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Summary 
Liquid crystal soft actuators containing 

responsive chromophores 
When there is environmental stimuli, the innate ability to alter shape in animals and 

plants is crucial for their survival. For example, a physiological process occurs in 
octopus and cuttlefish causing their shape to change in the presence of predators, thus 
making them less attractive as prey. Taking inspiration from such organisms, the 
fabrication of polymer soft actuators with the ability of stimuli-driven shape morphing 
is receiving great scientific interest in biomimetic research. Among the various 
polymeric materials, liquid crystal polymer networks (LCNs) and liquid crystal 
elastomers (LCEs), possessing the capability of reversible shape morphing, represent 
promising candidates for constructing responsive soft actuators. The incorporation of 
chromophore in LCNs and LCEs serves the expansion towards multifunctional 
actuators. 

In this thesis, various responsive chromophores are introduced into LCNs and LCEs, 
enabling heat and light induced shape morphing in films and fibers through various 
polymer chemistry and preparation methods. Chapters 2 through 6 focus on different 
approaches that investigate the influence of chromophores on the actuators. An 
overview of the main findings of each chapter is presented below. 

Chapter 2 presents the results of a free-standing LCE film functionalized with an 
aggregation induced emission (AIE) chromophore, which is incorporated in the LCE 
matrix via acyclic diene metathesis (ADMET) polymerization. Muscle-like uniaxial 
contraction/expansion is obtained in the film at various temperatures. Tunable 
photoluminescence property is endowed in the LCE film during the temperature 
induced shape morphing process. In addition, the LCE film shows various 
photoluminescence intensities in various solvents, which result in the aggregation or 
disaggregation of AIE chromophores. 

In Chapter 3, an LCE-based free-standing film functionalized with a near-infrared 
(NIR) chromophore is presented. Aiming at chemically bonding a NIR absorbing 
chromophore into the LCE matrix, the thiophene-croconaine-core is decorated with 
alkenyl-tails. Subsequently, the NIR activated photothermal reagents are chemically 
bonded into LCE matrix by ADMET polymerization. Thanks to the high concentration of 
homogeneous NIR chromophore and the main-chain end-on mesogenic skeletal 
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structure, the soft actuator shows ultrafast photoresponse and superior mechanical 
properties upon the illumination of NIR light. 

Chapter 4 discusses azobenzene chromophore functionalized LCN-based fiber arrays. 
To investigate the correlation between the location of azobenzene in the polymer 
network and the extent of photoactuation, two types of LC main chain oligomers are 
first synthesized via thiol-Michael addition reaction. A drop casting/drawing technique 
is employed to fabricate three types of fiber arrays consisting the same chemical 
composition but different polymer networks. The artificial fiber arrays show distinct 
photoresponsive behaviors by altering the location of azobenzene chromophores, 
either in the main chain oligomer or as part of crosslinkers. When azobenzene moieties 
are incorporated in the main chain oligomer, the fiber demonstrates amplified light 
induced bending. Benefiting from the photomechanical effect, a similar 
photoresponsive actuation is achieved in an aqueous environment. Moreover, the fiber 
array shows a sunflower-like light tracking movement with the simultaneous 
illumination of UV and visible light. When the fibers are integrated with an emitting 
fluorescent dye doped polymethyl methacrylate (PMMA) substrate, the prepared 
photoresponsive optical fibers exhibit light guiding properties. 

In Chapter 5, azobenzene chromophore functionalized fiber array with opposite 
bending direction is also demonstrated. Interestingly, fibers bend either towards or 
away from the light source upon UV light irradiation by altering the location of 
azobenzene in the polymer network. When the azobenzene units are incorporated in 
the main chain oligomer, an extraordinary photoinduced phase transition from smectic 
C to smectic A phase is observed, which results in fiber bending away from the light 
source. In contrast, fiber containing azobenzene as part of crosslinkers, bends towards 
the light source due to an asymmetric contraction on the illuminated surface. 

Chapter 6 demonstrates complex three-dimensional motions in LCE-based soft 
actuators by utilizing a photopatterning technique. Programmable shrinking is 
obtained in single-layer dual-phase LCE films, and further converted into macroscopic 
motions, such as bending, accordion-folding, curling, buckling and wrinkling. 

The technology assessment of this thesis: prospects and applications are highlighted 
in Chapter 7. This thesis research shows that responsive chromophores have been 
successfully employed in LCN- and LCE- based soft actuators, which are capable of 
muscle-like contracting, bending, and even more complex motions with response to 
temperature or light, enabling applications in smart sensors, medical devices, textiles, 
and soft robots. 
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 General introduction 

Movements and shape changes are ubiquitous in living organisms, for example, the 
contraction of muscles and the beating of the heart in animals. As an artificial 
counterpart to living systems, moving and shape changing polymers known as ‘soft 
actuators’ are receiving much attention in recent decades.[1][2] The flexibility of polymer 
materials affords touching, lifting, and transportation of fragile objects. Accordingly, 
various functional polymers, such as shape-memory materials, hydrogels, and liquid 
crystal polymers (LCPs), have been employed as soft actuators.[3] Among these smart 
materials, LCPs, with the anisotropic character of liquid crystals and the elasticity of 
rubber, provide the possibility of fast, directed, and reversible actuation in response to 
external triggers in both a dry and aqueous environments. The incorporation of light 
responsive chromophores in LCPs enables the photo induced transformation of 
collective motions from the molecular-scale to the macroscopic level in a 
programmable way. In this chapter, photoresponsive LCP actuators are discussed and 
the aim and outline of this thesis are given. 

 Liquid crystal polymer actuators 

Liquid crystals (LCs) have been recognized as a state of matter between the 
anisotropic crystal and the isotropic liquid state (Figure 1.1a). The simultaneous 
presence of order and mobility renders LCs as appealing stimuli responsive functional 
materials for diverse applications. Except for the most prevalent application in LC 
displays, LCs have increasingly emerged as outstanding building blocks for soft 
actuators. Liquid crystal polymers (LCPs) can be divided into main chain and side chain 
as well as linear LCPs (LLCPs) and crosslinked LCPs. In particular, crosslinked LCPs, 
including liquid crystal polymer networks (LCNs) and liquid crystal elastomers (LCEs), 
are very promising for reversible and repeatable actuation. The differences between 
LCNs and LCEs are illustrated in Figure 1.1b. Multifunctional molecular liquid crystal 
building blocks, i.e. reactive mesogens, which are capable of self-assembling in LC 
phases, can be employed to prepare moderately or densely crosslinked LCNs. LCEs can 
be formed from main chain oligomers and polymers having a lower crosslink density 
than LCNs. 
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Figure 1.1. a) Phase behavior of matter including the liquid crystal phase. b) The classification of LCPs based 
on crosslink density: non-crosslinked LCPs (LLCPs), crosslinked LCPs with low crosslink density (LCEs), and 
crosslinked LCPs with moderate or high crosslink density (LCNs). 

 

1.2.1 Alignments in LCP actuators 

In LCPs-based actuators, defined macroscopic alignment of LCs is crucial for 
developing reversible and programmable shape changes. Two processing strategies, 
polymer surface- and external stress-induced alignments, are widely used. In the first 
method, a polyimide (PI) layer is commonly utilized to induce planar alignment in 
which the mesogens precursor are aligned parallel to the substrate, or homeotropic 
alignment in which mesogens are aligned perpendicular to the substrate (Figure 1.2a, 
b). Upon polymerization of the reactive mesogens, the alignment is preserved. The 
resulting uniaxially aligned film contracts along with the molecular director and 
expands in all other directions at elevated temperatures (Figure 1.2). This shape change 
is caused by a reversible decrease of the local molecular order upon heating. This 
temperature-dependent contraction and expansion process is reversible and 
repeatable due to the existence of crosslinking. In addition, the splay alignment, 
composing planar layer on the one side and homeotropic layer on the other side, results 
in three-dimensional deformation, such as bending upon heating (Figure 1.2c). If the 
polymerization is conducted above room temperature (20-25 oC), the splay aligned film 
shows an initial curved shape as a result of the anisotropic volume contraction at room 
temperature. In the second alignment strategy, reactive LC oligomers and polymers are 
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aligned along the direction of exerted stress. A post-polymerization reaction, such as 
photopolymerization or thiol-Michael addition reaction, is employed to lock the 
mesogenic orientation in the stretched film. 
 

 
Figure 1.2. Temperature responsive shape changes of LCP films having different alignment profiles a) planar 
alignment, b) homeotropic alignment, c) splay alignment. 
 

Recently, a series of new fabrication techniques including inkjet printing, three-
dimensional (3D) printing and photoalignment have been developed to achieve 
sophisticated alignments of LCP actuators. Inkjet printing technology facilitates the 
deposition of LC materials on a planar substrate in a single step as shown by van Oosten 
et al. who fabricated photoresponsive cilia with an inkjet printer.[4] Two different light 
responsive azobenzene chromophores capable of responding to ultraviolet (UV) and 
visible light, respectively, were incorporated into the cilia at different locations. As a 
result, the cilia performed an asymmetric bending movement upon the alternating 
illumination of UV and visible light. 3D printing of LC oligomers and subsequently 
crosslinking into an LC network allows for mesogenic orientation via elongational flow 
along the printing path (Figure 1.3a).[5] The LC oligomers that can be synthesized by 
chain extension reactions, such as aza-Michael addition and thiol-acrylate Michael 
addition reactions[6–9] are crucial for obtaining a suitable viscosity of the LC ink. Lewis 
et al. developed LCE-based actuators with a programmed director alignment showing 
reversible and complex shape-morphing at elevated temperatures.[10] Another common 
technique to control the LC-orientation is photoalignment. To create a photosensitive 
layer, often azobenzenes are used which show strong dichroism, meaning that the 
absorbance depends on the molecular orientation.[11] If an alignment layer of 
azobenzenes is irradiated with polarized light, only those azobenzenes oriented in the 
polarization direction isomerize from trans-to-cis state and thermally return to their 
trans-state. After repetitive isomerization cycles, the light-addressed azobenzenes are 
randomly aligned, and therefore the overall ratio of azobenzenes aligned with the 
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polarization decreases. Under constant irradiation, this process (so-called Weigert 
effect) leads to an alignment of the azobenzenes perpendicular to the polarization 
direction. By utilizing photomasks and variable polarization directions, a precise and 
high-resolution alignment pattern can be created and used to spatial control the 
alignment of LCs. The development of various photo-alignment methods and materials 
has stimulated the complex shape morphing of LCPs.[12,13]  

Flow-induced mesogenic alignment of reactive LC oligomers can be applied to 
fabricate cilia-like fibers through a drop casting/drawing technique.[14] Fibers from 
viscous LC oligomers are formed from drawing droplets, and photopolymerized to lock 
the mesogenic alignment (Figure 1.3b, c). Finally, magnetic field-assisted mesogenic 
alignment has been used for developing LCP-microactuators with a highly controlled 
molecular anisotropy.[15] 
 

 
Figure 1.3. a) Schematic illustration of the LCE ink printing, where (i) shows the disordered LCE ink 
morphology inside the heated barrel, (ii) ordered morphology that emerges due to induced director 
alignment within the nozzle, and (iii) resulting ordered morphology in printed and crosslinked LCE filaments. 
b) Schematic representation of the drop casting technique. (i) The droplets are placed onto a clean glass plate 
at the desired position, (ii) the fibers are formed by pulling apart two glass plates, and (iii) after 
polymerization and cutting the fibers at one side, the array of fibers is obtained. c) Photos of the array of fibers 
obtained. Reprinted with permission from [10,14]. 
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 Light responsive chromophores in LCP actuators 

In LCPs, chromophores enable the transformation of collective motions from the 
molecular scale to the macroscopic level in a programmable way. A diversity of 
chromophores has been employed in LCPs, which enables advanced light responsive 
functionalities in soft actuators. 

Analogous to the thermally induced macroscopic deformation of LCPs (Figure 1.2) by 
heating/cooling, a shape change can also be induced by light, if light-absorbing 
molecules are incorporated into the polymer network.[16,17] First, a so-called 
photothermal chromophore is considered. Upon irradiation, the absorbed light energy 
is converted into heat via thermal relaxation resulting in the same effect as observed in 
temperature-driven samples (Figure 1.2). If most of the incident light is absorbed by 
the photothermal chromophore at the exposed side, the chromophore generates an 
absorbance gradient across the sample’s thickness. The inhomogeneous absorption and 
heat dissipation in the material might cause it to bend even in the absence of an 
alignment gradient (Figure 1.4). This effect is more pronounced for the sample doping 
with strongly absorbing or highly concentrated dyes, but also in layered structures. 

 

 
Figure 1.4. Photothermal deformation in a) splay aligned LCP film with a pre-bent shape, and b) planar 
aligned LCP film. The asymmetric light penetration through the film might result in the bending of the LCP 
film upon illumination, which increases the temperature of the exposed surface (red area). 

 
The photothermal induced shape change is usually dependent on the light intensity 

and sample thickness. The long-term irradiation with high intensity leads to uniform 
heating and contraction/expansion of the thin film as depicted in Figure 1.2. Fast 
recovery of the initial shape is usually obtained by ceasing the irradiation. The speed of 
recovery is associated with the reached temperature and the surrounding temperature. 

If the photothermal dye is exchanged by a photoswitchable chromophore, the 
isomerization can lead to photomechanical actuation.[2,18] In contrast to the 
photothermal effect, the orientation, compatibility, location, and connection of the 
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photoswitch in the LCPs are crucial for efficient actuation. Significant actuation is 
obtained by a change of the order of polymer network. Specifically, the stable form of 
the photoswitch (the yellow molecules in Figure 1.5) has to be compatible to co-align 
with the LC, whereas the other isomer (the orange molecules in Figure 1.5) must not. 
Thus, miscibility and alignment of the chromophore within the LC matrix are important. 
A large macroscopic shape change is obtained if the molecular shape change is 
significant. A cooperative effect of the photoswitches is also observed depending on the 
connection with the polymer network. The spacing between the photoswitchable unit 
with polymerizable groups defines the extent of photoactuation. An increase of the 
spacer length contributes to boosting the actuation due to the acceleration of molecular 
freedom. Furthermore, planar and homeotropic alignments of LCP films result in 
bending towards and away from the light source, respectively (Figure 1.5). 
 

 
Figure 1.5. Bending of a) planar and b) homeotropic aligned LCP films containing photoswitches upon 
irradiation. The LCP films consist of mesogens (blue) and photoswitch (yellow and orange). 

 
Azobenzene derivatives are the most employed photoswitches in LC-actuators due to 

their linear arrangement of the trans-isomer compatible with the LC alignment, 
whereas the cis-form is not. The easy availability of derivatives with distinct colors and 
thermal half-lives make them suitable for various light responses. Substitutions and 
upconversion mechanisms of photoswitches were employed to adjust the excitation 
wavelength in LCPs.[19,20] As a result of UV-induced degradation of the polymer and 
competitive absorption of the photoinitiator, fabricating a red-shifting of the excitation 
wavelength of the photoswitches is particularly appealing. Donor-acceptor substituted 
azobenzenes are thus used as red-shifted photoswitches with short half-life, whereas 
fluorinated azobenzene derivative is used for visible light addressable 
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chromophores.[20] Protonation and deprotonation of an azomerocyanine or 
hydroxyazopyridinium even give rise to a pH-switchable addressable wavelength 
(Figure 1.6).[21] To obtain the order-disorder transition of LCPs during the molecular 
isomerization, also other classes of photoswitches are employed, such as 
hydrazones,[22,23], or spiropyrans[24,25]. The spiropyran derivatives are also integrated 
for other purposes than the actuation, but sensing or color changes (Figure 1.10). It 
needs to be emphasized that photoswitchable molecules might also act as photothermal 
agents. Only a small part of the light energy is converted to the isomerization and stored 
in the molecule, but most is immediately released in the form of heat. Therefore, the 
photothermal behavior is superimposed with any effect of the isomerization. 

 

 
Figure 1.6. a) Scheme of a reprogrammable and rewritable polymer actuator. The yellow regions contain 1-
HAP and the magenta regions contain 1-AM. b) Molecular changes upon acid and base treatment of 1-AM. c) 
Bending of a patterned film. When the same film is exposed to 405 nm (left) and 530 nm (right) light different 
shapes changes are obtained. Reprinted with permission from [21]. 

 
If the photochromic molecule has a short lifetime in the thermodynamically 

disfavored state, it acts similar to a photothermal dye.[18,26] A linearly aligned LCP film 
having a relatively high chromophore concentration bends towards the light source 
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upon irradiation and as soon as the light is switched off, the photoswitch and 
macroscopic shape are converted back to their initial state (Figure 1.4).[27]  

A benefit of a photoswitch compared to photothermal chromophores in an LC 
network is achieved with photoswitches comprising a long half-life which makes it 
possible to obtain a stable deformation after irradiation.[29] The geometric change of 
azobenzenes leads to a contraction of the photoswitch during trans-to-cis isomerization 
and the polymer network in the alignment direction upon irradiation. However, this is 
only relevant if both sides of the photoswitch are connected to the polymer network. 
Just one covalent linkage or linkage in other than the para-positions does not lead to a 
significant contraction of the polymer network. Representative examples exploiting 
this behavior include an azobenzene-functionalized LCP-based actuator with splay 
alignment across the strip thickness.[30] Yu’s group reported on manipulating the 
bending direction of photoactuators via controlling the alignment of mesogens.[31] 
When mesogens were aligned in a smectic A phase, the trans–to-cis isomerization 
caused bending towards light, whereas films containing mesogens in a smectic C phase 
bent away from light due to the surface expansion. Wu and co-workers demonstrated 
healable and reprocessable photoactuators with reversible bending.[32] 

The contribution of the photomechanical effects to the overall shape change of the 
LCPs can be determined individually from the photothermal effect if the generated heat 
is immediately released to the surrounding medium.[30] While cooling of the LCPs in air 
is relatively slow, water has high thermal conductivity and can thus instantly absorb 
the heat from the LCPs, which makes the photothermal effect in the illuminated sample 
negligible. As a result, the actuation in water hints at the predominant photo-
mechanism. LCN films proved to bend underwater only if crosslinking azobenzenes are 
incorporated and the photomechanical effect is operational. Sometimes, the glass 
transition temperature (Tg) has to be overcome photothermally to facilitate the 
photomechanical deformation. Local photomechanical modification leads to an 
inhomogeneous Tg and therefore a programmable (photo)thermal response of the 
LCPs. Considerable bistable deformation could be achieved in actuators using 
fluorinated azobenzenes[33] or hydrazones.[22] 

The crosslinking density of LCPs plays a crucial role in their static and photoinduced 
properties. Photo reversible dimerization, e.g. of substituted anthracenes, has been 
exploited to photocrosslink LCP actuators.[34] The stiffness of LCPs is considerably 
increasing with dimerization. This is interesting for light responsive deformation and 
programming of complex motions. 
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 Advanced light responsive LCP actuators 

Adaptative geometries found in plants and animals such as the flytrap, mimosa pudica 
leaves, octopus, have been the source of inspiration for various actuation modes. LCPs 
show large strain deformations resembling the behavior of muscles. Exploiting 
different deformation modes of LCPs offers a wide variety of applications.[2,18] Various 
elaborate designs are based on simple deformations,[35,36] but also programming shapes 
(Figure 1.7).  

 

Figure 1.7. a) Illustration of programmed photoalignment. b) Photograph of an azobenzene-LCP film taken 
between crossed polarizers. c) Five Azobenzene-LCP films show photomechanical deformation upon 365 nm 
irradiation resulting in a cone shape; d) Single (1 × 1) and array (2 × 2) of topological patterns in the LCP film 
showing more complex deformations e) Chemical structure of the azobenzene used in the LCP film. Reprinted 
with permission from [29]. 

 

The actuation of LCPs corresponds to the arrangement of macroscopic mesogenic 
alignments. Reversible contraction/expansion and bending/unbending are the most 
common actuation modes in actuators (vide supra). Locomotion and oscillation are 
crucial actuation modes in LCP-based soft actuators for developing self-propelled 
robots, autonomous cargo transporters, or solar power generators. Oscillatory motions 
are often reported and rely mostly on the photothermal effect and self-shadowing of 
the irradiated films upon bending. The bent tip of the film shields the rest of the film 
from light exposure upon bending leading to cooling in the non-exposed regions and 
recovery of their initial shape. Variations of this can also be used to create rotary 
motions as in a motor.[21,23] A self-propelled strip driven by light has been reported.[37] 
Azobenzenes with short cis lifetime were incorporated into a splay aligned LCN to 
induce the photothermal effect. When the two ends of strip were fixed, a continuous 
traveling wave was generated upon light irradiation (Figure 1.8). The azopyridine used 
(Figure 1.8c) comprised a short lifetime of the cis-isomer due to complexation. More 
recently, Yang et al. have demonstrated sustained oscillators composed of splay-aligned 
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LCNs and a polydopamine (PDA) coating layer.[38] The programmability of the PDA layer 
allows local and repeated adjustment of the oscillating behaviors of the strip.  

 

Figure 1.8. a) Schematic set-up, showing a polymeric film constrained at both ends. Blue arrows show the 
film deformation upon irradiation while the red arrows indicate the propagation direction of the wave. b) 
Comparison of simulation (left) and experimental (right) data for planar-up and homeotropic-up 
configurations. c) Structure of the azopyridine complex used in the film. Reprinted with permission from [37]. 

 
Actuation is not only observed in films, but also in surface coatings,[29] switching the 

roughness, or porosity. Recently, the flow within microfluidic devices could also be 
controlled by light responsive LCPs.[31,39] Thereby, the expansion or shrinkage of 
tubular LCPs by the Weigert-effect was exploited to direct droplets of fluid (Figure 1.9), 
which provides important insights for liquid manipulation in microtubes. Coating of 
LCPs on nonresponsive substrates such as textile fibers could render them smart giving 
woven cloth with adaptive ventilation by changing the size of pores.[40] 

 

Figure 1.9. a) Mechanism of light-directed liquid transport in an LCP-tube upon 470 nm light irradiation. b) 
Photographs of the light-directed motion of an isopropanol slug climbing over a slope of 11°. The intensity of 
the 470 nm point light was 120 mW cm−2. The scale bar is 2 mm. c) Structure of the LC copolymer. Reprinted 
with permission from [39]. 
 

Various examples are reported on light conversion into mechanical energy or motion, 
or in a crawling,[41] rolling, jumping[42][43] or swimming[44] movements. Whereas 
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terrestrial walkers mostly rely on the stepwise light-induced bending and shape 
recovery in the dark upon cooling,[37] swimmers or divers need the crosslinked 
photoswitches to show locomotion.[30] Many motions are also inspired by nature 
(Figure 1.10),[45,46] not only resembling animal movement of caterpillars[41] or beetles, 
but also carnivorous plants[47] or tendrils in response to sunlight.[48] 

 

Figure 1.10. a) Two spiropyran derivatives with different functionalization positions show the same 
photochromic performances but different thermochromic properties. LCE with b) SP1 and c) SP2 flowers 
blooming and unblooming by photothermal effect, the color was modulated by light with different 
wavelength. Reprinted with permission from [24]. 

 

Increasing research attention has been devoted to fabricating collective and 
miniaturized actuators which possess practical and potential applications in lab-on-a-
chip devices. Cilia or fibers, the protrusion on the outer surfaces of many organisms, 
provide splendid inspiration for researchers in the development of micro/nano 
structured surfaces. The manufacturing of artificial counterparts with similar pillar or 
fiber array will enable outstanding performance and transportation in fluids. The 
employment of LCPs in such arrays was achieved for exploiting microactuators with 
responsive and dynamic surfaces.[15][49] 

 Research aim and outline of thesis 

The exploitation of chromophores, in particular azobenzene dyes in LCPs, has 
expanded the functionalities and applications of soft actuators as demonstrated in this 
chapter. In these light responsive actuators, changes in the chromophore, either 
geometric, optical, or physical changes, are amplified in the LCPs. Although enormous 
progress of chromophore-functionalized LCP actuators has been achieved, it mainly 
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focused on azobenzene chromophores and polymer films. The objective of this thesis is 
to fabricate chromophores functionalized LCP soft actuator films and fibers through 
various polymer chemistry and preparation methods. 

Chapter 2 describes the first example of aggregation induced emission (AIE) 
chromophore functionalized LCE free standing film by a two-step acyclic diene 
metathesis (ADMET) polymerization strategy. Tetraphenylethene (TPE), the most 
popular AIE unit, was selected and decorated with alkene moieties to obtain a 
crosslinkable AIE molecule. The incorporation of the AIE-active crosslinker into LCE 
matrix provided a thermal-responsive actuator with tunable photoluminescence 
property during the shape morphing process. 

Chapter 3 presents the first example of an LCE free standing film chemically bonding 
with near-infrared (NIR) chromophore via a similar ADMET polymerization approach 
as reported in Chapter 2. Taking inspiration from the chemical bonding of azobenzene 
chromophores in LCPs, we designed and synthesized a four-alkenyl-tailed croconaine-
core crosslinker as a NIR absorbing chromophore. Because of the extraordinary 
photothermal conversion property, the soft actuator presented ultrafast 
photoresponsive speed and superior mechanical properties, under 808 nm near-
infrared irradiation. 

Chapter 4 demonstrates a series of azobenzene chromophore functionalized LCN-
based fiber arrays via a scalable drop-casting technique. The fiber arrays were 
constructed with various polymer networks by adjusting the location of azobenzene, 
either in the main chain oligomer or as part of crosslinker. A systematic study was 
conducted to explore the impact of the location of azobenzene chromophores in the 
polymer network on the photomechanical response. Incorporating the azobenzene in 
the main chain oligomer renders these fibers with enhanced photoresponse in both air 
and water. In addition, fibers presented not only sunflower-like omnidirectional 
rotation under simultaneous illumination with UV and visible light but also light guiding 
properties. 

Chapter 5 reports azobenzene chromophore functionalized LCN-based fiber array 
with opposite bending direction by utilizing the same chemical composition and only 
altering the locations of the azobenzene chromophores in the network. Upon the 
irradiation with UV light, fibers containing azobenzene as part of crosslinker bent 
towards incident light due to the photoinduced contraction during the trans-cis 
isomerization process. In contrast, fibers with azobenzene in the main chain oligomer 
bent away from the light source. The extraordinary phenomenon in the latter fibers was 
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explained by the photoinduced anisotropic volume expansion due to a smectic C to 
smectic A phase transition. 

Chapter 6 shows LCE-based soft actuators possessing not only contraction-expansion 
motion but also more complex three-dimensional motions by utilizing a 
photopatterning technique. The periodically patterned monodomain–polydomain dual 
phase microstructures were introduced to a series of LCE films with distinct thermal-
induced shape changes. Such inhomogeneity in the patterned films was further 
converted into macroscopic motions, such as bending, accordion-folding, curling, 
buckling, and wrinkling. 

Chapter 7 provides an assessment of the results described in this thesis and the 
further possibilities to develop LCP-based soft actuators, enabling applications as smart 
sensors, medical devices, textiles, and soft robots. 
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Aggregation-induced emission chromophore 
functionalized liquid crystal elastomer actuator 

 
ABSTRACT 

In this chapter, an aggregation-induced emission (AIE) chromophore functionalized 
liquid crystal elastomer (LCE) soft actuator is fabricated through chemical 
incorporation of a four-alkenyl-armed tetraphenylethene-core crosslinker into a main-
chain LCE matrix, by a facile in-situ two-step acyclic diene metathesis (ADMET) 
polymerization/crosslinking method. The LCE sample is endowed with the ability to 
readily tune the photoluminescence property during its reversible, thermal-induced 
shape morphing. 
 
 
 
 
 

 
 
 
 
 
This chapter is partially reproduced from L. Liu, M. Wang, L. X. Guo, Y. Sun, X. Q. Zhang, B. P. Lin, 
H. Yang, Aggregation induced emission luminogen functionalized liquid crystal elastomer soft 
actuators, Macromolecules 2018, 51, 4516.  
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 Introduction 

Luminescent materials have received considerable scientific attention owing to their 
fascinating chemical and photophysical properties.[1] Among them, aggregation-
induced emission (AIE) has recently emerged as a novel fluorescent phenomenon,[2] 
which is in contrast to conventional aggregation-caused quenching (ACQ); the 
fluorescence emission can be drastically boosted when AIE luminogens (AIEgens) 
aggregate from isolated molecules.[3] The AIE effect is inherently attributed to the 
restriction of intramolecular motions,[4] which can activate the radiative transition of 
AIEgens and consequently tune their fluorescent properties. Such AIE-based materials 
have been extensively employed in many application fields, ranging from fluorescent 
chemosensors,[5] fluorescent bio-probes,[6] gene delivery[7] to organic light-emitting 
diodes.[8] 

In recent years, constructing AIE polymers by incorporation of AIE moieties into 
macromolecular backbones,[9] has brought about many advantages which AIE-active 
small molecules lack, such as good processability, ease of functionalization and diverse 
application potentials. In particular, stimuli-responsive AIE-based polymeric materials 
have attracted intensive interest since their luminescent properties can be effectively 
modulated by many external stimuli including temperature,[10] solvent,[11] mechanical 
force,[12] swelling degree,[13] salt concentration,[14], etc. Although many stimuli-
responsive fluorescent polymers have been developed, exploration of novel AIE-
functionalized polymeric materials and more diverse stimuli on triggering the AIE 
function is still a hot topic in this field. 

Liquid crystal elastomers (LCEs) as one of the most important representatives of two-
way shape memory polymeric materials, can undergo reversible shape deformations in 
response to external stimuli, which intrinsically trigger the liquid crystal (LC) -to-
isotropic phase transition (see also Chapter 1).[15] In a monodomain LC state, the 
macromolecular chains and mesogenic molecules of LCEs are uniaxially oriented; when 
the temperature jumps into the isotropic phase, the anisotropic molecular organization 
disappears, consequently the stretched and elongated polymer chains will become 
relaxed and coiled, and the whole LCE material will perform a macroscopic shape 
deformation. Chemically grafting AIEgens onto LCE networks will provide a new 
stimulus-responsive soft actuator, possessing not only reversible photoluminescence 
switching behavior but also reversible shape morphing. Here rises an intriguing 
question: will the intramolecular motions of AIE molecules have a significant variation 
along with the polymer chain networks transforming from stretched to relaxed, during 
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the LC-to-isotropic phase transition? The objective of this work is to answer the 
question whether AIEgen-functionalized LCEs have a spontaneous photoluminescence 
switching in response to the macroscopic shape changes. 

The combination of AIE chromophores and LCE actuators can be used to investigate 
the intrinsic correlation of emission behavior and reversible shape deformation of 
polymeric materials. It should be mentioned that Wang and Keller recently fabricated a 
thermomechanical-responsive photoluminescent nematic LCE composite by physically 
doping 1,4-bis(α-cyano-4-methoxystyryl)benzene, a classical mechanoresponsive 
photoluminescence dye, into the polymeric network.[16] However, the physical 
incorporation of chromophores might limit the real application of such actuators due 
to several serious drawbacks, including dye leakage, weak fluorescence, and poor 
mechanical properties associated with the increasing content of dopants. Inspired by 
this pioneering work, herein we report a method to chemically introduce AIEgen as 
crosslinker into main-chain LCE matrices for the first time to construct an AIE-active 
fluorescent soft actuator with a thermomechanical-induced emission variation 
function. 

 Results and discussion 

2.2.1 Fabrication of the AIE-active free standing film 

The design of the AIE-active LCE actuator is schematically illustrated in Figure 2.1. 
Tetraphenylethene (TPE) is undoubtedly the most popular AIE chromophore and is 
chosen as the photoluminescent unit embedded into the LCE network. Based on the 
molecular structure of TPE, we built a symmetric four-armed alkene-terminated 
derivative TPE-10C, starting from tetra(4-hydroxy-phenyl) ethene. Such a molecule not 
only possesses AIE characteristics but also plays the role of crosslinker which could be 
chemically incorporated into α,ω-diene functionalized main-chain LC polymers through 
in-situ acyclic diene metathesis polymerization (ADMET) and simultaneously crosslink 
the adjacent polymer chains to form an LCE network. 
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Figure 2.1. The chemical composition of the AIE-active LCE actuator. 

 
As shown in Figure 2.1, a classical α,ω-diene molecule, 4-undec-10-enyloxy-benzoic 

acid 4-dec-9-enyloxy-phenyl ester (Y1709) was chosen as the LC monomer for 
fabricating main-chain LCE. The synthetic protocols of Y1709 and the four-alkenyl-
armed tetraphenylethene-core crosslinker TPE-10C are presented in Scheme 2.1. 4-
Hydroxybenzoic acid (1) was first esterified with a large quantity of hydroquinone (2) 
to provide 4-hydroxyphenyl-4-hydroxy-benzoate (3) which was further coupled with 
9-decen-1-ol through Mitsunobu reaction to give mesogenic monomer Y1709, 
possessing an enantiotropic smectic A phase. The AIE-active crosslinker TPE-10C was 
obtained through a Williamson ether synthesis reaction of tetra(4-hydroxyphenyl) 
ethene (5) and 10-bromo-1-decene (6). Meanwhile, for comparison purpose, we also 
prepared an AIE-inactive crosslinker TPEA-10C which was synthesized by coupling 
tetra(4-hydroxyphenyl) ethane (8) with 10-bromo-1-decene. The synthetic procedure 
of TPEA-10C was similar to the one of TPE-10C, although the refluxing solvent was 
changed to methyl isobutyl ketone (MIBK) due to the poor solubility of compound 8 in 
acetonitrile. 
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Scheme 2.1. Synthetic routes of a) the LC monomer Y1907, b) the AIE-active crosslinker TPE-10C and c) the 
AIE inactive crosslinker TPEA-10C. Reagents and conditions: i) neat reaction, 260 oC; ii) 9-decen-1-ol, DEAD, 
PPh3, THF, r.t.; iii) K2CO3, CH3CN, 87 oC, iv) K2CO3, MIBK, 116 oC. 

 
With the monomer Y1709 and the crosslinker TPE-10C in hand, we adopted a two-

step in-situ ADMET polymerization/crosslinking protocol to prepare the AIEgen-
functionalized and uniaxial-aligned LCE soft actuators. A mixture comprised of LC 
monomer Y1709, AIE-crosslinker TPE-10C and olefin metathesis catalysts with a 
molar ratio of 91.1/8.9/3.9 was dissolved in a small amount of ortho-dichlorobenzene, 
and further heated to 58 oC under nitrogen atmosphere for three hours to fulfill the first 
in-situ ADMET polymerization/crosslinking approach to give a partial-crosslinked 
polydomain LCE gel. After several experimental trials, we found that Hoveyda-Grubbs 
second generation catalyst could efficiently play the catalysis role in this in-situ ADMET 
system while the reaction using Grubbs 1st/2nd generation catalysts failed in providing 
good-quality LCE gels. Before performing the second in-situ ADMET 
polymerization/crosslinking protocol, we sliced the obtained polydomain LCE gel into 
ribbons and stretched the ribbons uniaxially to force the LC mesogens to transform 
from a polydomain to a monodomain state. The stretched monodomain LCE sample was 
kept at 100 oC which was in the range of its LC phase to preserve its monodomain 
anisotropic order for two days, to achieve the second full-crosslinking purpose to 
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provide the desired AIEgen-functionalized uniaxial-aligned LCE ribbon actuator. Here 
the longitudinal stretch ratio l, was defined as the longitudinal length of the stretched 
sample to the initial polydomain LCE ribbon, the corresponding LCE ribbon was named 
as LCE-l. In addition, a referenced LCE film containing monomer Y1709 and AIE inactive 
crosslinker TPEA-10C was also prepared by using the same fabrication protocol as the 
TPE-10C film. 

2.2.2 Optical properties of TPE-10C in solution 

The UV-vis absorption property of TPE-10C was measured in pure tetrahydrofuran 
(THF) as shown in Figure 2.2a, the absorption maximum appeared at ca. 260 nm with a 
shoulder peak around 325 nm, which was in good agreement with the characteristic of 
traditional TPE chromophores,[11] while the absorption maximum of TPE-10C in solid 
state displayed an obvious red-shift to 407 nm, likely due to the J-aggregation of TPE 
dyes in a slipped face-to-face stacking geometry.[17] Figure 2.2b presents the 
fluorescence emission spectra of the TPE-10C examined in THF-water co-solvent with 
different water contents, which exhibits an AIE phenomenon. In this case, THF was used 
as a good solvent for dissolving TPE-10C while water was selected as a poor solvent for 
TPE-10C to induce aggregation. The dilute THF solution of TPE-10C was weakly 
emissive, which was mainly caused by the free intramolecular rotations of phenyl rings 
of TPE-10C consuming the excited state energy by nonradiative decay.[2] The 
fluorescence emission peak of TPE-10C solution appears at ca. 490 nm and the 
emission intensity became progressively stronger along with the volume percentage of 
water increasing from 0% to 90% (Figure 2.2c). Due to the aggregation of TPE 
chromophores, the fluorescence intensity of TPE-10C at 90% water fraction was 
approximately 83-fold higher than that in the pure THF (the absolute fluorescence 
quantum yield ΦF of TPE-10C dispersed in THF with 0% and 90% water fractions, were 
estimated as 0.09 and 7.51 respectively). 
 
 
 



Aggregation-induced emission 

25 

 

 
Figure 2.2. a) UV-vis absorption spectra of TPE-10C and TPEA-10C in pure THF, and TPE-10C in the solid 
state. b) Fluorescence spectra of dilute solutions of TPE-10C dispersed in water/THF mixtures with varied 
water fractions (concentration = 0.21 mM, λexc = 350 nm). c) Fluorescence peak intensity plotted against the 
water fraction in the TPE-10C solution. The inset depicts two emission images of TPE-10C solutions with 
60% and 90% volume percentage of water respectively. 

 

2.2.3 Thermal properties of the LCE films 

The thermal properties of the AIEgen-functionalized LCE films were investigated by 
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and one-
dimensional wide-angle X-ray diffraction (1D-WAXD). As illustrated in Figure 2.3a and 
Figure A.1 in the appendix of this chapter, the thermal decomposition temperatures of 
the AIEgen-functionalized LCE sample and the referenced LCE sample under a nitrogen 
atmosphere with 5% weight loss were estimated as 332 oC and 335 oC, which 
demonstrated that both the AIEgen-functionalized LCE film and the referenced LCE film 
had good thermal stability and could fulfill most of the application requirements. Two 
nearly identical DSC curves as shown in Figure 2.3b and Figure A.1b, presented two 
distinct peaks on both heating and cooling cycles, and there was no obvious glass and 
crystalline phase transition above the room temperature, which indicated that both the 
AIEgen-functionalized LCE sample and the referenced LCE sample might have two LC 
phases in the range from room temperature to the isotropic state (above 110 oC). Figure 
2.3c,d depict the 1D-WAXD patterns of AIEgen-functionalized LCE film obtained during 
heating and cooling. At low temperature, there were two intense diffraction peaks, 
located in the low-angle region and the wide-angle region, respectively, which gradually 
became more and more diffusive at increasing temperature. Combining the DSC data 
and 1D-WAXD result, we could imagine that this AIEgen-functionalized LCE sample has 
a smectic layer structure at low temperature and a nematic phase at high temperature. 
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Figure 2.3. a) TGA and b) DSC curves of the AIEgen-functionalized LCE film. 1D-WAXD patterns of the LCE 

sample upon c) heating and d) cooling. 
 

2.2.4 Mesogenic properties of the LCE film 

To further elucidate the mesomorphic properties of these two LC phases and 
meanwhile investigate the homogeneous alignment effect of this AIEgen-functionalized 
LCE film, two-dimensional wide-angle X-ray diffraction (2D-WAXD) experiments were 
applied. As presented in Figure 2.4a,b, a pair of crescents in the high-angle region were 
situated in the direction perpendicular to the stretching direction, which implied that 
mesogens were uniaxially aligned along the external stretching direction. In the low-
angle region, four diffraction arcs were located at 2θ = 3.7° (d-spacing = 2.38 nm), which 
implied a highly ordered smectic C (SmC) phase existing at low temperature. 
Interestingly, there was a pair of low-intensity diffraction arcs appearing along the 
meridian direction (2θ = 10.2°, d-spacing = 0.87 nm), which might derive from some 
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“frozen”, orderly packed TPE units (Figure 2.4d). When the temperature was raised to 
100 oC which was in the second LC phase range, the four low-angle arcs became much 
more diffusive as shown in Figure 2.4c, which implied a nematic phase with SmC 
fluctuation. Meanwhile, the diffraction signal along the meridian direction vanished, 
because increasing temperature revives the intramolecular rotations of the TPE units. 
Eventually, the mesomorphic property of this AIEgen-functionalized LCE material was 
concluded as: SmC – 89 oC – N – 110 oC – Isotropic (on heating), Isotropic – 103 oC – N – 
82 oC – SmC (on cooling). 

 

 
Figure 2.4. 2D-WAXD patterns of LCE sample recorded at a) 20 oC, b) 70 oC and c) 100 oC, the X-ray incident 
beam was parallel to the film normal direction. d) Schematic illustration of TPE molecule aligned along the 
film stretching direction. e and f) POM images of LCE film measured at room temperature. 

 
The order parameter (S) was calculated from the WAXD patterns to evaluate the 

orientation of mesogens with respect to the external stretching direction. The 
calculation was defined base on the following equation (1):[18] 

S =
1
2

(3〈𝑐𝑐𝑐𝑐𝑐𝑐2𝛼𝛼〉 − 1) 

〈𝑐𝑐𝑐𝑐𝑐𝑐2𝛼𝛼〉 = ∫ 𝐼𝐼(𝛼𝛼)|𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼|𝑐𝑐𝑐𝑐𝑠𝑠2𝛼𝛼𝛼𝛼𝛼𝛼𝜋𝜋
0
∫ 𝐼𝐼(𝛼𝛼)|𝑠𝑠𝑠𝑠𝑠𝑠 𝛼𝛼|𝜋𝜋
0 𝛼𝛼𝛼𝛼

                      (1) 
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Here, the intensity profiles I(α) data as a function of azimuthal angle α were integrated 
based on WAXD patterns. The order parameter value of a perfect uniaxial-aligned 
sample is S = 1, and the value of a completely random sample is S = 0. As a result, the 
orientation parameter S of the AIEgen-functionalized LCE sample showed high values 
of 0.96, 0.95 and 0.93 at 20 oC, 70 oC and 100 oC respectively. From a macroscopic 
perspective, these results indicated that the LCE sample had a highly ordered 
orientation along the stretching direction. Polarized optical microscope (POM) 
observation further verified this conclusion. As presented in Figure 2.4e,f, a full 
birefringence extinction was observed when the polarizer was perpendicular or 
parallel to the film’s longitudinal direction which was also the external stretching 
direction. In contrast, the highest transmittance was found after rotating the film of 45o 
with respect to the crossed analyzer, which is the characteristic of a perfect alignment 
of mesogenic groups. Overall, the LCE film demonstrated a high quality homogenous-
alignment. 

2.2.5 Mechanical properties of the LCE film 

The mechanical property of the AIEgen-functionalized LCE material was investigated 
by a dynamic mechanical analyzer (DMA Q800, TA Instrument) with a tension clamp at 
varied temperatures. The static stress-strain measures of the LCE films were conducted 
along the film stretching direction respectively at 30, 60, 95, 105, and 120 oC. The 
measurements were performed on LCE-3.5 ribbons with 0.1 mN preload force at a 
strain rate of 0.1 N/min. The relevant mechanical properties of the LCE sample were 
summarized in Table 2.1. The longitudinal Young’s moduli (E) of these LCE samples 
were 60.06 MPa, 32.53 MPa, 9.57 MPa, 2.50 MPa, and 1.27 MPa respectively. Most 
importantly, Young’s modulus was preserved at 1.27 MPa even when the temperature 
jumped over its clearing point, which is attributed to the advantage of a main-chain end-
on mesogenic network. The increase of the temperature gradually decreased Young’s 
modulus and the maximum tensile strength, while the elongations at break contrarily 
increased from 20.3% to 60.6%. Overall, this LCE material had good mechanical 
property; it behaved like a strong rubber at room temperature and could also preserve 
sufficient elastic property and mechanical strength in the isotropic phase. 
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Table 2.1. Mechanical properties of AIE functionalized LCE film (LCE-3.5). 

Temperature 
(oC) 

Young’s Modulus 
(MPa) 

Maximum tensile 
strength (MPa) 

Elongation at 
break (%) 

30 60.06 7.40 20.33 
60 32.53 6.44 30.43 
95 9.57 4.03 51.91 

105 2.50 1.15 53.79 
120 1.27 1.06 60.61 

2.2.6 Solvent-dependent fluorescence of the LCE films 

The UV-vis absorption properties of the AIEgen-functionalized LCE film and the AIE-
inactive LCE film were also measured. As shown in Figure 2.5a, two absorption peaks 
of AIEgen-functionalized LCE film appeared at ca. 260 and 410 nm, which correspond 
to the characteristic absorption of TPE-10C in the solid state. One absorption peak of 
AIE-inactive LCE film appeared at ca. 265 nm. The fluorescence emission behavior of 
the LCE film was similar to the one of TPE-10C, with an emission maximum at 485 nm 
when excited at 350 nm. The LCE sample exhibited very sensitive fluorescence 
responses against various organic solvents. The relative fluorescence intensities of LCE 
samples dispersed in THF, hexane, chloroform and methanol were plotted against the 
swelling time respectively. As shown in Figure 2.5b,c, when this LCE material was 
immersed in THF or chloroform, the fluorescence of this LCE sample was quickly 
quenched and the relative fluorescence intensity dramatically declined to ca. 0.03 times 
of the original value of the dry state in 5 min, and remained almost consistent even after 
the swelling time was further lengthened to 60 min. On the contrary, employing hexane 
or methanol as the solvent significantly retarded the fluorescence decreasing rate of the 
LCE sample. In the first 5 minutes, the relative fluorescence intensity of the LCE sample 
immersed in methanol dropped to 48% and steadily preserved more than 42% in the 
next 55 minutes, while the relative fluorescence intensity of the LCE sample immersed 
in hexane had a sharp drop to 35% in the first 10 minutes and gradually decreased to 
ca. 14% of the original value in 60 minutes. This solvent-responsive fluorescence 
variation was indeed derived from the swelling capabilities of the AIEgen-
functionalized LCE sample in various organic solvents. The swelling degree (Q) of LCE 
samples against swelling time were plotted in Figure 2.5d, the swelling degree (Q) was 
defined based on the following equation: Q = (Wwet-Wdry)/Wdry, where Wwet is the weight 
of LCE sample at any given time, and Wdry is the weight of LCE sample at its dry state. 
Compared with hexane and methanol, THF and chloroform were much better swelling 
solvents, could effectively penetrate through the LCE matrix, activate the 
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intramolecular rotations of the phenyl rings of TPE crosslinkers, and consequently 
diminish the fluorescent emission of the TPE units. 
 

 
Figure 2.5. a) UV-vis absorption spectra (solid line) and fluorescence spectrum (dotted line) of LCE samples 
measured directly on the film at 20 oC (λexc = 350 nm). b) Photograph of LCE samples dispersed in various 
solvents for 5 min under irradiation with a UV-365 nm lamp (Scale bar = 1 cm). c) Time-course fluorescence 
intensity and d) time-course swelling degree of AIEgen-functionalized LCE sample dispersed in THF, hexane, 
chloroform and methanol respectively (λexc = 350 nm). 
 

2.2.7 Temperature responsive LCE actuators 

In order to investigate the thermal-responsive properties of the AIEgen-
functionalized LCE film, an LCE-3.5 ribbon was placed on a Mettler PF82HT hot stage 
and heated/cooled at a constant heating/cooling rate of 5 oC/min. As presented in 
Figure 2.6, the LCE-3.5 ribbon remained almost motionless in a temperature range from 
30 oC to 100 oC which was in its LC phase, and drastically shrank along the longitudinal 
direction when further heated to above its LC-to-isotropic phase transition and reached 
its maximum contraction when the temperature approached to 125 oC. After cooled 



Aggregation-induced emission 

31 

 

back to room temperature, this LCE film fully expanded to its original shape. The 
longitudinal deformations (L/Liso) of LCE-3.5 sample against heating-cooling cycles 
were potted in Figure 2.6c,d, where Liso is the minimum length of LCE-3.5 ribbon in its 
isotropic state, and L is the length of LCE-3.5 ribbon at any given temperature. Both the 
AIEgen-functionalized LCE ribbon and the AIE inactive LCE ribbon executed reversible 
contraction/expansion during continuous heating-cooling cycles, which implied that 
these temperature responsive LCE actuators had good fatigue durability. Through these 
comparison experiments, we can conclude that the AIEgens do not affect the thermal 
response, stability and actuation repeatability of the LCE films. Meanwhile, the 
fluorescence emission intensity of the LCE-3.5 ribbon gradually decreased along with 
temperature rising and the shape shrinkage of the ribbon, as shown in Figure 2.6a. 

 

 

Figure 2.6. Photographs of thermal-induced actuation of one LCE-3.5 ribbon sample exposed to a) UV 365 
nm radiation and b) ambient light (Scale bar =5 mm). The reversible shape deformations of two LCE-3.5 films 
with c) AIE active crosslinkers TPE-10C and d) AIE inactive crosslinkers TPEA-10C respectively during 
heating-cooling cycles. 
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2.2.8 Temperature responsive fluorescence of LCE actuators 

We further quantitatively conducted fluorescence experiments at the LCE actuator as 
a function of temperature. The fluorescence emission spectra of this LCE sample was 
recorded with an excitation wavelength of 350 nm in a temperature range from 35 oC 
to 135 oC. As presented in Figure 2.7a, the fluorescence emission maximum of LCE-3.5 
film appeared at ca. 485 nm, and the emission intensity gradually declined during the 
heating process. Apparently, the increase of temperature activated the intramolecular 
rotation and vibration of phenyl rings of TPE units,[19] reducing the AIE effect. In 
addition, a progressively bathochromic-shift of the maximum emission wavelength was 
observed as temperature increased, possibly due to the conformation changes of the 
TPE units.[20] At low temperature, the “frozen” LCE matrix might force TPE-10C to have 
a twisted conformation packed in a very limited small space, while at high temperature 
the increased mobility of LCE network allows TPE-10C to have more relaxed 
conformations, which could be supported by the XRD results (Figure 2.4a-d). 

 

 

Figure 2.7. a) Fluorescence spectra of the LCE-3.5 sample at different temperatures (λexc = 350 nm). b) 
Fluorescence (orange line) and the longitudinal shape deformation (L/Liso) (blue line) of LCE-3.5 ribbon 
versus temperature. c) The correlation of longitudinal stretch ratio l and fluorescence intensity (λexc = 350 
nm) of LCE samples were measured at different temperatures. 

 
The relative fluorescence emission intensities (I/I35) and longitudinal deformations 

(L/Liso) of LCE-3.5 sample against temperature were plotted in Figure 2.7b, where I35 is 
the fluorescent intensity of the LCE-3.5 ribbon measured at 35 °C, and I is the 
fluorescent intensity of LCE-3.5 ribbon measured at any given temperature. As 
illustrated in Figure 2.7b, the normalized fluorescence intensity was inversely 
proportional to temperature and experienced a ca. 59% decrease from 35 oC to 135 oC, 
while the longitudinal deformations (L/Liso) of LCE-3.5 sample did not exhibit a linear 
correlation with temperature variation, but presented a jump change around the LC-to-
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isotropic phase transition temperature (110 oC). In this case, we can conclude that the 
fluorescence emission intensity variation of AIEgen-functionalized LCE material is 
mainly determined by temperature effect, instead of the macroscopic shape 
deformation. 

In order to examine the correlation between LCE film’s macroscopic shape 
deformation and fluorescence intensity, we synthesized a series of AIEgen-
functionalized LCE ribbons (LCE-1.0, LCE-1.5, LCE-2.0, LCE-2.75, LCE-3.5) with different 
stretching ratios, measured the fluorescence emissions of all these LCE samples at 
various temperatures (50 oC , 75 oC , 95 oC, 105 oC, 115 oC, 125 oC, 135 oC) respectively, 
and plotted their maximal fluorescence intensities at 485 nm against their longitudinal 
stretch ratio l in Figure 2.7c. As demonstrated in Figure 2.7c, at any specific 
temperature, the fluorescence emission intensity always showed a declining trend 
along with the increase of stretching extent of LCE sample, which implied that the 
intramolecular motions of AIE molecules did not become restricted during the 
stretching process; on the contrary, when the polymer chain networks transformed 
from relaxed to stretched state, the TPE units might experience a transformation from 
an aggregation state to deaggregation state, which would diminish the fluorescence 
emission. Another interesting phenomenon was that an obvious fluorescence intensity 
transition point appeared when the longitudinal stretch ratio l reached 2.0, particularly 
at low temperatures, which implied that the aggregation degree of TPE moieties might 
have a threshold value when the LCE films were stretched to twice their original 
lengths. Inside this range (1.0 < l < 2.0), a small stretching force could cause a sharp 
decrease of the aggregation degree of TPE moieties, and the fluorescent emission 
intensity would present a dramatic decrease correspondingly; while beyond this 
stretch ratio (l > 2.0), TPE molecules were separated from each other to some extent 
that further deaggregation would not induce a large change of the fluorescent emission 
intensity. 

 Conclusion 

In conclusion, we reported the first example of AIEgen-bonded LCE actuator prepared 
by a facile two-step in-situ ADMET polymerization/crosslinking protocol. The AIEgen-
functionalized LCE actuator performed fully reversible, thermal-induced shape 
morphing, meanwhile had a spontaneous photoluminescence switching in response to 
the thermomechanical shape deformation. In a typical heating process, temperature 
rising provided an activation energy for intramolecular motions of AIE molecules and 
weaken the fluorescence emission. Contrarily the simultaneous relaxation of the 
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polymer chain networks induced the aggregation of AIE units and enhanced the AIE 
effect. In conclusion, the photoluminescence variation was predominately determined 
by temperature effect, while the macroscopic shape deformation of the LCE film played 
only an antagonist role and was almost negligible. We hope that our AIE-active LCE 
actuator will open up a new horizon for thermomechanical-controllable fluorescent soft 
actuators. 

 Experimental details 

2.4.1 Materials 

All reagents were purchased from commercial sources and used without any further 
purification. Tetra(4-hydroxyphenyl)ethane, diethyl azodicarboxylate (DEAD), 
triphenylphosphine (TPP), 4-hydroxybenzoic acid, methyl isobutyl ketone (MIBK) and 
n-decyl alcohol were obtained from Aladdin (Shanghai) Inc. 10-Bromo-1-decene was 
purchased from TCI Inc. Tetrahydrofuran was distilled from sodium-benzophenone 
ketyl under nitrogen atmosphere. 

2.4.2 Characterizations 
1H NMR and 13C NMR were recorded on a Bruker HW600 MHz spectrometer (AVANCE 

AV-600), or a Bruker HW400 MHz spectrometer (AVANCE AV-400), or a Bruker HW151 
MHz spectrometer (AVANCE AV-151), referenced to CDCl3 or DMSO-d6. The UV-vis 
spectra experiments were carried by a TU-1810 ultraviolet-visible spectrophotometer 
(UV/VIS spectrometer) (Beijing Purkinje General Corp., China). Fluorescence spectra 
were measured using a Fluorolog 3-TSCPC (Horiba Jobin Yvon Inc. France). Differential 
scanning calorimetry (DSC) spectra were obtained over a TA Instruments Q20 
instrument (New Castle, DE) under the nitrogen atmosphere (heating and cooling rates: 
10 °C/min). Polarized optical microscopy (POM) observations of the liquid crystalline 
textures were performed on an Olympus BX53P microscope equipped with a Mettler 
PF82HT hot stage. The images were captured using a Microvision MV-DC200 digital 
camera with a Phenix Phmias 2008 Cs Ver2.2 software. One-dimensional wide-angle X-
ray diffraction (1D-WAXD) experiments were conducted by simultaneously recording 
both wide-angle X-ray diffraction (WAXD) and small angle X-ray diffraction (SAXD), the 
q range covered from 0.06 to 29 nm−1. q = 4π (sin θ)/λ, where the wavelength λ is 0.1542 
nm of Cu Kα radiation, the scattering angle is 2θ. The relationship between structure 
and temperature was studied by a temperature control connected with a Philips X’Pert 
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Pro diffractometer. A dynamic mechanical analyzer (DMA Q800, TA Instrument) with 
tension clamp was adopted to investigate the mechanical properties of the LCE samples. 

2.4.3 Synthesis of 4-hydroxyphenyl-4-hydroxybenzoate (HPHB, 3) 

In a 50 mL three-neck round-bottom flask, a mixture of 4-hydroxybenzoic acid (1.25 
g, 9.08 mmol) and hydroquinone (10.11 g, 91.86 mmol) were placed. The resulting 
mixture was heated at 260 oC for 2.5 h. Water (100 mL) was added to the reaction 
solution and the residue was filtered under reduced pressure. Recrystallization from 
ethanol/water (1:1 v/v) solution gave compound 3 as a white solid (1.02 g, yield 49%). 

1H NMR (400 MHz, DMSO, δ): 10.49 (s, 1H), 9.47 (s, 1H), 7.95 (d, J = 8.7 Hz, 2H), 7.00 
(d, J = 8.9 Hz, 2H), 6.91 (d, J = 8.8 Hz, 2H), 6.78 (d, J = 8.9 Hz, 2H). 

13C NMR (151 MHz, DMSO, δ): 165.21, 162.96, 155.43, 143.32, 132.55, 123.11, 120.06, 
116.02.  

HRMS (ESI) m/z calcd for C13H10O4 [M+H]+: 231.06519, found 231.06533. 
Elemental analysis calcd (%) for C13H10O4: C 67.82, H 4.38; found C 68.41, H 4.65. 

2.4.4 Synthesis of 4-undec-10-enyloxy-benzoic acid 4-dec-9-
enyloxy-phenyl ester (Y1709, 4) 

In a 50 mL Schlenk flask, a mixture of precursor 3 (1.00 g, 4.35 mmol), 
triphenylphosphine (2.50 g, 9.53 mmol) and 9-decen-1-ol (1.69 g, 10.81 mmol) was 
loaded in anhydrous THF (20 mL) under nitrogen atmosphere. DEAD (830 mg, 4.76 
mmol) was slowly added to the mixture. After stirring at room temperature overnight, 
the reaction mixture was concentrated by removing the solvent and further purified by 
column chromatography (petroleum ether: ethyl acetate = 10/1) to obtain LC monomer 
4 as a white solid (1.20 g, yield 53%). 

1H NMR (400 MHz, CDCl3, δ): 8.13 (d, J = 8.8 Hz, 2H), 7.09 (d, J = 9.0 Hz, 2H), 6.95 (d, J 
= 8.8 Hz, 2H), 6.90 (d, J = 9.0 Hz, 2H), 5.82 (m, J=16.9 Hz, 10.2 Hz, 6.6 Hz, 2H), 5.00 (d, 
J=16.9 Hz, 2H), 4.93 (d, J=10.2 Hz, 2H), 4.04 (t, J=6.6 Hz, 2H), 3.95 (t, J=6.6 Hz, 2H), 2,05 
(m, 4H), 1.80 (m, 4H), 1.50-1.25 (m, 20H). 

13C NMR (151 MHz, CDCl3, δ): 165.35, 163.41, 156.75, 144.34, 139.19, 132.21, 122.46, 
121.66, 115.04, 114.32 – 114.06, 68.33, 33.80, 29.48 – 29.18, 29.18 – 28.97, 28.90, 
25.99. 

HRMS (ESI) m/z calcd for C33H46O4 [M+H]+: 507.34689, found 507.34677. 
Elemental analysis calcd (%) for C33H46O4: C 78.22, H 9.15; found C 79.01, H 9.40. 
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2.4.5 Synthesis of tetra (4-(1-decenyl) oxyphenyl) ethene (TPE-10C, 
7) 

In a 50 mL three-neck round-bottom flask, a solution of potassium carbonate (261 mg, 
1.89 mmol), tetra (4-hydroxyphenyl) ethene (75 mg, 0.19 mmol) in acetonitrile (5.0 
mL) was stirred at room temperature under nitrogen atmosphere for 1.5 h. 10-Bromo-
1-decene (591 mg, 2.70 mmol) was slowly added into the above mixture via a syringe, 
the resulting solution was refluxed at 87 oC for 24 h. After the solvent was evaporated 
in vacuo, the residue was diluted with dichloromethane and water. The collected 
organic fraction was dried over sodium sulfate and concentrated under vacuum. 
Further purification was conducted by column chromatography (petroleum ether: 
ethyl acetate = 20 / 1) to afford the desired product 7 as a fair yellowish solid (45 mg, 
yield 25%). 

1H NMR (600 MHz, CDCl3, δ): 6.91 (d, J = 8.7 Hz, 8H), 6.61 (d, J = 8.7 Hz, 8H), 5.81 (m, J 
= 17.0, 10.2, 6.7 Hz, 4H), 4.99 (dq, J = 17.1, 1.7 Hz, 4H), 4.93 (dq, J = 10.2, 1.7 Hz, 4H), 
3.87 (t, J = 6.5 Hz, 8H), 2.06 – 2.02 (m, 8H), 1.76 – 1.71 (m, 8H), 1.43 – 1.29 (m, 40H).  

13C NMR (151 MHz, CDCl3, δ): 157.30, 139.21, 138.28, 136.80, 132.54, 114.17, 113.50, 
67.76, 33.82, 29.51 – 29.25, 29.08, 28.92, 26.08. 

HRMS (ESI) m/z calcd for C66H92O4 [M]+: 948.69901, found 948.69684. 
Elemental analysis calcd (%) for C66H92O4: C 83.49, H 9.77; found C 84.20, H 10.23. 

2.4.6 Synthesis of tetra (4-(1-decenyl) oxyphenyl) ethane (TPEA-
10C, 9) 

A mixture containing potassium carbonate (389 mg, 2.82 mmol), tetra (4-
hydroxyphenyl) ethane (100 mg, 0.25 mmol) and MIBK (5 mL) was placed in a 50 mL 
three-neck round-bottom flask, and stirred vigorously at room temperature under a 
nitrogen atmosphere for 1.5 h. 10-Bromo-1-decene (644 mg, 2.94 mmol) was added via 
a syringe and the obtained solution was refluxed at 116 oC for 36 h. The mixture was 
extracted by ethyl acetate and water and the organic phase was collected. After drying 
by sodium sulfate, the solution was concentrated under vacuum to remove the solvent. 
The crude product was purified by column chromatography (petroleum ether: ethyl 
acetate = 50 / 1) to afford the desired product 9 as a colorless oil (78 mg, yield 31%). 

1H NMR (600 MHz, CDCl3, δ): 7.01 (d, J = 8.5 Hz, 8H), 6.63 (d, J = 8.6 Hz, 8H), 5.81 (m, 
J = 16.8, 10.2, 6.6 Hz, 4H), 5.00 (dd, J = 17.0, 2.1 Hz, 4H), 4.93 (dd, J = 10.2, 2.0 Hz, 4H), 
4.56 (s, 2H), 3.81 (t, J = 6.5 Hz, 8H), 2.07 – 2.02 (m, 8H), 1.73 – 1.67 (m, 8H), 1.34 (m, 
40H). 
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13C NMR (151 MHz, CDCl3, δ): 156.92, 139.22, 136.25, 129.29, 129.08, 114.11, 67.76, 
54.96, 33.83, 29.74, 29.53 – 29.27, 29.14, 28.93, 26.07. 

2.4.7 Preparation of the LCE film 

In a three-neck flat-bottom flask (50 mL), a mixture of LC monomer Y1709 (82.60 mg, 
0.16 mmol), AIE active crosslinker TPE-10C (14.70 mg, 0.016 mmol) and Hoveyda 
Grubbs 2nd Catalyst (4.30 mg, 0.007 mmol) was added to ortho-dichlorobenzene (0.8 
mL) under a nitrogen atmosphere. After ultrasonication for 5 min to provide a 
homogeneous dispersion, the solution was heated at 58 oC for 3 h to crosslink the 
sample. The obtained polydomain LCE gel was cut into a neat ribbon and stretched it 
with a heavy load in an oven. The stretched LCE sample was fixed on a glass slide by 
blinder clips and put in an oven at 100 oC for 2 days, to completely crosslink the 
monodomain LCE ribbon. 
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Appendix A 
Supporting information for Chapter 2 

 

A.1 Thermal properties of the AIE-inactive LCE film. 

 
Figure A.1. a) TGA and b) DSC curves of the reference LCE film containing TPEA-10C. 

 

A.2 Mesomorphic Properties of LC Monomer Y1709. 
DSC, POM and WAXS experiments were applied to investigate the mesomorphic 

properties of monomer Y1709. As indicated in Figure A.2, Y1709 exhibited two phase 
transitions centered at 65 oC and 79 oC (on heating), which were assigned as its melting 
point and clearing point respectively. As shown in Figure A.3, in particular Figure A.3e, 
when Y1709 was cooled from the isotropic phase to the liquid crystal phase, at 60 oC, a 
typical focal conic texture was observed. WAXS was adopted to further elucidate the 
mesophase. As demonstrated in Figure A.4, an intense and sharp scattering peak 
appeared in the low-angle region. The q values measured at 75 oC (on heating), 70 oC 
(on cooling) and 60 oC (on cooling) were 1.7777 nm-1, 1.7654 nm-1 and 1.7716 nm-1 
respectively. Based on q = 2π/d, the layer spacing d was calculated as 3.55 nm, which 
was consistent with the fully extended length (l = 3.50 nm) of the molecule, as estimated 
by Dreiding models. Thus, Y1709 was determined to possess an enantiotropic smectic 
A phase. 
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Figure A.2. DSC curves of Y1709 during the first cooling scan and the second heating scan at a rate of                 
10 oC/min under nitrogen atmosphere. 

 

 

 
Figure A.3. POM images of monomer Y1709, recorded during a-c) the heating process, and d-f) the cooling 
process. 
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Figure A.4. One-dimensional wide-angle X-ray scattering patterns of Y1709 were measured at varied 
temperatures. 

 

 



 

 

 

  



 

 

 

  
 

Near-infrared chromophore functionalized 
liquid crystal elastomer actuator 

 
ABSTRACT 

In this chapter, we develop a two-step acyclic diene metathesis in situ 
polymerization/crosslinking method to synthesize uniaxially aligned main-chain liquid 
crystal elastomers with chemically bonded near-infrared absorbing four-alkenyl-tailed 
croconaine-core crosslinkers. Because of the extraordinary photothermal conversion 
property, this soft actuator can raise its local temperature from 18 to 260 °C in 8 s and 
lift uploads 5600 times heavier than its weight, under 808 nm near-infrared irradiation. 
 
 
 

 
 
 
This chapter is partially reproduced from L. Liu, M. H. Liu, L. L. Deng, B. P. Lin, H. Yang, Near-
infrared chromophore functionalized soft actuator with ultrafast photoresponsive speed and 
superior mechanical property. J. Am. Chem. Soc. 2017, 139, 11333.  
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 Introduction 

In the past decade, near-infrared (NIR) light stimulated soft actuators with wide 
application prospects in tissue engineering,[1] biomedical devices[2] and robotic 
technology[3] have attracted extensive scientific attention. In particular, the long-
wavelength NIR light, compared with ultraviolet/visible light, could efficiently 
penetrate through biomaterials which render NIR biocompatible remote stimulus 
control.[4] However, the real application of NIR-responsive soft actuators is plagued by 
two key limitations: moderate photoactuation speeds and poor mechanical properties, 
which are intrinsically caused by the exclusive, flawed physical blending preparation 
method of NIR-responsive soft actuators. 

Specifically, all of the previously reported NIR-responsive soft actuators including 
liquid crystal elastomers (LCEs),[5] hydrogels[6] and other polymeric materials,[7] were 
prepared by physically doping into polymeric matrices. A variety of photothermal 
conversion reagents (such as carbon nanotubes,[8] graphenes,[9] metal nanoparticles,[10] 
conjugated polymers[11] and organic dyes[12]), which could absorb NIR light, convert 
photon into thermal energy and further trigger the phase transitions, thermal 
expansions or swelling property variations of polymeric materials.[13] The main 
drawback of this physical blending strategy is the poor solubility of photothermal 
reagents in organic polymeric matrices, resulting in a dilemma: lowering the doping 
percentages of photothermal reagents would decrease the photoactuation speeds of the 
soft actuators; whereas increasing the doping percentages would induce the 
inhomogeneous dispersions of photothermal reagents and phase segregations, 
consequently sacrifices the mechanical properties of the soft actuators. To address this 
solubility limitation, scientists have developed several intelligent optimization 
solutions. For instance, Terentjev group[8] has used the π−π stacking effect of a pyrene-
functionalized polysiloxane-based LCE material to increase the dispersion 
concentration of carbon nanotubes from 0.4 to 3 wt %. Compared with inorganic 
thermal-conductive fillers, small organic NIR dye molecules would have better 
solubilities in polymeric matrices. Following this common sense, our group recently 
decorated a thiophene-croconaine unit[14] with two long alkyl tails to prepare a 
mesogenic NIR dye[12] that achieved high solubility in LC. However, if the concentration 
of NIR dye was increased to more than 5 wt %, the dye leaks out of LCE matrix. 
Moreover, the ion pairs of the thiophene−croconaine units interfere with radical 
polymerizations. 
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Inspired by the landmark works of incorporating azobenzene chromophore into LCE 
networks,[15] the ultimate solution is to chemically bond NIR absorbing chromophore 
units into soft actuators. However, to our surprise, there have been barely any reports 
using this strategy, possibly due to two challenging technique issues: (1) NIR dyes are 
relatively rare species, it is difficult to design a highly soluble NIR absorbing 
chromophore bearing polymerizable, crosslinkable functional groups. (2) Most NIR 
dyes, such as indocyanines, squaraines[16] and croconaines,[17] possess cation−anion 
pairs that can to some extent interfere with radical polymerizations or platinum-
catalyzed hydrosilylation reaction, which are widely used in synthesizing soft 
actuators.[18] To address the above challenges, herein we report the first example of 
chemically bonding a NIR absorbing chromophore crosslinker into a main-chain LCE 
soft actuator prepared by acyclic diene metathesis polymerization (ADMET). 

 Results and discussion 

3.2.1 Design and fabrication of NIR-responsive LCE film 

As shown in Figure 3.1, the LCE material was composed of an α , ω -diene LC monomer, 
4-undec-10-enyloxy-benzoic acid 4-dec-9-enyloxy-phenyl ester (Y1709), Grubbs 
second generation catalyst, and a newly designed four-armed NIR absorbing cross-
linker, 2,5-bis[(1-dec-9-enyl-undec-10-neyl-4-carboxylate-piperidyl-amino)-
thiophenyl] croconium (YHD796C), whose relative weight percentage reached to ca. 
17 wt %. 

To prepare the uniaxial-aligned LCE actuator, we have tried thiol−ene 
polymerization[19] and platinum-catalyzed hydrosilylation reaction,[20] neither of which 
could function properly in the presence of a large quantity (8−10 mol %) of 
thiophene−croconaine crosslinker YHD796C. Alternatively, we found that the four-
alkenyl-tailed thiophene−croconaine unit was compatible with Grubbs catalysts, and 
thus we chose for the ADMET polymerization approach that has been only used by 
Mather group[21] to synthesize LC copolymers with unsaturated backbones for further 
radical crosslinking to provide polydomain LCEs. Learned from two recent examples 
extending the application of Finkelmann’s classical two-step hydrosilylation 
crosslinking strategy[20] to acrylate-type[9] and thiol−ene-type[19] LCEs, we developed a 
two-step ADMET in situ polymerization/crosslinking method to fabricate the uniaxial-
aligned LCE soft actuators. 
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Figure 3.1. Chemical composition of LCE material in this chapter. 

 
The preparation protocol of the monodomain LCE film is schematically illustrated in 

Figure 3.2. Under the nitrogen atmosphere, a mixture composed of Y1709, YHD796C 
and Grubbs catalyst was dissolved in a small amount of toluene and reacted at 60 °C for 
3 h (Figure 3.2a) to realize the first partial-crosslinking purpose. The obtained 
polydomain LCE gel was sliced into a ribbon (Figure 3.2b), which was uniaxially 
stretched at 120 °C by a heavy load (two counterweights, ca. 40 g) (Figure 3.2c,d). The 
resulting film ribbon was fixed on a glass slide (Figure 3.2e) and kept at 100 °C for 2 
days, to accomplish the second full-crosslinking step to provide the desired 
monodomain LCE ribbon (Figure 3.2f). 

 

 
Figure 3.2. Photographs of the different steps for fabricating the uniaxially aligned LCE actuator. 
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3.2.2 Optical and mesogenic properties of the LCE film 

Investigated by UV−vis spectroscopy as shown in Figure 3.3a, both the NIR crosslinker 
YHD796C and the LCE sample dispersed in dichloromethane exhibited an intense and 
sharp absorption peak centered at 796 nm. The mesomorphic property of the LCE 
sample was examined by differential scanning calorimetry (DSC, Figure 3.3b) and wide-
angle X-ray diffraction (WAXD, Figure 3.3c − f) experiments. At low temperature (<91.7 
oC), the LCE sample showed a highly ordered smectic C phase, which gradually turned 
to a nematic phase with smectic C fluctuations until entering into the isotropic phase 
(above 116 oC). The order parameters of the sample recorded at 30 and 100 oC were 
0.78 and 0.69, respectively (Figure 3.3e,f). This indicates a high uniaxial orientation of 
the mesogenic directors. 

 

 
Figure 3.3. a) UV−vis absorption spectra of YHD796C (concentration= 3.75 × 10−2 mg/mL, dissolved in 
CH2Cl2) and LCE sample (swelled in CH2Cl2). b) DSC diagram of the LCE sample. One-dimensional WAXD 
patterns of the LCE sample upon c) heating and d) cooling. Two-dimensional WAXD patterns of the LCE 
sample at e) 30 °C and f) 100 °C. 
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3.2.3 Thermal actuation of the LCE film 

The thermal actuation of the LCE film was investigated by heating the LCE sample on 
a hot stage.[22] As shown in Figure 3.4a, the LCE ribbon shrank dramatically along the 
stretching direction when the sample was heated into the isotropic phase, and 
recovered to its original shape when the temperature of the sample was cooled back to 
room temperature. The thermal actuation of this LCE ribbon was analyzed by following 
the longitudinal length of the LCE ribbon as a function of temperature. The deformation 
L/Liso (L is the longitudinal length of the ribbon at any specific temperature, Liso is the 
length of the ribbon in the isotropic state), is plotted in Figure 3.4b. Taking advantage 
of the main-chain end-on mesogenic structure,[23] a maximum shape variation of 108% 
was achieved at the nematic-to-isotropic phase transition. In the heating process, the 
L/Liso value changed dramatically in the temperature range of 115 – 140 °C, while in the 
cooling process the L/Liso value had a hysteresis of ca. 8 – 10 °C. 

 

 

Figure 3.4. a) Photographs of the thermal-responsive behaviors of the LCE film. b) The shape deformation 
L/Liso of the LCE film along the stretching direction during the heating and cooling cycles (temperature 
variation rate = 10 oC/min). 

 

3.2.4 Photothermal-stimulated actuation of the LCE film 

The photothermal-stimulated actuation of the LCE film was investigated by using a 
NIR light source (0.83 W·cm−2, center wavelength: 808 ± 3 nm). The experimental setup 
is shown in Figure 3.5a: an LCE ribbon hung up with a binder clip could shrink under 
NIR illumination and expand to its original length after removal of NIR stimulus. The 
reversible contraction/elongation cycle was repeated 8 times, the uniaxial shape 
deformation (L/Liso) of the LCE ribbon was plotted against the corresponding NIR 
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illumination time. Herein, Liso and L0 are the minimum and maximum length of the LCE 
ribbon in the isotropic and glassy phase respectively, whereas L is the length of the 
ribbon measured at any temperature below the clearing point. As shown in Figure 3.5b, 
in each cycle, the average contraction time of the LCE ribbon was 4 − 5 s whereas the 
elongation recovery could be finished in ca. 2 s. The maximal shrinkage value equal to 
(L0 − Liso)/Liso was determined as ca. 110%. 

Meanwhile, a thermal imager instrument (FLUKE Ti90) was adopted to further 
inspect the local surface temperature variation of the LCE sample under NIR irradiation. 
As indicated in Figure 3.5c, the LCE surface temperature reached the LC-to-isotropic 
transition (116 °C) in 2 s and could rise from 18 °C to ca. 260 °C in less than 8 s, whereas 
the temperature of a reference sample containing no YHD796C but a NIR-inactive 
crosslinker (glyoxal bis(diallyl acetal)) increased by less than 10 °C. Undoubtedly, this 
extraordinary ultrafast photoresponsive speed benefited from the high concentration 
(ca. 8.8 mol %, 17.1 wt %) of the NIR absorbing croconaine-core crosslinker YHD796C. 

 

 

Figure 3.5. a) Photographs of the LCE ribbon before and after NIR (808 nm, 0.83 W·cm−2) illumination. b) 
NIR illumination time vs the shape deformation (L/Liso) of the LCE ribbon. c) NIR illumination time vs 
temperature plot of the LCE ribbons with and without the NIR chromophore. 

 

The effect of NIR light intensity on temperature rise, shape deformation and 
responsive speed of this LCE film were investigated as shown in Figure 3.6. As expected, 
the temperature rise of the LCE sample under NIR light illumination strongly depended 
on the NIR light intensity. As shown in Figure 3.6a, the LCE surface temperature could 
rise in less than 8 seconds from room temperature to ca. 260 oC which is also the 
maximum limit of the used Thermal Imager (FLUKE Ti95), by applying 0.83 W/cm2 NIR 
power irradiation. If the NIR light intensity was lowered to 0.65 W/cm2, the time of the 
sample reaching 260 oC would increase to ca. 40 seconds. If the NIR light intensity was 
further lowered to 0.56 W/cm2 and 0.42 W/cm2, the maximum temperature elevation 
of the LCE sample decreased to 237 oC and 200 oC respectively. 
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The shape deformation of this LCE film under NIR illumination at various light power 
is plotted as a function of irradiation time. As presented in Figure 3.6b, although the LCE 
sample could execute the full contraction/expansion cycle under the four different NIR 
irradiation powers, the response speed of the LCE film in different scenarios was 
different. If the NIR light intensity was in the range of 0.83 ~ 0.65 W/cm2, the LCE film 
could achieve the maximum contraction (L/Liso = 1.0) in 5~6 seconds. If the NIR light 
intensity was lowered to 0.56 W/cm2, the time was slightly lengthened to 7~8 seconds. 
However, if the NIR light intensity was further lowered to 0.42 W/cm2, it took more 
than 15 seconds for the LCE film to achieve maximum contraction. 

 

 

Figure 3.6. a) Temperature elevation of LCE film under 808 nm laser irradiation at various light intensities. 
b) The shape deformation L/Liso of LCE film along the stretching direction, under 808 nm laser irradiation at 
different light intensities. 

 

3.2.5 Mechanical properties of the LCE film 

The mechanical properties of this LCE sample were further investigated by a dynamic 
mechanical analyzer (DMA Q800, TA Instrument) with a tension clamp for static stress-
strain measurements, which were conducted along with the mesogenic director 
orientation of the LCE film in a temperature range from 30 to 135 °C. As presented in 
Figure 3.7b,c the longitudinal Young’s moduli of the LCE film were found in the range 
from 178 to 10 MPa before its temperature entered into the nematic phase. When the 
temperature of LCE sample was raised to 115 °C, which was close to the clearing point, 
the Young’s modulus gradually decreased to 1.8 MPa. Most importantly, the Young’s 
moduli of this sample in the isotropic phase is ca. 1.4 MPa and less dependent of 
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temperature (1.43 MPa at 125°C, 1.36 MPa at 135 °C). It is well-known that the actual 
actuating performance of an LCE actuator is determined by mechanical properties in its 
isotropic-phase. Compared with the isotropic-phase Young’s moduli of traditional side-
chain LCE soft actuators which were limited to 30 − 300 KPa,[24] the performance of this 
novel main-chain LCE material increased by nearly 1 order of magnitude. This superior 
mechanical property might derive from the advantageous main-chain end-on 
mesogenic structure and the homogeneous distributed NIR chromophore units 
chemically bonded in the LCE matrices. 

Because of the superior mechanical property, this novel LCE soft actuator material 
had an outstanding heavy-lift capability. As demonstrated in Figure 3.7a, under NIR 
illumination, the LCE film (4.3 mg) easily lifted heavy loads ca. 24.440 g, which is ca. 
5680 times heavier than the LCE film’s weight. 

 

 

Figure 3.7. a) Photographs of the LCE film (4.3 mg) lifting a load (ca. 24.44 g) under NIR illumination. b) and 
c) Stress-strain diagrams of LCE film measured at various temperatures. 

 

 Conclusion 

In conclusion, aiming to chemically incorporate NIR activated photothermal reagents 
into polymeric matrices, we designed and synthesized a four-alkenyl-tailed croconaine-
core crosslinker as the NIR absorbing chromophore, and further developed a two-step 
ADMET in situ polymerization/crosslinking method to fabricate a uniaxial aligned 
main-chain LCE soft actuator. Taking advantage of the highly concentrated, 
homogeneous distributed, chemically bonded NIR chromophore units and the main-
chain end-on mesogenic skeletal structure, this novel LCE soft actuator exhibited an 
ultrafast photoresponsive speed and superior mechanical properties. We hope this 
design will pave the way for developing high-speed responsive, ultra-strong smart 
polymeric actuators. 
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 Experimental details 

3.4.1 Materials 

Grubbs 2nd generation catalyst and glyoxal bis(diallyl acetal) (GBDA) were purchased 
from Aldrich Inc. Croconic acid was purchased from Alfa Aesar Inc. 2-Thiophenethiol 
and 10-Bromo-1-decene were purchased from TCI Inc. Methyl isonipecotate, diethyl 
azodicarboxylate (DEAD), triphenylphosphine (TPP), dicyclohexylcarbodimide (DCC), 
4-dimethylaminopyridine (DMAP), 4-hydroxybenzoic acid and n-decyl alcohol were 
purchased from Aladdin (Shanghai) Inc. Toluene and dichloromethane were distilled 
from CaH2 under nitrogen. Tetrahydrofuran was distilled from sodium-benzophenone 
ketyl under nitrogen. All other chemical reagents were used without purification. 

3.4.2 Characterizations 
1H NMR spectra were recorded on a Bruker HW600 MHz spectrometer (AVANCE AV-

600), or a Bruker HW500 MHz spectrometer (AVANCE AV-500), or a Bruker HW300 
MHz spectrometer (AVANCE AV-300), using CDCl3 or DMSO-d6 as the solvent and CHCl3 
(δ 7.26) or DMSO (δ 2.50) as the interior reference. Melting point analysis was 
performed on a microscopic melting point meter (SGW X-4). Differential scanning 
calorimetry (DSC) spectra were recorded on a TA Instruments Q20 instrument (New 
Castle, DE) under nitrogen purge with both heating and cooling rates of 10°C /min. A 
TU-1810 ultraviolet-visible spectrophotometer (UV/VIS spectrometer) (Beijing 
Purkinje General Corp., China) was adopted to obtain the UV-vis spectra of the samples.  

Polarized optical microscopy (POM) observations of the liquid crystalline textures 
were performed on an Olympus BX53P microscope equipped with a Mettler PF82HT 
hot stage. The images were captured using a Microvision MV-DC200 digital camera with 
a Phenix Phmias 2008 Cs Ver2.2 software. One-dimensional (1D) WAXD experiments 
were carried out on a Philips X’Pert Pro diffractometer with an X’celerator detector and 
a 3 kW ceramic tube as the X-ray source (Cu Kα) in the reflection mode. A temperature 
control unit (Paar Physica TCU 100) in conjunction with the X’Pert Pro was utilized to 
study the structure evolutions as a function of temperature. 
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Scheme 3.1. Synthetic routes of NIR absorbing crosslinker YHD796C. Reagents and conditions: (a) toluene, 

reflux; (b) NaOH, reflux, then acidified with HOAc; (c) Mg, THF; (d) HCOOEt; (e) DCC, DMAP, CH2Cl2; (f) 

croconic acid, toluene/n-butanol, reflux. 

 

3.4.1 Synthesis of 1-thiophen-2-yl-piperidine-4-carboxylic acid 
methyl ester (3) 

A mixture of methyl isonipecotate (2.69 g, 18.90 mmol), thiophene-2-thiol (1.20 mL, 
13.50 mmol) and anhydrous toluene (20 mL) were added into a 50 mL three-neck 
round-bottom flask. The reaction mixture was purged with nitrogen and magnetically 
stirred. After refluxed at 90 oC for 5 h, the solvent was removed by filtration, and the 
residue was purified by column chromatography (petroleum ether : ethyl acetate = 10: 
1) to yield the product 3 as a white solid (1.82 g, yield: 59.87 %). 

1H NMR (300 MHz, CDCl3, δ): 6.77 (dd, J = 5.4, 3.8 Hz, 1H), 6.60 (d, J = 5.0 Hz, 1H), 6.13 
(d, J = 3.6 Hz, 1H), 3.71 (s, 3H), 3.51 (dt, J = 12.0, 3.4 Hz, 2H), 2.84 (td, J = 11.8, 3.0 Hz, 
2H), 2.43 (tt, J = 10.8, 3.9 Hz, 1H), 1.94 (m, 4H). 

3.4.2 Synthesis of 1-thiophen-2-yl-piperidine-4-carboxylic acid (4) 

Compound 3 (1.81 g, 8.05 mmol) was added into a 100 mL three-neck round-bottom 
flask. To the above flask, under a nitrogen atmosphere, a sodium hydroxide solution 
(0.5 M, 53 mL) was added slowly. The mixture was heated to reflux for 3 h. After cooling 
to room temperature, the solution was acidified with aqueous acetic acid (conc. 10%) 
solution. The precipitate was obtained by filtration, to give compound 4 as a white solid 
(1.70 g, yield 69.13 %). 
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1H NMR (300 MHz, CDCl3, δ): 6.78 (dd, J = 5.3, 3.8 Hz, 1H), 6.62 (d, J = 5.4 Hz, 1H), 6.15 
(d, J = 3.6 Hz, 1H), 3.45 (dt, J = 11.7, 3.7 Hz, 2H), 2.79 (td, J = 11.6, 2.8 Hz, 2H), 2.49 (tt, J 
= 10.6, 3.8 Hz, 1H), 1.97 (m, 4H). 

3.4.3 Synthesis of 11-hydroxy-1,20-heneicosadiene (7) 

A solution of 10-bromo-1-decene (8.00 mL) in 40 mL of dry THF was added dropwise 
into a mixture of freshly scoured Mg turnings (2.73 g, 113.77 mmol) and a small amount 
of iodine in 12 mL of dry THF. After heating under reflux for 1 h, the resulting Grignard 
solution was chilled to 0 oC, and ethyl formate (1.80 g, 24.32 mmol) was added slowly 
via syringe. The reaction was warmed to 35 oC and stirred for ca. 3 h. The reaction was 
quenched with saturated ammonium chloride solution. The organic layer was extracted 
with diethyl ether, washed with brine, dried over MgSO4, and concentrated. The crude 
product was further purified by column chromatography (petroleum ether: ethyl 
acetate = 10: 1) to give compound 7 as a white solid (4.12 g, yield 57.20 %). 

1H NMR (500 MHz, CDCl3, δ): 5.81 (m, J = 16.9, 10.2, 6.7 Hz, 2H), 4.99 (d, J = 17.1 Hz, 
2H), 4.93 (d, J = 10.1 Hz, 2H), 3.58 (m, 1H), 2.04 (q, J = 7.0 Hz, 4H), 1.39 – 1.26 (m, 28H). 

13C NMR (75 MHz, CDCl3, δ): 139.21, 114.10, 71.91, 37.51, 33.79, 29.83 – 29.31, 29.03, 
25.65. 

3.4.4 Synthesis of 1-thiophen-2-yl-piperidine-4-carboxylic acid 1-
dec-9-enyl-undec-10-neyl ester (8) 

In a 100 mL Schlenk flask, a mixture of compound 4 (1.18 g, 5.57 mmol), compound 7 
(2.06 g, 6.68 mmol), DMAP (70 mg, 0.56 mmol) and DCC (1.38 g, 6.68 mmol) were 
suspended in 50 mL of anhydrous dichloromethane under a nitrogen atmosphere. The 
mixture was stirred at room temperature for 24 h. The resulting suspension was 
filtered to remove the solid residue, and the filtrate was collected and concentrated by 
rotary evaporation. The raw product was further purified by column chromatography 
(petroleum ether: ethyl acetate = 20: 1) to give compound 4 as a colorless oil (1.66 g, 
yield 59.50 %). 

1H NMR (300 MHz, CDCl3, δ): 6.78 (dd, J = 5.4, 3.8 Hz, 1H), 6.61 (d, J = 5.5, 1H), 6.14 (d, 
J = 3.7 Hz, 1H), 5.81 (m, J = 16.9, 10.2, 6.6 Hz, 2H), 5.02 – 4.91 (m, 4H), 4.24 – 4.00 (m, 
1H), 3.52 (dt, J = 12.2, 4.0 Hz, 2H), 2.84 (td, J = 11.7, 3.4 Hz, 2H), 2.41 (tt, J = 10.9, 4.1 Hz, 
1H), 2.04 (m, 8H), 1.31 (m, 29H). 

13C NMR (75 MHz, CDCl3, δ): 174.16, 139.06, 125.98, 114.07, 112.28, 105.63, 74.28, 
51.55, 40.78, 34.07, 33.72, 29.44, 28.94, 27.74, 25.22. 
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3.4.5 Synthesis of 2, 5-bis[(1-dec-9-enyl-undec-10-neyl-4-
carboxylate-piperidylamino) thiophenyl]-croconium 
(YHD796C, 9) 

A 50 mL three-neck round-bottom flask was charged with precursor 8 (230 mg, 0.46 
mmol), croconic acid (30 mg, 0.23 mmol) and a 10 mL solution of toluene/n-butanol 
(v/v, 1/1) under nitrogen atmosphere. The mixture was refluxed at 90 oC for 1 h. The 
solvent was evaporated and the crude product was purified by column chromatography 
(dichloromethane: methanol = 45 :1) to provide the final product (160 mg, yield 62.00 
%), mp 109-110 oC. 

1H NMR (600 MHz, CDCl3, δ): 8.87 – 8.62 (m, 2H), 6.56 (m, 2H), 5.81 (m, J = 16.9, 10.2, 
6.6 Hz, 4H), 5.02 – 4.91 (m, 8H), 3.96 (m, 6H), 3.44 (m, 4H), 2.64 (m, 2H), 2.10 – 1.91 (m, 
16H), 1.52 (m, 8H), 1.35 (m, 8H), 1.25 (m, 42H). 

13C NMR (75 MHz, CDCl3, δ): 172.92, 139.13, 114.12, 75.12, 50.49, 27.62, 25.30. 

3.4.6 Preparation procedure for the LCE film 

A 50 mL three-neck flat-bottom flask was charged with LC monomer Y1709 (82.6 mg, 
0.16 mmol), crosslinker YHD796C (17.4 mg, 1.57 × 10-2 mmol), Grubbs 2nd generation 
catalyst (2.0 mg, 2.40 × 10-3 mmol) and fresh distilled toluene (1.5 mL). The mixture 
was sonicated at room temperature for 2 min to achieve homogeneous dispersion. The 
reaction solution was heated at 60 oC under a nitrogen atmosphere for 3 h, during which 
the generated ethylene gas was removed via vacuum periodically. The resulting pre-
crosslinked gel was removed from the flask and sliced into strips using a sharp knife. 
The pre-crosslinked LCE ribbon was hung in a nitrogen-filled oven and burdened with 
a heavy load at 120 oC to achieve uniaxial stretching. The stretched ribbon was fixed on 
a glass slide by binder clips and kept in the nitrogen-filled oven with the temperature 
set at 100 oC for 2 days, to accomplish the second full-crosslinking step to provide the 
desired monodomain LCE film ribbon. 
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Light tracking and light guiding fiber arrays by 
adjusting the location of azobenzene 
chromophores in liquid crystal networks 

 
ABSTRACT 

In this chapter, a drop casting/drawing method is applied to fabricate a fiber array 
capable of not only performing sunflower-inspired light tracking, but also light guiding. 
The fiber arrays were constructed with various liquid crystal networks by adjusting the 
location of photoresponsive azobenzene moieties in the polymer network to 
understand the correlation between the extent of photoresponse and azobenzene 
location. Incorporating the azobenzene in the main chain oligomer renders these fibers 
with advanced photoresponse in both air and water. The fibers are able to track a light 
source and to guide the collected light, making these responsive actuator arrays 
potentially attractive for advanced photovoltaic and optical elements. 

 

 
This chapter is partially reproduced from L. Liu, M. del Pozo, F. Mohseninejad, M. G. Debije, D. J. 
Broer, A. P. H. J. Schenning, Light tracking and light guiding fiber arrays by adjusting the location 
of photo-responsive azobenzene in liquid crystal networks. Adv. Opt. Mater. 2020, in press. 
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 Introduction 

Tether-free actuation is of importance for developing soft robotics, microfluid 
devices, responsive surfaces, and advanced optical materials.[1] Among various external 
energy sources, photon energy provides a promising and versatile platform to construct 
untethered actuators featured with a high degree of flexibility, accuracy and 
programmability.[2] 

Heliotropism, the motion of flowers or leaves in response to the position of the sun to 
maximize energy harvesting, provides inspiration for researchers for the development 
of light responsive materials and optical light guiding elements.[3] Heliotropism-like 
actuators have been developed to achieve light tracking in artificial fiber arrays based 
on a feedback loop involving photothermal effects and the mechanical properties of the 
polymers employed.[4] A photo-active light guiding actuator has been constructed to 
drive photothermal deformations.[5] For photothermal actuation, a specific 
chromophore is often added to the system so that when illuminated with the proper 
wavelength, generates a mechanical response.[6] Once the illumination stops, the 
actuator immediately returns to its initial state due to the reduction of the temperature. 
Thus, constant energy supply is essential to preserve the desired transitional 
conformation. In pursuit of shape morphing with long-lived and energy-efficient 
features, developing alternative photoactive polymers driven by a photochemical effect 
is of great interest. Photochemical actuation mostly depends on forward and backward 
isomerization of an incorporated molecular photoswitch activated and de-activated by 
using different wavelengths.[7] The materials that we chose for the responsive fibers are 
based on oligomeric liquid crystal monomers decorated with a low molecular weight 
co-polymerizing crosslinker. In the design of the responsive fibers, we have different 
options for the position of the photoswitching molecules, either as being an integral 
part of the oligomeric monomers or as separately added crosslinking molecules. It is 
the objective of this research to determine the optimum fiber composition and to 
deploy these fibers in a light directing device. 

Liquid crystal (LC) polymer networks containing azobenzene molecules are attractive 
for fabricating photochemically driven soft actuators.[8] The rod-like shape of trans-
azobenzene is compatible with mesogens, facilitating the LC network alignment.[9] 
Large and reversible geometrical changes between 9.0 and 5.5 Å accompany the trans–
cis isomerization of azobenzenes.[10] The efficient and reversible molecular motion of 
network-embedded azobenzenes is amplified into macroscopic deformations in LC 
polymers. Recently, light responsive fibers arrays were reported, which were prepared 
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by a drop-casting and drawing method.[11] The polymer fibers were obtained in a two-
step process in which a main chain liquid crystal oligomer was first synthesized by a 
Michael addition reaction, followed by mixing of the oligomer with the azobenzene and 
photoinitiator in the second step. The precursor mixture was melted and the fibers 
were drawn in the liquid crystalline state and photopolymerized. The fiber arrays 
showed efficient photoactuation mainly at elevated temperatures, hindering further 
applications of such novel materials under ambient conditions. Therefore, optimization 
of the material is desirable to fabricate light responsive fiber arrays able to respond 
efficiently at room temperature. 

In this chapter, a strategy is reported for constructing advanced, multifunctional LC 
fiber arrays that are photoresponsive at room temperature in both air and when 
immersed in water. A systematic study was conducted to explore the impact of the 
location of azobenzene chromophores within the polymer network on the 
photomechanical response (Figure 4.1). Accordingly, azobenzene molecules were 
introduced into the LC polymer network during either the chain extension step (Fiber 
1 and Fiber 2) or the photocrosslinking process (Fiber 3).[11] Additionally, the fiber 
arrays were able to track and guide light, making them attractive for applications in 
light responsive optical devices. 

 Results and discussion 

4.2.1 Fabrication and characterization of fibers 

The initial goal was to design a main-chain LC oligomer with viscoelasticity suitable 
for drawing fibers from the melt state.[12] To accomplish this goal, a thiol-acrylate 
Michael addition reaction between diacrylate mesogens and a flexible dithiol spacer 
was adopted.[13] Two types of oligomers, one with azobenzene (denoted as Oligomer 1) 
and one without azobenzene (denoted as Oligomer 2), were synthesized. A mixture of 
mesogenic diacrylate monomers of 1:1 stoichiometric ratio between 1 and 2 (Figure 
4.1) was selected to optimize the mesogenic and viscoelastic properties of the 
oligomers.[14] Oligomerization between diacrylate LC monomers and dithiol chain 
extender was conducted at 38 oC overnight. A crosslinkable acrylate-terminated 
oligomer was synthesized by using a slight excess of acrylate. 
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Figure 4.1. Synthetic routes and chemical composition for the fabrication of azobenzene-functionalized LC 
fibers. 

 
In the 1H-NMR spectra (Figure 4.8 and 4.9 in the experimental details of this chapter), 

peaks of acrylic protons centered at 6.40-5.70 ppm confirmed the existence of acrylate 
end groups for post-polymerization. Gel permeation chromatography (GPC) revealed a 
weight average molecular weight (Mw) of the oligomers between 17000 and 18000 g 
mol-1 with a polydispersity index (PDI, Mw/Mn) ranging from 2.7 to 2.8 (Table 4.1). In 
the GPC contour plot (Figure 4.2a), the same retention time of the main absorption peak 
at ca. 250 nm and the absorption peak of trans-azobenzene (Compound 3 in Figure 4.1) 
at ca. 365 nm revealed that azobenzene molecules were incorporated in Oligomer 1. 
Differential scanning calorimetry (DSC) revealed a clearing point (Ti) for both 
oligomers of around 72 oC (Figure 4.2b). 

 

 
Figure 4.2. a) GPC Contour plots of Oligomer 1. b) DSC curves of fibers before and after photocrosslinking. 
Black line, blue line and red line presented Fiber 1, Fiber 2 and Fiber 3, respectively. 
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Table 4.1. Summary of properties of oligomers. 
 Repeating 

unitsa 
Mna Mwb PDIb Tg (oC)c Ti (oC)c 

Oligomer 1 7.76 6052 18571 2.71 -17.2 73.4 

Oligomer 2 8.22 6499 17173 2.84 -14.7 79.5 

a, Calculated from 1H-NMR measurements. b, Obtained from GPC measurements. c, Obtained from DSC 
measurements. 

 
With these two acrylate-terminated oligomers in hand, fiber arrays on a glass 

substrate were fabricated via a drop casting/drawing method, which generates 
vertically standing fibers at specific positions with controlled dimensions and 
alignment on a substrate. Generally, the fiber length depends on the viscosity of the 
oligomer mixture and the distance between two glass slides used for drawing the fiber. 
If the mixture is not viscous enough and the spacing between two glass slides is too 
large, the fibers are susceptible to breakage during the drawing process or cannot 
maintain the vertical state after removal of the top glass slide. The oligomers, together 
with photoinitiator (Fiber 1) and diacrylate monomers 1 and 3 (Fibers 2 and 3, 
respectively), were firstly dissolved in dichloromethane to get a homogeneous mixture. 
Then, as shown in Figure 4.3, droplets were drop cast on a glass substrate and placed 
on a hotplate which was heated to evaporate the solvent. Subsequently, another glass 
plate was placed at a specific height over the substrate and just brought into contact 
with the droplets. Fibers were formed when the two glass plates were pulled apart, 
resulting in an alignment of the oligomers along the stretching direction. After 
photopolymerization in a nitrogen atmosphere for 1 h, fibers were cut away from one 
side of the glass plate to produce the standalone fiber arrays on the glass. 

 

 
Figure 4.3. Schematic illustration of the drop-casting procedure and reversible photoresponsive actuation of 
fibers. 
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The thermally activated deformation of the free-standing fibers in a silicon oil bath 
was recorded between crossed polarizers as a function of temperature. As seen in 
Figure 4.4, all fibers contracted along the longitudinal axis of the fibers (corresponding 
to the drawing direction) during heating, revealing the preferential oligomer alignment 
to be along the stretching direction.[15] The longitudinal shrinkage ratio (L/Lo), 
representing the negative anisotropic thermal expansion along the fiber axis, was 
plotted at elevated temperatures, where L represented the length of fiber at a specified 
temperature and Lo was the initial length of fiber at 25 oC. Fiber 1 reached its maximum 
shrinkage ratio (~0.57) at ca. 115 oC. In contrast, Fibers 2 and 3, composed of oligomers 
mixed with diacrylate small molecules, reached their maximum contractions at a higher 
temperature (135 oC). Such variation in the actuation temperature could be due to the 
presence of the low molecular weight crosslinkers that enhance the crosslink density 
in the network. 

 

 
Figure 4.4. Thermal actuation of a) Fiber 1, b) Fiber 2 and c) Fiber 3 at 25 and 165 oC between crossed 
polarizers. The scale bar is 100 μm. d) Longitudinal deformations (L/Lo) versus temperature of Fiber 1-3. 

 

4.2.2 Photoactuation of fibers 

The photomechanical motions of the fiber arrays were initially examined in a dry 
environment under the illumination of ultraviolet (UV, 365 nm, 75 mW/cm2) or visible 
(455 nm, 30 mW/cm2) light, corresponding to the characteristic absorption peaks of 
trans- and cis- azobenzene, respectively. Upon UV light irradiation, all fibers underwent 
a rapid bending behavior towards the light source. Such bending can be ascribed to the 
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generated asymmetric gradient in the concentration of cis-azobenzene chromophores, 
which results in reduced mesogenic order in the surface-exposed region, leading to 
contraction. Fibers recovered to their initial unbent states after illumination with 
visible light, which promotes cis-to-trans back isomerization. When the azobenzene 
moieties were used as the low molecular weight crosslinkers and copolymerized with 
the oligomeric monomer, the maximum light induced bending angle is ca. 25o in Fiber 
3. Under similar illumination conditions, Fiber 1 and Fiber 2 containing the azobenzene 
chromophores in the main chain oligomer exhibited larger bending angles of 59o and 
48o, respectively. Such amplified photodeformable behaviors in Fiber 1 and Fiber 2 are 
likely due to the efficient isomer-generated network stresses when both ends of 
azobenzene are connected to the main chain oligomer. It is speculated that the 
molecular freedom of the azobenzene moieties as part of the oligomeric main chain 
gives larger conformational changes than when they are embedded in the more 
restricted locations of the more densely crosslinked areas. This shows the importance 
of azobenzene location in the chemical structure of the LC fibers. The time of maximum 
bending angle was 25 s for Fiber 1 and 35 s for Fiber 2 and Fiber 3, revealing that Fiber 
1 outperforms the other two fibers. Such distinct actuation of Fiber 1 might benefit from 
the reduction of the network crosslink density. The time to attain maximum bending 
angle of Fiber 2 and Fiber 3 was similar, which can be explained by the similar crosslink 
density in two fiber networks containing both oligomers and diacrylate small 
molecules. Moreover, the photomechanical response of fibers was tested over ten cycles 
with no obvious attenuation of the photoactuation in these fibers. Fibers took a longer 
time to recover to their initial states than attaining their maximum bending 
deformation, which might be due to the relatively low light intensity (30 mW/cm2) of 
the visible light used. 

The fibers were placed in water to further investigate their photodeformation. 
Actuation when immersed in water discriminates between photothermal and 
photochemical actuations. All fibers showed bending-unbending motions upon UV and 
visible light exposures, respectively. As demonstrated in Figure 4.5, fibers bent only 
slightly slower in water. The deformation amplitude in the air is marginally higher than 
in water, which hints to a predominantly photochemical actuation in all fibers. 
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Figure 4.5. Photomechanical behavior of fibers in the air (upper photographs) and water (bottom 
photographs). The photographs of bending and recovery state were taken after illumination with UV light for 
70 s and visible light for 40 s. Incident light came from the left side. Black, blue and red lines depict (middle) 
the bending angle of the fibers (defined in the inset of the middle image) as a function of time and (right) the 
peak bending angle measured after repeated cycles for Fiber 1, Fiber 2 and Fiber 3, respectively. 

 

4.2.3 Light tracking of fibers 

Light tracking of the fibers was studied under simultaneous illumination with UV and 
visible light, which resulted in gradients of photoisomerization throughout their 
diameter. In this study, actuation was achieved through the illumination with UV and 
visible light sources from opposite directions. The presence of visible light at the 
opposite side promoted rapid cis-to-trans back isomerization, overcoming the 
relatively long cis lifetime of azobenzene at ambient temperature. As presented in 
Figure 4.6a, fibers continuously tracked UV light 360° azimuthally at room temperature 
when two light sources were simultaneously rotated with a speed from 2.1 to 9.0 °/s. 
UV light tracking was further investigated by rotating the fiber without changing the 
positions of the light sources (Figure 4.6b). Again, the bending behavior of fibers 
adjusted the bending direction towards the UV light due to the fast transformation 
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between trans and cis isomer. Such sunflower-like UV-light-tracking movements of 
fibers can be ascribed to the gradient isomerization and asymmetric shrinkage ratio 
through the fiber depth.[16] 

 

Figure 4.6. Self-regulation of Fiber 2 at room temperature in air. a) Fixed fibers continuously adjusted their 
bending direction to follow the rotation of UV and visible light. b) Rotating fibers bent towards the same 
direction once the position of incident light sources was fixed. 
 

4.2.4 Light guiding of fibers 

Additionally, we demonstrated light guiding behavior in the fibers by integrating 
them with a red emitting fluorescent dye doped polymethyl methacrylate (PMMA) 
plate, which collects light from the environment, e.g. halogen light. The emission light is 
largely confined in the PMMA plate by total internal reflection.[17] The light can be 
redistributed in space through the vertically positioned fibers which are optically 
coupled through their matching refractive indices to the polymer plate (Figure 4.7). Red 
emission was observed on the tip of the fibers once the dye-doped plate was illuminated 
with a halogen light. In addition, the direction of emitted light outcoupling was 
controlled by the bending of the optical fibers, driven by their exposure to UV light. 
Fibers immediately bent towards the UV light source upon irradiation and remain bent 
after the removal of UV light. The extent of bending in fibers dependent on the duration 
of the UV light illumination. 
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Figure 4.7. Light tracking behavior of fibers. a) Representative scheme and b) snapshots of fibers illuminated 
with halogen, UV, or visible light. The inset in the upper left corner corresponds to the schematic cross section 
of the fiber and photographs of the fiber tip, respectively. 

 

 Conclusion 

Two types of acrylate-terminated main chain oligomers, with and without 
azobenzene moieties, were synthesized via thiol-acrylate Michael addition reaction. A 
drop casting/drawing technique was employed to fabricate a series of fibers array with 
different LC polymer networks. Altering the location of azobenzene chromophores in 
the network led to tunable photodeformation of cilia-like structures in both air and 
water, indicating the importance of the presence and positioning of the azobenzene in 
the main chain oligomer. In addition, fibers presented omnidirectional rotation under 
simultaneous illumination by UV and visible lights. Finally, the prepared 
photoresponsive optical fibers exhibited light guiding properties. We anticipate that 
photoinduced morphing of the actuator arrays has potential applications in advanced 
optical and microfluidic devices. 

 Experimental details 

4.4.1 Materials 

All commercial reagents were used as received without further purification. Reactive 
mesogen, 1,4-bis-[4-(6-acryloyloxyhexyloxy) benzoyloxy]-2-methylbenzene (1, RM82) 
and 1,4-bis-[4-(3-acryloyloxypropyloxy) benzoyloxy]-2-methyl- benzene (2, RM257), 
were obtained from Merck. The photoresponsive moiety, 4,4'-bis(6-
acryloyloxyhexyloxy) azobenzene (3, A6A) was purchased from Synthon. The chain 
extender, 3,6-dioxa-1,8-octanedithiol (DODT) was obtained from Sigma Aldrich. The 



Light tracking and light guiding 

69 

 

catalyst, Triethylamine (TEA) was obtained from Acros. The photoinitiator, Irgacure 
819, was purchased from Ciba. Dichloromethane (DCM) was obtained from Biosolve. 

4.4.2 Characterizations 

All 1H NMR spectra were recorded on a 400 MHz Bruker Advance Ⅲ HD spectrometer 
by using CDCl3 as the solvent. The number average molecular weight (Mn), weight 
average molecular weight (Mw), and polydispersity index (PDI) were evaluated by gel 
permeation chromatography (GPC). The GPC used was a Shimadzu apparatus and the 
polystyrene (PS) as a reference with an average Mw of 350,000 g mol-1. The phase 
transition behaviors were determined from differential scanning calorimetry (DSC) 
curves via TA instruments DSC Q2000 under the nitrogen atmosphere. All microscopy 
images were taken from a Leica DM 2700M microscopy with crossed polarizers. 

4.4.3 Synthesis of oligomers 

A series of fibers containing 6 wt% azobenzene molecules were fabricated. Firstly, a 
mixture of diacrylate mesogens and chain extender DODT was dissolved in 
dichloromethane and continuously stirred. Typically, in the mixture of Oligomer 1, 
diacrylate azobenzene mesogen 3 was added to incorporate azobenzene chromophores 
into the main chain oligomer. After homogeneous mixing, base catalyst TEA was slowly 
added into the reactant. The resultant solution was heated to 38 oC and allowed to react 
overnight. The crude solution was diluted with DCM and then washed with 1M HCl 
(twice) and saturated brine (once) to remove the residual catalyst. The collected 
organic phase was then dried by MgSO4. The filtrate was subsequently concentrated by 
a rotary evaporator, and the residual solvent was removed at room temperature via a 
vacuum oven overnight. 
 
Table 4.2. Feed ratios of oligomers. 

 Acrylate : 
Thiol 

molar ratio 

1 

(mol %) 

2 

(mol %) 

3 

(mol %) 

DODT 

(mol %) 

TEA 

(mol 
%) 

Oligomer 1 1.0:0.9 7.26 7.26 1.36 14.28 69.84 

Oligomer 2 1.0:0.9 7.94 7.94 - 14.28 69.84 
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Figure 4.8. Partial 1H NMR spectrum of Oligomer 1. The signals around 8.15 ppm corresponded to the 
aromatic protons of 1 and 2 in all the oligomers. The signals around 7.88 ppm matched with the aromatic 
protons of 3. The integral around 6.40 ppm was set as 2.0 to coincide with the number of protons from the 
terminated acrylic groups.  

 

The experimental value of repeating units and number average molecular weight of 
Oligomer 1 are defined as follows, 

n (1 & 2) = 28.31 /4 protons = 7.08 
n (3) = 2.70 / 4 protons = 0.68 
Mn = Mn (1 & 2) + Mn (3) – Mn (DODT) 
       = 812.90 x 7.08 + 704.94 x 0.68 – 182.30 = 6052.40 g/mol 

 
In addition, the theoretical value can be calculated based on the ratio of monomers. 

From the molar ratio between acrylate and thiol (Table 4.2), the theoretical number of 
repeating units of Oligomer 1 should be 10. The calculation of repeating units and 
number average molecular weight of Oligomer 1 are defined as follows, 

n (1 & 2) = (7.26 + 7.26) / (7.26 + 7.26 + 1.36) x 10 repeating units = 9.14 
n (3) = 1.36 / (7.26 + 7.26 + 1.36) x 10 repeating units = 0.86 
Mn = Mn (1 & 2) + Mn (3) – Mn (DODT) 
       = 812.90 x 9.14 + 704.94 x 0.86 – 182.30 = 7853.86 g/mol 
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Figure 4.9. Partial 1H NMR spectrum of Oligomer 2. The signals around 8.15 ppm corresponded to the 
aromatic protons of 1 and 2. The integral around 6.40 ppm was set as 2.0 to coincide with the number of 
protons from the terminated acrylic groups. 

 

The experimental value of repeating units and number average molecular weight of 
Oligomer 2 are defined as follows, 

n (1 & 2) = 32.88 /4 protons = 8.22 

Mn = Mn (1 & 2) – Mn (DODT)= 812.90 x 8.22 -182.30 = 6499.74 g/mol 
 

From the molar ratio between acrylate and thiol (Table 4.2), the theoretical number 
of repeating units of Oligomer 2 should be 10. The theoretical number average 
molecular weight of Oligomer 2 is defined as follows, 

Mn = Mn (1 & 2) – Mn (DODT) = 812.90 x 10 – 182.30 = 7946.70 g/mol 

4.4.1 Preparation of fibers 

A mixture of 270 mg oligomer and 5.4 mg photoinitiator Irgacure 819 (2 wt %) was 
dissolved in 1 mL dichloromethane. 6 wt% 1, 6 wt% 3 were added to Fiber 2 and Fiber 
3, respectively. A typical 10 µL droplet was drop cast on a 3 x 3 cm2 clean glass substrate 
(sonicated in ethanol and dried by airflow) and placed on a hotplate and heated to 60 
oC for 30 min to evaporate the DCM. Subsequently, another glass plate was placed 1.25 
cm above the droplet-containing substrate, and the top plate was brought into contact 
with the droplets. Fibers were formed when the two glass plates were pulled apart. The 
fibers were subsequently photocrosslinked upon exposure to an EXFO Omnicure S2000 
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lamp in a nitrogen atmosphere for 1h. A 405 nm cut-off optical filter was used to limit 
the trans-to-cis isomerization of azobenzene during photopolymerization. After 
photopolymerization, fibers were cut from one side of the glass plate with a scissor to 
produce desired standing fibers. 
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Azobenzene chromophore functionalized fiber 
array with opposite bending direction 

 
ABSTRACT 

Light-propelled cilia-based actuators provide a promising platform for constructing 
responsive surfaces driven by contactless triggers. To mimic natural cilia in the outer 
surface of organisms, a drop casting technique was employed to fabricate fiber arrays 
with programmable bending properties. By utilizing the same chemical composition 
and only altering the azobenzene locations in the network, the resulting fibers could be 
bent in opposite directions upon UV light irradiation. When azobenzene molecules were 
incorporated in the main chain of a mesogenic oligomer, an extraordinary 
photoinduced phase transition from smectic C to smectic A was observed, which results 
in bending away from the light source. In contrast, fibers bearing azobenzene as part of 
crosslinker bent towards the light source due to order-disorder contraction. Our results 
provide a new method to regulate the bending direction in macroscopic soft robots by 
proper polymer network design. 

 

 
 

This chapter is partially reproduced from M. del Pozo, L. Liu, M. Pilz da Cunha, D. J. Broer, A. P.H.J. 
Schenning, Direct ink writing of a light-responsive underwater liquid crystal actuator with 
atypical temperature-dependent shape changes. accepted.  
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 Introduction 

Mimicking cilia and hairy nano/microscopic structures extending from the outer 
surface of various organisms has generated extensive research over the past decades.[1] 
Most existing artificial cilia capable of bending motion have been electrically,[2] 
chemically,[3] magnetically[4] or pneumatically[5] actuated. Although considerable 
progress in the field of stimuli-responsive artificial cilia has been achieved, the 
fabrication of cilia that responds to light has been rarely reported. Such cilia-like fiber 
arrays are interesting,[6] as light is a wireless, local and remotely-controllable energy 
source. 

Liquid crystal (LC) polymer networks incorporating photochromic molecules that are 
capable of converting absorbed photon energy into mechanical deformation are 
appealing for fabricating light-driven artificial cilia.[7] Among them, azobenzene 
chromophore functionalized LC polymers, which are based on reversible 
photoisomerization, have been widely employed for generating photoactuation.[8] Van 
Oosten and co-workers used an inkjet printing technique to fabricate artificial cilia 
consisting of an LC network with different azobenzene dyes.[9] The photoresponsive 
cilia performed forward and backward strokes upon alternative irradiation with 
ultraviolet and visible light. Alternatively, Gelebart et al. drew photoresponsive fiber 
arrays on a glass substrate capable of asymmetric wave-like bending and unbending 
motions which were used for directed transportation of an object.[6] So, while concerted 
bending motion has been introduced in artificial cilia, the LC fiber array only executes 
bending in one direction upon UV light irradiation. Currently, LC fibers with tunable 
bending directions are still hampered by two challenging technical issues. First, most of 
the existing fibers are fabricated by drawing from the melted state,[10] so that, due to 
elongation flow, the mesogens are uniaxially aligned along the long axis of fibers, 
corresponding to the drawing direction. Second, like most photoresponsive actuators, 
the actuation in light-guided fibers is based on order-disorder transition-induced 
asymmetric contraction, which leads to fiber bending towards the light source. While 
individual planar aligned LC films that bend away from the light have been previously 
demonstrated,[11] the exploration of planar aligned fiber arrays that bend away from a 
light source has not yet been reported. 

In this chapter, we developed two types of cilia-like fibers based on linear main-chain 
LC oligomers which can be aligned during a fiber drawing process. Both fiber types 
contain azobenzene molecules. Owing to the modularity of the two-step approach, 
azobenzene can be incorporated into the network either during the first step 
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(oligomerization) or during the second step (photocrosslinking). Fibers of type 1 
(denoted as Fiber 1) are produced from a precursor consisting of LC oligomer to which 
an azobenzene diacrylate (2) is added. Here the azobenzene chromophore is built in by 
photocrosslinking after the fibers are drawn. Fibers of type 2 (denoted as Fiber 2) are 
produced from a precursor based on an LC oligomer with built-in azobenzene 
chromophores. Room temperature bending of two fiber arrays with identical chemical 
compositions could be achieved in opposite directions by altering the location of 
azobenzene molecules in the LC network, either incorporating the photoresponsive 
molecules in the main chain or as crosslinker (Figure 5.1). The integration of two fibers 
that bend towards the opposite direction on the same substrate displayed a mimosa 
pudica-like ‘closing’ and ‘opening’ movement upon repeated irradiation with UV/visible 
light. 
 

 
Figure 5.1. Chemical composition and the preparation of Precursors 1 and 2. 

 



Chapter 5 

78 

 

 Results and discussion 

5.2.1 Design and fabrication of fibers 

The chemical composition of both fibers is the same and presented in Figure 5.1: a 
classical reactive mesogen 1,4-bis-[4-(6-acryloyloxyhexyloxy) benzoyloxy]-2-
methylbenzene (1), a commercial photoresponsive moiety 4,4'-bis(6-
acryloyloxyhexyloxy) azobenzene (2), and an isotropic chain extender 3,6-dioxa-1,8-
octanedithiol (3) were utilized in forming the LC networks. We selected a diacrylate 
azobenzene to match the reactivity of the diacrylate mesogen. To adjust the rheology of 
the precursor, an acrylate-terminated main chain LC oligomer was first synthesized via 
a thiol-Michael addition reaction between a slight excess of acrylate and thiol in the 
presence of triethylamine (see also chapter 4). The two types of acrylate-terminated 
oligomers are denoted as Oligomer 1 (without azobenzene molecules) and Oligomer 2 
(with azobenzene molecules). 

Signals at 6.40-5.70 ppm in the 1H-NMR spectrum (Figure 5.7 and 5.8 in the 
experimental details of this chapter) corresponded to acrylic protons, implying the 
existence of acrylate end groups. As investigated by gel permeation chromatography 
(GPC) in Figure 5.2a, the characteristic absorption of the trans-azobenzene peak at ca. 
365 nm, and the absorption of the other moieties at ca. 250 nm have the same retention 
time, revealing that azobenzene molecules were incorporated into the main chain of 
Oligomer 2. The weight average molecular weight was evaluated as ca. 18000 g mol-1 
for both Oligomer 1 and Oligomer 2. The nematic to isotropic transition temperature 
was 86.3 oC for Oligomer 1 and 81.0 oC for Oligomer 2, as measured by differential 
scanning calorimetry (DSC, Figure 5.2b). The difference between both transition 
temperatures can be explained by the introduction of the azobenzene chromophore in 
the linear Oligomer 2, which decreased the order of the mesogen units. In addition, a 
smectic to nematic phase transition temperature at ca. 49 oC was observed for Oligomer 
1 and Oligomer 2. The properties of the two oligomers are summarized in Table 5.1. 
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Figure 5.2. a) GPC contour plot of Oligomer 2 containing azobenzene molecules in the linear main chain 
oligomer. The solvent used for the analysis was chloroform. b) DSC of Oligomer 1 and Oligomer 2. 
 
Table 5.1. Summary of properties of Oligomer 1 and 2. 

Sample Repeating 
unitsa 

Mna 

(g/mol) 

Mwb 

(g/mol) 

PDIb Tg c 

(oC) 

Ti c 

(oC) 

Oligomer 1 7.82 6504 17913 4.01 -19.7 86.3 

Oligomer 2 7.86 6425 18483 3.89 -20.0 81.0 

a, Calculated from 1H-NMR measurements. b, Obtained from GPC measurements using chloroform as a 
solvent. c, Obtained from DSC measurements. 

 
We utilized a drop casting technique to fabricate fibers (Fiber 1 and Fiber 2) standing 

on a glass substrate to characterize the photoactuation of the two different oligomeric 
systems (Figure 5.1).[6] Two mixtures dissolved in dichloromethane (270 mg/mL) were 
cast in the form of droplets of 10 μL on a clean glass substrate: 1) Oligomer 1, 
azobenzene chromophore 2 (6 wt %) and photoinitiator Irgacure 819 (2 wt %), and 2) 
Oligomer 2 and Irgacure 819 (2 wt %). After evaporating the dichloromethane at 60 oC 
for 30 min, the substrate supporting the LC droplets was gently contacted by a second 
glass plate from above. Fibers were obtained by slowly separating the two glass plates 
from each other. The randomly oriented mesogens were uniaxially aligned along the 
longitudinal direction when drawn to fibers due to the elongational flow of the drawing 
process. The homogeneously oriented mesogens were subsequently photocrosslinked 
under the nitrogen atmosphere to lock the orientation of the mesogens. Standing fibers 
on the glass substrate were achieved after cutting the fiber tops with a scissor and 
removing the top glass plate. The thermal properties of these photopolymerized fibers 
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(Fiber 1 and Fiber 2) were investigated by DSC (Figure 5.3), revealing for both fibers a 
broad transition temperature at 74 oC and a glass transition temperature at ca. -16 oC 
which is higher than those oligomers (Figure 5.2b). 

 

 
Figure 5.3. DSC traces of a) Fiber 1 and (b) Fiber 2 after photocrosslinking. 
 

5.2.2 Thermal actuation of fibers 

In order to characterize the thermally activated deformation of the free-standing 
fibers, Fiber 1 and Fiber 2 were immersed in silicon oil on a hotplate. The fibers were 
heated at a constant rate of 5 oC/min from 25 oC to 155 oC, the latter much higher than 
the nematic to isotropic transition temperature of the fibers. As presented in Figure 5.4, 
the fibers contracted along the longitudinal direction at elevated temperatures and 
gradually reached their maximum shrinkage contraction ratio (L/Lo, where L was the 
fiber length at a specific temperature, and Lo was the initial length of fibers at 25 oC). 
The same contraction ratio (~0.60) determined for the two fibers implied similar 
alignment of the mesogens in the two fibers. Fiber 1 and Fiber 2 reached a maximum 
contraction at 105 oC, and 145 oC, respectively. 
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Figure 5.4. Thermal actuation of free-standing fibers, Fiber 1 and Fiber 2. 

 

5.2.3 Photoactuation of fibers 

The light induced bending and recovery behavior of the two fibers were first 
investigated at room temperature under the illumination of UV/visible light. As 
presented in Figure 5.5, Fiber 1 and Fiber 2 were placed on the same horizontal line, 
and incident light homogenously and simultaneously illuminated both fibers from the 
left. When exposed to UV (365 nm, 75 mW cm-2) light, Fiber 1 with azobenzene moieties 
acting as crosslinkers underwent a rapid bending behavior towards the light source. 
Surprisingly, under similar exposure conditions, Fiber 2 containing azobenzene in the 
main chain oligomer bent away from the light source. Both fibers recovered to their 
initial vertical state upon the irradiation of visible (455 nm, 30 mW cm-2) light, which 
promoted the back (cis to trans) isomerization of the azobenzene chromophores. 
Consequently, the integration of fibers with opposite bending directions presented 
‘opening’ and ‘closing’ motions with alternating UV and visible light illumination. Fiber 
1 achieved a maximum bending angle of 20° within 60 s of UV irradiation. In contrast, 
within the same time, Fiber 2 quickly reached a maximal bending angle of ca. -62o. Such 
enhancement on the fiber bending performance by placing the chromophore in the 
main chain oligomer was also previously observed in Chapter 4. Fibers were exposed 
to repeatedly alternating UV and visible light for more than 10 cycles and continued 
reversible bending and unbending behavior was achieved. 
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Figure 5.5. Photoresponse of fibers, Fiber 1 and Fiber 2, standing on a glass substrate. a) Front view of 
bending and unbending behaviors after irradiation with 365 nm (75 mW cm-2) light and 455 nm light (30 
mW cm-2). Bending angle as a function of b) irradiation time and c) number of cycles. 

 

5.2.4 Mechanism of photoactuation 

The photoinduced conversion of the rod-like trans azobenzene to the bent cis isomer 
most likely led to the reduction of alignment order in Fiber 1 with a planar alignment. 
The gradient of UV light penetration across the thickness of the fiber resulted in an 
asymmetric contraction in the illuminated surface, which governing the bending 
behavior towards incident light for Fiber 1 (see also Chapter 1). However, this well-
known mechanism cannot explain why Fiber 2 bent away from the UV light. Therefore, 
the distinct bending directions of fibers under similar illumination conditions were 
further investigated by 2-dimensional small-angle X-ray scattering (2D-SAXS) to 
determine the underlying mechanism. As shown in Figure 5.6, in the small angle region, 
a typical smectic C pattern with four small lobes was observed for both Fiber 1 and 
Fiber 2 before irradiation. After the irradiation with UV light, the diffraction arcs 
remained almost the same in Fiber 1, but the four diffraction arcs merged into two 
diffraction arcs in Fiber 2, revealing the formation of smectic A phase. The layer spacing 
in Fiber 1 was determined as 44.05 Å before irradiation, and 44.11 Å after UV light 
illumination, respectively. Such minor changes in layer spacing would likely result in 
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minimal photodeformation. The tilt angles were 21o and 20o before and after UV light 
illumination in Fiber 1, respectively. The average layer spacing in Fiber 2, however, 
increased from 46.54 Å to 48.45 Å, corresponding to the calculated average molecular 
length of 48.39 Å, based on Diele’s additivity rule.[12] The smectic C to smectic A phase 
transition, however, was not well pronounced in temperature-dependent 2D-SAXS 
measurements. The tilt angle in smectic C phase was 13o for Fiber 2. The appearance of 
cis-azobenzene under 365 nm light illumination interrupted the highly ordered 
mesogens. Such an extraordinary photoinduced anisotropic expansion in the exposed 
surface of Fiber 2 could be explained by the light-induced smectic C to smectic A phase 
transition, leading to the bending of Fiber 2 away from the light source (Figure 5.5a). 

 

 

Figure 5.6. 2D-SAXS patterns and mesogen alignment of Fiber 1 and Fiber 2 at room temperature after 
illumination with 365 nm light (75 mW cm-2) and 455 nm light (30 mW cm-2). 

 

 Conclusion 

We employed a thiol-acrylate Michael addition reaction to synthesize two types of 
main chain LC oligomer with proper viscosity to draw fibers. Subsequently, two 
uniaxially aligned monodomain fibers were fabricated by varying the location of 
azobenzene chromophores in the polymer network. Surprisingly, fibers composing of 
different polymer networks, yet based on the same molecular entities, resulted in 
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bending in opposite directions upon UV light irradiation. When azobenzene moieties 
were introduced into the network as crosslinker, the fibers bent towards the incident 
light source due to the photoinduced contraction during the trans-cis isomerization 
process. In contrast, fibers containing azobenzene chromophores in the main chain 
oligomer displayed distinctive photomechanical motion with an opposite bending 
direction under similar illumination conditions. Such asymmetric expansion was driven 
by the smectic C to smectic A phase transition. Fibers with opposite bending directions 
can be integrated on the same substrate and demonstrated an ‘opening’ and ‘closing’ 
movement. The uniaxially aligned monodomain actuators with tunable bending 
direction provide new inspiration for the development of light-fueled fiber arrays and 
artificial cilia. 

 Experimental details 

5.4.1 Materials 

1,4-Bis-[4-(6-acryloyloxyhexyloxy) benzoyloxy]-2-methylbenzene (1) was purchased 
from Merck. 4,4'-Bis(6-acryloyloxyhexyloxy) azobenzene (2) was purchased from 
Synthon. 3,6-dioxa-1,8-octanedithiol (3, DODT) was obtained from Sigma Aldrich. Base 
catalyst, triethylamine (TEA) was obtained from Acros. Photoinitiator, Irgacure 819, 
was purchased from Ciba. Solvent, dichloromethane (DCM) was obtained from Biosolve. 

5.4.2 Characterizations 

All 1H NMR spectra were collected on a 400 MHz Bruker Advance Ⅲ HD spectrometer 
with chloroform as solvent. Gel permeation chromatography (GPC) was performed to 
evaluate the number average molecular weight (Mn), weight average molecular weight 
(Mw), and polydispersity index (PDI) of oligomers. Shimadzu apparatus was used for 
the GPC measurements. Leica DM 2700M microscopy equipped with crossed polarizers 
was applied to take microscopy images. Differential scanning calorimetry (DSC) 
measurements were employed to determine the transition temperature of oligomers 
and fibers. Collimated UV light (365 nm, Thorlabs M365L2) and visible light (455 nm, 
Thorlabs M455L3) were employed to conduct the photoresponsive actuation at room 
temperature. 2D-SAXS measurements were conducted on a Ganesha lab instrument 
with a GeniX-Cu ultralow divergence source producing X-ray photons equipped with a 
wavelength of 1.54 Å and a flux of 1 × 108 ph/s. A Pilatus 300 K silicon pixel detector 
with 478 × 619 pixels, every 172 μm2 in size was utilized to collect scattering patterns. 
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5.4.3 Synthesis of the LC oligomers 

The oligomers were synthesized by the thiol-Michael addition reaction. First, 
diacrylate mesogen 1 and dithiol chain extender 3 were added in a flask and dissolved 
in DCM. Particularly, diacrylate azobenzene 2 was added in the solution of Oligomer 2. 
After mixing, TEA was slowly added to the solution. The feed ratios for each oligomer 
can be found in Table 5.2. The mixture was reacted at 38 oC for overnight. After 
polymerization, DCM was added to the flask to dilute the mixture. The diluted mixture 
was then washed with 1M HCl (2 x) and saturated brine to remove the existing TEA. 
The organic phase was collected and dried with MgSO4. Subsequently, most of the 
solvent in the filtrate was removed by a rotary evaporator. The removal of the residual 
solvent was conducted in a vacuum oven at room temperature. 
 
Table 5.2. Feed ratios of oligomers. 

Sample Acrylate : Thiol 

molar ratio 

1 

(mol %) 

2 

(mol %) 

3 

(mol %) 

TEA 

(mol %) 

Oligomer 1 1.0 : 0.9 15.84 - 14.29 69.84 

Oligomer 2 1.0 : 0.9 14.44 1.43 14.29 69.84 

 
Figure 5.7. Partial 1H NMR spectrum of Oligomer 1. The signals around 8.15 ppm corresponded to the 
aromatic protons of 1. The integral around 6.40 ppm was set as 2.0 to coincide with the number of protons 
from the terminated acrylic groups. 
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The experimental value of repeating units and number average molecular weight of 
Oligomer 1 are defined as follows, 

n (1) = 31.28 /4 protons = 7.82 

Mn = Mn (1) – Mn (DODT) = 855.07 x 7.82 -182.30 = 6504.35 g/mol 
 

From the molar ratio between acrylate and thiol (Table 5.2), the theoretical number 
of repeating units of Oligomer 1 should be 10. The theoretical number average 
molecular weight of Oligomer 1 is defined as follows, 

Mn = Mn (1) – Mn (DODT) = 855.07 x 10 – 182.30 = 8368.4 g/mol 

 

Figure 5.8. Partial 1H NMR spectrum of Oligomer 2. The signals around 8.15 ppm corresponded to the 
aromatic protons of 1. The signals around 7.88 ppm matched with the aromatic protons of 2. The integral 
around 6.40 ppm was set as 2.0 to coincide with the number of protons from the terminated acrylic groups. 

 

The experimental value of repeating units and number average molecular weight of 
Oligomer 2 are defined as follows, 

n (1) = 28.44 /4 protons = 7.11 
n (2) = 3.01 / 4 protons = 0.75 
Mn = Mn (1) + Mn (2) – Mn (DODT) 
       = = 855.07 x 7.11 + 704.94 x 0.75 – 182.30 = 6425.95 g/mol 

 
In addition, the theoretical number can be calculated based on the ratio of monomers. 

From the molar ratio between acrylate and thiol (Table 5.2), the theoretical number of 
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repeating units of Oligomer 2 should be 10. The calculation of repeating units and 
number average molecular weight of Oligomer 2 are defined as follows, 

n (1) = 14.44 / (14.44 + 1.43) x 10 repeating units = 9.10 
n (2) = 1.43 / (14.44 + 1.43) x 10 repeating units = 0.90 
Mn = Mn (1) + Mn (2) – Mn (DODT) 
       = 855.07 x 9.10 + 704.94 x 0.90 – 182.30 = 8233.29 g/mol 

5.4.4 Fabrication of standing fibers 

In general, the fibers were fabricated via a drop casting/drawing technique as 
previously reported.[6] Both precursors were dissolved in DCM (270 mg mL-1) at room 
temperature. Droplets with 10 μL solution were cast on a glass substrate (3 x 3 cm) and 
heated at 60 oC for 30 min to remove the solvent. After that, the substrate supporting 
the droplets was gently contacted by another glass plate from above. Fibers were 
obtained from the viscous droplets after two glass plates were pulled apart 1.25 cm. 
The homogeneously oriented mesogens were subsequently photocrosslinked under a 
nitrogen atmosphere with an Exfo Omnicure S2000 light source in which 57% of the 
light intensity has a wavelength of 395-445 nm and 43% of 320-390 nm. A light filter 
was utilized to block wavelengths below 405 nm, limiting the formation of cis-
isomerized azobenzene. After photocrosslinking for 1 h, free standing fibers on the 
glass substrate were achieved after cutting the fiber tops with a scissor and removing 
the top glass plate. 
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Liquid crystal elastomer actuator with three-
dimensional shape changes 

 
ABSTRACT 

In this chapter, we describe a two-stage temperature-varied photopatterning protocol 
to fabricate a series of liquid crystalline elastomer actuators, which have the capabilities 
to perform versatile three-dimensional motions, such as bending, accordion-folding, 
wrinkling, curling, and buckling, under the thermal stimulus. 
 
 
 
 
 

 
 
 
 
 
This chapter is partially reproduced from L. Liu, S. Mir Sayed, B. P. Lin, P. Keller, X. Q. Zhang, Y. 
Sun, H. Yang, Single-layer dual-phase nematic elastomer films with bending, accordion-folding, 
curling and buckling motions, Chem. Commun. 2017, 53, 1844.  
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 Introduction 

Liquid crystalline elastomers (LCEs) are loosely crosslinked liquid crystal (LC) 
polymeric materials and have been regarded as a unique class of shape changing 
materials whose stimulus-induced shape transformations coherently rely on the 
microscopic anisotropy-to-isotropy change of macromolecular chains (see Chapter 
1).[1] Such a combination of LC orientational order and rubber elasticity endows LCEs 
with a true equilibrium reversible actuation ability, which can spontaneously return to 
the original state once the stimulus is removed, and thus have prospective applications 
ranging from biomimetic technology to Micro-Electro-Mechanical System (MEMS) 
devices.[2] 

For application purposes, versatile actuating motions are essential to shape changing 
materials. Most early-stage LCE research works focused on uniaxially aligned 
monodomain mesogenic networks, which could perform simple two-dimensional (2D) 
actuation (i.e. shrinkage and elongation).[3] In order to further build up more fascinating 
three-dimensional (3D) actuating systems, hierarchical structure designs were 
rationally implanted into LCE networks. A common 3D motion of LCE samples is 
bending, which requires variations of molecular structures or directors through sample 
depth or layers. For example, the widely applied azobenzene chromophores might 
absorb different amounts of photons and have different cis–trans isomerization 
magnitudes depending on the UV penetration depth through LCE samples, which would 
force the whole LCE films to bend;[4] LCE/silicone bimorph composite sheets could also 
bend due to the different shrinkage properties of the top and bottom layers;[5] and 
twisted-nematic (TN) aligned LCE networks might induce a twisted folding (i.e. curling) 
upon heating[6] or photo-irradiation.[7] Other more exotic actuating motions, like a cone 
and anti-cone shape deformations, have also been realized in LCE samples with a 
circular director profile.[8] Recently, Broer and Schenning implanted a multiple 
patterned 3D TN director arrangement into LCE materials, which can deform into 
accordion-like folds or buckle out-of-plane under the change of temperature or pH,[9] 
and further fabricated a series of LCE soft actuators which could bend, fold or curl 
driven by a base-induced humidity-responsive asymmetry of the anisotropic polymer 
films.[10] White and colleagues developed an advanced programmable alignment 
method [11] to prepare LCE films with delicate 3D motions. This protocol might be the 
optimal and ultimate solution to synthesize LCE materials with controlled bending and 
stretching. However, the experimental setup was complicated and difficult to realize in 
regular laboratories. The most challenging step was to use a delicate, high-resolution, 



Three-dimensional shape changes 

93 

 

computer-controlled optical equipment to prepare program-patterned LC 
photoalignment cells, where mesogenic monomers could be separately aligned in 
plenty of tiny volume elements (voxels) as small as 5 x 10-4 cubic millimeters, and then 
photopolymerized to generate programmed orientations or defects.[11] 

In this chapter, we report a general, facile and more applicable protocol to synthesize 
various temperature responsive LCE films capable of performing bending, accordion-
folding, curling, or buckling shape changes. Our design was inspired by Kumacheva’s 
work,[12] which abandoned the popular multilayer build-up, and instead fabricated a 
single-layer hydrogel sheet with periodic stripes of different compositions exhibiting 
different swelling ratios and elastic moduli under external stimuli to generate helical 
curling. This strategy reminded us of Elias’ photopatterned LCE microactuator work,[13] 
which prepared periodic LC phase and isotropic phase regions on a single cholesteric 
LCE film to realize a thermally stimulated surface-thickness response. Inspired by the 
above two works, we herein use Elias’ photopatterned LCE technique to prepare single-
layer dual-phase LCE films under temperature variations. 

 Results and discussion 

6.2.1 Design and fabrication of LCE films 

The experimental set-up was illustrated in Figure 6.1. A mixture comprised of nematic 
side-on acrylate monomer, (4’’-acryloyloxybutyl)-2,5-di(4’-butyloxybenzoyloxy) 
benzoate[14] (A444, 90 mol%), a crosslinking agent, 1,6-hexanediol diacrylate (9 mol 
%), and a photoinitiator, 2,2-dimethoxy-2-phenylacetophenone (1 mol%) was filled by 
capillarity into a 20 μm thick anti-parallel surface-rubbed LC cell. After slowly cooled 
down into the nematic phase (T1, 60 oC) from the isotropic phase, mesogens were 
uniaxially aligned (Figure 6.1b) and then photopatterned. Monodomain LCEs thus 
formed in the mask exposure regions (Figure 6.1c). The temperature was raised again 
up to a critical point (T2, 100 oC) which was just above the unreacted mesogen’s clearing 
temperature (85 oC) meanwhile below the crosslinked LCEs’ clearing point (123 oC), 
preserving the exposed LCEs’ anisotropic order. After the photomask was removed, the 
isotropic disorder of mesogens in original unexposed regions was frozen by performing 
a second UV exposure, and the isotropic region would present a polydomain nematic 
phase when cooled below the clearing temperature (85 oC). Overall, this process 
provided an LCE film comprised of periodically patterned nematic (monodomain 
nematic) stripes and isotropic (polydomain nematic) stripes. Since these two different 
regions mismatch in shrinkage ratios at the nematic-to-isotropic transition 
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temperature (TNI), these novel single-layer dual-phase nematic elastomer materials 
have the potentials to perform versatile 3D motions under the thermal stimulus. 
 

 
Figure 6.1. The experimental setup: a) the formulation of the applied mesogenic mixture. b) Mesogens were 
filled in LC cells and achieved uniaxially alignment. c) At 60 oC, mesogens were first photopatterned. d) After 
heated to 100 oC and removing the photomask, a nematic/isotropic periodic patterned LCE film formed under 
2nd UV exposure. e) The protocol used to prepare LCE ribbons, α represents the angle between the mask’s 
pattern line direction and LCE film’s surface rubbing direction, β represents the angle between LCE film’s 
surface rubbing direction and the ribbon-cutting direction. 

 

6.2.2 Thermal actuation of LCE ribbons 

In order to study the diversity of thermal actuation behaviors, we prepared three 
kinds of dual-phase LCE films by arranging the photomask pattern lines either parallel 
(α = 0o), perpendicular (α = 90o), or at 45o angle to the LC cell’s surface rubbing direction 
which was also the mesogenic alignment orientation. Under the polarized optical 
microscope (POM), two periodic distinct regions appeared. The polydomain nematic 
stripes always presented birefringence while rotations of LCE films by 45o maximized 
the transmissions of the monodomain nematic stripes from extinction (Figure 6.2). 
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Moreover, some tiny surface rubbing lines in the nematic stripe regions could be also 
clearly observed. 
 

 
Figure 6.2. Under POM, rotating LCE film (α = 0o) at a) 0o, b) 20o, c) 45o, LCE film (α = 90o) at d) 0o, e) 
20o, f) 45o, and LCE film (α = 45o) at g) 45o, h) 70o, i) 90o between the pattern line and the polarizer 
respectively. The pattern line width is 200 μm. 

 

The thermal actuation effects of these dual-phase LCE materials were measured by 
recording their shape transformations as a function of temperature. As shown in Figure 
6.3, when heated to above the TNI, the whole LCE films could shrink and do wrinkle, a 
phenomenon which has been barely observed in regular non-patterned LCE films, and 
these actuations were reversible when cooled back to room temperature. For example, 
previously reported monodomain A444-LCE samples had maximum shrinkage ratios 
(Lmax/Liso - 100%) of ca. 35~40%,[15] while the dual-phase LCE film (α = 0o) could 
achieve ca. 60% due to the wrinkling effect. Interestingly, LCE film (α = 90o) could 
buckle out of the plane like a parachute, instead of shrinking/wrinkling during the 
heating/cooling process. 
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Figure 6.3. The thermal-responsive shape changing photographs of LCE films having pattern lines at 
a) α = 00, b) α = 450, and c) α = 900 on heating. 

 

These LCE films (17 mm X 17 mm) were further cut into ribbons (17 mm X 4 mm) by 
arranging the cutting lines either parallel (β = 0o), perpendicular (β = 90o), or at 45o 
angle to the mesogenic director orientation (Figure 6.1e). Each of these corresponding 
ribbons was named as αXβY, implying the patterning direction with α = Xo and the 
cutting direction with β = Yo. The thermoresponsive motion effects of the LCE ribbons 
are listed in Table 6.1. In summary, there are three types of motions: bending, 
accordion-like folding/shrinkage and curling. These motions are markedly influenced 
by α and β angles. 

 
Table 6.1. The thermal-responsive motion effects of LCE ribbon αXβY 

Entry Ribbon  Motion effect 
1 α0β0 bending along the ribbon’s long axis 
2 α0β45 curling 
3 α0β90 accordion-like folding/shrinkage 
4 α90β0 accordion-like folding/shrinkage 
5 α90β45 curling 
6 α90β90 bending along the ribbon’s long axis  
7 α45β0 accordion-like folding/shrinkage 
8 α45β90 accordion-like folding/shrinkage 
9 α45β45 bending along the ribbon’s long axis 

10 α45β-45 accordion-like folding/shrinkage 
 
The LCE ribbons would bend along their long axis (Table 6.1, Entry 1,6,9), if the 

patterning orientations were consistent with the cutting line directions (α = β). For 
example, α0β0 ribbon as shown in Figure 6.4a, did fully curl into a cycle stripe when 
heated to above TNI. This phenomenon is easy to understand: the nematic regions and 
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isotropic regions were patterned along the ribbon long axis which could generate the 
largest possible mismatch in shrinkage or expansion so that the whole material had to 
bend along the long axis to release the energy. 

On the contrary, when the nematic regions and isotropic regions were patterned 
either along or tilted to the short axis (Table 6.1, Entry 3,4,7,8,10), the whole ribbon 
could perform accordion-like folding/shrinkage after heated to above TNI. This 
interesting motion had two unique characters: 1) ribbons kept folding and shrinking all 
the time even the temperature was held at some point, which was a dynamic oscillating 
motion mode, 2) ribbons shrunk perpendicular to the alignment direction (Figure 
6.4b,c), which might be considered as the expansion-cause-folding effect of the nematic 
stripes. Sometimes, in accompanying accordion-like folding/shrinkage, the motion of 
bending along the ribbon’s short axis was also observed in α90β0 case. 

 

 
Figure 6.4. The thermal-responsive shape changing photographs of LCE ribbons a) α0β0, b) α0β90, and c) 
α45β-45 on heating. 
 

The LCE ribbons could also perform twisting distortion (i.e. curling) when the cutting 
line direction was neither parallel nor perpendicular to the mesogenic alignment 
orientation as well as the pattern line direction (Table 6.1, Entry 2,5). This twisting 
distortion could force the LCE ribbon to transform into helical spirals. The helix pitch 
highly depended on the width and the thickness of LCE ribbons.[16] As illustrated in 
Figure 6.5, while the width of LCE ribbons decreased from 4 mm to 3 mm, 2 mm and 1 
mm (the aspect ratios of 4 LCE ribbons could be respectively estimated as ca. 850 : 200 
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: 1, 850 : 150 : 1, 850 : 100 : 1, 850 : 50 : 1), the helical twisting power became larger 
gradually, the helix pitch consequently shortened. 

 

 
Figure 6.5. The thermal-responsive shape changing photographs of α90β45 ribbons with a) 4 mm, b) 3 mm, 
c) 2 mm, and d) 1 mm widths respectively. 
 

6.2.3 Thermal actuation of LCE squares and beyond 

In addition, inspired by Schenning’s checkerboard alignment design[9] and White’s 
topological defect imprinted LCE systems,[11] we further investigated the 
thermoresponsive behaviors of single-layer dual-phase LCE films with squares and 
more complicated patterns. First, we prepared checkerboard-patterned dual-phase 
LCE films as schematically depicted in Figure 6.6a. The checkerboard photomask was 
comprised of 36 squares of alternating black and transparent colors, and the side length 
of each square was 3.0 mm (Figure 6.6b). POM images (Figure 6.6c,d) of the 
checkerboard intersection region of the dual-phase LCE film demonstrated two 
different alignment effects of the monodomain and polydomain nematic regions. As 
presented in Figure 6.6e,f, the LCE film executed a deformation over the entire surface 
and such deformation was dynamic oscillating. Overall, the edges of the sample bent 
outwards to form a bowl-shaped structure. 
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Figure 6.6. a) Schematic illustration of fabricating checkerboard patterned dual-phase LCE films. b) A 
photograph of the checkerboard mask. c) and d) POM images of the monodomain and polydomain 
intersection region of the dual-phase LCE film. The thermoresponsive motion images of a checkerboard 
patterned dual-phase LCE film at e) 30 oC and f) 150 oC. 
 

Moreover, we also fabricated 1x1 array (Figure 6.7a) and 2x2 array (Figure 6.7b) 
umbrella patterned dual-phase LCE films. Our original goal was to use the umbrella 
pattern to stimulate White’s voxelated LCE films with +1 topological defects.[11] 
However, as shown in Figure 6.7c,d, the tip regions of the umbrella patterned dual-
phase LCE film could not buckle out the plane to form cones as achieved in the 
reference,[11] but wrinkle instead. The reason behind these two different thermal 
responsibilities is the divergence in orientational distributions of molecular directors. 
In voxelated LCE systems,[11] the mesogenic directors varied azimuthally by 360° 
around the tip (defect) points so that the anisotropic-to-isotropic transition would 
cause radial expansions around each tip region and macroscopically lead to the 
emergence of cones. Contrarily, in our case, since the molecular directors of the four 
monodomain nematic brushes were aligned along one single direction, the four 
intervallic brushes would shrink in one uniform orientation and expand in the 
orthogonal direction. Overall, the whole film did planarly wrinkle. 
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Figure 6.7. Photo images of 1X1 array a) and 2X2 array b) umbrella patterned photomasks. The 
thermoresponsive motion images of the 1X1 array c) and 2X2 array d) umbrella patterned dual-phase LCE 
films. 

 

 Conclusion 

In conclusion, we describe a facile method to prepare a series of LCE actuators with 
three-dimensional shape changes. The periodic patterned monodomain-polydomain 
dual phase microstructures endow the two distinct regions of these LCE samples with 
different thermal-stimulated shape changes. Such an inhomogeneity of shrinking in LCE 
films eventually induces bending, accordion-folding, curling, buckling, or wrinkling 
motions, depending on their patterned microstructures. An interesting characteristic of 
these shape changes is that even heated to far above the clearing temperatures, these 
LCE films cannot hold any stable postures, but behave in a dynamic oscillating 
manner.[17] Compared with previous photopatterned LCE works, although the motion 
controllability is modest, this method which requires neither cholesteric LC systems 
nor delicate equipment setups, is more applicable for regular chemistry laboratories.  

 Experimental details 

6.4.1 Materials 

1,6-hexanediol diacrylate, and dimethylolpropionic acid (DMPA) were purchased from 
Aladdin Inc. (4’’-acryloyloxybutyl) -2,5-di(4’-butyloxybenzoyloxy)benzoate was 
synthesized according to previous reference.[18] 

6.4.2 Characterizations 

Liquid crystal cells were purchased from Instec Inc. Photomasks were purchased from 
the 55th Research Institute of China Electronics Technology Group Corporation. 
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Photopolymerization of the liquid crystal mixtures was carried out using a UV plate 
exposure machine with 365 nm wavelength (ca. 12 mW·cm−2, Zhengcheng Mechanical 
and Electrical Technology Co., Ltd.). 

Polarized optical microscopy (POM) observations of the liquid crystalline textures of 
the elastomers were performed on an Olympus BX53P microscope with a Mettler 
PF82HT hot stage. A Microvision MV-DC200 digital camera with Phenix Phmias2008 Cs 
Ver2.2 software was used to capture the images. 

6.4.3 Typical preparation protocol of the LCE films 

The LC mixture was prepared by mixing 90 mol% LC monomer A444 ((4’’-
acryloyloxybutyl)-2,5-di(4’-butyloxybenzoyloxy) benzoate), 9 mol% crosslinker 
(hexanediol diacrylate) and 1 mol% photoinitiator (2,2-dimethoxy-2-
phenylacetophenone). The LC mixture was added into a 5 mL screw-capped vial and 
fully dissolved in 1 mL of dry CH2Cl2. The organic solvent was then removed in a vacuum 
to prepare a homogeneous LC mixture. The LC mixture was first heated up to above the 
isotropic phase (100 °C) and then filled into an anti-parallel surface-rubbed LC cell (20 
μm gap) by capillary suction. The cell was filled up by the LC mixture completely in 
approximately 10 minutes. The filled cell was slowly cooled down at −1 °C/min to the 
nematic phase of the mixture (60 °C) to achieve a good planar alignment. The 
photomask was placed on the upper surface of the LC glass cell. The first 
photopolymerization was carried out by using a UV plate exposure machine under a 
light intensity of ca. 12 mW·cm−2 for 15 seconds. After the first UV irradiation, the 
photomask was removed from the LC cell and the sample was then heated to 100 °C, 
which was just above the unreacted mesogen’s clearing temperature (85 °C) meanwhile 
below the crosslinked LCEs’ clearing point (123 °C), preserving the exposed LCEs’ 
anisotropic order. The second photopolymerization was carried out by irradiation with 
the UV light for another 30 seconds. After cooled to room temperature, LCE film was 
obtained by dissolving the LC cell in a 40% aqueous hydrofluoric acid solution. 
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 Introduction 

The incorporation of various chromophores into liquid crystal polymers (LCPs) films 
and fibers has been reported in this thesis. Tunable fluorescence with shape morphing 
in a free-standing LCP film was obtained through the introduction of an aggregation 
induced emission (AIE) chromophore in Chapter 2. A NIR chromophore was chemically 
crosslinked into LCPs to address the issue of low actuation efficiency and modest 
mechanical properties in Chapter 3. Furthermore, fiber arrays in response to light were 
fabricated via a drop casting/drawing technique in Chapter 4 and Chapter 5. Enhanced 
photoactuation in both dry and aquatic environment was achieved when the 
azobenzene chromophores were incorporated in the main chain of the LCP fibers. 
Complex shape changes were introduced in LCPs via photopatterning in Chapter 6. In 
this chapter, we will assess these achievements and discuss future opportunities and 
applications. 

 Applications and prospects 

7.2.1 Mechanical properties 

Stimuli-responsive actuators based on LCPs are of interest due to their reversible and 
repeatable shape morphing and large deformation strain. However, attaining robust 
mechanical properties is still a challenge for real applications. Improving properties 
such as strength, ductility, and fatigue of LCP-based actuators during deformation are 
desirable. The mechanical properties of LCPs are closely related to the crosslinking 
density and topology of the polymer network, and the inherent features of the reactive 
mesogens.[1] Chapter 3 presented a robust muscle-like strip capable of uniaxial 
contraction/expansion. This strip easily lifted a heavy load ca. 5680 times its own 
weight upon illumination with NIR light. The enhanced mechanical properties in the 
strip are ascribed to the main-chain end-on mesogenic skeletal structure of the polymer 
network. More recently, Yang et al. adopted a novel strategy based on an 
interpenetrating polymer network (IPN) that contains both main-chain polyurethane 
LCE and polyacrylate LCN. Benefiting from the IPN, the strip is able to lift a load that is 
ca. 30000 times of its weight.[2] These recent results show that engineering the polymer 
network structure and IPNs are attractive approaches to enhance the mechanical 
properties of LCP actuators. 
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7.2.2 Scalability opportunities 

The research of LCP actuators has achieved enormous progress in responsive 
polymers as also discussed in Chapter 1. However, large-scale application of the LCP-
based devices is still a challenge. In this dissertation, several processing techniques 
were employed to fabricate free standing and surface bound soft actuators with 
dimensions of several centimeters. These well-aligned films and fibers were obtained 
by polymerization of mesogens under a nitrogen atmosphere with the alignment 
assistance of anisotropic polymer surfaces or external stress, which are also utilized in 
the fabrication of most LC actuators. In the case of free radical polymerization 
mechanisms of e.g. acrylates, the avoidance of oxygen is crucial to complete crosslinking 
to the full extent. But for instance, cationic ring-opening polymerization based on 
oxetane LC monomers[3] and click reaction based on thiol and acrylate LC monomers[4] 
are not oxygen-sensitive and show great potential in this respect. For the scalability and 
the reduction of production costs, pillar arrays can be fabricated by a continuous roll-
pulling technique;[5] while for free standing films, printing, spraying and rolling 
techniques are appealing. 

7.2.3 Reprocessability and recyclability 

An increase in the market share of polymer-based materials has played a vital role in 
the rapid economic growth in the past decades. However, the vast majority of polymers 
have been discarded to the environment owing to the poor durability. For instance, 
around 260 megatons of plastic waste are produced annually.[6] In the future, without 
proper recycling, such waste would contribute a large portion of the CO2 emission and 
become even more detrimental to the environment. Polymer waste can potentially 
account for 2 % of the total global CO2 emission if not recycled properly.[6] According to 
the Paris Agreement, all involved parties including the EU have pledged to mitigate the 
CO2 emission influences on the environment. Specifically, for the EU, a climate-
neutrality target is set for 2050, further urging the need for recyclable materials. 

Reprocessable and recyclable polymer actuators allow making the abandoned or 
damaged actuators reusable. Moreover, the reprocessability and recycling features also 
provide a method to use the same piece of polymer material for various modes of 
actuation. Towards this end, dynamic covalent chemistry in disulfide metathesis, 
transesterification reactions have been employed to replace traditional permanent 
covalent bonds.[7][8] Yet, the aforementioned exchangeable reactions are induced by 
high temperatures or light, which might hamper the further applications of polymers. 
To address this issue, Zhao et al. reported the use of Diels—Alder dynamic LC networks, 



Chapter 7 

108 

 

allowing LCP actuators to be processed and reshaped under ambient conditions (Figure 
7.1).[9] The Diels—Alder bonds can be erased at 125 oC and self-locked slowly at room 
temperature, which contributes to the reprocessability without additional heat and 
light during programming. 
 

 
Figure 7.1. Illustrations and photographs of various room temperature programmed actuators based on a 
Diels-Alder reaction. a) On-demand reprogramming of 3D structures of a single sheet actuator. b) Different 
3D origami architectures programmed from one planar actuator. c) Reversible 3D-to-3D solid shape 
conversion based on a bulk actuator. d) Photographs showing the solution processing of a tubular actuator 
and its reversible expanding–shrinking. Reprinted with permission from [9]. 

 

7.2.4 Underwater applications 

The underwater performance of LCP actuators has been rarely reported. By moving 
towards operation in aqueous environments, LCNs can find applications in the 
biological world, with potential uses in drug delivery, cell manipulation and lab-on-a-
chip devices. To date, hydrogels are often used as actuators underwater and their 
actuation is based on the absorption and release of water, which is severely limited to 
aqueous environments, because of their physical fragility, slow actuation rate, and 
extreme dependence on the conditions of the aqueous environment (such as the salt 
content). The actuation of LCPs, on the other hand, requires no material transport or 
diffusion, so the response is often rapid. 

Liquid crystalline gels (LCGs) based on photothermal effects have been reported as 
promising soft actuators for underwater applications (Figure 7.2).[10] However, these 
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polymer based systems contain low molecular weight non crosslinked LCs and only 
respond to high intensity UV light. 

 

 
Figure 7.2. An LCG actuator that operates underwater. a) Jumping of an LCG film on a ratchet surface. b) 
Swimming of an LCG film in consecutive illumination cycles (ii and iii). The upward locomotion continues 
until the illumination is able to target the center of the mass. c) The reactive (M1, M2) and non-reactive (5CB) 
mesogens and photothermal chromophore (DR1A) used for preparing the LCG actuators. Reprinted with 
permission from [10]. 

 
In Chapter 4, UV light responsive, fully polymer-based LCP actuators have been 

developed, which can be employed in an aquatic environment. For biomedical 
applications, it is desirable that LCP actuators respond to different wavelengths of 
visible light with low intensities that are not harmful to organisms. For this, new 
bifunctional azobenzenes (for example, diacrylates) with light sensitivity in the visible 
range are needed to avoid the reliance on harmful UV light and, in addition, to maximize 
the photomechanical aspect of the photoisomer, since normal photothermal effects are 
rendered ineffective underwater. 

7.2.5 Soft robotics 

Existing conventional robots typically consist of metal actuator assemblies executing 
complex tasks such as human labor.[11] Enormous progress has been achieved in hard 
robotics, however, these robots have limited adaptability in the interaction with human 
beings and fragile items.[12] Compare to conventional metallic actuators, soft actuators 
with deformable shapes provide great opportunities in bridging the gap between soft 
robots and humans. 
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To accomplish the goal of applying soft actuators in robotics, programmable 3D shape 
changing modes in LCPs are desired. Furthermore, the assembly of different actuators 
might lead to novel actuation modes. In Chapter 2 and Chapter 3, preliminary research 
was performed to obtain muscle-like contraction/expansion in LCEs-based free 
standing films by external heat or light source. A passive layer can be attached to these 
active LCE actuators to induce bending motions (Figure 7.3).[13] By assembling different 
light responsive actuators, soft robotic devices can be fabricated that are able to walk 
upon illumination with different lights (Figure 7.3)[13] Two-step polymerization 
principles that are often used to prepare LCE can also be used create programmable 
shapes.[14] Various actuator shapes, such as tubes[15][16] and rods[17] have been 
fabricated. Lastly, different actuation modes can be integrated into one single actuator 
to execute multiple tasks.[18] 
 

 
Figure 7.3. a) Schematic illustration of the fabrication protocol and the moving mechanism of a 

multidirectional bilayered LCE walker. b) Chromophores with different wavelengths used in the preparation 

of a). Reprinted with permission from [13]. 

 

7.2.6 Intelligent transport 

In nature, cilia can be found in a variety of animals and plants. Specifically, motile cilia 
play an important role in transportation, for example, epithelial cilia in the inner linings 
of human lungs produce an asymmetric beating motion in a concerted manner to sweep 
mucus and dust out of the body.[19] In addition, the wave-like vibration of cilia in females 
leads to directional transportation of ova into the fallopian tube. LCP actuators have 
emerged as a promising candidate in responsive cilia to obtain wave-like movements.  
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Preliminary research has been conducted in Chapter 4 and Chapter 5 to present the 
concerted bending/unbending behaviors of fiber arrays upon the illumination of 
UV/visible light. The incorporation of azobenzene in the main chain oligomer is crucial 
for photoactuation in the ambient environment in both air and water. Utilizing the 
concerted bending behavior of fibers, (bi)directional transportation of cargos might be 
obtained upon light illumination (Figure 7.4). Concerted bending towards light source 
in fibers will lead to the unidirectional transport of cargos, whereas the opposite 
bending direction in fibers will result in bidirectional transport. The fibers in Chapter 4 
are able to continuously track UV light 360° azimuthally. Such sunflower-like light 
tracking motion is appealing for the mixing fluids. 
 

 
Figure 7.4. Cilia-like array for directional transportation in a) one and b) opposite direction. 
 

 Conclusion 

In conclusion, the use of novel chromophores, polymer chemistry and preparation 
methods described in this thesis present new opportunities to fabricate light responsive 
LCP soft actuator with programmable properties. Such bioinspired actuators could lead 
to new applications in the field of robotics and biomedical and microfluidic devices. By 
further developing these actuators as discussed in this chapter, it is foreseeable that 
they will play an important role in meeting our societal challenges. 
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