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ABSTRACT: Liquid crystalline elastomer networks crosslinked by dynamic covalent bonds (xLCE) have the ability to be

(re)processed during the plastic flow. However, the current
bond-exchange strategies that are used to induce plastic flow
in xLCE lack the efficient method to control the elastic-plastic
transition. Here we describe a straightforward method to ma-
nipulate the transition to plastic flow via the choice of catalyst
in xLCE crosslinked by siloxane. The nature and the amount of
catalyst have a profound effect on the elastic-plastic transition
temperature, and the stress relaxation behavior of the network.
The temperature of fast plastic flow, and the associated bond-
exchange activation energy, varied from 120°C and 83 kJ/mol in
the ‘fastest’ exchange promoted by triazobicyclodecene (TBD)
to 240°C and 164 kJ/mol for in the ‘slowest’ exchange with tri-
phenylphosphine (PPH), with a range of catalysts in between.
We have identified the optimum conditions for programming
an aligned monodomain xLCE: high programming temperature
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(230°C) and low nematic to isotropic transition (60°C), to achieve thermally and mechanically stable actuators.

Covalent crosslinking of liquid crystalline polymer chains
forms a distinct reference state, with respect to which the
changes in liquid crystalline order in elastomers can produce
significant and reversible actuation up to 400% actuation
strain.» The large reversible actuation enables novel applica-
tions ranging from biomedical devices3 to soft robotics.4 Es-
tablishing permanent molecular alignment (monodomain) in
LCE is essential for load-free reversible actuation. The mo-
lecular alignment must be fixed by covalent crosslinking in
the reference state, and can be achieved through one of the
following three methods: mechanical strain with two-step
crosslinking process,57 surface alignment on a substrate,9 or
crosslinking after shear extrusion.’" However, all of these
methods can be difficult to use in practice (and in complex
geometries) because the required molecular alignment must
occur before final reaction is completed, which results in
unavoidable competition between the alignment and the
crosslinking.

Recently, vitrimers, or more broadly - polymer networks
crosslinked by dynamic covalent bonds, emerge as a reliable
technique to process polymer networks during the stress-
induced plastic flow above a certain ‘vitrification’ tempera-
ture.>3 This term is used broadly, but it is well understood
that this is not a transition temperature: the bond exchange
is a thermally activated process, with its rate an exponential
function of temperature, so there is a certain range of tem-
peratures where the rate increases and the plastic flow be-
comes noticeable at the experimental time scale. This tech-
nique is utilized successfully in LCE to produce the ‘ex-

changeable’ xLCE capable of re-alignment, recycling, and
remolding, enabled by several dynamic covalent bonding
chemistries. Transesterification'4’s was first employed as a
bond-exchange mechanism to achieve complex alignment in
xLCE, later followed by other strategies, such as disulfide,*
free-radical addition-fragmentation chain transfer, 78 ex-
changeable urethane bonds,” boronic transesterification,?°
Diels-Alder dynamic bonds,> and more recently siloxane
bonds exchange>>23. However, all of these bond-exchange
strategies lack the robust method to control the plastic flow
above the nematic to isotropic transition temperature (Thpi).
Ideally, the plastic flow temperature (vitrification tempera-
ture, Ty) should be separated as far as possible from Ty so the
useful actuation process is not affected by the plastic creep.
In other words, Ty should be relatively high to enable re-
processing, whereas Tp; should be much lower to induce the
thermal actuation in a mechanically stable network. In dy-
namic polymer networks, the rate of bond exchange increas-
es rapidly with increasing temperature.>* If the activation
energy of bond exchange is not very high, as a result of sev-
eral thermal actuation cycles, the xLCE actuator would grad-
ually lose its functionality due to the residual creep and the
associated loss of molecular alignment.
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SCHEME 1. a) The summary of the reaction scheme: the mesogenic di-acrylate (RM82) first reacts with di-
thiol (EDDT), which is in excess. Secondly, the thiol-terminated oligomer chains are photo-polymerized
with the vinyl bonds of the ring-siloxane to form a permanent (b) the general scheme of siloxane exchange
enabled by base catalyst. (c) Catalysts used to enable the siloxane bonds exchange

In this paper, we introduce a systematic method to con-
trol the plastic flow transition via the choice of catalyst using
siloxane-based liquid crystalline networks. Siloxane chemis-
tries are ideal to produce high-performance LCE due to their
superior thermomechanical properties (low glass transition,
high failure strain, and high actuation stroke), compared to
the traditional hydrocarbon materials.>4 The equilibrium
exchange of siloxane dynamic bonds has been known since
1954 when Osthoff et al. discovered that bond exchange can
be triggered via acid or base catalyst at an elevated tempera-
ture.>52¢ This interesting discovery has long been overlooked,
because the polymer community at the time was interested
in developing stable and “permanent” networks. In 2012
McCarthy et al. showed that this powerful siloxane bond
exchange can be used to reprocess crosslinked polydime-
thylsiloxane (PDMS) post polymerization.2? However, the
thermal stability (e.g. plastic flow induced by bonds ex-
change) of this class of dynamic networks remains largely
unexplored even in isotropic siloxane elastomers.

Controlling the elastic-plastic transition temperature is
very important, as it largely dictates the processability and
applications of the dynamically crosslinked networks. For
instance, processing thermally active materials such as xLCE
requires high plastic flow temperature. Moderate plastic flow
temperature can be attractive for recycling and remolding of
regular siloxane networks such as PDMS. Low plastic flow
temperature is useful for self-healing applications, where the
activation of the siloxane bonds needs to be around room
temperature. Here we study chemical methods to control

strands) resulting in the higher plastic flow transition tem-
perature; this is a suitable range to recycle and remold the
ordinary PDMS.>? Whereas stronger base of quaternary am-
monium salt (e.g. tetramethylammonium hydroxide) enables
siloxane bond exchange at much lower temperatures ranging
from 5 to 60°C.29 Low temperature siloxane bonds exchange
is successfully utilized to produce self-healing PDMS. Like-
wise, an appropriate amount of aggressive base (e.g. primary
or secondary amine) can completely solubilize crosslinked
siloxane networks due to the fast reversible siloxane-amine
exchange at room temperature.3° This may have the potential
to chemically recycle PDMS at relativity mild temperatures.
Building upon these studies, here we describe a systematic
method to control the plastic flow via catalyst in siloxane
based xLCE.

It is important to note that we are using the same cross-
linking density, keeping this variable of the process fixed: we
are only changing the nature and the amount of catalyst.
We are guided by the recent work on using the thiol-
acrylate/ene reaction to design LCE with uniform and highly
controllable network structures.42>3 We rationally incorpo-
rated exchangeable siloxane bonds within the LCE networks
to enable the plastic flow at distinct temperatures in the
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increasing the amount and degree of basicity of the catalyst
lowers the activation temperature of the siloxane bonds (and
thus lowers the plastic flow temperature). A number of stud-
ies have shown that a small amount of mild base (e.g. 0.1 to
0.2 wt% of bis(tetramethylammonium) oligodimethylsilox-
anediolate) allows for rapid bond exchange occurring from
90 to 140°C.2728 This temperature range is controlled by the
crosslinking density, with higher density (shorter network
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SCHEME 2. The principal route of siloxane
exchange in our network via nucleophilic cleav-
age of Si-O bonds via (a) base catalyst or (b) salts.



presence of a catalyst. We first prepare LC oligomer chains
via the self-limiting thiol-acrylate Michael addition between
mesogenic diacrylate, RM82 (at 1 molar ratio) and isotropic
dithiol, EDDT (in excess, at 1.4 molar ratio). The Michael
addition is catalyzed via an amine-based catalyst TEA, unless
otherwise indicated. The di-thiol oligomer is then radically
crosslinked with a 0.4 molar ratio vinyl siloxane crosslinker,
TMTVCTS (Scheme 1a). The overall reaction scheme is simi-
lar to a previously reported method.>>3'3> To systematically
investigate the influence of catalyst, we selected a wide range
of catalytic systems varying from strong base (triazobicy-
clodecene, TBD), nucleophilic agent (triphenylphosphine,
PPH), mild base salts (sodium octanoate, Na*), and tetrame-
thylammonium siloxanolate, TMA-Si), see Scheme 1c for
chemical structures. In general, the mechanisms of catalysis
of these systems have been well-studied since the 1950s and
attributed to nucleophilic cleavage of Si-O bonds (Scheme
1b).252633 However, the mechanism of catalysis by TBD is
different from those of metal or siloxanate salts. TBD allows
for reversible bonds exchange between crosslinker bonds (Si-
0O) and TBD (N-H) bonds (scheme 2a).3° The other catalysts
enable generation of reactive end group capable of anionic
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Figure 1. (a) Iso-force temperature ramp plots for
all catalysts at the same 1%, using constant
engineering stress of 65kPa and heating rate of
2°/min. (b) Normalized stress realaxtion as a
founction of time at 190°C for the same materials,
data fitted by the exponential relaxation model.

polymerization (scheme 2b).2733 Variation in catalysis mech-
anism, reactivity, and their own thermal stability produces
dynamic networks with very different plastic flow tempera-
ture, stress relaxation, and bond-exchange activation energy.

It is important to identify the decomposition temperature
(Tq) of a network crosslinked by dynamic covalent bonds to
find the processing temperature window (the processing of
such material must take place well below Tq). Thermogravi-
metric analysis (TGA) is initially used to study the decompo-
sition of each xLCE network containing 1 wt% of a catalyst
under nitrogen (Figure Sia, Supporting information). Most of
the examined polymer networks show remarkable thermal
stability, where the 5% mass loss occurs above 300 °C (TMA-
Si, Na+, and PPH). On the other hand, the sample which
contains 1 wt% TBD exhibits significantly lower T4 (270°C)
compared to the other catalysts. This can be attributed to the
unique mechanism of TBD catalysis. The interaction between
TBD and the siloxane crosslinker generates significant num-
ber hydroxy groups, (-OH-) (Scheme 2a). These hydroxy
groups can result in side reactions with the ester groups (-
COO-) in the mesogen. However, the tendency of this side
reaction decreases as Tq increases with decreasing the
amount of TBD (which we test and illustrate in Figure Sib,
Supporting information). Having established the decomposi-
tion limit for our materials, we processed to test thermal
properties for our xLCE networks at temperatures at least 50°
C below Tq.

Constant force (‘iso-force’) temperature ramp experiment
is an efficient method to characterize the elastic-plastic tran-
sition3435 (Figure 1a). This experiment monitors the exten-
sional strain in the elastic (permanent siloxane bonds) and
the plastic (exchanging siloxane bonds) regions, at constant
tensile stress at increasing temperature. In a permanent rub-
bery network, at constant stress, one expects the strain to
decrease, as the rubber modulus increases linearly with tem-
perature (entropic elasticity). Transition to plastic flow is
then marked by a change in the slope of this curve, as the
magnitude strain starts increasing with temperature in the
plastic region - this temperature of onset of plastic regime is
listed for all materials in Table S1, Supporting information. At
a much higher temperature, the strain finally diverges when
the rapid flow regime sets in. This point depends on the rate
of heating, but broadly defines the upper boundary of the
elastic-plastioc transition region, also listed in Table S1, Sup-
porting information. This experiment can be a little compli-
cated in an xLCE material3s due to the effect of thermal actu-
ation below Ty, therefore, we start at T=100°C: well in the
isotropic phase (see the DSC plot, Figure S2, Supporting in-
formation). The plastic flow temperature range for TBD is
much lower compared to other catalysts, all using equal
amount of catalyst at 1 wt%. This can be attributed to the
difference in the catalysis mechanism, since TBD uses its
reactive secondary amine bond to form reversible Si-O
bonds.3° As expected, the stress relaxation follows the same
trend as observed in the iso-force test, confirming that TBD
relaxes the stress much faster at 190°C (Figure 1b). PPH,
TMA-Si, and Na* have fairly similar plastic flow and stress
relaxation behavior, due to the similarity in their catalysis
mechanism.



The effect of the amount of catalyst has been studied in a
variety of dynamic covalent bond systems using both theo-
retical and experimental models.34 Most of the studies sug-
gested that the exchange reaction rate varies with the cata-
lyst concentration (until saturation at a high concentration).
Therefore, we investigated the influence of TBD concentra-
tion on both plastic flow and stress relaxation, varying the
TBD concentrations from 1, 0.5, 0.2, and 0.1 wt% (Figure 2).
Increasing the concentration of TBD leads to a decrease in
the plastic flow temperature (Figure 3a) and an increase in
the stresses relaxation rate (Figure 3b). This can be attribut-
ed to the diffusion rate of catalyst (increasing the probability
of meeting the reacting groups, see ‘rate of attempts’ below).
It is important to note, we were not able to reach catalytic
saturation in our system. Beyond the saturation concentra-
tion any increase in catalytic concentration will not further
affect the plastic flow temperature and the stress relaxation.
This is because the reaction systems we adapted (thiol-ene
radical polymerization) prevent us from using amine catalyst
at higher than 5 mol% (Scheme 1), as a recent study from the
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Figure 2. (a) Iso-force temperature ramp plots for
four different concentration of TBD, using
constant engineering stress of 65kPa and heating
rate of 2° /min. (b) Normalized stress realaxtion as
a founction of time at 190°C for the same TBD
concentrations, data fitted by the exponential
relaxation model.

Bowman group suggested that excessive amine adversely
affected the thiol-ene reaction conversation.3® Therefore we
used amine concentration below that threshold. Further-
more, using larger amount of TBD can produce significant
amount of free hydroxy group upon its interaction with the
siloxane groups which may initiate unwanted transesterifica-
tion reaction with ester groups in the mesogenic monomer.

To further investigate the details of the bond-exchange
reaction, and the influence of catalyst (presenting TBD, Na,
TMA-Si, and PPH), we studied the stress relaxation of our
xLCE networks at different temperatures. This is a classical
experiment, illustrated in Figure 3a for PPH: after a fast step
in strain, the relaxing stress is scaled and fitted by a model
exponential relaxation curve &(t) = e~t/*. The relaxation
time t, obtained by such a fitting is a strong function of tem-
perature: relaxation is much faster at higher temperatures,
according to the activation law: 7(T) = 7,e2¢/%s7, where AG
is the free energy of reaction activation and 75! is called the
‘rate of attempts’ (determined by the diffusion of catalyst and
the accessibility of the reaction site). Figure 3b presents the
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Figure 3. (a) Normalized stress realaxtion plots for
1wt% PHH, at several temperaures. (b) Arrhenius
plots of the stress relaxation time ©(T) for all
catalysts (at 1 wt%). The linear fitting of In(t) vs. 1/T
gives the activation energy of the bond exchange.



results of many relaxation experiments summarized in the
Arrhenius plot, showing the In(t) vs. 1/T. The slope of the
fitted line gives the value of activation energy AG while the
vertical elevation of each data set indicates the changing rate
of attempts. In the increasing order, we obtained the activa-
tion energy TBD (83 kJ/mol), compared to TMA-Si (u6
KkJ/col), Na+ (128 k]J/mol), and finally PHH (164 kJ/mol). On
the other hand, comparing the data for TBD at different con-
centrations, we found that the activation energy of the reac-
tion is the same, while the observed difference in relaxation
time is due to the difference in the rate of attempts: the ver-
tical offset in the Arrhenius plot (see Table S2 and Figure Sg,
Supporting information). On reflection, this is reassuring,
since the reaction mechanism (and so the activation energy)
are indeed the same.

To have an LCE material perform as an actuator, its inter-
nal alignment needs to be fixed in a certain pattern (in the
simplest case - as a uniform aligned monodomain). xLCEs
are typically aligned (programmed) during the plastic flow
where bonds reshuffling occurs rapidly. Applying constant
stress to xLCEs isothermally at a temperate above the range
of elastic-plastic transition can result in a large creep. Our
previous study shows that 100% strain (creep induced) is
sufficient to affect permanent uniform alignment in these
materials. The nature and amount of catalyst not only alter
the plastic flow temperature (Ty) and the stress relaxation
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Figure 4. a) Unixal alignment of monodomain in
xLCE. Programing temperaure depends on nature
and concentration of catalyst. Sample can be
programed at 120 °C for 1 wt% TBD or 230 °C for 0.1
wt% TBD or 1 wt% PPH. b) Thermal acuation over 5
heating cycles for 1 wt% PPH. The sample is
thermaly cycled between -50 to 100°C

behavior, but also influence the optimal temperature at
which xLCE samples can be programed. To demonstrate the
effect of the catalyst on the programing temperature, we
compared the effect of TBD and PPH (using the equal
amount of 1 wt% each). These catalysts are selected because
of their non-volatility (high boiling temperatures: 263°C for
TBD and 377°C for PPH) and their ability to allow program-
ming at low or high temperature, owing to their very differ-
ent rates of bond exchange. It is important to note that the
amount of TBD can also be varied from 1 to 0.1 wt%, which
also enables programming xLCEs at low or high tempera-
tures, respectively. The programming temperature must be
selected within the plastic flow region (above the T, and be-
low Tq). Here, we chosen 120°C as an ideal programming
temperature for sample containing 1 wt% of TBD, and 230°C
for samples containing 1 wt% PPH, and similarly for 0.1 wt%
TBD. The effect of catalyst on programming is illustrated in
Figure 4a. To achieve a creep of 100 % strain, the engineer-
ing stress is quickly ramped to 100 kPa, isothermally at 120°C
for 1 wt % TBD, or at 230°C for 0.1 wt% TBD or 1 wt % PPH.
The creep time is strongly affected by the applied stress;
hence one may choose different conditions depending on
whether the fast or slow programming is required. Sample
with 1 wt% PPH reaches the target 100% strain twice as fast
than 0.1 wt% TBD (and the rest of the samples, not shown in
the plot), even though PPH has the largest bond-exchange
activation energy AG. This result suggests that the creep time
at constant stress can also be influenced by the nature of
catalyst, and the corresponding rate of attempts of the reac-
tion. The contrasting result for 1wt% TBD in Figure 4a is
because we chose a much lower temperature for this pro-
gramming process: this illustrates how to influence the pro-
gramming process even for a catalyst with the highest rate of
bond exchange.

As we have mentioned in the introduction, it is best to
design xLCE actuators with a high programing temperature
to enable re-programing, and a low Ty to induce thermal
actuation in the mechanically stable regime. Since Tp; does
not change with changing the nature or the amount of cata-
lyst (~60°C for all samples regardless of their type), therefore,
samples with 1 wt% PPH or o.1 wt TBD are ideal candidates
to achieve thermally stable actuators, due to the large separa-
tion between the programing temperature (230°C) and Ty
(60°C). Thermal actuation cycles for xLCE with 1 wt% PPH
are shown in Figure 4b. The sample is cycled between -50
and 100°C with a constant rate of 3 K/min. The magnitude of
actuation under small bias stress of 10 kPa is ~45% strain. As
expected, the sample maintains stable actuation over several
heating and cooling cycles without a creep decay. The same
stable actuation pattern is found for xLCE with 0.1 wt% strain
(Figure S4, Supporting information).

In conclusion, we report the design of xLCE materials
based on siloxane bonds exchange using the click reactions
(thiol-acrylate and thiol-ene). We have shown that siloxane
bond exchange can be tuned by altering the nature and the
amount of catalyst. The nature and the amount of catalyst
have a profound effect on the elastic-plastic transition tem-
perature, the stress relaxation, and the monodomain pro-
graming temperature of the LCE networks. As a result, we
were able to design mechanically and thermally stable xLCE
actuators.
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