a monodomain-like structure along the
stretching direction. As a result, the modulus parallel to the
director orientation would become higher, leading to a fairly
effective shape fixing from A to B, even at 85 °C which is close
to T,;. Each programed strain showed effective recovery to the
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Figure 5. (a) Photographic image of a uniaxially aligned monodomain SOPR(0.5)-LCE film between crossed polarizers. POM images of the same
SOPR(0.5)-LCE observed at 45° (top) and 0° (bottom) angles with respect to the cross polarizers. Scale bars represent S00 ym. (b) Stress—strain
curves of the monodomain LCE and SOPR(0.5)-LCE under parallel (//) or perpendicular (L) loadings with respect to the nematic director. (c)
Reversible actuation of the monodomain SOPR(0.5)-LCE. Scale bars represent S00 ym. (d) Reversible actuation of the monodomain SOPR(0.5)-
LCE during 20 temperature cycles. (e) Actuation strain in the absence of stress and actuation stress under a constant strain (0.001%), measured for
the monodomain LCE and the SOPR(0.5)-LCE. (f) Actuation strain of the polydomain LCE and the SOPR(0.5)-LCE during cooling under a
constant stress (100 kPa). (g) Calculated work capacity of the polydomain LCE and the SOPR(0.5)-LCE. (h) Thermal actuation of a PNU logo-
shaped SOPR(0.5)-LCE. (i) Thermal actuation of SOPR(0.5)-LCE microdimples recorded by a laser scanning confocal microscope. Scale bars

represent 30 pm.

pre-programed strain during the shape recovery process (ie.,
heating in the absence of a load).

Intriguingly, we demonstrate that a T, where randomly
organized LC microdomains are uniaxially reoriented along the
elongation direction or vice versa, can be harnessed as a
molecular switch to trigger the shape-memory effect. While
shape-memory effects based on the T, and T}; of LC polymer
networks
ture, 03194736 Tym-based shape-memory effect has not
been reported. Moreover, the broad transition of T, (30—
85 °C) of the SOPR(0.5)-LCE can be further exploited to

have been well documented in the litera-
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induce a controllable stepwise shape recovery, suggesting a
supercritical behavior (Figure 4b).>” The pristine LCE also
exhibited a similar quadruple shape-memory effect (Figure
S13a, Supporting Information).

The quantitative shape-memory properties of both the
SOPR(0.5)-LCE and the pristine LCE were then evaluated by
analyzing the strain, shape fixity (R), and shape recovery (R,)
ratios of the shape-memory cycles (Figure S13b,c, Supporting
Information). It was observed that during the shape
programing process under the same stress, the strain of the
PR-LCE was 20—30% higher than that of the pristine LCE,
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while the R;and R, values were comparable for the two samples
(Figure Sl4ab and Table S4, Supporting Information). The
higher deformability of the PR-LCE is likely due to the “pulley
effect” of PR, which agrees well with the results of the tensile
measurements discussed above.

Reversible Actuation. Although the one-way shape-
memory properties of polydomain PR-LCEs are valuable in
terms of fixing the temporarily programed shape, a new
programing process is necessary each time to achieve the
temporary shape, and the shape change between permanent
and temporary shapes is not reversible.”” To achieve reversible
shape shifting, the preparation of macroscopically aligned
LCEs is essential. To this end, we combined the two-step
photocross-linking process with mechanical alignment by
means of stretching, molding, and imprinting to prepare
various types of mechanically programed LCEs, such as a 2D
film, a 3D embossed structure, and an array of microdimples
(Figure S7b, Supporting Information).”” Using this method,
the uniaxially aligned monodomain SOPR(0.5)-LCE was
successfully obtained, as evidenced by the brightness changes
observed at different angles under POM (Figure Sa), as well as
by the resulting anisotropic mechanical properties (Figure Sb
and Table S3). During the tensile measurements, both the
LCE and SOPR(0.5)-LCE exhibited stiff and compliant
properties in parallel and in perpendicular to the nematic
director, respectively. Notably, SOPR(0.5)-LCE was found to
exhibit a higher tensile strength and strain in both stretching
directions compared to the pristine LCE and again, this was
attributed to the pulley effect, which was also observed in the
stress—strain curves of the polydomain samples.

The reversible actuation was realized for the monodomain
SOPR(0.5)-LCE, as it contracts and loses the birefringence
upon heating above T, and recovers its initial length while
cooling to room temperature (Figure Sc). As shown in Figure
5d, the reversible actuation of SOPR(0.5)-LCE under a
constant stress was stable over 20 temperature cycles. In
addition, upon heating to 180 °C under stress-free conditions,
the SOPR(0.5)-LCE and pristine LCE display the actuation
strains of 45 and 40%, respectively (Figure Se), thereby
indicating that the pulley effect contributes a slightly higher
actuation strain for the SOPR(0.5)-LCE. The actuation stresses
(or blocking stresses) of the monodomain LCE and
SOPR(0.5)-LCE was further compared by heating the samples
under constant strain (0.001%), which resulted in sample
breakage at 140 and 145 °C with maximum blocking stresses
of 0.34 and 0.42 MPa, respectively (Figure Se). To further
evaluate the work capacities of these samples, both samples
were cooled from the isotropic state (120 °C) at 100 kPa, as
shown in Figure 5f. Note that these samples were polydomain,
and therefore they were spontaneously elongated to the
loading direction upon cooling from the isotropic state. The
calculated work capacities of the LCE and SOPR(0.5)-LCE
were 46 and 78 kJ m™>, respectively (Figure 5g). The enhanced
actuation stress and work capacity exhibited by the SOPR(0.5)-
LCE was considered to originate from the stiffer and tougher
characteristics of this sample compared to the pristine LCE.

In addition to the 2D film, a complex 3D-shaped LCE
(embedded with the logo of Pusan National University, PNU)
and an array of LCE microdimples were fabricated by molding
or imprinting the partially cross-linked polydomain SOPR(0.5)-
LCEs, followed by full UV curing to secure the deformed
structures. When heating above T, the protruding regions of
the SOPR(0.5)-LCE-based PNU logo flattened and became

optically transparent due to a loss of LC order (Figure Sh).
When the sample was cooled to room temperature, the
programed 3D structure and opaque characteristic were
recovered. Similarly, the microdimples (20 pm diameter and
7 pum depth) underwent a reversible actuation during heating
and cooling across T,;. More specifically, the microdimple
depth decrease considerably from 7 to 1 um, although the
change in diameter was marginal, as monitored by laser
scanning confocal microscopy (Figure Si and S15, Supporting
Information). The reversible depth change of the micro-
dimples in the SOPR(0.5)-LCE implies efficient local alignment
of the nematic directors of the polydomain LCEs only at the
regions of applied pressure. The ability to prepare macro-
scopically aligned PR-LCEs using various mechanical pro-
graming techniques suggests a potential to produce macro- and
micro-soft actuators with enhanced mechanical properties.
Self-Healing Properties. Recently, the sliding behavior of
the PR has been recognized as an interesting strategy to
accelerate self-healing properties in various polymeric systems
comprising reversible bonds.®® In particular, the mobility of
CDs arising from the sliding motion has been shown to assist
physical self-healing.’’ Therefore, we also explored the self-
healing ability of SOPR(0.5)-LCE, and compared the result
with that of the pristine LCE. To induce damage, the surfaces
of the polydomain LCE and SOPR(0.5)-LCE (100 pm
thickness) were scratched by applying the same extent of
pressure using a razor blade, resulting in the generation of a ~4
um-deep scratch (Figure S16ab, Supporting Information).
Each sample was then heated beyond its T,; (150 °C) for S
min to promote self-healing. As observed by laser scanning
confocal microscopy, the scratches of SOPR(0.5)-LCE film
were completely removed, whereas residual scratches remained
visible in the pristine LCE film, thereby indicating incomplete
healing (i.e,, ~80%, Figure 6a). The mechanical properties of

(a) LCE

50PR(0.5)-LCE

(b)

5 min. .'.

o

Pristine Rubbed Healed

Figure 6. (a) Self-healing of the polydomain LCE and the SOPR(0.5)-
LCE on scratched surfaces. Scale bars represent 500 ym. The green
images (right) show the 3D topographies of the SOPR(0.5)-LCE
before and after healing. (b) Self-healing of the polydomain
SOPR(0.5)-LCE on a broad surface rubbed with a sandpaper. Scale
bars represent S0 ym.

https://doi.org/10.1021/acsami.2c06462
ACS Appl. Mater. Interfaces 2022, 14, 32486—32496


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06462/suppl_file/am2c06462_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06462/suppl_file/am2c06462_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06462/suppl_file/am2c06462_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06462/suppl_file/am2c06462_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.2c06462/suppl_file/am2c06462_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06462?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06462?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06462?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c06462?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c06462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

the scratched SOPR(0.5)-LCE film was nearly restored with
self-healing efficiency of 88%, based on tensile strength values
(Figure S17, Supporting Information). The excellent self-
healing ability of the SOPR(0.5)-LCE was further demon-
strated over a broader area by scraping the surface with
sandpaper, followed by heating above T, for S min(Figure 6b).
Overall, it was found that the effective self-healing of the
S0PR(0.5)-LCE required elevated temperatures above T,;, and
this process was ineflicient at ambient temperature due to the
slower chain segmental motion and the restricted sliding
motion of the CD rings (Figure S18, Supporting Information).
Based on our observations, the intrinsic (partial) self-healing of
the LCEs perhaps originates from the shape changing ability at
T, which is similar to the so-called shape-memory-assisted
self-healing process,”* and this process is more effective when
promoted by the sliding motion of the CD rings.

B CONCLUSIONS

In summary, we synthesized a new class of LCEs by
incorporating supramolecular PRs through the linking of a
diacrylate-terminated LCE precursor (the LC oligomer) with a
multiacrylate-functionalized PR cross-linker through photo-
polymerization. Interestingly, even a small loading (ie., 0.3—
2.0 wt %) of the slidable PR cross-linker resulted in significant
alterations of the viscoelastic and mechanical properties of the
resulting PR-LCEs, and these effects were attributed to the
molecular pulley effect. However, thermal transitions (Tg and
T,) of the PR-LCEs were relatively unaffected; thus, the
excellent thermally induced shape changing properties of the
materials, such as one-way quadruple shape-memory effect and
reversible actuation, were preserved. The optimum loading of
the PRs was suggested to be 0.5 wt %, because this loading
resulted in the highest toughness and damping properties, and
the resulting SOPR(0.5)LCE exhibited an enhanced actuation
performance compared to that of the pristine LCE. Finally, we
further demonstrated that the sliding effect of the PRs can be
exploited to improve the efficiency of shape-memory-assisted
self-healing. The synthesis of a unique series of LCEs with
slide-ring cross-links and their structure—property investigation
may provide useful guidelines for the creation of mechanically
robust and self-healable soft actuators with extraordinary
damping properties.
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