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1 | INTRODUCTION

Liquid crystal elastomers (LCEs) are a class of soft
materials characterized by the incorporation of meso-
genic monomers into a crosslinked polymer network."

Elina Ghimire' |
| Joseph M. Dennis® |

Chugiao Chen'
Sihong Wang" |

| Sean Lee’ |
Juan J. de Pablo** |

Abstract

Dynamic liquid crystal elastomers (LCEs) are a class of polymer networks
characterized by the inclusion of both liquid crystalline monomers and
dynamic covalent bonds. The unique properties realized through the combina-
tion of these moieties has produced a plethora of stimuli-responsive materials
to address a range of emerging technologies. While previous works have stud-
ied the incorporation of different dynamic bonds in LCEs, few (if any) have
studied the effect of the specific placement of the dynamic bonds within an
LCE network. A series of dynamic LCE networks were synthesized using a
generalizable approach that employs a tandem thiol-ene/yne chemistry which
allows the location of the dynamic disulfide bond to be varied while maintain-
ing similar network characteristics. When probing these systems in the LC
regime, the thermomechanical properties were found to be largely similar. It is
not until elevated temperatures (160-180 °C) that differences in the relaxation
activation energies of these systems begin to materialize based solely on differ-
ences in placement of the dynamic bond throughout the network. This work
demonstrates that through intentional dynamic bond placement, stress relaxa-
tion times can be tuned without affecting the LCE character. This insight can
help optimize future dynamic LCE designs and achieve shorter processing

times.
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Generally, the tethered mesogens form randomly-
oriented but locally-aligned domains in what is referred
to as a polydomain LCE. If the film is prepared in a man-
ner that all the mesogens are aligned in the same direc-
tion, then the result is a “monodomain” LCE. Traversing
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the LC to isotropic transition, via stimuli such as heat,’
light,4 humidity,5 or metal ions,® can result in responsive
properties such as shape memory and optical responsiv-
ity. Another key feature of these materials is their “soft
elasticity” which refers to their ability to dissipate stress
through mesogenic rotational modes when an LCE is suf-
ficiently stressed to strains outside of its specific linear
viscoelastic regime.” Given these unique properties, LCEs
have received much attention for emerging applications
in soft robotics,®® medical devices,"'' and adaptive
optics.'*"?

Traditionally, monodomain LCEs are accessed via either
the alignment of the LC monomers prior to crosslinking or
the utilization of a two-step crosslinking approach where
materials are partially crosslinked, mechanically strained,
and then fully crosslinked to lock in the aligned state as the
permanent mesogenic configuration.>'*'® However, as
these processes typically involve inducing alignment of vis-
cous solutions or handling and manipulating fragile, still
reactive materials, the scale and physical form that these
LCEs can take is limited. Additionally, as is expected for a
permanently crosslinked network, once the crosslinking
reaction has been completed these materials are fixed with
the alignment and shape they were crosslinked with and
can no longer be reset or reprocessed.

A more recent development in LCEs has been the
introduction of dynamic covalent chemistries into
the structure of the network."”"® A dynamic covalent bond
has the ability to be broken and reformed, ideally without
any irreversible side reactions.”>*" In addition to facilitating
bulk reprocessability and enhancing stress relaxation/
dissipation in LCEs, the dynamic bonds also provide a
route to (re)program the LCEs after they have been cross-
linked. By manipulating the mesogen alignment while
simultaneously activating the dynamic bond, it is possible
to utilize the dynamic exchange processes to promote net-
work reorganization such that stable alignment is post-
synthetically programmed upon bond reformation. A wide
range of dynamic chemistries have been utilized in LCEs
over the past decade including transesterification, **
disulfide exchange,”*’ and addition fragmentation trans-
fer reactions®™" to name a few.

Of these dynamic bonds, disulfides stand out as a
particularly useful dynamic chemistry for a multitude of
reasons. The disulfide (Figure 1A), with a bond energy of
around 60 kcal mol™* (251 kI mol™'), is a well-studied
multi-responsive dynamic bond, capable of being acti-
vated using a host of stimuli including heat,*>** UV
light,***> redox,*® shear,?” ultrasound,*® and chemical
catalysts.*® The formed thiyl radicals (or thiolate ions) are
also capable of exchanging with existing disulfide bonds
through an associative process (Figure 1A) that occurs at
a much faster rate than exchange mediated by the
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FIGURE 1 (A). Dynamic exchange of disulfide bonds; (B).

Radical initiated reaction mechanism for a dialkene monomer with
two thiols forming a linear backbone linkage; (C). Radical initiated
reaction mechanism for a dialkyne crosslinker with four thiols
forming a crosslink; (D). Schematic depicting the modular nature of
this dynamic LCE system that allows for selective disulfide
placement in backbone linkages, crosslinks, or both.

sequential breaking and reforming of disulfides.*
Naturally, disulfides have been extended to LCEs, with a
number of works incorporating disulfides into materials
to achieve enhanced reprocessability and post-synthetic
alignment capabilities.'>*>*”*!~** However, among these
reports, the routes for installing disulfides into LCEs vary
greatly and include crosslinking through oxidizing thiols
to disulfides,>*”***® incorporating monomers with pre-
formed disulfide linkages,”®*' or ring opening cyclic dis-
ulfides to form LCEs with polydisulfide backbones.** It is
worth noting that in these dynamic LCEs the location of
the disulfide bond within the network is never expressly
considered, and the disulfide is free to exist in the net-
work anywhere the components or the chemistries per-
mit. This ultimately produces systems where the disulfide
placement is either random or hyper regular making it
impossible to directly compare these systems from the
perspective of dynamic LCE design. As topology is a
critical factor when considering any polymer network,
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it stands to reason that dynamic topology, specifically the
placement of the dynamic bond throughout the network,
is also of critical importance when it comes to consider-
ing dynamic network materials and their properties.
However, to properly test the impact of dynamic bond
placement, the overall network characteristics must be
held constant to isolate the impact of dynamic bond
location.

A benefit of exploring the impact of dynamic bond
location in LCEs comes from the ability to track pro-
grammed mesogen alignment, which directly correlates
to the efficacy of network reorganization resulting from
dynamic bond exchange. As such, the goal of this work
was to design and synthesize a series of modular
disulfide-containing LCEs to elucidate the effect that the
topological placement of dynamic bonds plays on linear
and nonlinear thermomechanical properties across differ-
ent timescales. More specifically the use of a tandem
thiol-ene/yne approach was explored to allow for locking
in key network characteristics (glass transition tempera-
ture (T,), nematic to isotropic transition temperature
(Tn1), plateau modulus, etc.) while systematically varying
the location of the dynamic moieties.

As click chemistries, thiol-ene and thiol-yne reactions
have been well-studied in polymers, in large part for their
rapid initiation and high efficiencies.*>™*” Given that both
alkene and alkyne bonds are capable of reacting with
thiols through a radically initiated pathway where one
alkene can react with one thiol and one alkyne can react
with two thiols, it follows that provided with a stoichio-
metric amount of thiol, both alkene and alkyne moieties
can be incorporated into a single network using the same
initiation process. As such, the current system consists
of dialkene species that serve as linear components
(Figure 1B) and dialkyne species that serve as crosslin-
kers (Figure 1C). Based on this concept, networks synthe-
sized from a series of dynamic and covalent components
based on thiol-alkene/alkyne chemistry would allow for
the controlled placement of a dynamic bond within an
otherwise identical LCE framework (Figure 1D). For this
work, a modular dynamic LCE system was devised using
the disulfide bond as a multiresponsive dynamic linkage
(Figure 1A), installed via a tandem thiol-ene/yne chemis-
try to allow for differentiation in bond placement based
solely on component functionality.

2 | RESULTS AND DISCUSSION

To best isolate the effect of dynamic bond location as a
variable within a dynamic LCE material, a series of
design criteria were followed that include (1) utilizing
molecularly similar monomers to minimize differences in

intermolecular interactions between non-LC compo-
nents; (2) thermally separating the LC transition temper-
ature from the temperature where most disulfide bonds
have been cleaved (>150 °C)**; and (3) targeting a con-
stant concentration of disulfide bonds within the network
across the materials studied. The first criterion serves to
minimize differences in the structure and properties of
the networks outside of the placement of the dynamic
bonds. The second criterion ensures that there is suffi-
cient thermal isolation of the disulfide from the liquid
crystalline transition so the similarity in LCE properties
can be verified without convolution of relaxation events
that occur on account of significant dynamic bond
exchange. The final criterion ensures that the concentra-
tion of disulfide bonds present in any dynamic network
studied is constant, so observed variations are decoupled
from differences in the amount of dynamic character. To
satisfy the first criterion, a series of components including
a LC monomer (1), a dynamic monomer (2D), a covalent
monomer (2C), a dynamic crosslinker (3D), and a cova-
lent crosslinker (3C) were synthesized based on previ-
ously reported literature procedures (see Supporting
Information for complete synthetic details).*** For the
design of the non-LC components, a constant number of
atoms along the molecule's primary axis was targeted
while ester linkages were used to maintain similar polar-
ity and secondary interactions. To satisfy the second crite-
rion, the Ty of the material system was tuned using the
ratio of LC (1) to non-LC monomers (2) as it has been
demonstrated previously in literature that the concentra-
tion of LC content in the feedstock can be used as a
means of tuning the phase behavior for a given LCE.™
A ratio of 3:1 was chosen for 1:2 as this ratio targets a
material with a Ty of around 70 °C which falls between
ambient conditions and where there is significant cleav-
age of the dynamic bond (>150 °C) in order to limit the
impact of thermally-induced disulfide cleavage on the
LCEs' properties.

For the final criterion, it was necessary to find a ratio
of components that allowed for the same amount of
disulfide to be present in both the backbone as well as in
the crosslinks. To achieve this, the molar ratio of non-LC
alkene functionalized monomers (2C + 2D) and alkyne
functionalized crosslinkers (3C + 3D) was set to be
equivalent ensuring that the concentration of disulfide
would be consistent across materials with different
dynamic bond placements. Setting to this alkene/alkyne
ratio should result in a molecular weight between cross-
links of ca. 3000 g mol .

Using the components and design criteria outlined
above, a series of networks were synthesized where only
the location of the disulfide itself is varied within the net-
work. Three different dynamic LCEs with a constant
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concentration of disulfide were targeted (Figure 2): a net-
work where the disulfide is located in 25% of the repeat
units within the backbone (4B, formed using 2D and 3C), a
network where the disulfide is located in every crosslink
(4X, formed using 2C and 3D), and a network where the
concentration of disulfide is split between both the backbone
and crosslinks (4BX, formed using half molar equivalents of
2D, 2C, 3D, and 3C). A nondynamic control LCE (4 N,
formed using 2C and 3C) that contains no dynamic bonds
was also synthesized to determine the impact that incorpo-
rating disulfide bonds into these LCE networks has on their
bulk thermomechanical properties. A mixture of the dithiol
chain extenders 1,6-hexanedithiol (HDT) and 2,2'-(ethylene-
dioxy)diethanethiol (PDT) was selected to inhibit
crystallization.”>* To synthesize these materials, calculated
quantities obtained through use of Carother's equation® of
alkene functionalized monomers (1, 2C, 2D), dithiol
chain extenders HDT and PDT, and alkyne

}

(1 N\ (7 N\

Yy

n

=

Dynamic crosslinks

(4X)

functionalized crosslinker (3C, 3D) were dissolved in tet-
rahydrofuran (THF) with a catalytic amount of the
photoinitiator 2,2-dimethoxy-2-phenylacetophenone
(DMPA). The reaction mixture was then cured though
exposure to UV light (320-390 nm, 100 mW cm™?,
2 x 30s) to yield a solid film. While potential UV-
induced cleavage of the disulfide can result in thiyl spe-
cies capable of reacting with alkenes and alkynes, previ-
ous works have shown the effect of these reactions to be
minimal. For instance, Bongiardina et al. and Soars et al.
both demonstrated a large difference in efficiency between
reactions initiated by thiol generated radicals and those
generated by cleaved disulfides for photo-mediated poly-
merizations.>*> Additionally, work by Kamps et al. dem-
onstrated the low reactivity of aliphatic alkenes with
photocleaved disulfides under ambient conditions in a
study of the photodisulfidation of aliphatic alkenes.”® To
ensure the removal of any unreacted monomers from the
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dynamic LCEs, the films were then cut into pieces and
washed with THF and methanol (MeOH) using a Soxhlet
extractor. After drying under vacuum (16 h, 60 °C), the
materials were melt processed under pressure (1 h, 180 °C,
4 tons) to homogenize the materials into films. Gel frac-
tions were taken for the materials and ranged from 87 to
89 wt%. Thermogravimetric analysis was also performed to
confirm the removal of solvent and unreacted starting
materials (Figure S1).

To assess the thermal transitions of the prepared LCEs,
differential scanning calorimetry (DSC) was employed
(Figure 3A). Analysis of the DSC thermograms reveals only a
minor effect in incorporating disulfide bonds into LCEs when
comparing the non-dynamic 4 N to the disulfide-containing
4B, 4BX, and 4X that manifests as a 3-6 °C decrease in both
the glass T, and Ty;. However, the Tgs and TS as measured
in DSC, ca. =33 °C and 71 °C respectively, for the dynamic
LCEs 4B, 4BX, and 4X fall within a few degrees of one
another. This suggests that placement of the disulfide bond
does not have a large impact on the liquid crystalline
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FIGURE 3 (A). Differential scanning calorimetry
thermograms of dynamic liquid crystal elastomer films; (B). Shear
rheology dynamic temperature ramps of storage modulus (solid
shapes) and tan(delta) (empty shapes) for dynamic LCEs.

transition, implying that the bond placement does not
strongly impact the packing stability of the mesogenic units.
The similarity in thermal properties was corroborated by
the small angle oscillatory shear (SAOS) rheology data
(Figure 3B). The measured storage modulus (G') for all sam-
ples were found to nearly overlap across the entire tempera-
ture range probed (—50 °C to 180 °C). A steep decrease in
the G’ curve as well as a peak in the tan(5) curve correspond-
ing to the T, appears ca. ~17 °C for all materials which fur-
ther confirms that a consistent set of thermal properties was
achieved. A shoulder from 10 °C to 70 °C in the tan(8) curve
is indicative of the nematic character of the networks and
has been reported for previously studied LCEs.”” Around
70 °C, a minimum in the G’ curve and a corresponding step
in the tan(5) curve (commonly ascribed to the Ty for an
LCE”’) further demonstrate congruence in the liquid crystal-
line character of the dynamic materials and is in line with
the trend observed in the DSC data. These data serve to
establish the similarity of these materials despite their varied
dynamic bond placement. To probe the nonlinear properties
of the dynamic LCEs, tensile tests, dynamically programmed
alignment, and wide-angle x-ray scattering (WAXS) experi-
ments were performed on the series of dynamic materials to
determine if dynamic bond placement alters the structural
arrangement of the network in the nonlinear/high strain
regime where LC alignment is induced.

To determine the programming strain conditions, ten-
sile tests were performed under ambient conditions (22 °C)
on rectangular samples of 4B, 4BX, and 4X, where the
materials were elongated at a constant rate (5 mm min ')
until failure. Much in line with the trends observed thus
far, all measured tensile curves appear highly similar
(Figure S2), suggesting that nonlinear tensile behavior
under ambient conditions does not appear to be impacted
by the placement of the disulfide bond within the network.
A representative tensile curve of 4B (Figure 4A) demon-
strates the different mechanical regimes inherent to LCEs.>
At low strains (0%-10% strain), the material possesses a pri-
marily elastic response dominated by the LC domains. At
intermediate strains (10%-60% strain) the material passes
into a soft elastic state characterized by a plateau with a
low change in stress, as stress is primarily being dissipated
by mesogens rotating throughout the material. Once the
majority of the mesogens are rotated such that their align-
ment is in the direction of the stress, the material enters a
strain hardening regime (60%-150% strain) where the slope
of the tensile curve begins to increase as the network
increasingly resists alignment.

Utilizing the stress—strain profiles, a rectangular sam-
ple of each material was subjected to a programming pro-
cess adapted from literature® to determine how dynamic
network reorganization in the aligned nematic phase is
affected by the location of the disulfide bond. In order to
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FIGURE 4 (A). Stress-strain profile of an as pressed sample of
4B; (B). 2D WAXS image of an as pressed film of 4B; (C). 2D WAXS
image of an aligned programmed film of 4B; (D). Plots of
normalized intensity as a function of angle for both an as pressed
and programmed aligned film of 4B.

remain below Ty; and preserve mesogen alignment, UV
light was used as a dynamic stimulus to trigger disulfide
exchange.”>** For this process, the samples were
stretched to 100% strain in the strain-hardening regime

(to ensure rotation of the majority of mesogens had been
induced). The samples were then fixed at this strain
between two glass slides and then exposed to UV light
(320-390 nm, 200 mW cm?) for 15 min on each side.
Upon removing the samples from the slides, they were
heated above their Ty; to induce a contraction to their
initial state, and upon cooling, the materials adopted
their new dynamically programmed elongated state.

To quantify the extent of alignment, WAXS measure-
ments were taken on as pressed 4B, 4BX, and 4X as
well as their dynamically programmed counterparts. The
as pressed 4B displays an isotropic 2D WAXS pattern
(Figure 4B) indicative of the statistical alignment of the
domains in the polydomain material at every angle demon-
strating the lack of overall alignment in the sample. For the
dynamically aligned sample of 4B (Figure 4C) the 2D pat-
tern clearly changes to that of an anisotropic response with
increased intensity of scattering in the vertical axis which
indicates preferential alignment of the mesogens in the hor-
izontal axis along which strain has been applied. Upon ana-
lyzing the plot of intensity as a function of azimuthal angle
(Figure 4D), it becomes apparent that a significant change
in alignment character has been imposed on the dynami-
cally aligned sample. The fitting of these plots using the
Kratky method>® allows for the calculation of the Hermans
order parameter (S)* for these systems where the as
pressed material has an order parameter of S = 0.01 while
dynamically programmed sample has an order parameter
of S =0.29. Critically, this trend holds true for the other
materials as well with 4BX (Figure S3) having order param-
eters of S=0.01 and S=0.29 for the as pressed and
dynamically programmed respectively and 4X (Figure S4)
having order parameters of S = 0.03 and S = 0.30 for the
as pressed and dynamically programmed respectively. This
similarity in values not only suggests that the reorganiza-
tion process under strain conditions can be achieved utiliz-
ing the multi-responsive character of the disulfide bond,
but also that under this set of ambient and active nonlinear
conditions important for LCE actuation, the placement of
the disulfide does not hinder the processes required for net-
work reorganization. Up to this point, it has been demon-
strated that the placement of the disulfide within the LCE
network has seemingly not impacted the materials’ properties.
However, it is important to note that so far, the testing was
done either in the nematic state where LC interactions are
engaged or using methods that probe short relaxation time-
scales (at sufficiently low temperatures) within the material.

To isolate the impact of the location of the disulfide
bonds, high temperature (i.e., well above the Ty of
ca. 70 °C) shear stress relaxation studies were performed
on the dynamic LCEs. Figure 5 shows the stress relaxa-
tion behavior in the linear viscoelastic regime (Figure S5)
for 4B, 4BX, and 4X across a range of temperatures from
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FIGURE 5 Temperature dependent stress relaxation curves for
dynamic LCEs fitted to stretched exponential functions, with z*
values determined by the fit. (Inset) Arrhenius curves
demonstrating the linear relationship between In (z*) and
temperature for a given sample. Errors for activation energies are
derived from the linear fit of the data.

160 °C to 180 °C (3% strain, 1 h), which represent an exper-
imentally active window (that maintains Arrhenius behav-
ior®>®") for the disulfide exchange. A stretched exponential
relaxation model was used to fit the data (fit parameters
shown in Figure S6), which allowed for acquisition of char-
acteristic relaxation times (¢*) for these highly viscous sys-
tems where the characteristic relaxation time is defined as
the time needed for the initial stress to decay to 1/e of its
initial value. As shown in the insets for Figure 5, the fitted
7* values across the measured range behave in an Arrhenius
fashion. Interestingly, the activation energy of relaxation for
4B and 4X were found to be starkly different. The 4B sample
was found to have a considerably smaller activation energy
of relaxation relative to 4X (205 + 15 vs. 262 + 8 kJ mol %).

Dynamic Dynamic
Crosslink Backbone
(4X) (4B)
(A)

High molecular weight
Pendant active species

Lower molecular weight
Chain-end active species

FIGURE 6
lower relative mobility pendant active species formed by the

(A). A schematic of the higher molecular weight,

cleavage of a disulfide in a material with only dynamic crosslinks
(4X); (B). A schematic of the lower molecular weight, higher
relative mobility chain-end active species formed by the cleavage of
a disulfide in a material with only a dynamic backbone (4B).

For reference the reported values of the activation energy of
a disulfide bond is ca. 251 kJ mol *.%* The activation energy
of relaxation of 4BX (188 + 12 kJ mol™') was found to be
within error of 4B film, suggesting that the backbone-based
relaxation processes dominate this film's overall relaxation
behavior.

It is hypothesized that the observed differences in
activation energies between systems with differing
dynamic bond location stem from the ability of the disul-
fide to effectively exchange under these conditions. As
demonstrated in recent work by Lessard et al., diffusion
of species has been shown to play an important role in
the relaxation processes of dynamic covalent networks,
where increases in molecular weight (and therefore lower
diffusability) resulted in higher activation flow energies,
slower relaxations, and lower recovery flow rates.®* From
a dynamic topology perspective, significant disulfide
cleavage in the case of a material that is only dynamic
at the crosslinks would result in very high molecular
weight linear polymer species. The diffusion of this type
of high molecular weight species and its ability to
exchange are limited by the movement of the entire
polymer chain resulting in lower mobility towards finding
an exchange partner (Figure 6A). However, in the
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idealized case of significant disulfide bond cleavage in a
material with backbone-placed disulfides, an unbound
lower molecular weight species (~6 kg mol ' 4-arm stars)
should theoretically be formed free from the network
where the active thiyl radicals exist at the free species’
chain-ends (Figure 6B). This decrease in the molecular
weight associated with the free species would suggest a
greater diffusability for the active thiyl radicals and a
greater chance of finding a disulfide to exchange with.
Therefore, it is possible to tune the activation energy for
the relaxation processes in a dynamic LCE by controlling
the architecture of the active species formed under condi-
tions where the dynamic bond is active.

3 | CONCLUSION

In this work, a tandem thiol-ene/yne strategy for synthe-
sizing disulfide-containing LCEs was developed where
the topological location of the dynamic bond was modi-
fied through targeted choice of network components with
different functional handles. Characteristic thermal tran-
sitions such as the T, and Ty; were found to be consistent
between DSC and SAOS rheology. Additionally, the post-
synthetic programming capability of these dynamic mate-
rials was found to be consistent between the different
placements of the dynamic bond with the achieved order
parameter being similar for the suite of dynamic mate-
rials. However, at higher temperatures, temperature-
dependent stress relaxation experiments demonstrated a
divergence in properties where materials with disulfides
only located in crosslinks (4X) have a markedly higher
activation energy than materials that incorporate disul-
fides into backbone linkages (4B and 4BX). These results
suggest that designing dynamic species with high degrees
of diffusability for the active species can result in lower
activation energies for relaxation processes, and future
works can adopt these design principles as a means of
altering properties like processing time without changing
other material properties or the chemistry being utilized.
As such this provides an additional method of tuning the
programmability of dynamic LCEs and the overall pro-
cessing of other types of dynamic networks.

4 | EXPERIMENTAL MATERIALS
AND METHODS

See Supporting Information for full experimental details.
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