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Light-responsive liquid crystal elastomer networks (LCNs) have received significant interest due to their potential
application in soft robotics and shape-morphing devices. Here, we present a systematic examination of light-
responsive LCNs prepared using a catalyst-free Diels—Alder cycloaddition and a new azobenzene functionalized
monomer for main-chain incorporation. The networks have robust mechanical stiffness that can be reversibly
modulated by 1 GPa by turning the UV light on and off. This study highlights the contribution of photothermal
softening to reversibly control rheological properties of the newly developed LCNs and demonstrates the ability
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to tune the modulus on demand. We believe this work will guide future developments of light-responsive LCNs
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Introduction, results and
discussion, experimental

Liquid crystal networks (LCNs) represent a class of stimuli-
responsive materials, offering a unique synergy between molecular
order inherent in crystalline materials and elasticity of rubber."”
LCNs typically consist of two fundamental elements: a crosslinked
matrix material that forms the primary elastomer network and
responsive molecules that induce beneficial properties in polymers
in response to heat,® pH change,” electrical, or optical stimuli.® The
interplay between the inherent anisotropy of liquid crystals, the
network architecture, and the stimuli-responsive motifs introduces a
remarkable level of tunability to obtain the desired thermo-
mechanical and dynamic properties of the polymer.”

Incorporating photo-responsive molecules into LCNs enables
spatial and temporal material responses, as well as modulation in
the material’s structure and behaviour corresponding to changes in
light intensity, wavelength, or polarization. This adaptability can be
controlled by a range of photo-responsive chromophores, including
azobenzene,® diarylethene,” DASA,'® hydrazone,'" as well as a num-
ber of organic dyes and photothermal agents."> Among these,
azobenzene (Azo)-derived photoswitches have emerged as particu-
larly versatile and the most widely used molecular motif. This is
primarily due to their convenient chemical incorporation into LCNS,
chemical tunability, large configurational change and reversible
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based on the newly developed Diels—Alder cycloaddition.

photoisomerization."® Upon absorbing light of a specific wave-
length (typically in the UV region), azobenzene transitions from
the thermodynamically stable ¢rans-state to the higher energy
cis-state. This photoinduced isomerization is reversible, and
the cis-isomer can convert back to the trans-isomer through
thermal relaxation (T-type) or exposure to a different wave-
length of light (P-Type). These properties have contributed to
the widespread use of azobenzene-derived photochromes in
LCN-based actuators and responsive soft materials.

In 2022, we reported a new set of LC monomers that
incorporates furan- and maleimide-functional groups, enabling
the construction of LCNs using a catalyst-free Diels-Alder (DA)
cycloaddition.™ Since network formation occurs via an uncata-
lyzed electrocyclization, this single-pot process can be per-
formed open to ambient conditions, on a laboratory bench
without the need for a photocatalyst or external reagents. By
adding photochromic molecules, the material’s properties such
as stiffness and shape can be dynamically tuned by exposure to
light. The work presented here examines the effects of light
stimulation on the rheological properties, photothermal soft-
ening, and bending actuation of azo-containing uniaxially
aligned glassy LCNs (Fig. 1a). Such properties are important
for future studies in soft robots,">*® adhesion'” and for light-
activated damping.'®

Results

To incorporate azobenzene (Azo) core into the DA-based LCN
system, furan-functional groups with a six-methylene chain

J. Mater. Chem. C


https://orcid.org/0000-0003-2770-9477
https://doi.org/10.1039/d4tc01281j
https://doi.org/10.1039/d4tc01281j
https://rsc.li/materials-c
https://doi.org/10.1039/d4tc01281j
https://pubs.rsc.org/en/journals/journal/TC

Published on 10 July 2024. Downloaded by University of California - Santa Barbara on 7/23/2024 5:14:17 AM.

Paper

View Article Online

Journal of Materials Chemistry C

(a) Schematic illustration of photo-responsive behavior in azo-containing LC network film
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(b) Synthesis of Furan-functionalized Azo LC and two types of LC network film
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Fig. 1 (a) Photo-responsive behaviour in azo-containing liquid crystal network film (b) synthetic route of furan-functionalized azobenzene liquid crystal
(AzoFu) and film fabrication of two types of liquid crystal (LC) network (polydomain and monodomain): (i) K,COs, KI, DMF, 90 °C, 12 h; (ii) annealed for
7 days at 50 °C, 78 °C, 95 °C respectively in the case of 78 °C, planar surface alignment is used for fabricating monodomain LCN.

spacer were prepared via carbodiimide EDC coupling with the
terminal ends of azobenzene-diol (Azo diol) (Fig. 1b)."* The
synthetic procedure and characterization are described in ESIT
(Fig. S1 and S2). To evaluate the properties of AzoFu building
block, we first examined the thermodynamic behaviour and
molecular packing structure using DSC and powder X-ray
diffraction (Fig. S3, ESI{). In these experiments, we observed
slightly different results in powder samples prepared by
solvent-evaporation under vacuum and annealing at 80 °C
(Fig. S3a and b, ESIt)." In the thermodynamically stable state
(annealed), the retention of a broad endothermic peak (84 °C)
during repeated heating processes indicates a crystal melting
point (T,,,) and decent thermal stability. The nematic to iso-
tropic point (Ty,;) was not observed under these conditions.
Given the length of single AzoFu molecule (4.00 nm) and
distinct higher order diffraction ((003), (004), (005)), the mole-
cular packing structure of the liquid crystal is expected to
possess a smectic A structure with the layer d-spacing of
3.87 nm.?° These results suggest that the AzoFu molecules
are uniformly dispersed within the LCN platform and well-
aligned along the ordering direction of the matrix LC mole-
cules. In contrast, the powder derived from the solvent-
evaporated state formed a less stable state with closer packed
n-7 interaction with two distinct d-spacing values (0.31 and
0.30 nm), however no clear higher-order packing structure.

To prepare photo-responsive AzoLCN, we blended mono-
mers in the optimized molar ratios (MFu: 47%, MMal: 43.7%,
AzoFu: 5.1%, TMal: 4.2%). The resulting mixture was then used
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to fabricate the AzoLCN based on our previous work (Fig. 1(ii)).*
Here, we considered two factors: surface enforced molecular orienta-
tion and processing temperature, which can influence the final
physical properties and actuation behaviour of the AzoLCN.**
Motivated by these considerations, polydomain films (pAzoLCNs)
were prepared at 50 °C, 78 °C, and 95 °C, respectively, while a
monodomain film (mAzoLCN) was prepared with a planar surface
alignment at 78 °C (nematic phase). The LC properties of these films
were characterized by polarized optical microscopy (POM). As
expected, there was no optical difference observed by POM for the
polydomain AzoLCNs in any direction (Fig. 2a and Fig. S4, ESIt). For
the aligned mAzoLCN, we observed a nearly uniform bright texture
in the film set at 45° to the polarized optical filters, while no
transmitted light was observed at 90°, indicating uniaxially well-
aligned molecular orientation.

To investigate the ability to induce photo-responsive deformation
in AzoLCN, free-standing cantilevers (13 mm x 1.3 mm x 10 um)
were prepared and monitored under UV and visible light irradiation
(Fig. 2b and Fig. S5, ESIT). It is well known that the azobenzene’s
isomerization (trans—cis) can enhance nanoscale voids in the glassy
LCN, thereby inducing volume distribution that leads to macro-
scopic deformation (expansion/contraction).”® Upon UV light irradia-
tion (20 mW cm™?) for 3 minutes, the glassy pAzoLCN quickly bent
away from the UV light; however, it did not return to its original
shape after UV light irradiation was stopped. Additionally, the
PAzZoLCN remained unchanged after subsequent visible light irra-
diation (3 minutes). During 5 cycles alternating between UV and
visible light irradiation, the pAzoLCN continued to bend down,

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) POM images of polydomain AzoLCN (pAzoLCN) and mono-
domain AzoLCN (mAzoLCN) under the crossed-polarizers (P:. polarizer
direction). Tip deflection tracking for photo-responsive actuating beha-
viour of (b) pAzoLCN and (c) mAzoLCN|| under alternative UV or visible
light irradiation each for 3 minutes. Inset are the images of the photo-
responsive actuating behaviour at each point.

resulting in a —4.5 mm end tip deflection (inset of Fig. 2b). The
other pAzoLCN cantilevers prepared at different temperatures
(at 50 °C for pAzoLCN50 and at 95 °C for pAzoLCN95) showed
similar deformation behaviour with the same bending direc-
tion (Fig. S5, ESIY).

In the case of aligned mAzoLCNs (perpendicular alignment =
mAzoLCN L and parallel alignment = mAzoLCN||), bending
behaviour was influenced by the molecular alignment direction
(= molecular long axis) (Fig. S5, ESIt).>" For example, the upper
surface of mAzoLCN L contracted parallel to molecular long
axis and curled slightly upwards. However, the whole cantilever
still bent away from the UV source, similar to the behaviour
observed in pAzoLCN. In contrast, the mAzoLCN]|| cantilever
bent toward the UV source, consistent with a buildup of the cis
isomer at the surface nearest the light, disrupting the order of
the LCN (Fig. 2c). This leads to macroscopic deformation,
observed as bending toward the light. There was no additional
change beyond 3 minutes, presumably due to gravity. To test
this hypothesis, the pAzoLCN cantilever was hung parallel to
the direction of gravity. In this configuration, exposure to UV
light from the right side of the cantilever caused bending away
from the source (Fig. S6, ESIt). Overall, the observed bending
angles for the pAzoLCN and mAzoLCN are consistent with
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a free-volume change and anisotropy-change, respectively
(Fig. S7, ESIY).

To gain a better understanding of the photo-responsive
behaviour of both the poly- and mono-domain cantilevers, we
examined the kinetics of trans—cis-trans isomerization through
time-resolved UV-vis spectra using LCN films (Fig. 3a). Under
constant UV light irradiation, the n-n* absorption peak at
360 nm decreased by approximately 45%, reaching steady state
after 15 minutes. The metastable cis-isomer can be converted
back to the trans-isomer within 4 seconds upon exposure to
visible light. In the absence of light, the metastable cis-isomer
gradually returns to the trans-form in the dark, reaching 66%
recovery after 10 minutes (Fig. 3b). Based on these results, we
believe that the main-chain azobenzene photoswitch undergoes
efficient switching between trans- and cis-isomers upon UV and
Vis light irradiation. However, when investigating the mechan-
ical properties (vide infra), we find that recovery of the modulus
in the dark is on the order of seconds. The large mismatch
between the relatively slow cis-to-trans-reversed isomerization
of azobenzene molecules in the dark and the fast modulus
change of the polymer when the light is turned off suggest the
dynamics of the ¢rans-to-cis and cis-to-trans isomerization pro-
cess is decoupled from the driving forces contributing to the
macroscopic change in the material properties.

Given these observations, we next investigated the photo-
thermal effect using an IR camera (Fig. 3b). The temperature of
AzoLCN immediately increased from 20 °C to 35 °C (AT =15 °C)
within 1 second and this temperature is maintained (£2 °C)
during the entire UV light irradiation (17 minutes). For com-
parison, the temperature change (A7) of an LCN sample with
no azobenzene was only 5 °C (Fig. S8, ESIT). Prior reports have
suggested that azobenzene can generate remarkable local
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Fig. 3 (a) UV-vis spectra variation of AzoLCN under UV or visible light
irradiation. (b) Temperature and absorption (365 nm) variation of AzoLCN
before and after UV light irradiation. (c) A set of DSC heating data of
AzoLCN at 5 °C min™".
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effective temperature heating (up to nearly 200 °C).>* We
speculate that the local temperature near to azobenzene mole-
cules is also much higher than the recorded bulk surface
temperature of 35 °C, which might explain this photothermal
softening.

Based on these findings, we further investigated the photo-
thermal effect using differential scanning calorimetry (DSC) in
pAzoLCN films (Fig. 3c). A sharp endothermic peak at 48 °C was
observed during the first heating process, suggesting the exis-
tence of crystallization peak and a physically aged state.”® This
physically aged (PA) state is not observed during the second
heating process, but is restored if the sample is held below
glass transition temperature (T,) for approximately 2 days
(Fig. S9, ESIt). We postulate that the PA state is thermodyna-
mically stable state, which might arise from the differences in
the glassy molecular packing between the mesogens, alkyl
chains and the Diels-Alder functionalized backbone. Overall,
the T, was observed around 48 °C and nematic-isotropic
transition (Ty;) of AzoLCN was observed around 100 °C. It is
noteworthy that this overlaps with retro-Diels-Alder reaction
temperature (100-130 °C), which might decrease cross-linking
density if temperatures are held above this temperature.>®
Indeed, when the sample is heated above T,;, we observe a
lower T, (= 40 °C) peak, which is attributed to the gradual
reorganization of molecular packing and a small population of
the DA adducts undergoing bond breaking through the retro-
DA cycloaddition. This would lower the cross-linking density
and decrease T,. Consistent with the photothermal effects
observe upon UV irradiation, the PA state was not observed
upon exposure to UV light for 10 minutes (Fig. 3c; blue graph).
When AzoLCN was exposed to UV light for 10 minutes and
subsequently visible light for 1 minute, it exhibited the same
thermogram as the AzoLCN solely exposed to UV light. Addi-
tionally, the global molecular packing structure in the Azo-LCN
remained unchanged before and after UV light irradiation
(Fig. S10, ESTY).

To investigate the impact of photothermal and photochemi-
cal effects on the mechanical properties of the LCN, we mon-
itored the storage (G') and loss (G”) moduli using DMA under
UV and visible light irradiation (Fig. 4a and c). Upon UV light
irradiation, the storage modules decreased almost immediately
from ~2 GPa to ~1 GPa. Likewise, the loss modulus increased
from 60 to 300 MPa (Fig. 4a). The G’ and G” were maintained
with similar values under irradiation (2 minutes). When the UV
light was turned off, these values quickly returned to the initial
value in approximately 6 seconds. Given the slow cis-trans back
isomerization in the dark (Fig. 2b), we attribute this change to
photothermal softening. Similar results were observed using
photothermal Disperse Blue 14 dye.”” Additionally, the tem-
perature of AzoLCN films was monitored during the irradiation
cycles (UV light: 2 minutes, light-off: 30 seconds). As shown in
Fig. 4b, the temperature increase and decrease occur with a
similar response time, approximately 6 seconds for a change in
G’ and < 5 seconds for a change in temperature. These results
are all consistent with photothermal effects mainly driving the
mechanical response observed. The versatility of the modulus
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Fig. 4 (a) Storage and loss modulus and (b) temperature tracking of
AzoLCN under alternative UV light irradiation on and off. (c) Storage
modulus tracking of AzoLCN under a series of conditions (i: UV light on
and off, ii: alternative UV and visible light on and off, iii: visible light on and
off, at intervals of 30 s respectively).

change is demonstrated in Fig. 4c, where a series of reversible
changes were achieved using both UV and visible light (Fig. S11,
S12, ESIt and Fig. 4c). For these experiments, the DMA sample
was illuminated with broadband visible light (380-700 nm)
on one side and with UV light (365 nm) on the opposite side
(Fig. S11, ESIt). For condition (i) (zero to 6.5 minutes), UV light
was cycled between on and off state (30 second each). As seen
by the DMA, quick and reversible oscillation in G’ was
observed, reaching a maximum value of ~1.25 GPa and a
minimum value of ~1.1 GPa. The increase and decrease in
storage modulus occurred within approximately 6 seconds
(Fig. S12, ESIt). For condition (ii), an alternative irradiation
cycle was conducted between UV and visible light with irradia-
tion for 30 seconds, followed by 30 seconds interval without
light. While there was a notable difference in the magnitude of
changes between UV and visible light, both irradiation condi-
tions resulted in a modulus decrease. For condition (iii), a
modest change in G’ was reversibly observed under repeated
visible light irradiation (30 seconds each). While the response
times are comparable to those in condition (i), the change in G’
is less due to a reduced photothermal effect caused by visible
light (Fig. S12, ESIf). Similar results were observed under
constant irradiation with UV light and visible light pulses for
30 seconds or constant visible light irradiation and UV light
pulses for 30 seconds (Fig. S13, ESIt). This reversibility of the
mechanical property was affected by cross-linking density and
oscillation speed (Fig. S14, ESIt). Additional explanation can be
found in ESL¥

Fig. 5 summarizes the photothermal effect and changes in
mechanical properties of the DA-based LCN. Initially, the Azo-
containing LC network is in its thermodynamically most stable

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Schematic illustration and summary of characteristic property changes of LC network on photothermal and photochemical effects.

state (1). This material is glassy and becomes physically aged
over time, which is supported by the DSC data. In this state (1),
the Azo isomer is the trans-isomer, densely packed, and exhibit
the highest value in storage modulus (~2.2 GPa). Upon UV
light irradiation, the temperature increases and photothermal
softening occurs almost immediately, and the molecular azo-
benzene converts to the cis-isomer. This metastable state (2)
exhibits a quasi-rubbery state, with a significant decrease in
storage modulus (~1.3 GPa).”® Under constant irradiation, a
sustained rubber state is maintained. When the light is turned
off, the material returns to the glassy state within seconds, and
storage modulus is restored to ~2 GPa. From this state (3),
conversion of the cis-isomer can occur thermally over a period
of 5 hours or within seconds upon irradiation with visible light
to afford state (4). Finally, state (1) can be recovered upon
physical aging over an extended period of time (~2 days).

Conclusions

In summary, we have developed a new photo-responsive liquid-
crystal network by integrating readily available furan-
functionalized azobenzene LC building block. Polydomain
and monodomain AzoLCNs can be prepared under mild ambi-
ent conditions without the need for additives or UV light
photocuring using a modular Diels-Alder cycloaddition meth-
odology. The networks exhibit robust mechanical stiffness that
can be reversibly modulated by 1 GPa by turning the UV light on
and off. Through a comprehensive investigation of polydomain
LCNs, it was found that photothermal softening predominantly
governs the actuation performance of the LCNs. By adjusting
the sequence of UV and Vis light irradiation, we achieved the
ability to tune the modulus on demand. We believe this work
will guide future developments of light-responsive LCNs.

This journal is © The Royal Society of Chemistry 2024
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