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ABSTRACT

Liquid crvstal elastomers (LCEs) are stimuli-responsive materials capable of reversible and
programmable shape change in response to an environmental stimulus. Despite the highly
responsive nature of these materials, the modest elastic modulus and blocking stress exhibited by
these actuating materials can be limiting in some engineering applications. Here, we engineer a
semicrystalline LCE, where the incorporation of semicrystallinity in a lightly-crosslinked liquid
crystalline network yields tough and highly responsive materials. Directed self-assembly can be
emploved to program director profiles through the thickness of the semicrystalline LCE. In short,
we use the alignment of a ligmd crystal monomer phase to pattern the anisotropy of a
semicrystalline polymer network. Both the semicrystalline-liquid crystalline and liqud
crystalline-isotropic phase transition temperatures provide controllable shape transformations. A
planarly aligned sample’s normalized dimension parallel to the nematic director decreases from 1
at room temperature to 0.42 at 250 °C. The introduction of the semicrystalline natre also enhances
the mechanical properties exhibited by the semicrystalline LCE. Semicrystalline LCEs have a
storage modulus of 390 MPa at room temperature, and monodomain samples are capable of
generating contractile stress of 2.7 MPa on heating from 25 °C to 50 °C, far below the nematic to
1sotropic transition temperature. The robust mechanical properties of this material combined with
the high actuation strain can be leveraged for applications such as soft robotics and actuators

capable of doing significant work.

1. INTRODUCTION

Soft, stimuli-responsive polymers have demonstrated great ntility as building blocks for dexterons

soft robots, actuators, artificial muscles, and dynamic medical devices due to thewr active and



adaptive nature. These functional materials undergo controlled shape change induced by an array
of external friggers such as heat'?, light**, solvents’, and magnetic field®, translating external
energy into mechanical work. Materials like dielectric elastomers’, hydrogels®, shape-memory
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materials®!®_and liquid crystal elastomers (LCEs have been reported to exhibit programmable

macroscopic deformation.

Shape change in responsive materials can be classified as reversible or irreversible.
Semicrystalline polymers capable of reversible shape change have been realized, where the
responsive mechanism results from crystallization-induced expansion and melting-induced

10.13.1% The presence of an external load in such cases is

shnnkage, under constant external stress.
unperative as it directs the growth of the crystallites along the umiaxial stretching direction.
Semicrystalline actuators have also been developed that can hamess reversible actuation in the
absence of a persistent external bias or stress. Behl et al. developed polymer networks with two
crystallizable switching domains capable of fully reversible macroscopic shape-change in the
absence of a bias stress.!® Another approach to designing stress-free semicrystalline actuators is
by designing a bilaver composite consisting of a pre-stretched shape memory polyvmer film
embedded In an unelongated elastomer resulting in built-in stress in the system.'® The
mechanically active nature of these materials makes them of interest for soft robotics and actuators.
However, these materials require external manipulation to shape the polymer, referred to as the

programming step. This step limits the type of shape change that can be achieved by these

materials.

LCEs are another class of soft, functional materials capable of reversible shape morphing
in response to an environmental stimulus. These lightly crosslinked polymers couple the

onentational order of liquud crystals with the entropic elasticity of elastomers. Shape change 1s a



result of a change n the order parameter. This type of shape change can be programmed into the
polvmer network by controlling the molecular orientation within the network prior to crosslinking.
Stimuli like heat'’, light'®!® and solvent®>* induce an order-to-disorder transition resulting in the
LCE contracting along the nematic director and expanding perpendicular to it*' LCEs with
programmed molecular orientation were first reported by Finkelmann et al. where the director was
aligned by mechanically straining and crosslinking the elastomer.™ Several approaches have
emerged to onent the mesogenic monomers prior to crosslinking, such as field-assisted
alignment®** and extrusion-based 3D printing”>*%. Directed self-assembly of a “command
surface™ can also be used to spatially pattern molecular order in the LCE. By controlling and
locking in a wvariation of well-defined director profiles within the LCE, complex shape

transformation of a monolithic material can be achieved ***’

Due to the low crosshink density and glass transition temperature of LCEs, mechanical
properties such as toughness, force output, and strength are compromised, limiting these
responsive materials in their engineering applications.”®* To achieve higher-performance
engineering L.CEs, there 1s a need to improve mechanical properties without compromising the
stramn assoclated with the order-disorder transition. Several strategies have been explored to
improve the functional properties of LCEs. One approach to increase force output is to simply
increase the thickness of the films being prepared, but for many applications such thick actuators
may not be appropriate. Furthermore, the surface anchoring strength of the command surface used
to program LCEs by directed self-assembly is only effective for films below ~100 pm thick *
Crosslink density can also be increased to increase the elastic modulus of the matenial, but this
approach greatly compromises the magnitude of the stimulus response the system can exhibit.*!

Interpenetrating liquid crystalline polymer networks have been developed that significantly



enhance the mechanical properties of the LCE.**~® Taking advantage of this approach. Yang et
al. reported on interpenetrating polymer networks to achieve blocking stress of 2.53 MPa and work
capacity of 1267.7 kI/'m?*.** Inducing semicrystallinity in LCEs is another approach to enhance
stiffness and achieve tough, higher-performance LCEs!>*® Kim et al. reported on a
crystallizable thiol-acrylate LCE material with blocking stress and actuation work capacity of 1.3
MPa and 730.5 kJ/m*.*" Despite the many efforts in developing and processing tough, higher-
performance LCEs for use as soft actuators, the complexity of shape change in the above systems
15 limited. The only way to orient the mesogenic moieties in these systems is through uniaxial

stretching, hindering the ability to pattern complex, spatially varied director profiles in the LCE.

Here, we demonstrate highly responsive, shape-programmable semicrystalline LCEs based
on thiol-ene photopolymerization, where both liquid crystalline and crystalline phases contribute
to shape-change. Directed self-assembly can be used to spatially pattern the nematic director of
the LCE precursors. On cooling these oriented LCEs, crystallization occurs resulting in
semicrystalline LCEs. By controlling and locking in well-defined director profiles within the LCE,
complex shape transformation of a semicrystalline LCE can be achieved. The synergistic
combination of semicrystallimity and hiquid crystallinity in a monolithic element not only retains
the highly responsive nature of LCEs but also increases the force ontput and toughness of these

shape changing materials.

2. MATERIALS AND METHODS

2.1. Materials

The liquid crystal monomers 1.4-phenvlene bis(4-(hex-5-envloxv)benzoate) (Monomer 1) and

2-methyl-1.4-phenylene bis(4-(hex-5-enyloxy)benzoate) (Monomer 2) were purchased from



SYNTHON Chemicals GmbH & Co. KG. Thiol crosslinker pentaervthritol tetrakis(3-
mercaptopropionate) (PETMP), chain extenders 2.2'-(ethylenedioxy) diethanethiol (EDDT) and
1,9-Nonanedithiol (NDT), and photoinitiator Irgacure 1-369 were purchased from Sigma-Aldrich.
Brilliant yellow dye was purchased from Sigma-Aldrich. Chloroform, dimethylformamide,

acetone, and isopropanol were obtained from Fisher-Scientific.
2.2. Synthesis and Preparation

LCE samples were synthesized by thiol-ene click reaction. For preparing semicrystalline
LCEs. a mixture of monomer 1, crosshinker, and chain extender with 1.5 wt% of the photoinitiator
(Figure 1A) was heated and vortexed for homogenous mixing. The monomer mixture was then
filled into a mold constructed out of two glass slides through capillary action at 115 °C, at which
the mixture is in its nematic state. For making aligned non-crystalline LCE films, a mixture of
monomer 2, crosslinker, and chain extender was filled mto the mold m 1ts nematic state at 65 "C.
The mold was irradiated with a 365 nm UV light (Lumen Dynamics, OmniCure LX400+) with an
intensity of 8 mW/cm? for 150 seconds on each side to initiate photopolymerization. Intensity was
measured using ABM-USA, Inc. Intensity Meter. LCE samples were post-cured at 120 °C
overnight to complete the reaction. To synthesize LCEs with varying degrees of erystallinity, the
LC monomer 1 was partially or fully replaced with the bulkier methylated monomer 2, and LCE
films were synthesized in a similar manner. In all films, the molar ratio of thiol functional groups

to alkene functional groups was 1:1.
2.3. Photoalignment

To induce molecnlar alignment in the LCE, glass molds were constmeted using glass slides

coated with a photo-responsive dye. Glass slides (75 mm = 51 mm = 1.2 mm, Electron Microscopy



Sciences) were sequentially rnsed with acetone, 1sopropanol, and deiomized water, and treated
with oxvgen plasma for 1 minute. A photo-alignable solution was prepared by mixing 1 wit% of
brilliant vellow in dimethylformamide, filtered through a 0.2 pm pore size filter, and spin-coated
on the cleaned glass slides at 750 rpm (1500 rpm/s) for 10 s and 1500 rpm (1500 rpm/s) for 30 s.
Coated slides were baked at 90 "C for 30 minutes and then selectively patterned by exposure to
linearly polarized light through a modified projector, at an intensity of 10 mW/cm?® (Vivitek
D912HD) for 2 minutes. A glass mold was assembled using the patterned glass slides, with a 50

pm spacer in between the two slides.

2.4. Thermal Characterization

Differential scanning calorimetry (DSC) was performed usmg a TA Instruments Q-20.
Samples of approximately 5 mg were loaded into standard aluminum DSC pans and heated from
room temperature to 170 °C, cooled to -15 °C, and then heated to 170 °C at fixed rates of 10
°C/min, except for Figure S5 where the temperature ramp rates are varied from +2 “C/min to 20
°C/min. The first cooling and second heating scans are shown (Figure 2A C, Figure S1C, S2B,
54B.C, 85, 56 Supporting Information). Thermal analysis for each composition was repeated 3
times (n = 3).

2.5. Mechanical characterization

Mechanical analysis of the materials was carried out by a dynamic mechanical analyzer (DMA)
(TA Instruments, RSA-G2). For quasi-static tensile testing, planarly aligned LCEs were prepared.
Rectangular strips of dimensions approximately 20 mm x 3 mm x 0.05 mun were loaded and
stretched at a constant linear rate of 0.1 mm/s. To measure blocking stress, a constant strain of
0.01% strain was used while the temperature was ramped from 25 °C to 200 °C with a 3.0 °C/min

ramp rate. Past thus temperature majority of the samples broke during the test. For cyclic blocking



stress measurements, the temperature was ramped from 25 “C to 50 °C and back to 25 °C four
fimes at a rate of 1.0 °C/min after an imtial heat-cool cycle. For cyclic actuation strain
measurements, 0 N force was maintained to an LCE sample while the temperature was ramped
from 25 to 50 °C with a 1.0 °C/min, for four heat-cool cycles. Before the test, samples were heated
up to 100 °C and allowed to cool down without confinement. For dynamic mechanical analysis,
polvdomain test specimens were prepared of dimensions approximately 20 mm x 3 mm x 1 mm
and tested 1n tensile mode at 0.2% straimn at 1 Hz and heated from -30 to 180 °C at a rate of 3.0 °C

min~. All tests were repeated three times for each composition (n = 3).
2.6. Gel Fraction

LCE films of varying crosslinker content were weighed to obtain an initial mass (Minitiar)-
Samples were immersed in 20 ml chloroform for 48 hours at room temperature. The solvent was
extracted by first air drying the samples for 24 hours and then vacuum drving at 60 “C for 48 hours

until a final mass (Mgaa) 15 achieved. Gel fraction was obtained using the final equation:

Mfinn!

Gel Fraction (%) = x 100%

initial

All gel fraction tests were repeated three times (n = 3) for each composition.
2.7. Optical Properties and Actuation Performance

Optical properties of the samples were analyzed under a polarized optical microscope (Nikon
ECLIPSE LVI00ON POL). To analyze the actuation behavior of monodomain samples, a thermal
stage (Linkam) was used to control the temperature. Planarly aligned LCE samples were cut and

placed on a glass slide with silicone oil to prevent adhesion. The sample was placed in the sample



holder on the thermal stage, and shape change was observed from 23 °C to 250 °C. Shape change

along the nematic director (contraction) was measured using the following equation:

L
Contraction =—
Lo

where L 1s the imitial length and L 1s the final length.

Shape change perpendicular to the nematic director (expansion) was measured using the

following equation:
Expansion =—

where Lg is the initial width and L is the final width.

To achieve out-of-plane shape change at room temperature, aligned samples, released from the
glass mold, were first heated up to 100 °C past their crystalline melt and then allowed to cool back
down to room temperature. This ensures any built-in stress in the polymers from being confined
between two glass slides 1s released and the samples are free to adopt their programmed 3D shape
on cooling. Thermal stimulus-response of twisted helical structures was imaged and quantified.
Helical samples of dimensions 15 mm x 1 mm x 0.05 mm are heated from 23 °C to 250 °C in a
silicon bath and imaged for actuation analysis. Actuation tests were repeated 3 times (n = 3).
Macroscopic shape changes in cones and anti-cones in response to heat were also imaged.
Azimmthally and radially aligned samples are heated from 23 °C to 180 °C and imaged. Each 3D
structure was mmersed in a silicon o1l bath that was heated using a hotplate. Temperature within

the oil bath was measured using a thermocouple (Traceable Total-Range thermocouple). The 2x3



array of radial defects was 1maged at room temperature without a silicon bath. Images of the

actuation behavior were taken using a digital single-lens reflex (DSLR) camera (Nikon).
2.8. Xray Diffraction

For small-angle X-ray experiments, Rigaku S-MAX 3000 (Soft Matter Facility, College
Station, Texas) was used. Cu Ko X-rays (wavelength 1.54 A) were generated from a RA-Micro7
HFM rotating anode operating at 40 kV and 30 mA. Diffraction patterns were obtained over a 20
range of 0.6° to 3.5°. Each sample was measured for 3 hours. 2D spectra were converted to a 1D
plot using SAXSGUT software. For wide-angle X-ray experiments, Bruker-axs D8 Advanced
Bragg-Brentano X-ray Powder Diffractometer (X-ray Diffraction Laboratory, College Station,
Texas) was used. Cu Ka X-rays (wavelength 1.54 A) were generated from a Cu anode at 40 kV
and 25 mA. Diffraction patterns were obtained over a 20 range of 3° to 70°. Each sample was
measured for 60 minutes. Diffraction patterns were collected twice for each sample type. The
areas of multiple crystalline peaks as well as the amorphous halo were calculated in Origin Pro,

and percent crystallinity was calculated using the following equation:

Crystallinity (%)

Area under crystalline peaks

= Area under crystalline peaks + Area under amorphous halo x 100

3. RESULTS AND DISCUSSION

Semicrystalline LCEs were synthesized by employing thiol-ene click chemistry-based
photopolymerization. Figure 1A depicts the molecular structures of the monomers being
emploved. Inspiration for this synthetic strategy comes from several previous reports that explored

thiol-ene reactions to synthesize LCEs.** Prior synthetic strategies have been shown to yield
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LCEs that later undergo crystallization. However, those approaches are not suitable for surface
alignment. For example, if the reaction proceeds too quickly as is the case for some thiol-acrylate
Michael addition reactions, the precursors are unable to surface align in the nematic phase prior to
gelation.'**"*® However, this synthetic route is novel in that it vields semicrystalline LCEs and is
also sensitive to surface alignment strategies, allowing for complex shape change to be

programmed into the LCE.

A divinyl nematic monomer (monomer 1) is mixed with an isotropic dithiol chain extender
and a tetrathiol crosslinker. The symmetry of thus linear divinyl mesogenic monomer encourages
homogenous chain packing, resulting in crystallization. This monomer is different than some
commonly reported diacrylate-functionalized reactive mesogens to synthesize LCEs i that
diacrylate monomers homopolymerize, introducing a higher degree of crosslinking and
heterogeneity in the polymer network.** A different dithiol spacer, NDT, can also be utilized to
achieve semicrystalline networks with similar properties (Figure S1, Supporting Information).

Table S1 details the chemical formulations of all LCEs reported (Supporting Information).

The mesomorphic behavior of the LC mixture prepared with 40 mol% thiol crosslinker is
shown in Figure S2A, Supporting Information. Near 120 °C, a nematic phase is observed after
melting of crystallized monomer mixture as denoted by the typical Schlieren texture.*' Above 170
°C, nematic to 1sotropic transition (Txi) was observed as noted by the absence of birefringence and
by a small endothermic peak in the DSC thermogram of the monomer mixture (Figure S2B,
Supporting Information). The LC monomer mixture can be readily filled in a surface-aligned glass
mold in the nematic phase and adopts the alignment as dictated by the command surface (Figure
1B). After radical polymerization by UV exposure, crosslinked films are obtained. On cooling,

these nematic elastomers crystallize, vieldng stiff semicrystalline LCEs.
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The crystallimty of the system can be modulated by reducing the symmetry of the monomers
with the introduction of a methyl group to the mesogenic core, as seen by monomer 2 in Figure
1A #5446 Crystallization is known to impart mechanical strength and toughness to the polymer
network *"***** By tuning chain packing and concurrently crystallinity, the widely different
mechanical properties of the resultant films could be observed.® Semicrystalline LCEs
synthesized from the symmetric divinyl monomer (monomer 1) result in a rigid polymer network
while analogous LCEs made from the methyvlated counterpart (monomer 2) lack crystallimity,

leading to low-modulus elastomers (Figure S3, Supporting Information).
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Figure 1. (A} Chemical structures of the LC monomers, chain extender, and crosslinker. (B) Schematic

of the process used to synthesize aligned and crosslinked LCEs.

L.CEs of varving crosshinking density were synthesized by altering the ratio between the

thiol crosslinker and the thiol chain extender while still maintaining the equimolar ratio between
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vinyl groups to thiols. After radical polvmernization, the LCE has a gel fraction of 97 + 0.8% for
40 mol% crosslinker content and 87 + 1.1% for 20 mol% crosslinker content. Non-crystalline
L.CEs synthesized with monomer 2 have a gel fraction of 93 + 1.7% for 40 mol% crosslinker

content and 93.7 + 3.2% for 20 mol% crosslinker content (Figure S4A, Supporting Information).

Networks synthesized with monomer 1 are semicrystalline in nature at room temperature.
The thermal properties of these semicrystalline LCEs were explored using differential scanning
calorimetry. Fignre 2A shows the DSC thermogram of the first cooling cycle of semicrystalline
LCEs with varying crosslinker content. All semicrystalline LCEs exhlubit an exothermic
crvstallization peak upon cooling, which becomes more pronounced with a decrease m crosslink
density. The enthalpy of crystallization increases from 13.3 + 1.3 J/g for 40 mol% crosslinker
content to 19.9 + 0.2 J/g for 0 mol% crosshinker content (Figure 2B). This indicates a progressive
reduction in the degree of crystallinity with increasing crosslink density. For 20 and 0 mol%
crosslinker content, a second exothermic peak on cooling can be seen, attributed to a first-order
isotropic to nematic transition. At higher crosslink density, the transition from nematic to
paranematic becomes second order in nature, as has been previously described.**~' Endothermic
melting peaks are also observed during the second heating cycle (Figure S4B, Supporting
Information). Interestingly, the more highly crosslinked LCEs exhibit fast kinetics of
crystallization with the hysteresis between the crystalline and melting phase change ranging from
5.6 £1.9 °C for 40 mol% crosslink density to 38.1 £ 0.8 °C for 0 mol% crosslink density. This
phase transition hysteresis for semicrystalline LCEs with 40 mol% crosslink density remains
unchanged for different temperature ramp rates, further supporting the fast crystallization kinetics

(Figure S5, Supporting Information). After cooling to room temperature, the semicrystalline

13



LCEs do not exlibit a time-dependent crystallization behavior, and samples synthesized with 40

mol% PETMP remained unchanged after 5 days of storage (Figure S6, Supporting Information).

Analogous LCEs that do not crystallize were also synthesized to examine the properties
imparted upon the polymer network due to the inclusion of crystallinity. Here, the rigid core of
the previously used monomer is modified by adding a methyl group. This methyl group disrupts
the regularity and symmetry of the polymer chain packing, thereby reducing the tendency for
crystallinity. LCEs were synthesized by wvarying the rafios between the methylated and
unmethylated LC monomer, which affords further control over crystallmity. Figure 2C shows
DSC thermograms of LCEs with mcreasing concentration of the methylated monomer and the
associated changes in enthalpy. As the concentration of the methylated monomer 1s systematically
mcreased from 0 mol% to 100 mol%, enthalpy decreases from 13.4 + 1.1 J/g to 0 J/g (Figure 2D).
As the degree of crystallinity decreases. so does the temperature at which the crystallization and
melting peaks occur, until 30 mol% at which point no crystallization is observed (Figure 2C, S4C,
Supporting Information). It is worth noting that even though the crystallinity in the system is

quenched, the system 1s not entirely amorphous and still contams liquid crystalline order.

14
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Figure 2. (A) DSC thermograms of the first cooling cycle of semicrystalline LCE samples while
varying the crosslinker content. (B) Enthalpy and hysteresis as a function of crosslinker content for

semicrystalline LCE. (C) DSC thermograms of LCE samples with varying concentrations of monomer

2. (D) Effect of monomer 2 on the enthalpy and hysteresis of the polymer network. N = 3 for all tests.

Wide-angle X-ray scattering (WAXS) and small-angle X-ray scattering (SAXS) further
confirm the presence of an ordered crystalline network in the semicrystalline LCE (Figure 3A.B).
1D WAXS diffraction plot of semicrystalline LCEs exlubit two narrow peaks at 19.9° and 21.1°
and two smaller peaks at 27.5° and 36.9°. These results roughly comrespond with peaks of
previously reported crystallizable LCEs.'”?" Semicrystalline LCEs exhibit around 350%
crystallinity (n=2), as determined by WAXS. A peak at 2.7° is also seen for semicrystalline LCEs
in the 1D SAXS profile, while no peak is evident for the non-crystalline LCE. 2D SAXS pattern

shows a four-spot pattern for the semicrystalline LCE. each spot separated by 907, that may be
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associated with short-range smectic-C type fluctuations, while this pattern 1s not visible for the
non-crystalline LCE.*** We note that the higher-order present is not simply associated with the
smectic mesophase in the LCE system because of the high rigidity exhibited by the semicrystalline

LCE and the high enthalpy associated with melting from the semicrystalline to liquid crystalline

phase.
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Figure 3. (A) Wide-angle X-ray Scattering (WAXS) for semicrystalline and non-crystalline LCEs. (B)
2D and 1D small-angle X-ray Scattering for semicrystalline and non-crystalline LCEs. Each test was

repeated 2 times.

The chemistry being adopted to synthesize semicrystalline LCEs is amenable to surface
alignment strategies, where directed self-assembly of a command surface can be used to orient the
nematic phase of the monomer solution. The ability to orient these materials using directed self-
assembly 1s distinct from previously described approaches that generate LCEs capable of
crystallization, where aligmment was achieved via mechanical stretching. Tmportantly, it is
difficult to orient any class of semicrystalline polymers without using mechanical load or
flow '*47%% For example, Vectra, a high-performance erystallizable liquid crystal polymer, is
oriented during injection molding or extrusion techniques, where the mesogens orient themselves

47 56,57 1[1

m the direction of flow. this study, directed self-assembly allows for precise spatial and

16



hierarchical control of both the molecular orientation and the programmed mechanical response in

semicrystalline polymers.

Compositions with 40 mol% crosslinker content were utilized to synthesize monodomain
semicrystalline and non-crystalline LCE films. A dichroic azobenzene-based dye was coated onto
glass slides and subsequently patterned by selective exposure to linearly polarized light. The
photoinduced orientation of this dye ultimately dictates the director profile within the LCE as well
as the mechanical response (Figure 4A). Polarized optical microscopy was used to confirm the
homogenous molecular alignment of the samples (Figure 4B). The programmed mechanical
anisotropy within the material results in dramatic shape change, where heating the aligned samples
leads to contraction along the nematic director and expansion orthogonal to it. Semicrystalline
LCE shows maximum actuation behavior past the nematic-to-isotropic phase transition where the
normalized dimension parallel to the nematic director decreases from 1 at room temperature to
0.42 £0.02 at 250 °C and normalized dimensions perpendicular to the nematic director increase
from 1 at room temperature to 1.53 = 0.11 at 250 °C (Figure 4C). Non-crystalline LCE samples
also exhibit heat-induced actuation behavior (Figure 4D). Parallel to the nematic director, the
normalized dimension decreases from 1 at room temperature to 0.59 + 0.03 at 250 °C, and
normalized dimensions perpendicular to the nematic director increase from 1 at room temperature
to 1.44 + 0.06 at 250 °C. Here, shape change is quantified by the contracted length or elongated

width normalized to the length or the width of the LCE at room temperature (L/Lg).
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Figure 4. (A) Schematic of a planarly aligned monodomain LCE samples anisotropically actnating in
response (o temperature. LCE contracts along the nematic director and expands perpendicular to it. (B)
Polarized optical micrograph images of planarly aligned semicrystalline and non-crystalline LCEs. (C,
D) Dimensional changes of aligned semicrystalline and non-crystalline LCEs along and perpendicular
to the nematic director as a function of temperature. Arrows indicate the nematic director orientation.

For plots C, and D each data point represents the mean (n = 3). and the error bars represent the standard

deviation. Scale bar = 500 pm.

Fepeated thermal cycling of both semicrystalline and non-crystalline LCE demonstrates
reversibility of the actuation behavior (Figure 5). LCEs were cycled 9 tunes between 23 °C to 250
°C. After the first heating cycle, semmcrystalline LCE samples show an approximately 20% loss
i sample length, but shape change after this first heating cycle 1s reversible (Figure 5A). This

ureversible shape change may be attributed to a recovery of stresses trapped by crystallization.
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Non-crystalline LCE samples do not exhibit this same loss i sample length, and shape change
here is fully reversible over the repeated thermal cycles (Figure 5B). The normalized volume of
the semicrystalline LCE increases on melting the crystalline domains and exhibits an irreversible
change in volume on the first thermal cycle. The volume of the non-crystalline LCE remains nearly
the same during heating and cooling, as is expected for LCEs.”! The normalized volume, as
compared to the initial volume of each sample after crosslinking, for semicrystalline LCE at room
temperature decreases from 1 to .87 + 0.03 after the first heating and cooling cvele. The origin of
this irreversible volume change 1s unclear, but it may be due to rearrangement of the crystalline
fraction of the network.”®* Tn subsequent cycles, the normalized volume increases on heating
from 0.87 £ 0.03 to 0.96 = 0.06 at 250 °C. On cooling, the normalized volume returns to the value
observed after the first heating and cooling cycle. The reversible increase in volume after the first

cycle during heating 1s expected for semicrystalline networks on heating.
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Storage modulus and dissipation factor were measured as a function of temperature for

different crosslinker contents (Figure 6A,B). Several thermomechanical transitions can be
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observed. The semucrystallme LCEs each show a drop m storage modulus heating through T, and
Tw. Samples synthesized with 40 mol% crosslinker have a Tgof -4 + 1.6 °C. After being heated
through Ty and Tw, the network containing 40 mol% crosslinker reached a stable rubbery plateau
at around 11 + 2 MPa, denoting a well crosslinked polymer network. Semicrystalline LCEs with
20 mol% and 15 mol%s crosslinker content exhibit a further drop in modulus on heating through
the Tuni. This drop mn the modulus above T 1s typically associated with LCEs crosslinked m the
isotropic state.}>%%-5! Although no flow in materials is seen, above Tni the samples become too
compliant to measure modulus reliably. Tt 1s likely that in these networks, 20 mol%s and 15 mol%
crosslinker contents are insufficient to fully form a polymer network, in agreement with the
relatively lower gel fraction of these materials. For an isotropic rubber, it is expected to see the
rubbery modulus increase with temperature, however, it is likely that there is an ongoing reduction
m order in the LCEs over the entire temperature range shown wlhich precludes the modulus from
mereasig. The presence of this remnant order can be more clearly seen from the actuation
behavior shown in Figure 4C and Figure 5A where the semicrystalline LCE sample shows
actuation up to 250 °C. Above 200 °C, samples with 40 mol% PETMP that were loaded in the
DMA fractured, which prevents the full range of viscoelastic behavior from being captured. This
1s not due to flow of the polymer as no flow was observed in the POM. We also note that the

network with 40 mol% PETMP has a gel fraction of 97 + 0.8% (Figure 54A).

The inclusion of the methylated monomer into the polymer network affords control over
the crystallinity of the system and concurrently its mechanical properties. Figure 6C.D show the
storage modulus and tan delta as a function of temperature for LCEs with varying amounts of the
methylated monomer while keepmg the crosslinker content constant at 40 mol%. Gradual

reduction of storage modulus at room temperature can be seen with an increase in the concentration
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of the unmethylated monomer. The differences in the rubbery moduli of these films despite the
similar crosslinker content may be due to the differences in the reactivity of the two monomers as
well as the differences in the order parameter. For semicrystalline LCEs synthesized entirely with
monomer 1, shape change is still seen at up to 250 °C, signifying retention of the L.C order in these
films even at those high temperatures (Figure 4C). All films tested, exhibit a pronounced drop in
storage modulus with mcreasing temperature, but the temperature onset at which thus drop occurs
depends strongly on if the network 1s semicrystalline or not. In compositions without crystallinty,
there is a sharp drop in modulus as the temperature approaches T, For semicrystalline
formulations, this drop is exhibited only after the material is heated through both Ty and Tw.
Aligned semicrystalline LCEs also exhibit mechanical anisotropy (Figure S7). While
semicrystalline materials are known to be anisotropic after drawing, we note that the anisotropy in
these materials was dictated by directed self-assembly. Young's modulus may be slightly higher
when the director profile 1s along the loading axis (907) than when 1ts perpendicular to 1t (07)
(Table S2, Supporting Information). Failure strain is highest for samples when the nematic
director 1s at 0°, Likely this increased failure strain can be attributed to the reorientation of the
nematic director and/or crystallites in the strain direction, allowing the sample to elongate

considerably before fracture 32
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Figure 6. (A) Storage Modulus as a function of temperature for semicrystalline L.CEs with varying
degrees of crosslinker content. (B) Tan delta as a function of temperature for semicrystalline LCEs
with varying degrees of crosslinker content. (C) Storage Modulus as a function of temperature for
LCEs synthesized with varying amounts of monomer 2. (1)) Tan delta as a function of temperature for

LCEs with varying amounts of monomer 2. N = 3 for all tests.

The inclusion of crystallinity enhances the mechanical properties of the material and the
material’s ability to generate stress. Weights were hung on polvdomain 50 pm thick
semicrystalline and non-crystalline LCE samples (Figure 7). Semicrystalline LCE can support 0.5
MPa without dramatically changing its imitial shape while the compliant, non-crystalline LCE
stretches considerably. Blocking force was measured using 1so-strain measurement (Figure 8A).
Here a monodomain LCE was clamped in tension, while the temperature is increased. As the
sample undergoes phase transition, it generates contractile stress.

The semicrystalline LCE

exhibits unique behavior where it generates strong contractile stress at temperatures far below the
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nematic-to-isotropic transition. This may be due to the contraction of tie molecules®*, the partial
melting of the crystallites, or other order to disorder phase change such as a small reduction of
order of the nematic phase. Contractile stress of 2.7 = 0.03 MPa is generated over a temperature
window of 25 °C to 50 °C (Figure 8A B) demonstrating the potential of the material to be nused for
small strain, higher stress, low hysteresis actuators. LCE materials generating higher blocking
stress have been reported. To our knowledge, there are no reported LCEs capable of generating
this ligh blocking stress at such low temperature values and over such a narrow temperature
range *>*>18 Acmation strain of an unconstrained semicrystalline LCE sample was also
measured using an iso-force test (Figure 8C). On heating up to 50 °C, LCE films exhibit an
actuation strain (contraction) of 0.56 £ 0.07 % along the nematic director. The average coefficient
of thermal expansion (CTE) generated by the oriented semicrystalline LCEs is -224 ppmy/°C. This
value 1s substantially larger in magnitude than the CTE observed m onented semicrystalline
polvmers like high density polyvethylene and nylon that have been previously reported for lugh-
stress artificial muscle applications.®** Such polymers exhibit high blocking stress at high
temperatures but show very minimal blocking force and actuation strain in the small temperature
window between room temperature and 50 °C. Low density polyethylene may have similar
negative CTE to the semicrystalline LCEs in this temperature range * Semicrystalline LCEs not
only demonstrate high blocking stress and a negative thermal expansion over a temperature
window of 25 °C to 50 °C, but they are also capable of programmable shape deformation, making
them ideal for higher stress actuators operating at low-temperature windows. Upon further heating,
the expansion in the material results in a decrease in this blocking stress until the crystalline melt
transition is completed. As the material approaches the nematic-to-isotropic transition, blocking

stress of 0.8 £ 0.02 MPa is generated past the nematic to isotropic transition. In contrast, the non-
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crystalline LCE does not exhibit these multiple transitions and 1s only able to generate a single

blocking stress peak of 0.4 + 0.1 MPa at 200 °C, due to melting of the nematic phase (Figure 8A).
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Figure 7. Polydomain semicrystalline and non-crystalline LCEs with load. Semicrystalline rigid LCE
shows no deformation while the compliant non-crystalline LCE stretches significantly in response to

the increasing load (Scale bar = 10 mm).

By patterning director profiles within the semicrystalline LCE, out-of-plane deformation
of the ngid, aligned samples can be realized. Programming a 90° twist in the director profile
through the thickness of the LCE results in twisted helical structures (Figure 9A,B). The
semicrystalline LCEs are crosshinked at an elevated temperature, that is above the Tw but below
the Ty;. This programs them to be flat at the crosslinking temperature and adopt their predetermined

3D shape as a result of cooling from that crosslinking temperature (Figure 9C). The number of
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twists 1s dependent on the aspect ratio, with strips of smaller widths showing a higher number of

twists, as observed in related materials.®
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Figure 8. (A) Iso-strain (0.01%) measurements of aligned semicrystalline LCE and aligned non-
crystalline LCE. (B) Iso-strain tests for semicrystalline LCEs over 4 heat-cool cycles are shown. (C)

Iso-force tests for semicrystalline L.CEs over 4 heat-cool cycles are shown. N = 3 for all tests.

Shape change 1s also observed when samples are exposed to heat (Figure 9D). Semicrvstalline
LCEs at room temperature demonstrate an average of 68 + 7° mm ™ twist per length. As the
temperature increases, samples start to unwind until they reach a flat state at 100 °C. Upon further

imcrease in temperature, samples start to macroscopically wind again, this time with the twisting
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mverted in handedness. The magnitude of shape change at lhigh temperatures 1s higher than that
at room temperature, with the helical ribbon reaching an average of 80 + 14° mm™ of twist per

length with inverted handedness at 200 °C.
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Figure 9. Complex shape-change in semicrystalline LCEs. (A) LCE is programmed with an off-axis
twist through the thickness of the film. (B) Polarized optical microscopy images of samples with

twisted nematic alignment under parallel polarizers {Scale bar = 500 pm). (C) Aligned semicrystalline

LCE adopts a 3D helical configuration at room temperature, with a different number of twists for
different widths (Scale bar = 5 mum). (I}) Twists as a function of temperature for twisted helical samples.

For plot D each data point represents the mean (n = 3) and the error bars represent the standard

deviation.

Out-of-plane deformation can also be achieved by programiming the molecular order in a
spatially varied manner around topological defects (Figure 10A).7%"" Semicrystalline LCEs with
director profiles varying radially around a +1 defect, morph info a conical shape at room
temperature and an anti-cone when heated up to 180 °C. Patterns with director profiles that vary

azimuthally are a saddle-shaped anti-cone at room temperature and a cone when heated up to 180
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“C. A 2x3 amray of radial defects was patterned into the LCE to demonstrate the load-bearing
ability of the films (Figure 10B). Despite being relatively thin (50 pm), the monolithic structure
15 able to support weight on the apex of the cones, without significant deformation demonstrating

a benefit of programmed shape morphing in semicrystalline polymers.

Figure 10. (A) +1 topological defects patterned in semicrystalline LCEs. Radial alignment results in

a cone at room temperature and an anti-cone at 180 °C. Azimuthally varied alipnment results in an anti-
cone at room temperature and a cone at 180 “C (Scale bar = 5 mm). (B) An array of cones in a thin film

is able to support weight due it its stiff, 3D nature (Scale bar = 5 mm).

4. CONCLUSION

There 1s a need to develop high-performance engineering materials that are also capable of
changing shape. Here, we descnbe semicrystallime ligumd crystal elastomers where the
combination of semicrystallinity and liquid erystallinity results in enhanced mechanical properties
as well as high deformation strain. The chemustry being emploved is amenable to surface
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alignment strategies. Complex and spatially vared director profiles within the semicrystalline
LCE can result in out-of-plane deformation of thin films such as helical structures, cones, and anti-
cones. Semicrystalline LCEs have a modulus of 390 MPa at room temperature, exhibit a
contractile blocking force of 2.7 MPa and an actuation strain of 0.56% on heating from 25 “C to
50 °C. We envision the use of these tough semicrystalline materials for building LCE-based soft

robots and actuators for engineering applications.
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