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Summary 

Photonic Materials and Soft Actuators from 
Oxetane Liquid Crystals 

Both academic and industrial research groups have put intense research effort towards 

replacing actuators and photonic structures made from inorganic materials with soft 

equivalents to allow enhanced flexibility and adaptability, and allow human/device physical 

interactions feel more natural. Many different polymers have been tested to construct these 

soft materials, including hydrogels, block copolymers, polyelectrolytes, and piezoelectric 

polymers. However, liquid crystalline networks (LCNs) are particularly suitable, as they are 

primarily fabricated from low-viscosity monomers that self-organise in the desired 

orientations prior to polymerisation, dramatically simplifying the manufacturing process as 

the desired photonic materials and soft actuators essentially form themselves. Free-radical 

polymerisation of acrylate monomers has been the method most employed for converting 

deposited solutions into solid LCN films. In contrast, relatively unexploited LCs with cyclic 

ethers as polymerisable groups could be an attractive alternative and offer potential benefits 

over traditional acrylate-based LCN systems. 

This thesis focuses on the use of oxetane LC monomers for fabricating photonic materials 

and soft actuators. First, free-standing nematic oxetane LCN films were prepared and used as 

soft actuators. The crosslinked networks have easily tuneable, anisotropic thermal and 

mechanical properties. The glass transition in the networks may be used to temporarily 

mould the films into any desired shape. Aligning the oxetane LC monomers in splay 

orientations resulted in unique, two-way cylindrically curling actuations. The excellent shape 

memory properties were combined with the splayed molecular orientation to obtain 

cylindrical two-way bending actuators that could be temporarily stored and transported in a 

compact configuration prior to use; such foldable oxetane LCN actuators could be attractive 

for applications with limited available space. 

Next, a chiral di-oxetane monomer was designed and synthesised. When added to the nematic 

oxetane LC monomers, the chiral di-oxetane monomer created a new class of photonic 

materials with excellent processing properties. The cholesteric LC (Ch-LC) mixtures could 
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be aligned in a glass cell to obtain highly flexible, free-standing Ch-LC foils that could be 

lithographically patterned to generate high resolution reflective images. These oxetane Ch-

LC mixtures were also rapidly deposited on flexible substrates using flexographic printing. 

This industrially-relevant coating technique, combined with the ability to photopolymerise 

the oxetane LC monomers in ambient conditions, is an important step towards upscaling 

production to meet the volume needs of future applications: current Ch-LC coatings require 

a restrictive oxygen free environment for production. Similar to the free-standing foils, Ch-

LC coatings may also be lithographically patterned during photopolymerisation, making 

them potentially useful anti-counterfeit labels as well as being spectacularly striking surfaces 

to the eye. 

An important characteristic of oxetane LC monomers distinguishing them from acrylate-

based monomers is their (photo)polymerisation through a cationic ring-opening mechanism 

rather than via free-radicals. Since this cationic ring-opening polymerisation is orthogonal to 

the free-radical polymerisation of the acrylate monomers, new opportunities emerge for 

combining the two monomer species to obtain new liquid crystalline interpenetrating 

network (LC-IPN) polymers. The orthogonality of the free-radical and cationic 

polymerisation mechanisms not only allow for the fabrication of true IPNs, but provides 

control over the synchronicity of the polymerisation reactions, which now may be carried out 

either simultaneously or sequentially, allowing expanded regulation over the polymer 

properties. By creating a gradient in crosslink densities between the individual networks in 

the LC-IPN, a polymer material with two separate glass transition temperatures was obtained, 

and one-way triple shape memory actuation was demonstrated. Furthermore, when aligned 

in a splayed orientation, the LC-IPN can be used as a two-way bending actuator that actuates 

over a broader temperature range compared to a single-network actuator.  

To gain further control over the polymer network structure of an LC-IPN, the rate of the 

polymerisation reactions can be regulated alongside their synchronicity. When this was done 

in a cholesteric acrylate-oxetane LC mixture, either a cholesteric LC-IPN or a phase-

separated bilayer consisting of a non-chiral polyacrylate layer on top of a cholesteric LC-IPN 

could be obtained. Essentially, the IPN network structure could be modulated throughout 

the film thickness. The LC structures could be further defined in all three dimensions by using 

patterned photomasks, with the cholesteric LC mixtures resulting in localised light-reflecting 
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photonic coatings. Since the relative volumes of the cholesteric LC-IPN layer and the phase 

separated polyacrylate top layer determine the pitch of the cholesteric phase, it was possible 

to tune the colour of the coating over the entire visible spectrum by varying the duration of 

polymerisation, thus locally tuning the degrees of phase separations. Conversely, the colour 

of the coating can be used as an in-situ analytical method to monitor phase separation 

throughout the thickness of the polymer. The processes developed in this thesis may be 

instrumental in the development of future liquid crystal polymer materials with 

programmable functional properties. 

Overall, this thesis demonstrates that oxetane LC monomers can be used for the fabrication 

of photonic materials and soft actuators which have potential for use in a broad range of 

applications, providing benefits due to their higher flexibility, reduced polymerisation 

shrinkage and their ability to be polymerised in air. Furthermore, oxetane LCs can be 

combined with acrylate LCs to obtain LC-IPN polymer materials with a variety of advanced 

functionalities not accessible to IPNs relying on acrylate LCs alone. 
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Chapter 1 

Introduction 

Abstract 

Liquid crystalline elastomers (LCEs) and liquid crystalline networks (LCNs) are classes of 

polymers especially suitable for fabricating advanced functional materials. Two main 

pathways to obtain LCEs and LCNs have gained the most attention in the literature, namely 

two-step crosslinking of LC side-chain polymers and photoinitiated free-radical 

polymerisation of acrylate LC monomers. These liquid crystal polymers have demonstrated 

remarkable properties resulting from their anisotropic shapes, finding use in soft robotics, 

responsive surfaces and as photonic materials. In this Chapter, LCs with cyclic ethers as 

polymerisable groups are discussed that can be an attractive alternative to the aforementioned 

reactive acrylate mesogens. These epoxide and oxetane based reactive mesogens could offer a 

number of advantages over their acrylate-based counterparts, including oxygen insensitivity, 

reduced polymerisation shrinkage, improved alignment, lower processing viscosity and 

potentially extended resistivity. 

This Chapter is partially reproduced from ‘Epoxide and oxetane based liquid crystals for 
advanced functional materials’ D. C. Hoekstra, A. P. H. J. Schenning, M. G. Debije, 
Soft Matter, 2020, 16, 5106-5119 
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1.1. General introduction 

Advanced functional materials are interesting from both scientific and industrial points of 

view. These materials can have several properties, including, but not limited to, shape 

memory,[1,2] reversible adhesion,[3] self-healing,[4] energy conservation,[5–7] soft robotics[8,9] and 

photonic characteristics.[10] Many organic building blocks can be used to construct advanced 

functional materials. Liquid crystalline networks (LCNs) and liquid crystalline elastomers 

(LCEs) are particularly interesting and suitable classes of materials; their fabrication is often 

straightforward, and a wide variety of LC ordered phases and orientations can be employed, 

allowing the resulting polymers to be used in a range of applications, including actuators,[11-13] 

switching surfaces,[14] sensors,[15,16] shape memory[17] and anti-counterfeit coatings.[18] 

LCNs and LCEs can be constructed from a variety of starting materials and polymerisation 

methods. Over time, however, two distinct approaches have gained the most attention in the 

literature. In the first, LC side-chain linear polymers are crosslinked in a two-step process.[19] 

Initially, the material is only slightly crosslinked, after which the mesogenic groups in the 

polymer chains are aligned by mechanical stretching. The monodomain alignment obtained 

is then fixed with a second crosslinking step to obtain the final materials. Usually, LC 

materials prepared in this way have the mechanical properties of elastomers. These LCEs 

have mainly found applications as actuators and sensors.[20] 

The second approach uses reactive LC monomers consisting of a mesogenic group with one 

or more polymerisable groups, typically acrylates, attached to the core by a flexible spacer.[21,22] 

The low molar mass of these reactive mesogens allows for their alignment in the monomeric 

state. The aligned monomers are then immobilised by (photo)polymerisation resulting in 

moderately-to-highly crosslinked LCNs that have been applied as advanced functional 

materials. Examples include as birefringent films for optical applications,[23] responsive 

surface topographies,[24] energy saving reflecting films[25] and soft robotics.[26–28] Recent efforts 

have led to the development of less crosslinked LCEs based on reactive mesogens by first 

forming a linear prepolymer through step-growth polymerisation that then is crosslinked at 

a later stage.[29] In addition to side-chain polymers and acrylate-based reactive mesogens, 

alternative building blocks for LCE or LCN-based stimuli responsive materials have been 

developed. While they may not have attracted as much attention in the literature, LC 

monomers that contain epoxide or oxetane groups offer potentially intriguing advantages to 
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the classic acrylic monomers. As an example, epoxy monomers can be used in the synthesis 

of vitrimer-based LCEs, opening the pathway to self-healing, easier processing, soft actuators, 

with possibilities for recyclability. In free-radical (photo)polymerisation, oxygen acts as a 

polymerisation inhibitor by reacting with the generated free-radicals, resulting in the need of 

an inert atmosphere, something that is often difficult to achieve on a large scale. Although a 

variety of solutions have been industrially employed to prevent this inhibition,[30] these 

solutions are not always suitable for LC systems. Additionally, acrylates suffer from 

polymerisation shrinkage. In contrast, epoxide and oxetane LC monomers that link through 

a cationic ring- opening mechanism are insensitive to the presence of oxygen, although they 

are sensitive to water and moisture, and suffer significantly less from polymerisation 

shrinkage.[31] Therefore, cationic ring-opening polymerisation may have significant 

advantages over free-radical polymerisations of LC monomers. When epoxide LC monomers 

are used as a step-growth monomer in the production of LC thermosets, they may prove to 

have interesting physical properties, including better alignment,[32] extended lifetimes or 

resistivity,[33] and lower viscosity during processing.[34] 

In this Chapter, the current catalogue of available reactive cyclic ether LC monomers and, 

when available, their physical characteristics are described. Materials are discussed that are 

prepared by step growth and cationic polymerisation, respectively. 

1.2. Advanced functional materials through step-growth polymerisation 

LC monomers containing cyclic ethers as polymerisable groups can be cured through step-

growth polymerisation, resulting in both highly crosslinked LC thermosets (i.e. LCNs) as well 

as more flexible LCEs. 

LCNs from liquid crystalline epoxy resins 

Conventional thermosets are polymers that irreversibly harden by curing and have been 

abundant in industrial applications. In thermoset resins containing cyclic ethers, epoxide-

functionalised monomers (i.e. epoxy resins) are the most utilised and most studied. The first 

reports on LC epoxy resins date back to the 1990s and were mainly targeted to improve the 

mechanical and thermal stabilities of thermosets.[32–34] 

The introduction of LC behaviour in the monomer gives rise to anisotropic properties in the 

resulting polymer networks. As is the case for all LC systems, the properties of thermosets 
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based on LC epoxy resins are highly dependent on the molecular structure of the mesogenic 

group. For this reason, LC epoxy resins based on a wide variety of mesogenic units have been 

reported. The most common structures among them are biphenyl (BP),[35–37] 

methylstilbene (DOMS),[36,38–41] phenyl benzoate (PHBHQ),[31,32,42,43] binaphthyl (EPBN)[33,44] 

and azomethine (EF3).[45–47] An overview of these mesogenic epoxides is given in Table 1.1. 

Although it is common to refer to these monomers as LC epoxy resins, on their own they do 

not necessarily exhibit LC phase behaviour. In fact, most of the common monomers either 

have no LC phase, or only a monotropic LC phase (Table 1.1). To obtain a crosslinked LCE, 

they may be cured with curing agents or hardeners. Diamines are the most popular class of 

curing agents for epoxy based LCEs. A few examples of common curing agents are shown in 

Scheme 1.1. Generally, the LC phase of the LCE is formed during the curing reaction. 

Consequently, to a large extent the conditions during curing determine the final properties 

of the LCE obtained. As an example, curing methylstilbene epoxy together with 

sulphanilamide (SAA) gives a smectic LC thermoset,[39] while curing the same monomer with 

diaminotoluene (DAT, Scheme  1.1) results in a nematic LCE.[40] The reason for this is the 

two amines in sulphanilamide have different reactivities, so in the curing process linear chains 

Table 1.1. Chemical structures and properties of common LC epoxy monomers. 

Name Abbreviation Chemical structure Tm (°C)† TN-I (°C)‡ 

Biphenyl BP 155 No LC phase 

Methylstilbene DOMS 130 
115 

(monotropic) 

Phenyl 

benzoate 
PBHQ 113 

97 

(monotropic) 

Binapthyl EPBN 240 270 

Azomethine EF3 176 No LC phase 

†Tm: melting temperature ‡TN-I: nematic to isotropic transition temperature 

O O
O

O

O
O

O

O

O

O

O
O

O

O

O

O
O

O

N N
O

O
O

O



Introduction 

5 

1 

2 

3 

4 

5 

6 

are initially formed, before the second amine group reacts to give crosslinks, resulting in 

longer chain formation and a smectic phase.[39] In diaminotoluene, the amine groups have 

similar reactivities, leading to shorter chain lengths and hence a nematic phase in the 

methylstilbene epoxy-diaminotoluene cured LCE. As another example, a rigid aromatic 

diamine such as diaminodiphenyl sulphone (DDS) results in a stiffer polymer network, and 

thus a higher glass transition temperature (Tg), than a more flexible curing agent such as 

diaminodiphenylmethane (DDM), trans-1,4-diaminocyclohexane (t-DAC), or even 

diaminobutane (DB) (Scheme 1.1).[48] In summary, the vast number of combinations of LC 

epoxy monomers and curing agents allows for the development of epoxy-based LCEs with a 

large variety of thermal, mechanical and LC properties. 

Several other factors in the curing reaction play a role in determining the structure of the final 

network. For example, the temperature at which the curing reaction is performed determines 

which LC phase is present in the final network: when a mixture of methylstilbene epoxy and 

diaminotoluene is cured below 180 °C, a nematic phase is observed in the polymer network. 

However, curing at temperatures above 190 °C leads to an isotropic network.[40] Another 

study showed that a mixture of methylstilbene epoxy and diaminodiphenylmethane can be 

cured from the isotropic melt to a nematic network, and from a nematic monomeric phase to 

a smectic network.[48] Hence, not only does the choice of monomer determine the properties 

of the LC thermosets, but also the conditions at which they are cured. An extensive overview 

of these temperature and kinetic effects is given in a review article by Carfagna et al.[49] As 

mentioned earlier, LC epoxy resins were initially developed to improve the properties of 

conventional epoxy resins. The LC domains in the LC epoxy resins lead to an increase in 

fracture toughness and resistance to brittle crack propagation.[50–52] Furthermore, the 

presence of an LC phase provides a higher resistance to permanent creep deformation.[53] 

Other interesting aspects of LC epoxy resins include increased thermal stability,[33,54] 

increased thermal conductivity[55,56] and moisture barrier properties.[57] 

Scheme 1.1. Chemical structures of common aromatic diamine curing agents for LCERs. 
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Epoxide-based LCEs as shape memory polymers 

After the development of LC epoxy resins as improvements to classical epoxy resins, 

researchers progressed to developing soft actuators from these resins. LC epoxy resins have 

found to be very useful in the fabrication of shape memory polymers (SMPs). SMPs are a 

class of polymers that can be programmed into a temporary shape through deformation and 

return to their original (permanent) shape upon exposure to an external stimulus. Multiple 

Figure 1.1.  a) Definitions of one-way, and two-way SMPs. A one-way SMP can irreversibly revert to its 

permanent shape after a stimulus, after which reprogramming is required. A two-way SMP shows 

reversible actuation. Reproduced from ref. 58 with permission from Elsevier, copyright 2015. 

b) Mechanism of the step-growth polymerisation of a diepoxide monomer and a dicarboxylic acid to 

obtain LCEs. Reproduced (adapted) from ref. 59 with permission from American Chemical Society, 

copyright 2015. c) Two-way shape memory behaviour of a typical diepoxide-dicarboxylic acid LCE (top), 

a similar LCE with CNTs grafted on the epoxide monomer (middle) and the behaviour of both LCEs under 

decreasing tensile loadings (bottom), revealing a lower threshold for the CNT-epoxy LCE composite. 

Reproduced from ref. 60 with permission from American Chemical Society, copyright 2015.
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classes of SMPs exist, with one-way and two-way SMPs being the most important. A one-way 

SMP can be programmed in a temporary shape and irreversibly recover to its original shape 

upon increasing the temperature.[58] Usually, a phase transition taking place at this 

temperature triggers the recovery of the permanent shape. Reprogramming of the one-way 

SMP is required to adopt the temporary shape again (Figure 1.1a). Two-way SMPs can 

reversibly contract upon heating and extend on cooling.[58] LCEs are particularly suitable for 

the fabrication of SMPs, as they exhibit a reversible isotropic-LC transition that can be tuned 

relatively easily. 

To increase the stimuli-responsivity of LC epoxy resins by reducing the crosslink density, 

Li et al. have used a combination of biphenyl epoxy and a dicarboxylic acid curing agent, 

sebacic acid, to produce a smectic main-chain LCE.[59] The step-growth polymerisation 

mechanism is shown in Figure 1.1b. In this process, two parallel reactions are taking place. 

In a first step, the epoxide is ring-opened by the carboxylic acid, giving a linear oligomer with 

additional hydroxy groups. These hydroxy groups can then, in a second step, react with 

another carboxylic acid in an esterification reaction, or with an epoxy monomer in an 

etherification reaction. The authors assumed that the nature of the chemical bonds formed 

in this second step had a significant influence on the liquid crystallinity and network structure 

of the LCE. Therefore, by varying the ratio between the biphenyl epoxy monomer and the 

curing agent sebacic acid, they were able to tune, to a large extent, both the LC transition and 

thermomechanical properties of the generated LCE. The authors concluded that their 

approach could help in the practical application of LCEs as two-way SMPs, as the actuation 

properties can be easily adjusted by varying the stoichiometric ratio between epoxide 

monomer and dicarboxylic acid curing agent. 

Inspired by this work, other researchers have found new ways to tune the thermomechanical 

response of shape memory materials based on smectic epoxy networks. Lama et al. have 

incorporated carbon nanotubes into a similar smectic main-chain epoxy LCE to tune the 

actuation properties of the obtained elastomer.[60] They achieved this by grafting 

methylstilbene epoxy with multiwalled carbon nanotubes (CNTs) and subsequently curing 

the grafted epoxy monomer with curing agent sebacic acid, which led to the formation of 

homogeneous composites. It turned out that the incorporation of multiwalled CNTs led to a 

significant enhancement of the thermal actuation behaviour of the elastomer alongside a 
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decreased stress threshold required to achieve actuation (Figure 1.1c). The authors attributed 

these effects to the better alignment of the LC domains when nanotubes are present in the 

elastomer. Hence, it was possible to tune the transition temperatures and stress thresholds 

required for actuation by varying the amount of multiwalled CNTs dispersed into the LCE. 

Another publication by the same group studied the effect of varying the aliphatic chain length 

in the dicarboxylic acid curing agent.[61] By increasing the chain length, the isotropisation 

temperature (Ti) of the LC domains in the elastomer increased as well. Effectively, this means 

that the temperature at which actuation will occur can be adjusted. The authors also showed 

that it is possible to tune the amount of strain actuation in this way. Hence, the shape 

changing properties can be easily tuned in several ways. However, in all the actuators 

described in this section, reversible shape memory behaviour was only achieved when a 

constant load was applied in the actuation direction to revert the polymer to its original 

shape.[61] 

Belmonte et al. claim that autonomous two-way SMPs can be obtained by preparing a bilayer 

of an epoxide-based LCE with a glassy thermoset.[62] In this system, the glassy thermoset was 

composed of an excess of bisphenol A-based epoxy crosslinker and a tri-functional thiol. This 

mixture was first cured at a relatively low temperature to retain the excess of epoxy and obtain 

a sticky intermediate network. A programmed LCN actuator based on biphenyl epoxy and 

sebacic acid was attached, and the bilayer was heated to 90 °C to further cure the glassy 

thermoset and connect it to the LCN actuator. The resulting bilayer was now able to bend to 

a temporary shape upon heating above the LCN’s Ti, and back to its original shape upon 

cooling due to the stress induced in the glassy thermoset, making this material a true two-way 

SMP. 

Vitrimer LCEs 

All the materials described so far are thermosets: polymers with high mechanical stability. 

This mechanical stability, however, comes at a price. The crosslinks in these polymer 

networks are permanent, making it virtually impossible to remould, reprocess, or recycle 

them. In 2011, Montarnal et al. published their pioneering article on vitrimers: polymer 

networks based on epoxy and carboxylic acid or anhydride monomers, to which they have 

added a transesterification catalyst.[63] This resulted in a crosslinked epoxy thermoset in which 

transesterification reactions occur at higher temperatures (Figure 1.2a). Effectively, this 
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means that the crosslinks in the material become dynamic at elevated temperatures 

(Figure 1.2b). In contrast to covalent adaptable networks (CANs) that proceed through a 

dissociative mechanism, meaning that an existing bond has to be broken before a new bond 

is formed, vitrimers belong to the class of associative CANs.[64] Thus, a new bond is formed 

before the old bond is broken, hereby effectively keeping the crosslink density constant.  This 

phenomenon introduces an additional viscoelastic transition temperature, the “topology 

freezing temperature”, Tv. Above this temperature, the timescale of the transesterification 

reactions becomes shorter than the timescale of material deformation, which effectively 

means that the material can flow. Hence, vitrimers have the unique property of the 

mechanical stability of a classical thermoset at room temperature, yet can be processed or 

reprocessed at elevated temperatures. Therefore, the invention of vitrimers has opened the 

way to the development of thermosetting polymers that can be remoulded, repaired and 

recycled in a similar manner to glasses and metals.[65] 

Initially, vitrimers were based on conventional epoxy resins. A few years after their invention, 

Ji and co-workers realised that the same approach should also be possible for LC epoxy resins, 

since the earlier approach of curing LC epoxy resins with dicarboxylic acids for applications 

such as shape memory polymers gives an LCE with ester bonds that are susceptible towards 

transesterification. In 2014, Pei et al. reported the development of liquid crystal elastomers 

with exchangeable links (xLCEs).[66] The epoxy LCE network they used consisted of a 

combination of the biphenyl LC epoxy monomer and curing agent sebacic acid (Figure 1.3a). 

A transesterification catalyst was added to this monomer mixture, which was subsequently 

Figure 1.2. a) Transesterification reactions in thermosets based on epoxy resins and carboxylic acids. b) In 

these thermosets, crosslinks become dynamic at elevated temperature. Figures reproduced from ref. 63 

with permission from AAAS, copyright 2011. 
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Figure 1.3. a) Composition of the xLCE: biphenyl epoxy monomer, curing agent sebacic acid and 

transesterification catalyst triazabicyclodecene are cured to obtain a polydomain xLCE. b) Thermal 

actuation behaviour under constant load of a polydomain xLCE compared to a non-LC analogue 

containing exchangeable crosslinks. The xLCE shows reversible actuation without any creep, whereas the 

non-LC analogue only shows repeated creep. c) Reversible thermal actuation behaviour under constant 

load of a virgin polydomain xLCE compared to a remoulded sample. Both samples show near-identical 

actuation behaviour. d) Programming a polydomain xLCE. From left to right: a polydomain sample (L0) 

is heated above Tv under load, giving isotropic sample L1 which is subsequently cooled under load to <Ti 

to obtain monodomain alignment (L2). This xLCE can be actuated between L0 and Lm by heating above 

and cooling below Ti. Reprogramming the alignment is possible by heating above Tv again. Figures 

reproduced from ref. 66 with permission from Springer Nature, copyright 2014. 
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cured. This resulted in a polydomain nematic LCE. Similar to LCEs based on these 

monomers, the xLCE has a Tg at about 55 °C and an isotropic transition at 100 °C. However, 

upon further heating, the transesterification catalyst introduced dynamic crosslinks into the 

xLCE, giving it a Tv of 160 °C. This made the xLCE re-shapeable and re-processable, a feature 

that had not been seen in LCEs before. The authors demonstrated that they could use the 

dynamic crosslinks to re-join two pieces of xLCE film by compression moulding. Not only 

did this work with two pieces of the same xLCE, but also with a conventional epoxy elastomer 

cured with a diacid. This allowed for the fabrication of bi- or multilayers of elastomers with 

different properties. The authors also demonstrated that the xLCEs showed two-way shape 

memory behaviour under a constant load, and that this behaviour was reversible without any 

signs of creep (Figure 1.3b). In contrast, a non-LC analogue of the xLCE only showed creep 

upon repeated exposure to high temperatures. Furthermore, a remoulded-xLCE sample 

showed almost identical thermal actuation behaviour to a virgin sample (Figure 1.3c). 

A remarkable aspect of xLCEs is that polydomain elastomers that are obtained after curing 

can be processed into a monodomain alignment, and that even this is reversible.[66] One of 

the main challenges with LCEs is obtaining monodomain alignment, which is generally 

achieved with external fields in LC monomers, or mechanical stretching in a two-step 

crosslinking process. Both methods, however, have their disadvantages. Alignment using an 

external field generally only works for thin films. In the two-step crosslinking method, it is 

difficult to obtain three-dimensional shapes. The xLCEs are a promising solution to these 

challenges, as the presence of a Tv allows monodomain alignment by stretching a film at a 

temperature above Tv, shown schematically in Figure 1.3d. From left to right: when the 

polydomain sample is loaded above Tv, the LC domains will become isotropic, and the 

crosslinks reversible. Subsequent cooling of the sample then results in reforming the smectic 

LC domains that are now aligned (L2). Effectively, the sample is now an actuator that will 

shrink to L0 upon heating above Ti and expand back to Lm upon cooling. The unique feature 

of the xLCE is the monodomain alignment can be reprogrammed by again heating to above 

Tv and loading the sample. Furthermore, the authors showed that xLCEs could be formed 

into virtually any shape by heating them in a mould. In summary, the development of xLCEs 

has led to responsive polymers that can be more easily processed than conventional LCEs 

and can be repaired, reprogrammed, and remoulded. 



Chapter 1 
 

12 

1 

2 

3 

4 

5 

6 

Since the initial report of xLCEs by Ji and co-workers, researchers have improved on the 

concept with alternatives for transesterification reactions. Li et al. have shown that xLCEs can 

also be obtained by adding disulphide chemistry into the LCE.[67] They found it was possible 

to make use of disulphide-disulphide exchange reactions to reprocess the LCE. Furthermore, 

they showed that the material can be fully recycled by adding small thiol compounds to break 

down the network structure. 

Another strategy to improve the functionality of xLCEs is to make nanocomposites. Yang et 

al. showed that by incorporating carbon nanotubes (CNTs) into the xLCE, a mould was no 

longer required to program or reprogram the shape of the xLCE.[68] The CNTs made the LCE 

Figure 1.4. a) Programming of a xLCE-CNT composite through generation of heat by shining light whilst 

keeping the film under load. Reproduced from ref. 68 with permission from American Chemical Society, 

copyright 2016. b) Processing and reprocessing of a six-petal flower into various dynamic 3D shapes. 

Reproduced from ref. 68 with permission from American Chemical Society, copyright 2016. c) Quadruple 

shape memory behaviour of a cross consisting of pieces of LCE vitrimers with different chemical 

compositions that are welded together. Reproduced from ref. 71 with permission from Wiley-VCH, 

copyright 2016. d) Partial reprogramming of a welded strip by only twisting the BA part of the film, and 

the related shape memory behaviour. Reproduced from ref. 71 with permission from Wiley-VCH, 

copyright 2016. e) Cutting and reassembling welded strips to obtain new structures. Reproduced from 

ref. 71 with permission from Wiley-VCH, copyright 2016. 
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responsive to light, as illumination resulted in photothermal heating, a concept that has been 

previously employed in conventional LCEs to achieve actuation[69] and transesterification in 

regular epoxy vitrimers.[70] Here, the authors used infrared (IR) light to heat the elastomer 

above its Tv and activate the transesterification reactions.[68] Therefore, a film could be 

processed into a dynamic 3D shape by stretching it into the desired shape and subsequently 

illuminating it (Figure 1.4a). Again, this process could be repeated many times, as was 

demonstrated by the repeated reconfiguring of a six-petal flower into more than 20 dynamic 

3D structures (Figure 1.4b). Furthermore, segments of different chemical compositions could 

be welded together to obtain even more complex actuators.[68] This welding principle was 

employed in another study by Pei et al. to increase the number of shapes that can be 

‘remembered’ in an SMP.[71] To this end, vitrimer films consisting of sebacic acid and different 

epoxy monomers (bisphenol A, methylstilbene, biphenyl) were prepared. A multi-SMP was 

then prepared by welding pieces of these films together by hot pressing, and then giving the 

combined film its temporary shape. As each part had a different transition temperature, they 

would recover their original shapes at different temperatures. This can, for instance, be 

applied to engineer a quadruple SMP that can fold from a cross into a cube by strategically 

placing the different LCE compositions in the cross (Figure 1.4c). Furthermore, CNTs can be 

incorporated in parts of the multi-SMP to make those parts responsive to IR light. The 

approach of welding pieces of LCE vitrimers with different chemical compositions allows for 

partial reprogramming of a strip (Figure 1.4d) and reuse of strips by cutting and reassembling 

them into new structures (Figure 1.4e). 

The possibility of making LCE vitrimers responsive to light of other wavelengths has also 

been investigated. In conventional LCEs and LCNs, chromophores are commonly used to 

convert light energy into mechanical work. A classic example is the azobenzene moiety that 

changes its geometry from trans to cis upon illumination with ultraviolet (UV) light. This 

effect has been used extensively to achieve shape changes in LCEs and LCNs, such as bending, 

twisting and oscillating.[71] Li et al. incorporated azobenzene into an LCE vitrimer by curing 

an azobenzene epoxy monomer with sebacic acid and adding a transesterification catalyst 

(Figure 1.5a).[72] This led to the formation of a multifunctional LCE that had the shape 

memory behaviour of an LCER, the (re)processability of an LCE vitrimer and the light-

responsivity of an azobenzene LCN. The authors have demonstrated this by programming a 

cross-shaped sample into a cube (Figure 1.5b). Heating of this cube above Tg led to unfolding, 
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whilst further heating above Ti leads to refolding. The same shape memory behaviour could 

be achieved by illuminating the cube with UV light. The isomerisation of the azobenzene 

moieties heated the cube photothermally to unfold above Tg and further heating to above Ti 

caused refolding (Figure 1.5b). The authors also showed that the material could be 

reprocessed or repaired by heating above Tv, and that this could also be locally achieved by 

UV illumination. Furthermore, in a follow-up publication, they showed that the material 

could also be prepared with exchangeable disulfide bonds as the dynamic crosslinks.[73] 

Figure 1.5. a) Synthesis of a photoresponsive LCE vitrimer by step-growth polymerisation of an 

azobenzene epoxide monomer (AE) and a dicarboxylic acid, and with adding a transesterification catalyst. 

Reproduced (adapted) from ref. 72 with permission from American Chemical Society, copyright 2016. 

b) Programming of a photoresponsive LCE vitrimer cross into a cube, and its thermal and UV induced 

folding and unfolding behaviour. Reproduced from ref. 72 with permission from American Chemical 

Society, copyright 2016. c) Light-driven forward motion of an azobenzene LCE vitrimer ‘vehicle’ with a 

spring-like ‘motor’. Reproduced from ref. 74 with permission from Wiley-VCH, copyright 2017. d) 

‘Polymer crane’ constructed from a gold nanorod – azobenzene LCE vitrimer nanocomposite that is 

capable of grasping, lifting, lowering, and releasing objects upon illumination with UV and NIR light. 

Reproduced from ref. 75 with permission from Wiley-VCH, copyright 2018. 
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Lu et al. have developed the system further by synthesising a light responsive LCE vitrimer 

from the azobenzene epoxy monomer and dodecanedioic acid, which is a slightly longer 

dicarboxylic acid than sebacic acid.[74] They showed the UV-induced contraction force 

generated in the LCE vitrimer was higher when the film strain was higher, due to enhanced 

orientation of the azobenzene mesogens. They also demonstrated the contraction force 

generated originates from both mechanical action by trans-cis isomerisation of the 

azobenzene mesogens, as well as a photothermal effect of heating the film above a transition 

temperature. By making bilayers of the LCE vitrimer with transparent polypropylene, they 

were able to construct wheels that could move away from or towards a light source via a 

photoinduced shifting of its centre of mass. Taking this a step further by twisting the bilayer 

into a spring and attaching it to wheels of polyurethane foam (Figure 1.5c), it was possible to 

construct a ‘vehicle’ that is light driven by UV-induced winding/unwinding of the spring.[74] 

To further increase the potential of this system, the same group doped the azobenzene LCE 

vitrimer with gold nanorods to expand responsivity to near-infrared light (NIR).[75] This 

resulted in a nanocomposite capable of two light-triggered molecular changes: a transition 

from the LC to isotropic state by absorption of NIR and subsequent heat release by the gold 

nanorods, as well as photoisomerisation of the azobenzene moieties. The authors 

demonstrated the full potential of this system by creating a polymer ‘crane’ capable of 

performing ‘light-controlled sophisticated, concerted robot-like, macroscopic motions to 

produce useful work’ (Figure 1.5d).[75] To this end, they attached a bilayer film acting as a 

gripper upon UV illumination to a telescopic arm capable of contracting upon NIR 

illumination. The resulting polymer crane could grasp and lift objects, move them, and then 

lower and release the cargo, demonstrating the potential applications of LCE actuators in soft 

robots.  

Stability of LCE vitrimers 

Dynamic crosslinks in LCE thermosets have been shown to have many advantages in the 

processing, reprocessing, and repairing of LCE thermosets. However, they also limit the 

stability and durability of these materials, as operation of the functional material above its Tv 

will activate the dynamic crosslinks and remove the monodomain alignment. To improve the 

stability of the LCE vitrimer, a balance must be found for the Tv: it should be sufficiently high 

to operate the functional material at high temperatures, yet not too high to allow for easy 
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(re)processability. One strategy is to optimise the amount of transesterification catalyst in the 

material. Chen et al. have published a systematic study where they reduced the amount of 

catalyst and monitored the effects on processability and actuation stability of an LCE vitrimer 

actuator.[76] They found that a lower catalyst concentration indeed led to a higher Tv and thus 

a higher actuation stability. Processing and reprogramming of the actuator, however, 

remained possible. Another strategy pursued by researchers is to make a re-processable 

actuator without incorporation of any transesterification catalyst. Yang et al. have 

demonstrated that, unlike the common perception that a catalyst is required to trigger the 

transesterification reactions, they still occur in LC epoxy thermosets that do not contain a 

catalyst, albeit at a much lower rate.[77] These LC epoxy thermosets could be processed, 

reprogrammed and welded, similarly to the xLCEs described earlier, with the difference that 

these processes take longer in the LC epoxy thermosets. However, due to the slower 

transesterification reactions at high temperatures, actuators made from these LC epoxy 

thermosets have a significantly higher stability than the xLCEs. 

1.3. Advanced functional materials through cationic (photo)-polymerisation 
of LC epoxides and oxetanes 

So far, the step-growth polymerisation of LC epoxy resins with curing agents was mainly 

discussed. The second major pathway towards LCEs and LCNs is the photoinitiated 

polymerisation of LC monomers. Low molar mass reactive mesogens can be 

photopolymerised into a crosslinked LCE or LCN. The advantage of this approach is that the 

temperature at which the photopolymerisation is initiated can be, within limits, freely chosen. 

Therefore, it is relatively easy to bring the reactive mesogens in the desired phase (e.g. smectic, 

nematic) by controlling the temperature and subsequently photopolymerising it. 

Furthermore, the mesogens can be aligned (prior to polymerisation) by a variety of alignment 

techniques, such as surface alignment, shear force, electric fields, or magnetic fields. This 

allows for a wide variety of possible alignments (e.g. planar, homeotropic) and orientations 

(i.e. homogeneous, splay, twisted). A possible disadvantage, though, is the use of 

photopolymerisation is limited to relatively thin films. 

The development of acrylate reactive mesogens at Philips Research in the 1980s opened the 

way to moderately to highly crosslinked LCNs that have proven useful in many practical 

applications.[23] Use of multifunctional monomers will result in a high crosslink density, 
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which can be reduced by adding mono-functional monomers. The relatively straightforward 

synthetic methods to obtain reactive mesogens have led to a large molecular toolbox of 

different monomers that can be used to tune the properties of the resulting LCN. They do, 

however, suffer from the aforementioned drawbacks of oxygen inhibition and polymerisation 

shrinkage. Cationic (photo)polymerisation of cyclic ether LC monomers such as epoxides 

and oxetanes can be used to solve these issues. These monomers can polymerise through a 

ring-opening mechanism that is shown in Scheme 1.2. Upon illumination with UV light, the 

photoinitiator (typically arylsulfonium or iodonium salts) will decompose, generating a 

radical cation (Scheme 1.2a). This radical cation will abstract a hydrogen atom from its 

surroundings. Subsequently the counter anion (e.g. PF6
-) can attack this hydrogen atom to 

obtain a strong acid (e.g. HPF6). For this reason, cationic photoinitiators are sometimes 

referred to as photoacid generators. Only after generation of the acid can the actual 

polymerisation mechanism start, shown in Scheme 1.2b. One of the lone pairs on a monomer 

can attack the acid, turning the monomer into a cation that is susceptible to being attacked 

by the next monomer, which happens many times in the propagation phase to obtain the 

polymer chain. Unlike free-radical polymerisations, that are terminated quickly through 

bimolecular terminations, cationic polymerisations are in principal non-terminating 

although eventually termination can occur through chain transfer reactions or reaction with 

nucleophilic impurities such as moisture.[78] 

Scheme 1.2. Cationic ring-opening polymerisation of cyclic ether (LC) monomers. a) Mechanism of 

photoacid generation. b) Initiation of polymerisation by the photogenerated acid, followed by propagation 

to generate the polymer chain. 
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In 1994, two publications from Philips Research reported the synthesis of diepoxide 

monomers with a similar mesogenic unit as the conventional acrylate reactive mesogens.[31,32] 

They found that it was possible to obtain LCNs by cationic photopolymerisation of these 

monomers. The resulting LCNs had a higher degree of order than similar networks obtained 

from acrylate reactive mesogens, showed lower polymerisation shrinkage, and had a higher 

adhesion to various substrates.[31] Drawbacks, however, were a relatively slow rate of 

polymerisation and the occurrence of side reactions, resulting in yellow, scattering films.[32] 

To overcome these issues, liquid crystalline oxetanes were developed in 2004 by Lub et al. 

(Figure 1.6a).[79] The polymerisation kinetics of these oxetane LCs were found to be much 

faster than their corresponding epoxides. Moreover, yellowing due to side-reactions during 

polymerisation did not occur, which makes the oxetanes more suitable for application as 

optical films. Van der Zande et al. have used the oxetane LCs for the fabrication of patterned 

retarders for transflective displays.[80] These patterned retarders consisted of alternating 

birefringent (i.e. nematic) and isotropic domains and could be prepared by photolithographic 

polymerisation. First, a coated film was brought in the nematic phase and subsequently 

polymerised through a photomask, freezing the birefringent state in the illuminated areas. 

The coating was then heated above Ti and a second illumination polymerised the rest of the 

Figure 1.6. a) Chemical structures of oxetane LC monomers. b) Patterned birefringent-isotropic retarder 

for transflective displays based on oxetane LCs. Reproduced from ref. 80 with permission from 

Wiley-VCH, copyright 2005. c) Patterned birefringent-isotropic retarder for transflective displays based 

on acrylate LCs. Reproduced from ref. 81 with permission from AIP Publishing, copyright 2006. 
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coating. The use of oxetane LCs instead of acrylate reactive mesogens was found to be 

beneficial in two ways: the possibility of photopolymerising the coating in air allowed for 

upscaling in future industrial applications, and the resolution of the obtained patterns turned 

out to be very high, higher than could previously be achieved using acrylate reactive mesogens 

(Figure 1.6b,c).[81] The authors attributed this to the absence of surface corrugation (due to 

reduced polymerisation shrinkage) and a lower UV sensitivity of the cationic 

photopolymerisation: scattered UV light in the non-illuminated areas did not result in 

substantial crosslinking. 

Along with oxetane and epoxide LC monomers that are based on the phenyl benzoate 

mesogenic structure, it is also possible to polymerise the LCERs described earlier in this 

review via a cationic ring-opening polymerisation. Lv et al. have demonstrated that light 

responsive LCN films can be obtained via the cationic photopolymerisation of azobenzene 

diepoxides.[82] They found that simultaneous illumination with unpolarised blue light during 

UV polymerisation of a planar aligned monomer mixture, induced reorientation of the 

azobenzene moieties at the illuminated side, resulting in a splay alignment. This way, they 

were able to control the bending behaviour of the films, either away from or towards the light 
source by illuminating it from either the planar or the homeotropic sides of the film, 

respectively. 

Earlier, the increased thermal conductivity of LC epoxy resins over conventional epoxy resins 

was mentioned. Islam et al. have found that the cationic ring-opening polymerisation of 

biphenyl epoxy increased the thermal conductivity of the resulting network.[83] They 

attributed this to weaving of the pre-aligned epoxy groups in a linear fashion via cationic 

polymerisation, whereas curing with a diamine hardener disturbed the order of the LC 

monomer. Therefore, cationic polymerisation of biphenyl epoxy resulted in a higher 

molecular order and reduced phonon scattering, which substantially enhanced the thermal 

conductivity. 

Combining free-radical and cationic ring-opening polymerisations 

Free-radical and cationic polymerisations are orthogonal mechanisms. This means that, 

under the right conditions, both polymerisation mechanisms can be performed 

independently, either simultaneously or sequentially. As an example, this could be done by 

using a radical and a cationic photoinitiator that have different activation wavelengths. 



Chapter 1 

20 

1 

2 

3 

4 

5 

6 

Combining cationic and free-radical polymerisations could prove useful in producing 

cholesteric LC (Ch-LC) systems. Generally, the reflection band of a Ch-LC is quite narrow, 

limiting the effectiveness of a Ch-LC coating designed to reflect IR light for energy saving. To 

solve this, researchers have set out to broaden the reflection band of Ch-LCs by 

photopolymerisation-induced diffusion.[84,85] By combining diacrylate with monoacrylate 

LCs, and illuminating at a low UV intensity during polymerisation, the highly reactive 

diacrylates diffuse towards the top of the film, leading to a gradient in the concentration of 

the chiral LC through the film thickness, and hence to a pitch gradient and a broadened 

reflection band. Zhang et al. have shown that the same principle can be applied to a Ch-LC 

mixture of epoxide and acrylate LCs.[86] In their approach, a free-radical initiator was activated 

first by illumination with 365 nm UV light, inducing diffusion of the acrylate LCs to the top 

of the film, which induced a pitch gradient in a similar way to the diacrylate-monoacrylate 

approach (Figure 1.7a). In a second polymerisation step, the cationic photoinitiator was 

activated by 254 nm UV light, freezing the pitch distribution in the Ch-LC, and resulting in 

broadening of the reflection band (Figure 1.7b). Since the difference in reactivity between the 

acrylate and epoxide LC in the free-radical polymerisation step is essentially infinite, 

obtaining a pitch gradient is potentially more effective then when a mixture of mono- and 

diacrylate LCs is used. 

Figure 1.7. a) Mechanism of photoinduced diffusion by sequential polymerisation of acrylate and epoxide 

LC monomers to obtain a broadband reflecting Ch-LC film. b) Transmission spectra of the Ch-LC film 

before and after the sequential polymerisation process. Reproduced from ref. 86 with permission from 

Taylor & Francis Ltd., copyright 2011. 
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Another area where cationic ring-opening polymerisations could be of importance is additive 

manufacturing. Since epoxy and oxetane LC monomers can be polymerised in oxygen-rich 

environments, obtaining complex form factors or easier fabrication protocols become 

possible where oxygen inhibition of acrylate monomers poses an issue. Recently, 

McCracken et al. published a study where they used epoxy LCs with a mesogenic structure 

analogous to common acrylate reactive mesogens to obtain LCE micro actuators.[87] By using 

two-photon direct laser writing, they were able to prepare microstructured LCEs from aligned 

epoxy LC monomers in an oxygen-rich environment. An extensive study of the thermal- and 

mechanical properties of bulk films of these epoxy monomers revealed that the thermal 

response of epoxy-based LCEs is complementary to acrylate-based LCEs: the epoxies 

actuated at higher temperatures than the acrylates. This, in combination with the 

orthogonality of the polymerisation mechanisms of the epoxy and acrylate LCs, allowed them 

to prepare hybrid microactuators that were effectively composites of epoxy and acrylate LCEs. 

To this end, they first prepared the microstructure by using two-photon direct laser writing 

of the epoxy LCE, where the oxygen-insensitivity of the cationic polymerisation aided 

substantially in obtaining complex structures at a high resolution. This microstructure was 

then filled with the acrylate LC monomer, which was subsequently polymerised through a 

free-radical polymerisation. The resulting hybrid microactuator could be actuated at a wide 

temperature range, owing to the thermal properties of both components. 

1.4. Aim and outline of this thesis 

Liquid crystals with cyclic ethers such as epoxides and oxetanes as polymerisable groups have 

been studied for decades and have led to the development of a wide range of advanced 

functional materials. The step-growth polymerisation of epoxide LC monomers in particular 

has resulted in many interesting polymer materials. The cationic ring-opening 

(photo)polymerisation of cyclic ether LC monomers is less well studied. Since the 

development of oxetane LC monomers by Lub et al. in 2004, they have only been applied in 

transflective displays. The aim of this thesis is to further exploit the potential of these oxetane 

LCs and to develop photonic materials and soft actuators from them.  

In Chapter 2, oxetane LC monomers are used to obtain free-standing LCN films that can be 

used as soft actuators. The thermal and mechanical properties of the oxetane LCNs can be 

easily tuned by varying the crosslink density of the networks, and the polymer films have 
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excellent one-way shape memory properties. Furthermore, two-way bending actuators could 

be fabricated that showed enhanced actuation compared to common acrylate LCN actuators. 

Moreover, both actuation modes could be combined in one film to obtain a foldable, compact 

bending actuator. 

In Chapter 3, the molecular toolbox of oxetane LC monomers is expanded by the synthesis 

of a chiral di-oxetane LC monomer that is capable of inducing cholesteric liquid crystal 

phases. This led to the development of a new class of photonic materials based on oxetane 

LCs. The Ch-LC films could be patterned at high resolution using lithography. To 

demonstrate the potential of oxetane LCs, flexographic printing on a flexible substrate was 

used to obtain photonic coatings that could be photopolymerised in ambient conditions. 

The cationic photopolymerisation used to polymerise the oxetane LCs is orthogonal to the 

free-radical mechanism required for the polymerisation of acrylate LCs. This makes the 

combination of acrylate and oxetane LCs ideal for the fabrication of interpenetrating 

networks (IPNs). In Chapter 4, such a combination is used to prepare free-standing LC-IPN 

films. By creating a gradient in crosslink density between the acrylate and oxetane networks, 

two distinct glass transition temperatures in a single polymer film were obtained. This 

behaviour could be used for one-way triple shape memory and bending actuators with a 

broad temperature window for actuation. By controlling the sequence of both polymerisation 

mechanisms, actuators with atypical shapes could be obtained. In Chapter 5, this 

polymerisation sequence control is used to steer the degree of phase separation in cholesteric 

acrylate-oxetane coatings. The method developed can be used to tune the reflective colour of 

the structurally coloured coatings. Conversely, the structural colour can be used to monitor 

the degree of phase separation. The method presented allows for structuring LCNs in three 

dimensions. 

Finally, Chapter 6 reflects on the results described in this thesis and focuses on future 

possibilities and applications for oxetane-based LC materials. 
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Chapter 2 

A foldable compact actuator based on an 
oxetane liquid crystal network 

Abstract 

In this Chapter, the fabrication of a foldable, compact liquid crystal actuator based on oxetane 

reactive monomers is reported. The free-standing liquid crystal network films are optically 

clear, flexible and have easily tuneable anisotropic thermal and mechanical properties. The 

oxetane liquid crystal networks demonstrate excellent one-way shape memory properties, 

with good temporary shape fixation and complete shape recovery. In addition, the flexible 

polyether backbone of the oxetane liquid crystal networks results in large two-way bending 

actuation, with the actuators showing rotation inversion and making multiple rotations. Both 

actuation mechanisms could be combined to form actuators that can be temporarily 

compactly folded before fully recovering to their original shape prior to use. 

This Chapter is partially reproduced from ‘A foldable compact actuator based on an oxetane 
liquid crystal network’ D. C. Hoekstra, P. P. M. Visser, S. J. A. Houben, J. Lub, M. G. Debije, 
A. P. H. J. Schenning, J. Appl. Phys., 2021, 129, 075101 
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2.1. Introduction 

Liquid crystal networks (LCNs) are extensively used in the fabrication of stimuli-responsive 

polymer materials. The combination of liquid crystalline (LC) organisation with the 

viscoelastic properties of a polymer network results in polymer materials that have 

anisotropic properties. These materials are generally prepared from low molar mass 

polymerisable monomers (reactive mesogens). These monomers can be aligned and after 

(photo)polymerisation LCNs with different molecular order and orientations within their 

mesophases can be obtained. LCNs are able to respond to a variety of external stimuli, such 

as temperature changes. This response is caused by small reversible changes in local 

molecular order. In case of an anisotropic polymer material with a uniaxial molecular 

orientation, this leads to shrinkage in the direction along the molecular director while 

expansion occurs in all other directions.[1] Due to their stimuli-responsive properties, LCNs 

have been broadly used in a wide range of applications, including as reflective films,[2,3] 

sensors,[4–6] and actuators.[7–15] 

The majority of LCNs are produced from (meth)acrylate thermotropic calamitic liquid 

crystals. The low viscosity of these monomers makes them easily processable, and they can be 

(photo)polymerised through a well-studied and robust free-radical polymerisation. However, 

free-radical (photo)polymerisations of (meth)acrylates can suffer from issues such as 

polymerisation shrinkage, inhibition by oxygen, and the resulting polymer films are often 

brittle. 

A variety of reactive mesogens with alternative polymerisable groups have been developed: 

these include LC vinyl ethers,[16,17] thiol-ene systems,[18,19] epoxides,[20,21] and oxetanes.[22,23] The 

oxetane LC monomers were found to be of particular interest.[24] They can be aligned and 

processed in a similar manner to acrylates, yet (photo)polymerise through a cationic ring-

opening polymerisation. This mechanism has a similar polymerisation rate as free-radical 

polymerisations and can be seamlessly carried out in oxygen-rich environments. 

Furthermore, its reported polymerisation shrinkage is significantly lower.[22] 

To date, the use of oxetane LC monomers has been limited to their synthesis and 

characterisation,[22] and use in thin coatings, such as patterned retarders for LC displays.[23] 

However, to date the preparation of oxetane-based LCN actuators has not been reported. 

In this Chapter, the previously developed oxetane liquid crystals are used to prepare foldable 
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LCN actuators. The films are optically clear and not brittle. By varying the di-oxetane-to-

mono-oxetane ratio, the anisotropic mechanical and thermal properties can easily be tuned. 

When aligned in a homogeneous planar organisation, the films show programmed one-way 

shape memory behaviour, with exceptional shape recovery. Moreover, a splay alignment 

results in curled films that display remarkable two-way actuation behaviour. Finally, one-way 

shape memory is combined with two-way actuation in a splay film to fabricate a compact, 

foldable actuator. 

2.2. Results and discussion 

Material development 

Liquid crystalline di-oxetane 1 containing a 4-carbon atom aliphatic spacer (Figure 2.1a) was 

chosen to form the films, as it has been demonstrated to have a good balance between LC 

order and thermal stability after photopolymerisation.[22] To tune the glass transition 
temperature (Tg) of the resulting LCNs, liquid crystalline mono-oxetane 2 was used. 

A commercially available mixture of triarylsulfonium hexafluorophosphate salts (3) was 

added as cationic photoinitiator. LC mixtures were prepared with varying ratios of di-oxetane 

LC 1 and mono-oxetane LC 2, and their phase behaviour was studied with differential 

scanning calorimetry (DSC) (Figure 2.1b). The details are summarised in Table 2.1. As 

expected, based on the phase behaviour of the individual monomers, increasing fractions of 

monomer 2 in the mixture led to an increase in the isotropic-to-nematic phase transition 

temperatures (TIN). Moreover, the addition of the cationic photoinitiator resulted in a 

reduction of TI-N of roughly 20 °C. Polarised optical microscopy (POM) analysis through 

crossed polarisers of the mixture of oxetane LC 1 with photoinitiator 3 (M1) confirmed that 

the transition depicted in the DSC thermogram is indeed an isotropic-to-nematic transition 

Table 2.1. Compositions of the prepared monomer mixtures M1-M4, their isotropic-nematic transition 

temperatures, and the LCNs derived from them. 

Mixture Wt.% 1 Wt.% 2 TI-N (°C) LCN 

M1 100 0 61 LCN1 

M2 75 25 77 LCN2 

M3 50 50 90 LCN3 

M4 25 75 102 LCN4 
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(Figure 2.1c), as no light is transmitted above the phase transition temperature (isotropic), 

and a nematic schlieren texture is observed below it. 

The oxetane LC mixtures were used for the preparation of planar aligned LCN films. To this 

end, glass cells containing rubbed polyimide layers were filled above the isotropic transition 

temperature, and then slowly cooled below this transition such that the polymerisation 

temperature, Tpol = 0.95 × TI-N (K). A flood UV exposure then converted the monomer 

mixtures into solid LCN films. A thermal post-cure at 130 °C was performed to maximise 

monomer conversion. After opening of the cells, freestanding polymer films were obtained. 

FT-IR analysis on LCN1 confirmed the conversion of the oxetane LC monomers, as the peak 

corresponding to the C-O-C stretch vibration of the oxetane group at 976 cm-1 decreased in 

Figure 2.1. a) Molecular structures of the oxetane liquid crystal monomers 1 and 2, and cationic 

photoinitiator 3 used in this Chapter. b) DSC thermograms of the LC monomer mixtures with decreasing 

amounts (from 100 wt.% in M1 to 25 wt.% in M4) of LC di-oxetane 1. The 2nd cooling curves are displayed. 

c) POM micrographs of mixture M1, taken above (70 °C, top) and below (50 °C, bottom) the isotropic-

nematic phase transition. Below this transition, the nematic schlieren texture is clearly visible.
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intensity (Figure 2.2a). FT-IR analyses of the other compositions show similar results. 

Although the peak does not disappear completely, maximum conversion was assumed due to 

the thermal treatment after photopolymerisation. The resulting free-standing films appeared 

optically clear and were flexible (Figure 2.2b). Remarkably, it was easily possible to fold an 

LCN consisting of 100% di-oxetane LC 1 in half without breaking, demonstrating that the 

films are not brittle. DSC analysis revealed the Tgs of the different compositions (Figure 2.2c). 

LCN1 shows a glass transition around 67 °C. With increasing amounts of monomer 2, this 

value decreases to 28 °C for LCN4. Hence, the Tg of the oxetane LCNs can easily be tuned 

ranging from room temperature to moderately elevated temperatures. 

The thermomechanical behaviour of the LCN films was studied by dynamic mechanical 

analysis (DMA). Storage (E’) and loss (E”) moduli were measured in the direction parallel to 

the LC orientation, from which the damping or energy dissipation curve (tan δ) could be 

constructed. In Figure 2.3a, the storage moduli as a function of temperature are highlighted 

for the different LCN compositions, whereas Figure 2.3b shows the loss moduli. At low 

temperatures, the LCN films are stiff, glassy polymer materials, with similar room 

temperature E’ values in the range of 1.0 – 1.2 GPa (Table 2.2). These values follow the 

common trend that a decrease in crosslink density results in a lower modulus. However, 

Figure 2.2. a) FT-IR ATR analysis of LCN1 compared to its corresponding monomer mixture M1. 

b) Photographs showing the optical clarity (left) and flexibility (right) of an oxetane LCN film (LCN1) 

c) DSC thermogram of the oxetane LCN films with decreasing amounts of liquid crystalline di-oxetane 1. 

The 2nd heating curves are displayed.
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LCN1 shows some peculiar behaviour. It has the lowest storage modulus in the glassy state, 

whereas it simultaneously has the highest modulus in the rubber-like state. The Tgs of the 

different compositions, determined by the conventional approach of the peak in tan δ do 

follow the expected trend that a reduced amount of crosslinker results in a lower Tg,[25] ranging 

from 87 °C in LCN1 to 44 °C in LCN4 (Figure 2.3c). An overview of the Tgs of the LCNs 

determined by other methods is given in Table 2.2. The peculiar behaviour of the moduli 

(E’ and E”) of LCN1 is most likely due to LC di-oxetane 1 being the only component that is 

polymerised. With such a large quantity of difunctional monomer, restricted mobility during 

polymerisation is known to lead to the formation of structural heterogeneities, effectively 

resulting in a distribution of microenvironments with different crosslink densities 

throughout the polymer network.[26–28] Such an effect is characterised by a broadened tan δ 

peak.[28] Indeed, the tan δ peak of LCN1 is clearly broadened. The more heterogeneous 

Figure 2.3. a) Storage (E’) and b) loss moduli (E”) of the oxetane LCN films measured in the direction 

parallel to the LC orientation as a function of temperature, and c) the corresponding tan δ curves. 

d) Thermally induced anisotropic strain measured parallel (filled symbols) and perpendicular (open

symbols) to the molecular director.
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crosslink density in LCN1 explains the lower storage modulus below Tg (in the glassy state). 

Upon heating, the moduli of the LCN films gradually decrease until the networks undergo a 

transition from a glassy to a rubber-like state, leading to a steep decrease in modulus. Since 

the modulus in this state is governed by the overall crosslink density, which is the highest in 

LCN1, this composition has the highest modulus. Decreasing amounts of di-oxetane 1 

therefore result in decreasing rubber moduli (E’ and E”). 

The tensile moduli in the planar aligned LCNs were higher parallel to the molecular director 

than perpendicular. In the parallel direction, the tensile modulus is dominated by the 

oriented mesogenic units, whereas in the perpendicular direction the main chain of the 

network is dominant. This generally results in a higher modulus along the director, as the 

mesogenic units can be expected to have a higher modulus than the polymer main chain.[29] 

In all the compositions, the modulus in the direction parallel to the director was roughly 

1.5 – 2 times greater than the modulus in the perpendicular direction. 

In addition to anisotropic mechanical properties, the thermal behaviour of LCNs is also 

anisotropic, as an increase in temperature results in a decrease in LC order in the films. Since 

the mesogens are covalently attached to the network, this disorder leads to contraction along 

the molecular director and expansion perpendicular. DMA measurements reveal that the 

thermally induced strain is governed by the crosslink density, with a lower crosslink density 

(e.g. LCN4) resulting in more segmental mobility, and hence greater contraction/expansion 

coefficients than a higher crosslink density (e.g. LCN1) (Figure 2.3d). In the parallel direction 

(closed symbols), an inflection is visible around Tg, meaning that the increase in network 

mobility after the transition results in faster expansion with increasing temperature. In the 

perpendicular direction, however, the thermal strain increases more gradually over the entire 

temperature range. 

Table 2.2. Glass transition temperatures (Tg) and storage moduli (E’) values of the oxetane LCNs. 

Material E’25 °C (GPa) Tg, DSC (°C) Tg, onset E’ (°C) Tg, peak E” (°C) Tg, peak tan δ (°C) E’150 °C (MPa) 

LCN1 1.0 66 76 77 87 60 

LCN2 1.2 58 60 62 69 63 

LCN3 1.1 43 44 48 55 35 

LCN4 1.1 28 37 39 44 19 
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One-way shape memory actuation 

The shape memory behaviour of the planar aligned LCN1 film was tested by cutting strips 

parallel to the molecular director from a larger film. The flat strip was then deformed above 

Tg at 130 °C by bending it at three different locations to form a square (Figure 2.4a). 

This square was then cooled to room temperature while maintaining the deformation to fix 

the new shape. The permanent flat shape could be recovered by again heating the sample to 

130 °C; the strip demonstrated almost complete recovery with no obvious remaining kinks. 

The shape memory properties of LCN1 were also studied quantitatively by DMA. As shown 

in Figure 2.4b, the LCN was first heated above 130 °C and subjected to a stress of 4.8 MPa, 

resulting in approximately 6.5 % strain (step i). The film was then cooled to 0 °C to fix the 

deformation (step ii). During cooling, a constant stress was maintained by the DMA, yet the 

strain increased to 8.5 %. This effect is explained by the increasing LC order during cooling. 

The stress was then released (step iii), and although the strain decreased to some extent, 

a considerable strain was preserved. Finally, the film was heated back to 130 °C (step iv) and 

Figure 2.4. a) Demonstration of shape fixing in a polymer strip cut from LCN1. The strip was folded at 

three locations at 130 °C, then subsequently cooled to room temperature, fixing the square shape. Heating 

to 130 °C then led to full recovery of the original shape. b) Four shape memory cycles of LCN1 stressed in 

the direction parallel to the molecular director. The material was subjected to a stress at 130 °C, straining 

the material (step i), followed by cooling to 0 °C (step ii). The stress was then released (step iii). Finally, 

the material was heated to 130 °C again, releasing the programmed strain (step iv). c) 2D plot of the same 

shape memory cycles as a function of time, emphasising the reproducibility of the cycles. 
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the LCN recovered its original shape, with a major component of the strain being released 

above Tg. This shape memory cycle was repeated 3 more times. The curves corresponding to 

these cycles nearly superimpose, demonstrating the reproducibility of the one-way shape 

memory process. A 2d plot where stress, strain and temperature are displayed as a function 

of time clearly emphasises this (Figure 2.4c). After the first cycle, the film remains slightly 

strained (90.3 % strain recovery). However, the consecutive cycles show approximately the 

same strain values every time after loading and recovery. In cycles 2-4, the shape fixity rate 

Rf = 91.8 % ± 0.1 %, showing that after stress release, a minor fraction of the induced strain is 

not maintained by the network. This is likely due to the LC order in the film, driving the 

network to retain its original shape. However, this also results in excellent shape recovery 

rates, with Rr = 99.8 % ± 0.1 % for cycles 2-4. 

Two-way actuation 

The bending actuation behaviour of the LCN films was also studied by preparing polymer 

films with a splay (or hybrid) configuration where the director varies from planar alignment 

at one surface to vertical alignment at the opposite surface of the film.[8,30] Since the thermal 

expansions parallel and perpendicular to the director are different, such nonuniform director 

profiles initiate a bending motion with changing temperature. Splay films with composition 

LCN1 were prepared by filling a cell consisting of a rubbed substrate coated with a planar 

polyimide, and a non-rubbed substrate coated with a homeotropic polyimide. The film was 

polymerised in the same manner as the previously described homogeneously oriented films. 

The splay orientation was confirmed by SEM (Figure 2.5a). After opening of the cell, the free-

standing film rolled up at room temperature, with the homeotropically aligned side of the 

film being inside the curvature. (Figure 2.5b, left). This pre-bend at room temperature arises 

from the polymerisation performed at elevated temperature (57 °C for LCN1): cooling the 

film to room temperature results in an increase in order i.e., the homeotropic side shrinks 

while the planar aligned side expands. The pre-bend appears significantly larger than 

previously reported for splay LCN actuators polymerised at a similar temperature.[8,11] 

However, the low polymerisation shrinkage associated with cationic ring-opening 

polymerisation of oxetane monomers and thermal post treatment minimised thermally 

induced stresses in the material. Upon heating, the actuator first unrolled and became straight 

before rolling up again in the opposite curling direction. Effectively, the actuator can switch 

between being rolled up clockwise at room temperature to being rolled up anticlockwise at 
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elevated temperature (Figure 2.5b). The actuation behaviour is shown in more detail in Figure 

2.5c. Below Tg, the film slowly started to unroll. This effect was accelerated at the onset of Tg. 

At 93 °C, the film was flat and further heating induced anticlockwise rolling of the actuator 

until it was tightly rolled up at 127 °C, making 2 full rotations. Subsequent cooling led to 

reversed actuation, albeit with a slight hysteresis, with the film adopting a flat shape at 75 °C 

on cooling compared to 93 °C on heating. This effect could be ascribed to a discrepancy in 

heating and cooling rates. 

Similar to the pre-bend, the degree of actuation is significantly higher than in previously 

reported acrylate-based LCNs that generally go from a flat initial state to making 1 rotation.[8] 

Here, the actuator reverts from 1 clockwise rotation to 2 anticlockwise rotations. Although a 

Figure 2.5. a) Splayed molecular orientation in LCN1, demonstrated by a SEM micrograph (i) and a 

schematic representation (ii) of this splay orientation. The mesogenic units undergo a gradual transition 

from planar alignment on the planar surface to vertical alignment on the homeotropic surface. 

b) Actuation behaviour of LCN1 in a splay orientation. The material can revert from being rolled up 

clockwise at room temperature to being rolled up anticlockwise at 130 °C. c) Detailed actuation behaviour 

in a heating cycle, followed by a cooling cycle.
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similar effect was previously achieved in tapered LCN actuators,[11] this behaviour is unique 

for splayed LCN thin films with a uniform thickness. The origin of this enhanced actuation 

most likely lies in the backbone structure of the LCN. In an acrylate LCN, a mesogenic group 

is attached to every second atom in the polymer backbone, whereas in an oxetane LCN (due 

to the opening of the oxetane ring), a mesogenic group is attached to every fourth atom in the 

polyether backbone. This increased spacing for the mesogenic groups accommodates larger 

changes in LC order upon subjection to a stimulus such as temperature. As a result, the 

difference in the thermal expansion coefficients along and perpendicular to the director is 

larger. Therefore, in a splay film the difference between thermally induced shrinkage on the 

planar side of the film and expansion on the homeotropic side of the film is increased. In 

addition, photopolymerisation of the oxetane liquid crystals has been reported to lead to a 

decrease in LC order.[22] This explains the stronger bending on the homeotropic side at low 

temperatures, as cooling the film to room temperature after polymerisation results in a 

stronger increase in order. Combined, these effects lead to enhanced bending in splay 

oriented oxetane LCNs. 

Compact foldable actuator by combining one-way shape memory and two-way 
actuation 

To fabricate compact foldable actuators, a splay-oriented strip of LCN1 was selected. At room 

temperature this actuator is rolled up, and therefore has a cylindrical shape. To reduce the 

lateral dimensions of the actuator, it was folded and held in this shape by aluminium foil, 

heated to 130 °C and subsequently cooled to room temperature, after which the foil was 

removed (Figure 2.6a). This resulted in a folded, more compact actuator significantly reduced 

in size that could be inserted through a narrow slit, for instance. Afterwards, the actuator can 

be ‘activated’ through heating, where in the first heating cycle a combined effect of shape 

recovery and unrolling of the actuator was observed (Figure 2.6b). Similar to what we 

observed in the two-way actuators, the unfolding of the programmed shape mainly starts 

around the onset of Tg. The splay actuator shows excellent shape recovery, with the sharp 

bends in the material being completely removed after a single heating cycle. After recovery, 

the actuator behaves the same as previously described, switching from a clockwise rolled up 

form at room temperature to an anticlockwise rolled up form at elevated temperatures 

(Figure 2.6c). The shape morphing therefore did not negatively affect the performance of the 
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actuator. Hence, the reported cylindrical actuators can be easily deformed into arbitrary 

shapes prior to actuation. 

2.3. Conclusion 

A new class of liquid crystal actuators have been fabricated based on oxetane liquid crystals. 

Cationic photopolymerisation of oxetane LC monomers in glass LC cells resulted in free-

standing LCN films after opening of the cells. The films are optically clear and not brittle, as 

they can easily be bent. The alignment of the monomers can be controlled, leading to films 

with anisotropic thermal and mechanical properties, that could be tuned by varying the ratio 

between the crosslinking liquid crystalline di-oxetane and monofunctional liquid crystalline 

oxetane. 

The oxetane LCNs have excellent shape memory properties and can be temporarily moulded 

in a variety of shapes. Aligning the oxetane LC monomers in a splay orientation resulted in 

cylindrically curled two-way bending actuators. The splayed films were strongly curled at 

Figure 2.6. a) Folding of a splay LCN actuator. The film is compressed at 130 °C and then cooled to room 

temperature to fix the compressed folded state. b) Shape recovery, unfolding process: heating of the shape-

morphed actuator results in recovery of the original actuator. c) After unfolding, the actuator behaves 

normally for an oxetane LCN splayed film. 
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room temperature that upon heating first uncurled completely before curling in multiple 

rotations in the opposite direction. 

The two actuating properties can be combined. Cylindrical films could be temporarily folded 

prior to its use as an actuator. These findings show that foldable oxetane LCN actuators can 

be fabricated that can be stored in a compact configuration and transported through narrow 

openings, making them attractive for a variety of applications. 

2.4. Experimental 

Materials 

Liquid crystalline di-oxetane 2-methyl-1,4-phenylene bis(4-(4-((3-methyloxetan-3-

yl)methoxy)butoxy)benzoate) (1) and liquid crystalline mono-oxetane 4-((4-

(hexyloxy)benzoyl)oxy)-2-methylphenyl 4-(4-((3-methyloxetan-3-yl)methoxy)butoxy) 

benzoate (2) were made by Syncom B.V. according to previously reported procedures.[22,23] 

The cationic photoinitiator, triarylsulfonium hexafluorophosphate salts in propylene  

carbonate (3) was obtained from Sigma-Aldrich.  

Liquid crystal network fabrication 

Preparation of LC mixtures M1-M4 

Liquid crystalline di-oxetane 1 and liquid crystalline mono-oxetane 2 were combined in a 

glass vial in the ratios described (Table 2.1). The vials were then heated to melt the LC 

monomers. Subsequently, cationic photoinitiator 3 (2,5% w/w) was added. To ensure proper 

mixing, the mixtures were heated to their isotropic phase, and stirred magnetically on a 

hotplate for 15 minutes. 

Fabrication of LC alignment cells 

Borosilicate glass slides (3 x 3 cm2) were sonicated in acetone for 20 minutes. Then, they were 

blown dry under N2 and placed in a UV/ozone oven (UV-Products PR-100) for 20 minutes 

to activate the surface. Subsequently, a polyimide (PI) precursor is spin coated. Depending 

on the desired LC alignment, Optmer AL1254 (JSR corp, spin coated 45s at 1800 rpm) was 

used for planar alignment, or Sunever 5661 (Nissan Chemical Corp, spin coated 5s at 800 

rpm followed by 45s at 5000 rpm) was used for homeotropic alignment. After spin coating, 

the solvent was removed by heating the slides to 100 °C for 10 minutes. Then, the PI was 

cured at 180 °C for 30 minutes. The slides intended for planar alignment were rubbed on a 
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velvet cloth to ensure uniaxial alignment. The alignment cells were then prepared by gluing 

either two planar PI slides (in an antiparallel fashion) together with UV-curable glue for a 

planar cell, or one planar PI slide and one homeotropic PI slide for splay alignment. The cell 

spacing was set using 20 μm spacers in the glue. 

Fabrication of the LCN films 

The alignment cells were filled with the LC mixtures at 115 °C through capillary action. The 

cells were then slowly cooled such that Tpol = 0.95×TI-N (K) and left at that temperature for 

15 minutes to ensure monodomain alignment. They were then exposed to a flood UV 

exposure (5 mW/cm2 UVA, Oriel Instruments) for 10 minutes to facilitate cationic ring-

opening polymerisation of the oxetane monomers. A post-cure of 30 minutes at 130 °C in an 

oven ensured maximum conversion and remove any polymerisation-induced stresses. The 

cells were then opened, and the free-standing films were removed from the glass substrates. 

Characterisation 

Differential Scanning Calorimetry (DSC) curves were measured with a DSC Q2000 from TA 

Instruments with heating and cooling rates of 10 °C/min. Glass transition temperatures (Tg) 

were determined using TRIOS software from TA Instruments, with tangent set as ‘onset’ type, 

inflection set as ‘transition’ type and half height set as ‘midpoint’ type. Photographs of samples 

were taken with an Olympus OM-D E-M10III digital camera equipped with an Olympus 

MFT 60MM F/2.8 ED Macro M.Zuiko Digital lens. Polarised optical microscopy (POM) was 

performed on a Leica DM2700M equipped with crossed polarisers. The temperature was 

controlled on a Linkam PE95/T95 temperature controller. Scanning electron microscopy 

(SEM) was done with a FEI Quanta 3D SEM. The LCNs were first fractured in liquid N2, 

followed by an Au sputter coating treatment. Fourier-transform Infrared (FT-IR) analysis of 

monomer mixtures and free-standing films was performed on a Varian 670IR in attenuated 

total reflection (ATR) mode. Dynamic mechanical analysis (DMA) was performed on a 

DMA850 Discovery from TA Instruments with tension clamps. Dynamic moduli and 

damping characteristics (tan δ) were determined in oscillatory mode (frequency: 1 Hz, 

amplitude: 0.4% strain) on 7 x 5.3 mm2 ribbons cut from the larger films. Thermally induced 

strain values were determined in stress control mode, while exerting a small force (0.005 N) 

on the film, and reversible changes in length were measured as a function of temperature. 

To remove any thermal history, the 2nd heating cycles are reported. The one-way shape 
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memory actuation of planar aligned films was studied in rate control and stress control modes 

on 7 x 5.3 mm2 ribbons cut from the larger films. For the shape memory cycles: (1) the sample 

was heated to 130 °C and equilibrated for 10 minutes, and (2) uniaxial stretching was applied 

by a force ramp from 0.01 N to 1.0 N at a rate of 0.5 N/min. The sample was then allowed to 

equilibrate for 30 minutes. (3) The strain was then fixed via cooling to 0 °C at a cooling rate 

of 5 °C/min, followed by equilibration for 30 minutes. (4) The external force was then 

unloaded to 0.01 N at a rate of 0.5 N/min, followed by equilibration for 30 minutes. (5) 

Finally, the sample was reheated to 130 °C to release the strain, followed by equilibration for 

30 minutes. In the following 3 cycles, the procedure was repeated from step (2). The shape 

fixity (Rf) and shape recovery (Rr) rates were calculated using the equations (2.1) and (2.2): 

𝑅𝑅𝑓𝑓 = 𝜀𝜀𝑆𝑆1−𝜀𝜀𝑆𝑆0
𝜀𝜀𝑆𝑆1,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙−𝜀𝜀𝑆𝑆0

× 100 % (2.1) 

𝑅𝑅𝑟𝑟 = 𝜀𝜀𝑆𝑆1−𝜀𝜀𝑆𝑆0,𝑟𝑟𝑟𝑟𝑟𝑟
𝜀𝜀𝑆𝑆1−𝜀𝜀𝑆𝑆0

× 100 % (2.2) 

where: εS0 is the measured strain before application of stress, εS1,load is the strain after fixing the 

strain, εS1 is the strain after release of the applied stress, and εS0,rec is the strain after recovery. 

Analysis of thermomechanical actuation behaviour 

Cut ribbons were placed in an oven with a window, to allow recording of changes in the 

sample as the environment heats. The temperature was monitored using a digital sensor 

(Sensirion SHTC3). Photographs were taken with a digital camera (Olympus OM-D E-M10 

Mk III) in manual focus mode. 
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Chapter 3 

Air-curable, high-resolution patternable oxetane-
based liquid crystalline photonic films 

Abstract 

The production of patterned photonic films on a large scale remains a challenge. In this 

Chapter, a new class of photonic materials is reported that are based on oxetane liquid crystals 

(LCs). Patterned reflective coatings can be produced from these materials on flexible 

substrates by using flexographic printing. This industrially relevant process allows for 

upscaling in future applications. Furthermore, the oxetane LCs used do not require an inert 

atmosphere for photopolymerisation, unlike previously described acrylate systems. The 

flexographic printing process is shown to result in excellent alignment, and the patterns 

produced display a high resolution. Additionally, free-standing photonic reflecting foils can 

also be produced from these materials. These new oxetane-based patterned iridescent 

coloured materials have potential application for both aesthetic enhancement of objects as 

well as anti-counterfeit labels. 

This Chapter is partially reproduced from D. C. Hoekstra, K. Nickmans, J. Lub, M. G. Debije, 

A. P. H. J. Schenning, ‘Air-Curable, High-Resolution Patternable Oxetane-Based Liquid 

Crystalline Photonic Films via Flexographic Printing’, ACS Appl. Mater. Interfaces, 2019, 11, 

7423-7430  
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3.1. Introduction 

Many examples of iridescent objects which change colour as the angle of viewing changes can 

be found in nature. Often, this iridescent appearance arises from the inner nanostructure of 

the materials: this phenomenon is often referred to as structural colouration. Examples of 

iridescent structural colour in organisms include the wings of Morpho butterflies,[1] the leaves 

of the Hibiscus trionum flower,[2] and the exoskeleton of the Tmesisternus isabellae beetle.[3] 

Structural colour allows organisms to selectively reflect specific wavelengths of light for 

purposes as camouflage or deterring predators.[4] 

Inspired by these examples, researchers have mimicked these iridescent structural colours 

using one-dimensional (1D) nanostructured photonic crystals.[5] These artificial photonic 

materials have been used in a wide range of applications, including sensors,[6–8] anti-

counterfeit labels,[9–11] rewritable photonic papers,[12–15] and for energy saving in the built 

environment.[16–18] Additionally, by photopatterning these photonic materials, one can 

generate additional attractive optical effects.[19] These colourful photonic materials can be 

obtained using various techniques, such as inkjet printing,[11,20] lithography,[21,22] or selective 

infiltration.[23,24] 

A widely-used class of materials for fabricating photonic structures are chiral nematic or 

cholesteric liquid crystals (Ch-LCs).[25–27] Adding a chiral dopant to a nematic liquid 

crystalline (LC) phase induces a helical twist of the molecular director.[25] This twist results in 

a periodic refractive index variation. Hence, the material resembles a 1D photonic crystal that 

can selectively reflect light.[25] Tuning the pitch of the helix (i.e. the length that is required for 

a full rotation of the molecular director) alters the wavelength of light that is reflected.[28] 

Despite these potential applications for Ch-LCs, there are still some challenges. Currently, 

the fabrication methods for Ch-LC based materials are often complicated. They require the 

use of alignment in glass cells to obtain the correct LC orientation, for example.[15,18,19,29] 

However, for future large-scale production, a manufacturing procedure is required that is 

simple, easily scalable, and industrially relevant. To date, only a few examples have been 

reported where Ch-LC coatings were prepared by simple techniques, such as inkjet printing 

or blade-coating.[15,22,30,31] However, even these coatings are still normally applied on glass 

substrates that were first covered with alignment layers. For future applications in sensors or 

anti-counterfeit labels, for instance, it would be desirable to fabricate these materials on 
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flexible (plastic) substrates: the first examples of Ch-LC coatings on plastic substrates have 

been recently reported, using techniques such as bar coating,[29,32] and screen printing.[33] 

In this Chapter, a new class of photonic materials based on a cholesteric liquid crystalline 

oxetane mixture was developed by synthesising an oxetane-functionalised chiral dopant 

(Figure 3.1a). These oxetane LCs were used to fabricate both cholesteric free-standing foils, 

as well as coatings using flexographic printing on a flexible substrate (Figure 3.1b). Not only 

is this method able to produce Ch-LC coatings on a relatively large scale and at high speed, it 

is also a preferred method for the large-scale reel-to-reel production of labels and packaging 

materials. Furthermore, the coatings do not require a nitrogen atmosphere for 

Figure 3.1. a) Molecular structures of the chemicals used. b) Schematic overview of flexographic printing 

process. The oxetane Ch-LC ink is applied against the doctor blade, after which the anilox is rotated to 

spread the ink evenly. The anilox is then pressed against the printing roll which is subsequently rotated to 

transfer the ink via the printing roll to the substrate underneath.  Finally, the resulting coating is 

photopolymerised in air. 
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photopolymerisation. Therefore, future upscaling of coating production should be relatively 

easy. Moreover, these coatings can be patterned with a high resolution by making use of a 

simple photomask during photopolymerisation. 

3.2. Results and discussion 

For the fabrication of oxetane-based cholesteric LC foils and coatings, a nematic oxetane LC 

mixture was designed that is composed of LC di-oxetane 1 and LC mono-oxetane 2 

(Figure 3.1a) reported earlier in the literature.[34,35] To obtain a cholesteric phase, a chiral 

dopant is required. Therefore, chiral di-oxetane 3 was designed and synthesised. This 

compound is based on an isosorbide core, which was chosen because of the high helical 

twisting power (HTP) values that are reported for chiral dopants derived from 

isosorbide.[36,37] This means that only a small amount of the dopant is required in the LC host 

to reflect visible light.  

Synthesis of oxetane-functionalised chiral dopant 

First, the di-oxetane-functionalised chiral dopant 3 was synthesised. The synthesis of 3 is 

outlined in Scheme 3.1. Since the oxetane group is known to be labile towards acidic 

treatments,[38] the molecule was synthesised from the inside out. First, two benzene rings were 

attached to the isosorbide core by esterifying isosorbide with 4-hydroxybenzoic acid. This 

addition of benzene rings should further increase the helical twisting power of the 

Scheme 3.1. Synthetic route towards oxetane-functionalised chiral dopant 3. 
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dopant.[39-41] To do this, the hydroxyl group in 4-hydroxybenzoic acid first needed to be 

protected to avoid side reactions during the esterification reaction. Therefore, 

4-hydroxybenzoic was protected with dihydropyran using p-toluenesulfonic acid as an acidic

catalyst.[42] This resulted in the formation of tetrahydropyranyl (THP) ether 6.

This compound was then esterified with D-isosorbide to obtain THP-protected diol 2, under

mild Steglich conditions using (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide) (EDC) as

coupling agent and 4-dimethylamino pyridine (DMAP) as catalyst. Although some by-

products were formed, 7 could be isolated by silica gel chromatography. Characterisation of

this molecule by 1H and 13C nuclear magnetic resonance (NMR), and mass spectrometry

(MALDI-TOF) confirmed the formation of 7. Next, this compound was de-protected using

pyridinium p-toluenesulfonate (PPTS) in ethanol, giving diol 8: its spectral properties were

in accordance with previously reported literature values.[43] Finally, 8 was esterified under

Steglich conditions using EDC and DMAP with readily available oxetane functionalised

carboxylic acid 9 to yield the desired chiral dopant 3 in a moderate yield (39 %). Full

characterisation of the molecule by 1H NMR, 13C NMR, and MALDI-TOF confirmed the

structure of 3.

Fabrication of free-standing cholesteric films 

To test the ability of 3 to form cholesteric phases, free-standing foils were fabricated first in a 

glass cell. To do so, LC monomer mixtures were prepared containing LC di-oxetane 1, LC 

mono-oxetane 2, chiral dopant 3 and photoinitiator 4 (Figure 3.1a). The three compositions 

of these mixtures were chosen such that a blue, green, and red reflective foil was obtained 

(vide infra). Each mixture contained 75 % (w/w) of difunctional (5.7, 5, and 4 % 3 in 1) and 

25 % of monofunctional (2) monomers. Thermal characterisation by polarised optical 

microscopy (POM) and differential scanning calorimetry (DSC) showed a cholesteric to 

isotropic (N*-I) transition around 60 °C.[44] The mixtures did not crystallise on the timescale 

of the DSC measurement (> 1 hour). This suggests that foils that are prepared from this 

mixture will be stable before photopolymerisation for a relatively long time. 

Free-standing foils were prepared by sandwiching the monomer mixture between two glass 

substrates (without alignment layers) in its isotropic phase to ensure homogeneous 

spreading. The resulting LC cells were then cooled below the (N*-I) transition temperature 

of the monomers. Planar alignment of the LC mixture was achieved by shearing the glass 
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substrates. The mixture was then photopolymerised at 55 °C by subjecting the cell to 

7 mW/cm2 of 365 nm UV light for 10 minutes. The resulting polymeric film could very easily 

be removed from the substrate. FT-IR measurements indicated the disappearance of oxetane 

groups upon polymerisation.[44] Dynamic mechanical thermal analysis (DMTA) of the foil 

revealed a glass transition around 67 °C and a room temperature storage modulus of 

1.55 GPa,[44] which is typical for highly-crosslinked systems.[45] 

As mentioned, the amount of 3 was varied to tune the colour of the foils, ranging from red to 

blue (Figure 3.2a). The addition of 5.7 % (w/w) of 3 resulted in a blue reflection band, whereas 

5.0 % and 4.0 % were required for green and red reflections, respectively. This colour of the 

Figure 3.2. a) UV-vis transmission and reflection spectra of mixtures containing 4 wt.% (red line), 5 wt.% 

(green line), and 5.7 wt.% (blue line) of chiral dopant 3. Photographs of the corresponding foils are shown 

below the spectra. b) Prepared foils can easily withstand bending, demonstrating the iridescent angular 

dependence of a Ch-LC reflecting film. c) Lithographic patterning of cholesteric LC oxetane films. The red 

regions depict areas with cholesteric alignment and white regions are areas polymerised in the isotropic 

state. d) Photograph of a lithographically patterned cholesteric-isotropic film. Inset: POM micrograph of 

the outer edge of the patterned square, demonstrating the sharp transition between cholesteric and 

isotropic areas. e) Micrograph of a patterned film with 20 µm features. 
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foils is in accordance with selective reflection bands measured by UV-vis spectroscopy 

(Figure 3.2a). Mixtures 1 (red), 2 (green) and 3 (blue) show reflection bands centred around 

660 nm, 525 nm and 470 nm, respectively. This means that the helical twisting power (HTP) 

of 3 in the oxetane RM mixtures is around 56 μm-1, which is comparable to the HTP of the 

previously reported acrylate counterpart of 3.[40] Moreover, both the transmission and 

reflection spectra show that the foils reflect 50 % of the incident unpolarised light. This is in 

accordance with the reflection limit of a cholesteric phase. Based on the handedness of the 

helix, one handedness of circularly polarised light is reflected, while the other is 

transmitted.[25] Furthermore, the fact that the foils reflect 50 % of incoming light shows that 

the Ch-LC phase is properly aligned. 

Although the free-standing foils obtained consist of an LCN that is highly crosslinked, the 

resulting foils are still very flexible. As shown in Figure 3.2b, bending of the foils is easily 

possible without material failure. By bending the foils, the iridescent angular dependence of 

the Ch-LC foils can be demonstrated by viewing the foil from multiple angles of incidence at 

once. Moreover, this bending can be repeated many times without causing visible damage, 

indicating that the backbone of the formed polyoxetane networks is quite flexible in a bending 

type loading. 

In order to obtain patterned photonic foils, a lithographic UV-curing procedure was used. 

This process to create a film with both cholesteric and isotropic areas is shown in Figure 3.2c. 

First, a cell containing an aligned Ch-LC mixture was illuminated through a photomask for 

30 seconds. This fixes the cholesteric state in the illuminated areas. Next, the photomask was 

removed, and the cell was heated to above the N*-I transition temperature of the CH-LC 

mixture (90 °C), which changed the non-illuminated areas to the isotropic state. A flood UV 

exposure was then performed for 10 minutes to photopolymerise the entire film. This 

procedure resulted in patterned N*-I foils (Figure 3.2d). The transitions between the 

cholesteric and isotropic regions are very sharp (inset). As a result, even 20 μm features can 

be lithographically patterned into the foils (line pattern, Figure 3.2e), which are smaller than 

can be seen by the naked eye. 
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Cholesteric coatings via flexographic printing 

For flexographic printing, first an ink was developed based on the same oxetane LC mixture 

used for the preparation of the free-standing foils. This time, surfactant 5 was added to the 

mixture to facilitate planar alignment of the cholesteric LCs at the coating-air interface.[30] 

A solvent compatible with the flexographic printer (cyclopentanone) was used to formulate 

the oxetane LC ink. To prepare the coatings, the ink was applied against the doctor blade of 

the printer (Figure 1b). Next, the anilox was turned against the doctor blade to spread the ink 

evenly. The anilox was then pressed against the printing roll to transfer the ink onto the 

substrate, hence producing an LC coating. Biaxially-oriented PET was selected as substrate 

because it is a widely used substrate for industrial coatings. After printing, the solvent was 

evaporated at elevated temperature (55 °C), which led to the alignment of the LCs and the 

appearance of an iridescent reflection. The coatings were then polymerised using a 

photomask in air, followed by a flood polymerisation, to obtain the patterns shown in 

Figure 3.3a. 

The reflection spectra (Figure 3.3b) show that for the blue and green coatings, the reflection 

bands almost reach their 50 % reflection limit. The red spectrum reaches almost 40 % 

reflection, indicating that the coating thickness is too thin to obtain a full 50 % reflection 

band. Furthermore, the spectra show interference peaks surrounding the main reflection 

peak, indicating the good planar alignment generated by flexographic printing. The angular 
dependence of the coloured appearance of the coatings is clearly visible when looking at the 

coating under multiple angles of incidence, demonstrating the iridescence of the cholesteric 

film (Figure 3.3c). Furthermore, the coatings turned out to be stable towards various external 

stimuli, such as bending elevated temperature and immersion in water. 

Finally, the resolution of the patterned coatings was studied by using a photomask with 

feature sizes ranging from 20 to 100 μm (Figure 3.3d). When patterning coatings 

lithographically, the photomask cannot be placed directly on the coated substrate, as this will 

fix the photomask to the coating upon polymerisation. As a consequence, the photomask 

must be placed slightly above the coating, potentially leading to a decrease in resolution in 

the resulting image. Nevertheless, it was still possible to produce isotropic lines of 20 μm 

width in a cholesteric coating (Figure 3.3e). This resolution is higher than the resolution of a 

recent high resolution LCD display, which has a pixel size of about 150 μm.[46] 
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The preservation of such high resolution could be explained by, firstly, that cationic ring-

opening polymerisations are less sensitive to UV light: upon illumination, induction periods 

have been observed in oxetane monomer before polymerisation occurs.[47] Therefore, UV 

light that leaks into the non-illuminated areas does not lead to a substantial degree of 

crosslinking.[35] Secondly, since the cationic ring-opening polymerisation of an oxetane is 

relatively slow compared to, for example, free-radical polymerisation of an acrylate, the 

kinetic chain length is shorter for the oxetane polymerisation. This means that the probability 

Figure 3.3. Cholesteric oxetane LC coatings on a flexible substrate. a) Photographs of coatings prepared 

with varying concentrations 3 and lithographically patterned. b) UV-vis spectra taken from the reflective 

areas of the samples in a). c) Due to the photonic band structure of the coatings, the iridescent colour of 

the red coating in a) ranges from initially red to green, depending on the viewing angle. d) Photograph of 

lithographically patterned cholesteric-isotropic coating with highly detailed features. e) Micrograph of 

coating shown in d) with 20 µm isotropic features. 
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for a propagating chain to penetrate the non-illuminated areas is small for the oxetane 

polymerisation. 

3.3. Conclusion 

In this Chapter, the molecular toolbox of liquid crystalline oxetanes was extended with a 

chiral dopant, enabling the fabrication of oxetane-based photonic materials with excellent 

processing properties. By incorporating this chiral dopant into a nematic oxetane LC mixture, 

free standing Ch-LC foils can be produced by shear-aligning the LCs in a glass cell. These 

free-standing foils are highly flexible and can be lithographically patterned with a high 

resolution. 

In addition, the oxetane Ch-LC mixtures prove very suitable for fabricating photonic coatings 

on flexible substrates using flexographic printing. Because this technique is widely used in 

industry, upscaling of the production process should be relatively straightforward. 

Additionally, the use of oxetane-based LCs has the major benefit over previously described 

acrylate systems that no inert atmosphere is required for the photopolymerisation of the 

printed coatings. Similar to what was found in Ch-LC free-standing foils, the printed Ch-LC 
coatings can also be lithographically patterned during photopolymerisation. The patterned 

coatings obtained consist of cholesteric and isotropic regions with a high resolution. 

Combined with the simple production method, and the versatility of patterns that can be 

obtained by using different photomasks, these patterned photonic materials have potential 

application as both aesthetically pleasing coatings as well as anti-counterfeit labels. 

3.4. Experimental 

Materials 

All commercial chemicals and solvents were used as received, unless stated otherwise. LC di-

oxetane 2-methyl-1,4-phenylene bis(4-(4-((3-methyloxetan-3-yl)methoxy)butoxy)benzoate) 

(1), LC mono-oxetane 4-((4-(hexyloxy)benzoyl)oxy)-2-methylphenyl 4-(4-((3-methyloxetan

-3-yl)methoxy)butoxy)benzoate (2) and 4-(4-((3-methyloxetan-3-yl)methoxy)butoxy)benzo

ic acid (9) were prepared by Syncom B.V. according to literature procedures.[35,48] The cationic

photoinitiator: Triarylsulfonium hexafluorophosphate salts in propylene carbonate (4), 3,4-

dihydro-2H-pyran, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride

(EDC·HCl), and 4-dimethylaminopyridine (DMAP) were obtained from Sigma-Aldrich.
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The surfactant: 2-(N-ethylperfluorooctanesulfonamide) ethyl acrylate (5), 4-hydroxybenzoic 

acid and p-toluenesulfonic acid (p-TsOH) were obtained from Acros. D-Isosorbide was 

obtained from Alfa Aesar and dried under vacuum prior to use. All solvents were purchased 

from Biosolve. 

Characterisation 

NMR spectra were recorded on a 400 MHz Bruker Avance III HD spectrometer with 

tetramethyl silane (TMS) used as an internal standard. Matrix-assisted laser 

desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF MS) was performed on a 

Bruker Autoflex Speed MALDI-MS instrument. UV-VIS spectroscopy was performed on a 

Perkin Elmer Lambda 750 spectrometer equipped with a 150 mm integrating sphere, and a 

tungsten halogen light source for measurements between 320 nm and 850 nm. For 

transmission measurements, the sample was placed in front of the inlet port of the integrating 

sphere, at normal incidence with respect to the sample beam. A reference spectrum was taken 

in air. For reflection measurements, the sample was placed at the back of the outlet port of 

the integrating sphere, at a small angle of incidence (7°). Reference spectra were taken in air 

for the cases of 100 % reflection (using a Labsphere certified reflectance standard), and for 

0 % reflection (by blocking the sample beam). Pictures of samples were taken with an 

Olympus OM-D E-M10III camera equipped with an Olympus MFT 60MM F/2.8 ED Macro 

M.Zuiko Digital lens. Micrograph images were recorded on a Leica CTR6000 polarised optical 

microscope, equipped with a Leica DFC 420C camera.

Synthesis of chiral di-oxetane monomer 3 and intermediates 

4-((tetrahydro-2H-pyran-2-yl)oxy)benzoic acid (6) 
A suspension of 18.0 g (130 mmol) 4-hydroxybenzoic acid and 483 mg (2.80 mmol) p-

toluenesulfonic acid (p-TsOH) in 200 mL of diethyl ether was flushed with argon for 5 

minutes and cooled to 0 °C. Then, 13.8 mL (151 mmol) of 3,4-dihydro-2H-pyran was added 

dropwise over 5 minutes. After stirring overnight at RT, a white solid had precipitated from 

solution. 18.9 g of product 8 (65 %) was obtained after vacuum filtration and subsequent 

washing with 100 mL of diethyl ether. 

1H NMR (400 MHz, CDCl3) δ 8.06 (d, J = 8.8 Hz, 2H), 7.10 (d, J = 8.9 Hz, 2H), 5.53 (t, J = 3.1 
Hz, 1H), 3.92 – 3.81 (m, 1H), 3.68 – 3.58 (m, 1H), 2.08 – 1.96 (m, 1H), 1.93 – 1.84 (m, 2H), 
1.77 – 1.57 (m, 3H). 
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13C NMR (100 MHz, CDCl3) δ 171.86, 161.58, 132.22, 122.34, 115.97, 96.07, 62.07, 30.11, 
25.07, 18.49 

(3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diyl bis(4-((tetrahydro-2H-pyran-2-yl)oxy) 
benzoate) (7) 
To a solution of 2.50 g (11.25 mmol) 4-((tetrahydro-2H-pyran-2-yl)oxy)benzoic acid (6), 822 

mg (5.63 mmol) D-isosorbide and 140 mg (1.13 mmol) DMAP in 100 mL DCM cooled to 

0 °C under argon was added 2.42 g (12.6 mmol) EDC·HCl all at once. After stirring overnight 

at RT, the volume was reduced to approximately 50 mL under reduced pressure. The solution 

was extracted subsequently with 2 x 50 mL of a saturated NaHCO3 solution 50 mL of water 

and 50 mL of brine. After drying over anhydrous MgSO4, the solvent was removed under 

reduced pressure. The crude product was then purified by column chromatography on silica 

gel, eluting with 10 % Ethyl acetate in DCM to give 1.78 g (57 %) of pure 7 as a white solid. 

1H NMR (400 MHz, CDCl3) δ 8.06 – 7.92 (m, 4H), 7.11 – 7.03 (m, 4H), 5.54 – 5.48 (m, 2H), 
5.46 (d, J = 3.1 Hz, 1H), 5.39 (q, J = 5.4 Hz, 1H), 5.03 (t, J = 5.0 Hz, 1H), 4.66 (d, J = 4.7 Hz, 
1H), 4.13 – 3.96 (m, 4H), 3.90 – 3.79 (m, 2H), 3.66 – 3.57 (m, 2H), 2.05 – 1.95 (m, 2H), 1.92 
– 1.84 (m, 4H), 1.74 – 1.57 (m, 6H).

13C NMR (100 MHz, CDCl3) δ 165.69, 165.33, 161.17, 131.69, 122.52, 115.95, 96.07, 86.23, 

81.19, 78.25, 74.25, 73.60, 70.73, 30.11, 25.06, 18.49. 

MALDI-TOF MS: [M + H]+ calcd for C30H34O10: 555.22; found, [M + Na]+: 577.22 

3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diyl bis(4-hydroxybenzoate) (8) 
A suspension of 1.65 g (2.98 mmol of (3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diyl 

bis(4-((tetrahydro-2H-pyran-2-yl)oxy)benzoate) (7) in 50 mL of ethanol was heated to 80 °C. 

To the resulting solution was added 155 mg (0.62 mmol) pyridinium p-toluenesulphonate 

(PPTS) all at once. After stirring at 80 °C for 2 hours, TLC analysis (SiO2, 95 % DCM / 5 % 

ethyl acetate) indicated complete deprotection of 7. The ethanolic solution was then added 

dropwise to a mixture of 90 mL of water and 45 g of ice with vigorous stirring. The resulting 

precipitated white powder was filtered and washed once with a small amount of water. The 

product was then dried in vacuum at 40 °C to give 960 mg (84 %) of pure 8 as a white solid. 

1H NMR (400 MHz, DMSO-d6) δ 10.38 (s, 2H), 7.82 (dd, J = 11.5, 8.5 Hz, 4H), 6.86 
(dd, J = 8.6, 6.6 Hz, 4H), 5.31 (q, J = 5.2 Hz, 1H), 5.27 (d, J = 2.2 Hz, 1H), 4.93 (t, J = 5.3 Hz, 
1H), 4.58 (d, J = 4.9 Hz, 1H), 4.01 – 3.86 (m, 4H). 
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13C NMR (100 MHz, DMSO-d6) δ 170.01, 167.51, 167.37, 136.89, 136.77, 125.13, 124.96, 
120.64, 120.61, 90.88, 85.91, 83.04, 79.06, 77.81, 75.63. 

MALDI-TOF MS: [M + H]+ calcd for C20H18O8: 387.10; found, [M + Na]+: 409.09 

(3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diyl bis(4-((4-(4-((3-methyloxetan-3-
yl)methoxy)butoxy)benzoyl)oxy)benzoate) (3) 
To a solution of 1.37g (4.66 mmol) 4-(4-((3-methyloxetan-3-yl)methoxy)butoxy)benzoic acid 

(3), 0.90 g (2.33 mmol) (3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diyl bis(4-

hydroxybenzoate) (8) and 121.9 mg (0.98 mmol) DMAP in 100 ml of THF cooled to 0 °C 

under argon was added 0.932 g (4.86 mmol) of EDC·HCl all at once. After stirring overnight 

at RT the solvent was removed under reduced pressure. The resulting yellow oil was dissolved 

in 75 ml of DCM and extracted subsequently with 50 ml of a saturated NaHCO3 solution, 50 

ml of water and 50 ml of brine. After drying over anhydrous MgSO4 the solvent was removed 

under reduced pressure. The crude product was then purified by column chromatography on 

neutral alumina, eluting with 10 % ethyl acetate in DCM. The resulting white solid was 

recrystallised from ethanol to give 0.85 g (39 %) of pure 3 as white crystals. 

1H NMR (400 MHz, CDCl3): δ 8.20 – 8.07 (m, 8H), 7.35 – 7.27 (m, 4H), 7.02 – 6.95 (m, 4H), 
5.51 (d, J = 2.3 Hz, 1H), 5.44 (q, J = 5.4 Hz, 1H), 5.08 (t, J = 5.1 Hz, 1H), 4.70 (d, J = 4.6 Hz, 
1H), 4.52 (d, J = 5.7 Hz, 4H), 4.36 (d, J = 5.7 Hz, 4H), 4.16 – 4.03 (m, 8H), 3.56 (t, J = 6.1 Hz, 
4H), 3.50 (s, 4H), 1.98 – 1.89 (m, 4H), 1.84 – 1.76 (m, 4H), 1.32 (s, 6H). 

13C NMR (101 MHz, CDCl3): δ 165.23, 164.89, 164.32, 164.28, 163.67, 155.19, 155.13, 132.42, 
131.40, 131.38, 126.88, 126.83, 121.99, 121.11, 121.07, 114.39, 86.21, 81.17, 80.16, 78.54, 77.36, 
76.15, 74.62, 73.51, 71.04, 70.79, 68.08, 39.93, 26.18, 26.09, 21.41. 

MALDI-TOF MS: [M + H]+ calcd for C52H58O16: 939.37; found, [M + Na]+: 961.37 

Preparation of free-standing foils 

LC monomer mixtures were prepared consisting of 75 % (w/w) oxetane crosslinker (1 + 3) 

and 25 % of 2. These mixtures were dissolved in THF (1:1 solids: solvent ratio), and 5 % 

(w/w) cationic photoinitiator 4 was added. The resulting solutions were filtered through a 

0.22 μm PTFE syringe filter. Free-standing foils were prepared by depositing 100 μL of 

monomer mixture on a glass slide. The slide was heated to 85 °C for 30 minutes to evaporate 

the solvent. Then, a second glass slide was placed on top, and the mixture was allowed to 

spread throughout the entire cell. The cell was then slowly cooled to 55 °C (the cholesteric 

phase). The monomer mixture was aligned by shearing the glass plates, and then the material 
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was photopolymerised for 10 minutes by exposure to light from an Omnicure EXFO2000 UV 

lamp at an intensity of 7 mW/cm2. After polymerisation, the cells were carefully opened using 

a razor, and the cholesteric foils were carefully removed from the substrate. For 

lithographically patterned foils, the cell was polymerised using an Omnicure EXFO2000 UV 

source at 7 mW/cm2 through a photomask for 30 seconds. The sample was then heated to 

85 °C (above the isotropic transition) and polymerised at full intensity (30 mW/cm2) for 

10 minutes. 

Preparation of coatings 

LC oxetane inks were prepared that consisted of 74.5 % (w/w) oxetane crosslinker (1 + 3), 

25 % of 2 and 0.5 % of surfactant 5. These mixtures were dissolved in cyclopentanone 

(1:1 solids : solvent ratio), to which 5 % (w/w) cationic photoinitiator 4 was added. The 

resulting solutions were filtered through a 0.22 μm PTFE syringe filter. Coatings were 

prepared on an IGT F1 printability tester in flexo mode. Biaxially oriented PET (Tenolan 

OCN0003, 36 μm thickness) was used as the substrate. After coating, the substrates were 

heated at 50 °C for 3 minutes to evaporate the solvent and align the CLC phase. 

Photopolymerisation was then achieved by passing the substrate through an IGT UV Dryer 

in air to obtain the cured coating (Intensity: 155 mW/cm2 (UVA); 134 mW/cm2 (UVB), Dose: 

88 mJ/cm2 (UVA); 73 mJ/cm2 (UVB). For lithographically patterned coatings, the substrate 

was polymerised using an Omnicure EXFO2000 UV source at 7 mW/cm2 through a 

photomask for 30 seconds. The sample was then heated to 85 °C (above the isotropic 

transition) and polymerised at full intensity (30 mW/cm2) for 5 minutes. 
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Chapter 4 

Soft actuators from interpenetrating networks of 
acrylate-oxetane liquid crystals 

Abstract 

The orthogonal polymerisation of oxetane and acrylate liquid crystals (LCs) combined with 

their excellent miscibility make these LC monomers ideal candidates for the synthesis of 

interpenetrating networks (IPNs). In this Chapter, the formation of liquid crystalline IPNs 

(LC-IPNs) based on an acrylate-oxetane LC mixture is reported. By creating a gradient in the 

crosslink densities of the individual networks, LC polymer films can be prepared with two 

distinct glass transition temperatures. The use of these two transitions for one-way triple 

shape memory actuation and two-way bending actuation with a broad temperature windows 

for actuation is demonstrated. Furthermore, by sequentially polymerising both monomer 

types, actuators having atypical shape changes were obtained. 

This Chapter is partially reproduced from D. C. Hoekstra, M. G. Debije, A. P. H. J. Schenning, 

‘Triple Shape Memory Soft Actuators from an Interpenetrating Network of Hybrid Liquid 

Crystals’ (Submitted) 
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4.1. Introduction 

Liquid crystalline (LC) polymer networks are an appealing class of materials for the 

fabrication of advanced functional polymers. Their ease of fabrication combined with the 

large variety in LC phases and orientations have made them suitable for use in a wide range 

of applications, such as actuators,[1,2] soft robotics,[3] smart surfaces,[4] and photonic 

materials.[5,6] LC polymers have been developed using a variety of polymerisation methods 

and polymers.[7–9] Most of them, however, are based on a single polymer network. 

Interpenetrating polymer networks (IPNs) are systems consisting of “two crosslinked 

polymer networks that are physically entangled but not chemically linked”.[10] IPNs have been 

drawing increasing attention in polymer science, as they often provide enhanced functional 

properties that are inaccessible using the individual polymers.[11] In the field of LC polymers, 

several methods to fabricate liquid crystalline interpenetrating networks (LC-IPNs) have 

been reported.[12–21] Most of these LC-IPNs are based on interweaving acrylate-based liquid 

crystal networks (LCNs) with non-LC acrylate polymers,[14–16] or with 

poly(dimethylsiloxane).[17–20] These materials are in fact semi-IPNs as the second component 

is a linear, non-crosslinked polymer. Moreover, they are usually prepared in a two-step 

process where the LCN is synthesised first, and subsequently swollen with the second 

monomer that is then polymerised. 

Recently, Lu et al. have developed a true LC-IPN based on a main-chain polyurethane LCE 

and a sidechain polyacrylate network.[22] They demonstrated that this material can be used as 

a temperature responsive soft actuator having ultra-strong mechanical properties. However, 

despite this system being promoted as a one-pot system with well-miscible monomers, two 

consecutive polymerisation steps are required, of which one is a thermally induced 

polymerisation. Given the temperature dependence of LC phases, this is not always desired. 

In this Chapter, the fabrication of an LC-IPN based on acrylate and oxetane LC monomers 

for use as soft actuators is reported. The LC monomers only differ in the polymerisable unit, 

making them miscible. Furthermore, they polymerise through orthogonal free-radical and 

cationic ring-opening polymerisation reactions, preventing the formation of chemical links 

between both networks. As a result, the LC-IPN can be prepared in a one-pot fashion using 

common production methods for LCNs. The effect of the order of photopolymerisation on 

the LC-IPN properties was studied. By creating a large difference in crosslink density between 
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the acrylate and oxetane LC networks, two distinct glass transitions were obtained in the 

resulting LC-IPN. Inspired by previous reports these separate glass transitions were used to 

obtain one-way triple shape memory actuation.[23,24] Furthermore, the two-way bending 

actuation of splay-oriented LC-IPNs was studied. The presence of two glass transitions results 

in a significantly broader temperature range in which actuation occurs. Moreover, the 

sequential photopolymerisation of a bending actuator resulted in atypical shape changes. 

4.2. Results and discussion 

An acrylate-oxetane liquid crystal mixture was developed with equal weight fractions of 

acrylate and oxetane LC monomers (Figure 4.1a). To obtain a large difference in crosslink 

density between the individual networks in the LC IPN, the acrylate fraction of the mixture 

consisted solely of LC di-acrylate 1, whereas the oxetane fraction consisted of a small amount 

of di-oxetane 2 and a large portion of LC mono-oxetane 3. The oxetane LC fraction was 

Figure 4.1. a) Molecular structures of the acrylate LC monomer 1, the oxetane LC monomers 2 and 3, 

free-radical photoinitiator 4 and cationic photoinitiator 5 used in this Chapter. b) DSC thermogram of the 

LC monomer mixture. The 2nd cooling curve is displayed. c) POM micrographs of the LC monomer 

mixture taken above (120 °C, right) and below (92 °C, left) the isotropic-nematic phase transition (111 °C). 
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chosen to be the loosely crosslinked network, as it was established in Chapter 2 that oxetane 

LCNs are softer than acrylate LCNs, maximising the contrast in mechanical properties 

between the networks in the LC-IPN. Free-radical photoinitiator 4 and cationic 

photoinitiator 5 were added to the LC monomer mixture. The phase behaviour of the 

resulting mixture was studied by differential scanning calorimetry (DSC), which showed an 

isotropic-to-nematic transition upon cooling at 111 °C (Figure 4.1b). Upon further cooling, 

no additional phase transitions (e.g. crystallisation) were observed. Further analysis by 

polarised optical microscopy (POM) showed a typical schlieren texture below 111 °C, 

confirming the presence of a nematic LC phase (Figure 4.1c). 

The acrylate-oxetane LC mixture was then used for the preparation of planar aligned LC-IPN 

films. Rubbed polyimide glass cells were filled with the mixture in its isotropic phase, and 

subsequently cooled to the nematic phase at 92 °C, such that the polymerisation temperature, 

Tpol = 0.95 × TI-N (K). Given that both monomer types polymerise through orthogonal 

mechanisms, the monomers can either be polymerised simultaneously, or sequentially, where 

first the acrylate LC monomers are polymerised, followed by the oxetane LC monomers. 

In the simultaneous procedure, the cell was illuminated with flood UV light for 5 minutes to 

polymerise both LC monomer types and form LC-IPN films. Afterwards, the cells were 

subjected to a thermal post treatment at 130 °C for 30 minutes to ensure maximum monomer 

conversion. Freestanding LC-IPN films were obtained after opening the cells. FT-IR analysis 

confirmed the conversion of both the acrylate and oxetane LC monomers, with the 

disappearance of the peaks corresponding to the acrylate groups at 1410 cm-1 and 811 cm-1 as 

well as the oxetane groups at 975 cm-1 (Figure 4.2a). Similar to what was reported in Chapter 2 

for pure oxetane LCN films, the acrylate-oxetane LC-IPN films were optically clear and easily 

bendable (Figure 4.2b), demonstrating that they are not brittle. 

In the sequential photopolymerisation procedure, the cell was first illuminated with blue light 

for 5 minutes. With the used combination of free-radical initiator 4 and cationic 

photoinitiator 5, this resulted in the sole activation of the free-radical initiator,[25] hence only 

polymerising the acrylate LC monomers, and forming the first network. This was confirmed 

by FT-IR analysis, which showed that after blue light illumination, the peaks corresponding 

to the acrylate groups at 1410 cm-1 and 811 cm-1 had disappeared (Figure 4.2c). In a second 

illumination step, the cell was illuminated with UV light for 5 minutes, polymerising the 
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oxetane monomers and forming the LC-IPN. A thermal post treatment at 130 °C for 

30 minutes was performed to ensure maximum monomer conversion. Again, FT-IR analysis 

confirmed the polymerisation of the oxetane LC monomers by the disappearance of the 

oxetane peak at 975 cm-1 (Figure 4.2c). 

To further demonstrate the orthogonality of both photopolymerisation reactions in the 

formation of the LC-IPNs, a cell was opened after the first illumination step. The resulting 

free-standing, tacky LCN film was weighed and then placed in THF for 30 minutes to extract 

the unpolymerised LC monomers. Afterwards, the film was dried and weighed again, which 

showed that the weight of the film had been approximately halved from 31 mg to 16 mg. 

The weight difference indicates that only acrylate LCs are polymerised, while the oxetane LCs 

Figure 4.2. a) FT-IR analysis of a simultaneously photopolymerised LC-IPN film compared to its 

monomer mixture. b) Photographs showing the optical clarity (top) and flexibility (bottom) of the LC-IPN 

film. c) FT-IR analysis of a sequentially photopolymerised LC-IPN film compared to its monomer mixture. 

After the first polymerisation step (blue light) only the acrylate peaks disappeared. After the second step 

(UV light), the oxetane peak disappeared as well. d) SEM micrographs of a sequentially photopolymerised 

LC-IPN film. Left, polymer film after extracting oxetane monomers after the first polymerisation step. 

Right, polymer film after sequentially polymerising both monomer species. 
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are not polymerised, and could be extracted. Scanning electron microscopy (SEM) analysis 

on cross-sections of the sequentially polymerised films revealed that when both monomer 

types are polymerised, the resulting LC-IPN is homogeneous, with no apparent phase 

separation (Figure 4.2d). The extracted, radical polymerised film, however, was porous, 

showing the removal of the oxetane LC monomers (Figure 4.2d). The acrylate LC network 

did not collapse upon oxetane LC removal. Furthermore, the porosity of the film seems to be 

homogeneous, indicating that the sequential polymerisation procedure did not result in 

phase separation on a scale larger than 0.5 μm. However, when the IPN is formed 

sequentially, phase separation on the nanoscale is likely to occur. Therefore, both network 

components in the LC-IPN are likely to be better mixed when both polymerisations are 

carried out simultaneously. 

Next, the thermomechanical behaviour of the LC-IPNs was studied by dynamic mechanical 

analysis (DMA). The storage and loss moduli as a function of temperature for both 

simultaneously and sequentially polymerised LC-IPN films is plotted in Figure 4.3a. The 

room temperature storage modulus is slightly higher for the simultaneously polymerised film 

(E’25 °C = 1.36 GPa) than for the sequentially polymerised film (E’25 °C = 1.11 GPa). At this 

temperature, the films are already beginning a glass transition, which according to the onset 

in E’ starts at 25.4 °C, and to the peak in E” at 30.7 °C for the simultaneously polymerised film. 

In both simultaneously and sequentially polymerised films, the glass transition is broad, 

ranging from 25 °C to approximately 125 °C. This is further clarified by the damping curves 

(tan δ) that indicate the presence of two separate glass transition temperatures (Tg) 

(Figure 4.3b). Hence, upon heating, a first Tg is observed at 35 °C (Tg,1). Based on the 

monomer composition, this glass transition can be ascribed to the oxetane LC network in the 

LC-IPN, as it has the lowest crosslink density. Further heating then induced a glass transition 

in the acrylate LC network, with a peak in tan δ at 96 °C (Tg,2). These findings support the 

formation of an IPN film having two crosslinked polymer networks that are not chemically 

linked. 

The planar, homogeneous alignment of the mesogenic groups in the LC-IPN gives the 

resulting free-standing films anisotropic thermomechanical properties. The storage modulus 

is approximately 1.5 times greater in the direction parallel to the LC alignment than in the 

direction perpendicular to it (Figure 4.3c). As explained in Chapter 2, this difference rises 
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from the higher modulus of the oriented mesogenic units compared to the polymer main 

chains of both the polyacrylate and polyoxetane networks. Furthermore, heating results in 

decreased order in the LC-IPN films, leading to contraction along the molecular director and 

expansion perpendicular to it (Figure 4.3d). In the perpendicular direction, the film expands 

gradually with increasing temperature. In the parallel direction, commonly an inflection is 

observed around Tg of the LCN. In the LC-IPN, however, this inflection is only observed 

around the second Tg. This means that after the first Tg, the acrylate network is still glassy 

enough to prevent substantial shrinkage, which will only occur after the second Tg. 

Figure 4.3. Thermomechanical properties of the LC-IPNs. a) Storage (E’) and loss (E”) moduli measured 

in the direction parallel to the LC orientation as a function of temperature, and b) the corresponding tan 

δ curves. c) Storage (E’) modulus of a simultaneously photopolymerised LC-IPN films measured in the 

directions parallel, and perpendicular to the LC orientation as a function of temperature. d) Thermally 

induced anisotropic strain measured parallel (filled symbols) and perpendicular (open symbols) to the 

molecular director in a simultaneously photopolymerised LC-IPN film. 
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One-way triple shape memory actuation 

The shape memory actuation behaviour of the simultaneously polymerised LC-IPN was 

investigated quantitatively by DMA. The presence of two distinct glass transitions provides 

two switching elements that can be used to fix a temporary shape in the polymer film. 

Therefore, dual-shape memory was tested first at 55 °C, which is in between both glass 

transitions (Figure 4.4a). At this temperature, the oxetane LC network is in a rubber-like state, 

whereas the acrylate LC network is still in its glassy state. The application of a relatively large 

stress of 6.7 MPa induced a moderate strain of 5.7 % that was fixed by cooling to 0 °C. The 

strain increased during cooling, which is caused by the increased LC order. Subsequent 

removal of the stress led to a minor decrease in strain, with the shape fixity rate Rf = 88.9 %. 

Heating to 130 °C then released the strain, with the shape recovery rate Rr = 84.6 %. Next, the 

dual-shape memory behaviour was tested at 150 °C, which is above the second glass transition 

(Figure 4.4b). At this temperature (150 °C), both networks in the LC-IPN are in the rubber-

like state. As a result, the application of a smaller stress of 1.84 MPa led to a relatively larger 

strain of initially 5.2 %. In this state, the effect of LC order increase upon cooling is more 

pronounced, resulting in a strain of 7.3 % after cooling to 0 °C to fix the strain. The shape 

fixity rate after removal of the stress was also higher than at Tg,1, Rf = 97.5 %. Again, heating 

to 150 °C released the strain, recovering the original shape with a recovery rate Rr = 84.8 %.  

The presence of two switching possibilities, i.e., two Tgs, can also be used to fix two temporary 

shapes in the polymer film to create a triple shape memory actuator. This shape memory 

behaviour was tested quantitatively by DMA (Figure 4.4c). First, the film was heated to 150 °C 

(T > Tg,2) and subjected to a stress of 1.85 MPa, straining the material to 5.0%. It was then 

cooled to 60 °C (Tg,1 < T < Tg,2) to fix the first temporary shape (S1), again straining the 

material further to 6.9 % due to increased LC ordering. Removal of the stress led to a small 

decrease in strain to 6.0 %. Subsequently, the material was subjected to a larger stress of 

6.65 MPa, increasing the strain to 9.0 %, which upon cooling to 0°C (T < Tg,1) to fix the 

second temporary shape (S2) increased to 9.4 %. The stress was once more removed, resulting 

in a final strain of 8.8 % in the programmed LC-IPN. Maintaining the material at 0 °C for 

one hour showed that the programmed shape was stably held by the LC-IPN. Next, the film 

was heated to 60 °C to recover from shape S2 to shape S1. Indeed, the strain decreased to 

6.0 %. Importantly, when the material was kept at 60 °C for one hour, the strain did not
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Figure 4.4. One-way dual shape memory in the LC-IPN using a) the glass transition in the oxetane network  

(Tg,1) and b) the glass transition in the acrylate network (Tg,2)  as switching elements. c) One-way triple 

shape memory in the LC-IPN, using both Tgs as switching elements. d) Four consecutive triple-shape 

memory cycles, emphasising the reproducibility. e) Demonstration of triple-shape memory in an LC-IPN 

strip (Shape A). An area of the strip was curled at 150 °C, then cooled to 60° C, fixing the curl (Shape B). 

The remaining area was then folded 2 times and cooled to RT (Shape C). Heating to 60 °C then led to 

recovery of shape B, and further heating to 150 °C led to full recovery of shape A. 
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decrease further, demonstrating the stability of the triple-shape memory behaviour. Further 

heating to 150 °C resulted in the recovery of most of the strain and the film returned to the 

initial shape S0. Next, the triple-shape memory actuation was repeated for 4 cycles (Figure 

4.4d), demonstrating the reproducibility. An overview of the relevant shape fixity rates (Rf) 

and shape recovery rates (Rr) is given in Table 4.1. Similar to what was observed with one-

way shape memory actuation in pure oxetane LCNs in Chapter 2, the LC-IPNs have good 

shape fixity, and excellent shape recovery rates due to the LC order in the IPN providing the 

driving force for full shape recovery. 

Finally, the one-way triple shape memory actuation was demonstrated qualitatively on a strip 

cut from the larger LC-IPN parallel to the molecular director (Figure 4.5e, shape A) This strip 

was heated to 150 °C, and a part of it was curled after which it was cooled to 60 °C, fixing 

temporary shape B. Next, the other part of the strip was bent in two locations and cooled to 

room temperature, fixing shape C. Subsequent heating to 60 °C led to the recovery of shape 

B, with only minor uncurling. Finally, the film was heated to 150 °C, which led to the full 

recovery of the original shape A, with no obvious remaining kinks or bends. 

Two-way bending actuation 

By aligning the LC monomer mixture in a splayed orientation, soft actuators can be obtained 

that display reversible two-way bending actuation. Similar to the planar LC-IPN films, the 

photopolymerisation of the acrylate and oxetane LC monomers can be performed 

simultaneously, or sequentially. First, the simultaneous approach is discussed. To obtain free-

standing films, a splay LC cell was filled with the monomer mixture in the isotropic phase 

and subsequently cooled to its nematic phase (92°C). The mixture was then 

photopolymerised by exposure to flood UV light for 5 minutes, followed by a thermal post 

treatment at 130 °C for 30 minutes. SEM analysis confirmed the splay orientation 

(Figure 4.5a). Opening the cells led to free-standing films that curled at room temperature 

with the homeotropic side of the film inside the curvature, as a result of the increase in LC 

Table 4.1. Shape fixity (Rf) and recovery rates (Rr) determined from four cycles of one-way triple shape 
memory actuation in the LC-IPN. 

Cycles Rf (S1) Rf (S2) Rr (S2-S1) Rr (S1-S0) 

1 86.0 % 83.3 % 99.3 % 89.0 % 

2-4 85.1 % ± 0.1 % 82.4 % ± 0.4 % 101.8 % ± 0.4 % 99.4% ± 0.4 % 
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order at room temperature compared to the higher polymerisation temperature. In analogy 

with what was observed with pure oxetane LCN films in Chapter 2, heating the film resulted 

in reversal of the curling direction from clockwise to anticlockwise (Figure 4.5b). A more 

detailed overview of the actuation behaviour is given in Figure 4.5c. Upon heating, the films 

started unrolling. Due to the broad (dual) glass transition in the film, the temperature window 

in which actuation occurs is wider than in a pure oxetane LCN film. The gradual uncurling 

of the film already commenced at a slightly elevated temperature (T < 40 °C), after which it 

adopted a flat shape at T = Tpol (92 °C), and then curled in the opposite direction. This curling 

is sped up when the temperature exceeds 100 °C, as the LC-IPN film is completely in a rubber-

like state at this point. Subsequent cooling led to the complete reversal of the actuation. 

Figure 4.5. Splay LC-IPN actuator prepared through simultaneous photopolymerisation. a) SEM 

micrograph showing the splay orientation through the film. b) Actuation behaviour of the film. Heating 

results in the material reverting from clockwise to anticlockwise rolling, whereas cooling leads to the 

opposite. c) Detailed actuation behaviour over a heating cycle, followed by a cooling cycle. 
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Commonly reported acrylate LCN splay actuators usually show a limited actuation behaviour 

from a flat to a bend state.[26] The oxetane LCN actuators reported in Chapter 2 were shown 

to display a significantly higher degree of actuation, most likely due to the higher flexibility of 

the polyether backbone. Here, the LC-IPN film consists of a strongly crosslinked acrylate 

LCN interwoven with a loosely crosslinked oxetane LCN. The combination of these networks 

in an IPN result in an actuator with good mechanical properties provided by the strong 

acrylate LC network, a high degree of actuation provided by the flexible oxetane LC network, 

and a wide temperature window for actuation due to the broad glass transition induced by 

both networks. 

Finally, the actuation behaviour of a splay LC-IPN film prepared with the sequential 

photopolymerisation approach was studied. This actuator was prepared in the same manner 

as the simultaneously photopolymerised actuator, with the difference that 

Figure 4.6. Splay LC-IPN actuator prepared though sequential photopolymerisation. a) SEM micrograph 

showing the splay orientation through the film. b) Actuation behaviour of the film. Heating results in the 

material converting from being rolled up clockwise to adopting a left-handed spiral shape in the opposite 

direction, whereas cooling leads to the opposite. c) Detailed actuation behaviour during a heating cycle, 

followed by a cooling cycle. 
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photopolymerisation was performed first with blue light for 5 minutes, followed by UV light 

for 5 minutes. Again, the splay orientation was confirmed by SEM (Figure 4.6a). However, 

a larger fraction of the cross-section seems to be aligned homeotropically compared to the 

simultaneously polymerised actuator. Furthermore, the actuation behaviour turned out to be 

atypical. At room temperature, the actuator was still bend with the homeotropic side inside 

the curvature, albeit at a lower degree than the actuator made by the simultaneous approach 

(Figure 4.6b). Upon heating, the actuator first adopted a flat shape, before curling up in a left-

handed spiral with the homeotropic side on the outside of the curl, rather than adopting a 

cylindrical shape. Remarkably, in consecutive heating cycles, the spiral was left-handed every 

time. A more detailed overview of the actuation (Figure 4.6c) reveals that, similar to the 

simultaneous approach, actuation occurs gradually over a broad temperature range. 

Furthermore, cooling results in reversal of the actuation. The non-trivial shape adopted by 

the actuator at higher temperatures could have several origins. As suggested earlier, the 

sequential photopolymerisation could cause nanoscale phase separation within the LC-IPN, 

thereby slightly altering the splayed molecular orientation of the mesogenic groups 

throughout the film thickness, as suggested by the SEM analysis of the cross-section 

(Figure 4.6c). Another explanation could be that the polymerisation of the acrylate LC 

monomers changes the isotropic-nematic transition temperature of the oxetane LC 

monomers, thereby changing their molecular order. The exact origin of the left-handed 

curling is unclear but appears to be programmed in the actuator, as repeating actuation cycles 

in different films gave the same results. To shed light on this behaviour, more actuators need 

to be investigated to see if the curling handedness is a stochastic process where equal fractions 

of left- and right-handed curling actuators are formed. Although the exact explanation for the 

atypical behaviour remains obscure, this nevertheless demonstrates that the development of 

an LC-IPN for smart actuators results in atypical, new shape changes. 

4.3. Conclusion 

A new class of LC-IPNs based on an acrylate-oxetane liquid crystal monomer mixture is 

reported. The initially well-miscible monomers are ideal to serve as a one-pot system for the 

preparation of free-standing films of interpenetrating polymer networks with anisotropic 

thermal and mechanical properties. The orthogonality of the free-radical and cationic ring-

opening polymerisation mechanisms necessary to polymerise both monomer species not only 

allows for the fabrication of a true IPN with no chemical links between the networks, it also 
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provides control over the polymerisation reactions, which can be performed simultaneously 

or sequentially. This choice of sequence provides further control over the polymer properties. 

The creation of a gradient in crosslink densities between the individual networks in the LC-

IPN led to a polymer material with a very broad glass transition, that is comprised of two 

separate Tgs, giving the LC-IPN additional benefits over single network LCNs. The use of the 

LC-IPN as a one-way triple shape memory material was demonstrated. The two Tgs facilitate 

the recording of two temporary shapes in the material, which was shown both qualitatively 

and quantitatively. Furthermore, when aligned in a splay orientation, the LC-IPN can be used 

as a two-way bending actuator that actuates over a broader temperature range compared to a 

single network splay actuator. Moreover, the choice of polymerisation sequence determines 

the shape change, being cylindrical in the simultaneous approach, and spiral in the sequential 

approach. 

These findings show that LC-IPNs based on LC monomers have potential for soft actuators. 

The combination of two LC networks into one polymer results in a stimuli-responsive 

material that combines the properties of the two networks and has the potential to add new 

properties to them. 

4.4. Experimental 

Materials 

Liquid crystalline di-acrylate 2-methyl-1,4-phenylene bis(4-(((4-(acryloyloxy)butoxy)carbon

yl)oxy)benzoate) (1) was purchased from BASF. Liquid crystalline di-oxetane 2-methyl-1,4-

phenylene bis(4-(4-((3-methyloxetan-3-yl)methoxy)butoxy)benzoate) (2) and liquid 

crystalline mono-oxetane 4-((4-(hexyloxy)benzoyl)oxy)-2-methylphenyl 4-(4-((3-

methyloxetan-3-yl)methoxy)butoxy)benzoate (3) were made by Syncom B.V. according to 

previously reported procedures.[27,28] The free-radical photoinitiator, Irgacure 819 (4) was 

purchased from BASF and the cationic photoinitiator, triarylsulfonium hexafluorophosphate 

salts in propylene carbonate (5) was purchased from Sigma-Aldrich. 

LC-IPN fabrication 

Preparation of LC mixture 
Liquid crystalline di-acrylate 1 (50% w/w), liquid crystalline di-oxetane 2 (2.5 % w/w) and 

liquid crystalline mono-oxetane 3 (47.5% w/w) were combined in a glass vial that was heated 
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to melt the LC monomers. Subsequently, free-radical photoinitiator 4 (1.0 % w/w) and 

cationic photoinitiator 5 (2,5 % w/w) were added. To ensure proper mixing, the mixture was 

heated to its isotropic phase, and stirred magnetically on a hotplate for 15 minutes. 

Fabrication of LC alignment cells 
Borosilicate glass slides (3 x 3 cm2) were sonicated in acetone for 20 minutes. Then, they were 

blown dry under N2 and placed in a UV/ozone oven (UV-Products PR-100) for 20 minutes 

to activate the surface. Subsequently, a polyimide (PI) precursor is spin coated. Depending 

on the desired LC alignment, Optmer AL1254 (JSR corp, spin coated 45s at 1800 rpm) was 

used for planar alignment, or Sunever 5661 (Nissan Chemical Corp, spin coated 5 s at 

800 rpm followed by 45 s at 5000 rpm) was used for homeotropic alignment. After spin 

coating, the solvent was removed by heating the slides to 100 °C for 10 minutes. Then, the PI 

was cured at 180 °C for 30 minutes. The slides intended for planar alignment were rubbed on 

a velvet cloth to ensure uniaxial alignment. The alignment cells were then prepared by gluing 

either two planar PI slides (in an antiparallel fashion) together with UV-curable glue for a 

planar cell, or one planar PI slide and one homeotropic PI slide for splay alignment. The cell 

spacing was set using 30 μm spacers in the glue. 

Fabrication of the LC-IPN films 
The alignment cells were filled with the LC mixtures at 115 °C through capillary action. The 

cells were then slowly cooled such that Tpol = 92 °C and left at that temperature for 15 minutes 

to ensure monodomain alignment. For simultaneous photopolymerisation, they were then 

exposed to a flood UV exposure (5 mW/cm2 UVA, Oriel Instruments) for 5 minutes. For 

sequential photopolymerisation, a 400 nm longpass filter (Thorlabs FGL400) was used in the 

first illumination step to exclusively activate the free-radical initiator for 5 minutes. 

Subsequently, a flood UV exposure for 5 minutes polymerised the oxetane LC monomers. A 

post-cure of 30 minutes at 130 °C in an oven ensured maximum conversion and remove any 

polymerisation-induced stresses. The cells were then opened, and the free-standing films 

were removed from the glass substrates. 

Characterisation 

Differential Scanning Calorimetry (DSC) curves were measured with a DSC Q2000 from TA 

Instruments with heating and cooling rates of 10 °C/min. Photographs of samples were taken 

with an Olympus OM-D E-M10III digital camera equipped with an Olympus MFT 60MM 
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F/2.8 ED Macro M.Zuiko Digital lens. Polarised optical microscopy (POM) was performed on 

a Leica DM2700M equipped with crossed polarisers. The temperature was controlled on a 

Linkam PE95/T95 temperature controller. Scanning electron microscopy (SEM) was done 

with a FEI Quanta 3D SEM. The LCNs were first fractured in liquid N2, followed by an Au 

sputter coating treatment. Fourier-transform Infrared (FT-IR) analysis of monomer mixtures 

and free-standing films was performed on a Varian 670IR in attenuated total reflection (ATR) 

mode. Dynamic mechanical analysis (DMA) was performed on a DMA850 Discovery from 

TA Instruments with tension clamps. Dynamic moduli and damping characteristics (tan δ) 

were determined in oscillatory mode (frequency: 1 Hz, amplitude: 0.4% strain) on 

7 x 5.3 mm2 ribbons cut from the larger films. Thermally induced strain values were 

determined in stress control mode, while exerting a small force (0.005 N) on the film, and 

reversible changes in length were measured as a function of temperature. To remove any 

thermal history, the 2nd heating cycles are reported. For the triple shape memory cycles: (1) 

the sample was heated to 150 °C and equilibrated for 10 minutes, and (2) uniaxial stretching 

was applied by a force ramp from 0.01 N to 0.4 N at a rate of 0.5 N/min. (3) The strain was 

then fixed via cooling to 55 °C at a cooling rate of 5 °C/min, followed by equilibration for 

30 minutes. (4) The external force was then unloaded to 0.01 N at a rate of 0.5 N/min, 

followed by equilibration for 30 minutes to obtain S1. (5) Next, uniaxial stretching was 

applied by a force ramp from 0.01 N to 1.4 N at a rate of 0.5 N/min. (6) The strain was then 

fixed via cooling to 0 °C at a cooling rate of 5 °C/min, followed by equilibration for 

30 minutes. (7) The external force was then unloaded to 0.01 N at a rate of 0.5 N/min, 

followed by equilibration for 30 minutes to obtain S2. (8) To recover from S2 to S1, the sample 

was reheated to 55 °C to release that part of the strain followed by equilibration for 1 hour to 

demonstrate sample stability. (9) To recover from S1 to S0, the sample was reheated to 150 °C 

to release the strain followed by equilibration for 1 hour. In the following 3 cycles, the 

procedure was repeated from step (2). The shape fixity (Rf) and shape recovery (Rr) rates were 

calculated using equations (4.1) – (4.4): 



Soft actuators from interpenetrating networks of acrylate-oxetane liquid crystals 

79 

1 

2 

3 

4 

5 

6 

𝑅𝑅𝑓𝑓(𝑆𝑆1) = 𝜀𝜀𝑆𝑆1−𝜀𝜀𝑆𝑆0
𝜀𝜀𝑆𝑆1,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙−𝜀𝜀𝑆𝑆0

 × 100% (4.1) 

𝑅𝑅𝑓𝑓(𝑆𝑆2) = 𝜀𝜀𝑆𝑆2−𝜀𝜀𝑆𝑆1
𝜀𝜀𝑆𝑆2,𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙−𝜀𝜀𝑆𝑆1

× 100% (4.2) 

𝑅𝑅𝑟𝑟(𝑆𝑆2 − 𝑆𝑆1) = 𝜀𝜀𝑆𝑆2−𝜀𝜀𝑆𝑆1,𝑟𝑟𝑟𝑟𝑟𝑟
𝜀𝜀𝑆𝑆2−𝜀𝜀𝑆𝑆1

 × 100% (4.3) 

𝑅𝑅𝑟𝑟(𝑆𝑆1 − 𝑆𝑆0) = 𝜀𝜀𝑆𝑆1−𝜀𝜀𝑆𝑆0,𝑟𝑟𝑟𝑟𝑟𝑟
𝜀𝜀𝑆𝑆1−𝜀𝜀𝑆𝑆0

 × 100% (4.4) 

where: εS0 is the measured strain before application of stress, εS1,load is the strain after applying 

the first stress, εS1 is the strain after release of this applied stress, εS2,load is the strain applying 

the second stress, εS2 is the strain after release of this stress, and εS1,rec is the strain after the first 

recovery step and εS0,rec is the strain after the final recovery step. 

Analysis of thermomechanical actuation behaviour 
Cut ribbons were placed in an oven with a window, to allow recording of changes in the 

sample as the environment heats. The temperature was monitored using a digital sensor 

(Sensirion SHTC3). Photographs were taken with a digital camera (Olympus OM-D E-M10 

Mk III) in manual focus mode. 
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Chapter 5 

Wavelength-selective photopolymerisation of 
hybrid acrylate-oxetane liquid crystals 

Abstract 

In this Chapter, the wavelength-selective photopolymerisation of a hybrid acrylate-oxetane 

cholesteric liquid crystal monomer mixture is reported. By controlling the sequence and rate 

of the orthogonal free-radical and cationic photopolymerisation reactions, it is possible to 

control the degree of phase separation in the resulting liquid crystal interpenetrating 

networks. This method can be used to tune the reflective colour of the structurally coloured 

coatings produced. Conversely, the structural colour can be used to monitor the degree of 

phase separation. This new photopolymerisation procedure allows for structuring liquid 

crystal networks in three dimensions, which has great potential for fabricating liquid crystal 

polymer materials with programmable functional properties. 

This Chapter is partially reproduced from ‘Wavelength-Selective Photopolymerization of 

Hybrid Acrylate-Oxetane Liquid Crystals’ D. C. Hoekstra, B. P. A. C. van der Lubbe, T. Bus, 

L. Yang N. Grossiord, M. G. Debije, A. P. H. J. Schenning, Angew. Chem. Int. Ed., 2021

(Accepted) DOI: 10.1002/anie.202101322
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5.1. Introduction 

Photopolymerisation reactions are among the most widely used polymerisation methods and 

allow for spatial control of the properties of the polymer materials.[1] Further control can be 

achieved by wavelength-selective or orthogonal photopolymerisation reactions using 

different irradiation wavelengths.[2] Combined with the development of light emitting diode 

(LED) technology that provides greater precision over the irradiation wavelength,[3] these 

orthogonal photopolymerisation processes have led to the advent of polymer materials that 

cannot be obtained through conventional polymerisation processes. Examples include the 

synthesis of well-defined topological polymers[4–7], hierarchical structured materials,[8] 

multimaterial 3D printing,[9–11] and interpenetrating networks (IPNs) with programmed 

functional properties.[12,13] 

Liquid crystal networks (LCNs) are an appealing class of advanced functional materials that 

are commonly produced via free-radical or cationic photopolymerisation of liquid crystals 

that are functionalised with polymerisable groups.[14–17] For example in cholesteric liquid 

crystals, photopolymerisation was used to precisely control the network formation by 

photolithography,[18,19] and photopolymerisation-induced diffusion,[20] resulting in broad 

reflection bands,[21,22] super reflectivity,[23] and paintable LC displays.[24–26] 

To date, the photopolymerisation-induced diffusion of liquid crystals monomers has mostly 

been achieved by free-radical polymerisation of mixtures of mono- and di-acrylate liquid 

crystals. Most liquid crystalline IPNs reported are in fact semi-IPNs that are prepared by 

swelling a polymer network with a second monomer that is subsequently polymerised,[27–30] 

or are partly prepared through thermal polymerisation.[31] Hence, it would be appealing to 

develop liquid crystalline systems that can be polymerised through orthogonal 

polymerisation reactions. This will allow for fabrication of IPNs and controlled phase 

separation in LC polymer materials with programmable properties.[32–35] 

In this Chapter, the wavelength-selective photopolymerisation of a hybrid acrylate-oxetane 

cholesteric liquid crystal mixture through orthogonal free-radical and cationic ring-opening 

polymerisation reactions is reported. A chiral di-oxetane monomer that was developed in 

Chapter 3 was used to induce a cholesteric liquid crystalline phase and to create structural 

colours. The resulting mixture was gravure coated and subsequently polymerised. 

Simultaneous polymerisation of both the acrylate and oxetane LC monomers resulted in the 
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formation of an interpenetrating LC network having a red structural colour. A sequential 

approach, where the free-radical photopolymerisation was performed first at a lower intensity 

led to photopolymerisation-induced diffusion of the acrylate LC monomer, resulting in a 

phase-separated polyacrylate layer on top of the IPN structure and a blue structurally 

coloured polymer. By monitoring structural colour changes in the photonic polymer, the 

phase separation could be followed. The extent of phase separation could be engineered by 

varying the illumination time. Effectively, this allows for spatiotemporal control of not only 

where polymerisation is initiated, but also control of the network structure through the film 

thickness. As a first application of this finding, the possibility of spatio-temporal control over 

the colour of the cholesteric LC coatings to fabricate full-colour patterned photonic polymers 

is demonstrated. 

5.2. Results and discussion 

The liquid crystal blend is comprised of liquid crystalline di-acrylate 1 and liquid crystalline 

di-oxetane 2 monomers (Figure 5.1a). Both monomers exhibit a nematic LC phase.

The addition of chiral oxetane monomer 3 results in a chiral-nematic LC phase in the blend,

the reflective colour of which can be tuned by the amount of 3 that is added (Chapter 3).

The photoinitiator system consists of a free-radical initiator 4 and a photoacid generator 5

that is used to initiate the cationic ring-opening polymerisation of the oxetane monomers.

The absorption of free-radical initiator 4 is red-shifted, resulting in a non-overlapping region

in the absorption spectra of 4 and 5 (Figure 5.1b). This facilitates the wavelength-selective

photopolymerisation of both monomer species. Although the polymerisation reactions

themselves are orthogonal, the initiator system is not entirely so. This means that the

sequential photopolymerisation must be carried out by first illuminating with blue light,

resulting in the polymerisation of the acrylate monomers. Subsequent illumination with UV

light then polymerises the oxetane monomers. The reverse order would result in the

simultaneous polymerisation of both monomer types, as illuminating with UV light results in

activation of the free-radical initiator, and the photoacid generator has an intermediate step

in which it also generates free radicals.

The monomer blends were dissolved in cyclopentanone to be coated by gravure printing. 

After printing the Ch-LC ink on a black PET substrate, evaporation of the solvent led to a 

cholesteric alignment that reflected red light. The monodomain alignment is induced by the 
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biaxial orientation in the PET substrate. The coatings were then cured either simultaneously 

or sequentially. In the simultaneous approach, the entire spectrum (320 – 500 nm) was used 

to polymerise both monomer types at the same time. In the sequential approach, blue light 

Figure 5.1. a) Monomer composition of the LC mixture used. b) UV-VIS absorption spectra 

(in acetonitrile) of free-radical initiator 4 and cationic initiator 5. The concentrations shown are w/w. The 

green box indicates the non-overlapping area in which only free-radical initiator 4 absorbs. c) Schematic 

representation of the two photopolymerisation steps. In step 1, blue light is used, activating the radical 

initiator 4 resulting in the polymerisation of the LC-diacrylates. In step 2, the use of UV light activates 

cationic initiator 5, resulting in the polymerisation of the LC di-oxetanes. 
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was used first to polymerise the acrylate monomers. In the second step, UV light was used, to 

polymerise the oxetane monomers (Figure 5.1c). 

In the simultaneous polymerisation procedure, 5 minutes of UV exposure at 55 °C fixed the 

red-coloured appearance of the photonic coating (Figure 5.2a). Atomic force microscopy 

(AFM) on a cross-section of the coating showed the presence of a cholesteric phase 

throughout the entire coating thickness (Figure 5.2b). The cholesteric pitch measured from 

this cross section was consistently homogeneous over the entire coating thickness and was 

measured to be approximately 397 nm. This pitch can be related to the central reflected 

wavelength via equation 5.1: 

𝜆𝜆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑛𝑛𝑎𝑎𝑎𝑎 × 𝑝𝑝 (5.1) 

where p is the chiral nematic pitch. Assuming that nav = 1.5,[36] this results in λrefl = 596 nm, 

corresponding well with the reflection band measured with UV-VIS spectroscopy. 

In the sequential procedure, however, when the first polymerisation step was done for 

prolonged times (45 minutes) with a low intensity of blue light (0.1 mW/cm2) at 55 °C, a shift 

of the reflected colour of the coating was observed. The originally red appearance of the 

coating had shifted to blue (Figure 5.2a). This shift already occurred during the first 

polymerisation step; the second step, polymerisation of the LC di-oxetane monomers, did 

not result in a further shift. The sequence of the polymerisation reactions was monitored by 

FT-IR spectroscopy (Figure 5.2c). After coating of the Ch-LC monomer mixture, 

characteristic peaks corresponding to the acrylate groups (1410 cm-1 and 811 cm-1) as well as 

the oxetane groups (975 cm-1) were observed. The first illumination step (blue light) resulted 

in the disappearance of the peaks corresponding to the acrylate groups, whereas the oxetane 

peak at 975 cm-1 remained unchanged. After the second illumination step (UV light), this peak 

disappeared as well, indicating the conversion of the oxetane monomers. These results 

confirm that the wavelength-selective sequential polymerisation of acrylate LC monomers 

followed by oxetane LC monomers is indeed possible. 

AFM on cross-sections of the blue-shifted coating revealed the coating was divided in two 

regions (Figure 5.2d). On the bottom of the coating, from the interface with the PET 

substrate, the periodic structure of a cholesteric phase can be clearly identified. The 

cholesteric pitch of this layer was measured to be 287 nm. On top of this cholesteric phase, 

a layer has emerged that does not show any periodicity. This implies that the chiral di-oxetane 
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monomer 3 is either not present in this layer, or in a very low concentration. Effectively, this 

means that diffusion processes have taken place during the first polymerisation step. During 

this step, only the liquid crystalline di-acrylate monomer is polymerising. Given the low 

intensity of the blue light that is used, an intensity gradient through the coating thickness is 

likely to arise. Consequently, the di-acrylate LC monomers are depleting faster at the 

illuminated side of the coating, providing a driving force for diffusion of di-acrylate 

monomers towards the top of the coating. Based on the AFM analysis, the conclusion was 

Figure 5.2. a) Reflection spectra of the Ch-LC coatings polymerised in the simultaneous (red line) and 

sequential (blue line) procedures. Photographs of the coatings are shown adjacent to the spectra. b) AFM 

analysis on a cross-section of the simultaneous photopolymerised coating. The sample displays a 

continuous cholesteric phase, with a constant pitch. c) FT-IR ATR analysis of the sequentially 

photopolymerised coating: the monomer mixture shows peaks corresponding to the acrylate groups 

(1410 cm-1, 811 cm-1) and the oxetane groups (975 cm-1). After the first polymerisation step (blue light), 

only the acrylate peaks disappeared. After the second step (UV light), the oxetane peak disappeared as well. 

d) AFM analysis on a cross-section of a sequential polymerised coating, with a 45 minute blue light 

illumination time. the coating has phase separated in a cholesteric layer with constant pitch throughout 

the entire layer thickness, and an achiral layer on top.
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drawn that the di-oxetane LC and chiral monomers, that are not reactive in this step, counter 

diffuse towards the bottom of the coating. As a result, the polyacrylate layer on the top of the 

coating is most likely no longer chiral nematic. Concurrently, the concentration of chiral 

oxetane monomer 3 in the chiral nematic bottom layer has increased, which, according to 

equation 5.2 explains the blue shift of the reflection band: 

𝜆𝜆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑛𝑛𝑎𝑎𝑎𝑎
𝐻𝐻𝐻𝐻𝐻𝐻×[𝐶𝐶]

 (5.2) 

In this equation, λrefl is the central reflected wavelength, nav is the average refractive index of 

the LC monomers, HTP is the helical twisting power of chiral monomer 3 in the mixture and 

[C] is the concentration of 3.

Remarkably, there is a clear interface between the chiral nematic and achiral layers. In 

previous works involving polymerisation-induced diffusion in Ch-LC acrylate monomer 

blends, pitch-gradients were obtained, resulting in a broadened reflection band.[21,22] In this 

case, however, the reflection band is not obviously broadened. Moreover, image analysis of 

the cross section shows that the cholesteric pitch is constant throughout the cholesteric layer. 

According to equation 5.1, the measured pitch (286 nm) should result in λrefl = 429 nm, 

corresponding well with the reflection band measured with UV-VIS spectroscopy. The clear 

transition between the Ch-LC and achiral layers, combined with no pitch-gradient forming 

in the sequentially polymerised coating can be explained by the infinite difference in reactivity 

between the two types of monomers in the first polymerisation step, in which the oxetane 

monomers are not reacting at all. This allows for the sole diffusion of the acrylate monomers 

towards the top of the coating. Most likely, the helical twisting power of the chiral monomer 

is strong enough to maintain the chiral nematic phase until the acrylate monomers have 

diffused beyond its influence and become purely nematic. The coating then effectively 

becomes a bilayer of an achiral nematic layer consisting of an acrylate LCN and a cholesteric 

LC layer consisting of an interpenetrating network of oxetane LC monomers and acrylate LC 

monomers, albeit at lower concentrations. 

To further confirm the sequential polymerisation procedure is responsible for the induced 

phase separation, control experiments were conducted using a cholesteric LC mixture such 

consisting of only liquid crystalline acrylates (Figure 5.3a) or only liquid crystalline oxetanes 

(Figure 5.3b): no colour changes were observed upon sequential illumination with blue and 
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UV light of the resulting coatings. Furthermore, leaving a non-polymerised coating in an oven 

at 55 °C for 24 hours did not result in a change in its reflection spectrum (Figure 5.3c). These 

experiments indicate that the colour change upon sequential free-radical and cationic 

photopolymerisation must originate from the orthogonality of both mechanisms. 

Monitoring photopolymerisation-induced phase separation by structural colour 
changes 

The extent of the induced blue-shift in the sequential photopolymerisation process could be 

controlled by varying the blue light exposure time, with longer times resulting in a larger blue-

shift of the reflection band. The reflection spectra show that after the coating procedure, the 

coating has a reflection band centred around 622 nm (Figure 5.4a). One minute of blue light 

illumination led to a reflection band that had the same central wavelength of reflection, yet 

with a reduced reflection and a narrower band. Longer blue light illumination times resulted 

in increasingly blue-shifted reflection bands. Alongside this blue shift the reflection intensity 

decreased with longer illumination times. This could be ascribed to the combination of a 

relatively thin coating thickness, combined with the phase separation. The resulting 

cholesteric layers do not have sufficient thickness to provide the full 50% reflection limit of a 

cholesteric phase. At the same time, the rate of colour change reduced upon longer free-

radical polymerisation, suggesting that the conversion of liquid crystalline diacrylate 

monomers results in sufficient vitrification in the system to retard the diffusion process 

responsible for the colour change. Nevertheless, after 45 minutes of blue light illumination, it 

Figure 5.3. Reference experiments. a) UV-vis reflection spectra of coatings based on pure acrylate LCs that 

were polymerised with either the simultaneous or the sequential procedure. b) UV-vis reflection spectra 

of coatings based on pure oxetane LCs that were polymerised with either the simultaneous or the 

sequential procedure. c) Thermal stability of the coated monomer mixture. No difference is observed in 

the UV-vis reflection spectra of a coating that was measured directly after coating, and after keeping it for 

24 hours at 55 °C. 



Wavelength-selective photopolymerisation of hybrid acrylate-oxetane liquid crystals 

91 

1 

2 

3 

4 

5 

6 

was possible to obtain a coating that reflected blue light (435 nm central reflection band). 

This means that the procedure presented is suitable to tune the reflection band of Ch-LC 

coatings over the entire visible spectrum using a single ink. No substantial additional colour 

shift was observed for illumination times longer than 45 minutes. 

Given that the change in appearance of the coatings is governed by the extent of 

photopolymerisation-induced phase separation during sequential polymerisation; this 

change in appearance can also be used to monitor the degree of phase separation. Using AFM 

analysis on cross-sections of the coatings, the degree of phase separation (defined as the ratio 

between the thickness of the phase separated achiral top layer and the total coating thickness) 

could be determined. This degree of phase of phase separation was plotted against the 

measured central reflection wavelengths of the coatings (Figure 5.4b), revealing that with the 

current Ch-LC mixture, a red appearance amounts to little or no phase separation whereas, 

for instance, a blue appearance amounts to approximately 31 % phase separation. Therefore, 

the structural colour can be used as an in situ analytical method to steer the amount of phase 

separation in the photonic polymer. 

Figure 5.4. a) Reflection spectra of sequentially cured coatings in which the irradiation time of the first 

polymerisation step is varied. Photographs of the corresponding coatings are shown in the legend. 

b) Degree of phase separation in the sequentially cured coatings (measured by AFM) as a function of the 

central reflection wavelength.
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Patterned full-coloured photonic polymers 

As a direct application of the wavelength-selective polymerisation procedure described above, 

patterned cholesteric coatings with multiple colours were prepared from a single Ch-LC ink. 

The described photopolymerisation-induced diffusion method is an alternative to creating 

colour patterns using photoisomerisation,[37,38] or the kinetics of step-growth 

polymerisation,[18] for instance. In a first approach, gravure-printed coatings that originally 

had a red reflection band were subjected to successive, masked blue light illumination 

(Figure 5.5a). First, the coating was illuminated with blue light (0.1 mW/cm2) through the 

first mask for a relatively long time (45 minutes) to obtain a large blue shift (e.g. from red to 

blue). Subsequently, the coating was illuminated with blue light again through a second 

photomask for a shorter time, resulting in less blue shift in the pattern obtained (e.g. from red 

to green). Finally, a flood UV illumination was performed to freeze the red reflection from 

the areas that had not yet been illuminated, as well as to ensure maximum monomer 

conversion throughout the entire coating. With this approach, it is possible to obtain 

multicoloured patterned coatings with, for instance, 3 different colours (Figure 5.5b). The 

resolution of the produced patterns is good, mostly limited by the alignment of the 

consecutive photomasks, which must perfectly align with the coating to achieve maximum 

resolution. No significant lateral diffusion was observed. Moreover, since the colour of the 

coating is governed by the illumination time in the first polymerisation step, a larger variety 

of colours would be possible by using more photomasks at different illumination times. 

In a second approach, multicolour patterned coatings were obtained by using gradient 

greyscale masks in the first polymerisation step (Figure 5.5c). With this approach, the colour 

of the pattern obtained is determined by the intensity of blue light that is transmitted by the 

mask. Starting from a red-reflecting coating, areas of the mask with a high optical density 

allow for sufficient diffusion in the underlying coating to obtain a blue reflection band. In 

those areas of the coating that receive a higher intensity of blue light due to a lower optical 

density in the mask above, the extent of phase separation is limited due to vitrification caused 

by the increased conversion of acrylate monomers throughout the coating thickness. This 

results in limited blue shift of the initial red reflection. Furthermore, areas that are illuminated 

with the entire UV spectrum would not change their coloured appearance. Hence, a 

multicoloured pattern can be obtained using a single mask and a sequential polymerisation 

procedure step with both blue light and UV light. The resulting pattern is shown in 
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Figure 5.5d. The far-right region of the coating was photopolymerised at a high intensity 

(30 mW/cm2) of both UV and blue light, which means it was effectively cured with the 

simultaneous polymerisation approach, keeping its red structural colour. The orange section 

remaining was also polymerised with UV and blue light, yet at a reduced intensity due to the 

greyscale mask. At this lower intensity, the oxetane polymerisation commences later than the 

acrylate polymerisation (induction period),[39] allowing for limited phase separation that 

caused the reflection band to shift to orange. Finally, the left region was exposed to blue light 

with, due to the gradient greyscale mask, a gradient intensity, resulting in a gradient structural 

colour from green to blue. This approach shows that the photopolymerisation-induced phase 

separation can be controlled not only by varying the polymerisation time, but also by varying 

the illumination spectrum as well as intensity in the first polymerisation step. 

Figure 5.5. a) Schematic representation of the preparation procedure for multicolour patterned Ch-LC 

coatings using multiple masks. b) Photographs of multicolour patterned Ch-LC coatings that were 

prepared using multiple masks at different illumination times. c) Schematic representation of the 

preparation procedure for multicolour patterned Ch-LC coatings using grey scale masks. d) Photographs 

of multicolour patterned Ch-LC coatings that were prepared using greyscale masks. 
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5.3. Conclusion 

The wavelength-selective photopolymerisation of a hybrid acrylate-oxetane liquid crystal 

mixture is reported, leading to LC polymer materials that cannot be obtained through 

conventional single polymerisation processes. The LC monomers in the coatings polymerise 

through orthogonal polymerisation mechanisms that can either be performed 

simultaneously, or sequentially. In case of simultaneous polymerisation, a cholesteric 

interpenetrating network is obtained, while in the sequential polymerisation procedure, 

photopolymerisation-induced diffusion occurs, resulting in the formation of a bilayer of a 

cholesteric interpenetrating network and an achiral polyacrylate layer in the coating. Since 

the relative volumes of these layers determine the pitch of a chiral nematic phase, it is possible 

to control the colour of the coating by varying the polymerisation time, or the intensity of the 

illumination source. Conversely, the structural colour of the coating can be used as an in situ 

analytical method to monitor phase separation and allows for detailed control over the degree 

of phase separation throughout the thickness of the polymer. 

The presented wavelength-selective photopolymerisation process of hybrid acrylate-oxetane 

liquid crystals is vital for liquid crystal polymer materials with programmable functional 

properties. In this liquid crystal mixture, the network structure can be controlled to fabricate 

polymers ranging from LC IPNs to phase separated LCNs. With the addition of patterned 

photomasks, LCNs can even be structured in three dimensions. Towards future applications, 

the process could be further simplified by using a projector that is able to emit UV and blue 

light at different intensities. 

5.4. Experimental 

Materials 

Liquid crystalline di-acrylate 2-methyl-1,4-phenylene bis(4-(((4-(acryloyloxy)butoxy)carbon

yl)oxy)benzoate) (1) was purchased from BASF. Liquid crystalline di-oxetane 2-methyl-1,4-

phenylene bis(4-(4-((3-methyloxetan-3-yl)methoxy)butoxy)benzoate) (2) was made by 

Syncom B.V. according to previously reported procedures.[40,41] Chiral di-oxetane 

(3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diyl bis(4-((4-(4-((3-methyloxetan-3-yl)me

thoxy)butoxy)benzoyl)oxy)benzoate) (3) was synthesised according to the procedure 

previously reported in Chapter 3. The free-radical photoinitiator, Irgacure 819 (4) was 

purchased from BASF and the cationic photoinitiator, triarylsulfonium hexafluorophosphate 
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salts in propylene carbonate (5) was purchased from Sigma-Aldrich. The printing solvent, 

cyclopentanone, was purchased from Acros and the wetting agent, Dynwet 800N was 

obtained from Byk. 

Characterisation 

Fourier-transform infrared (FT-IR) was measured on a Varian 670-IR FTIR spectrometer in 

attenuated total reflection (ATR) mode. Differential scanning calorimetry (DSC) curves were 

measured with a DSC Q2000 from TA instruments. UV-vis spectroscopy was performed on 

a Perkin Elmer Lambda 750 spectrometer equipped with a 150 mm integrating sphere, with 

a tungsten halogen light-source for measurements between 320 and 800 nm. For absorbance 

measurements of the photoinitiators, the solutions were placed in a quartz cuvette with 10 

mm pathlength in front of the inlet port of the integrating sphere at normal incidence with 

respect to the sample beam. A blank measurement with the solvent (acetonitrile) was used as 

a reference. For reflection measurements of the coatings, the sample was placed at the back 

of the outlet port of the integrating sphere at a small angle of incidence. In these 

measurements, air was used as a reference. Scanning electron microscopy (SEM) was done 

with a FEI Quanta 3D SEM. The coatings were first fractured in liquid N2, followed by an Au 

sputter coating treatment. For atomic force microscopy (AFM), PET substrates coated with 

the Ch-LC IPN were cut to size, cryo-microtomed at -120 °C using microtoming equipment 

(LEICA EM UC7) to obtain a flat cross-sectional surface. The resulting cross-sections were 

characterised with a Bruker Dimension FastScan AFM system (Dimension FastScan, Bruker, 

Santa Barbara, USA). For liquid crystal morphology and orientation characterisations, AFM 

tapping mode was used with a frequency of 1 Hz utilizing tapping mode AFM tips (Model 

TESPA-V2 at k: 42 N/m, f: 320 kHz). All AFM measurements were performed at ambient 

conditions. 

Coating preparation 

An LC ink was prepared that consisted of 50 % (w/w) of LC di-acrylate 1 46 % (w/w) of LC-

di-oxetane 2, and 4.0 % (w/w) of chiral oxetane monomer 3. This mixture was dissolved in 

cyclopentanone (1:1 solids/solvent ratio), to which 1.0 % (w/w) solids) of free-radical 

photoinitiator 4, 2.5 % (w/w) of cationic photoinitiator 5 and 2.0 % (w/w) of wetting agent 

Dynwet 800N were added (all concentrations with respect to solids. The resulting solution 

was filtered through a 0.22 μm PTFE syringe filter. Coatings were prepared on an IGT F1 
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printability tester in “gravure” mode, using an anilox force of 200 N, 50 % anilox speed, and 

0.5 m/s printing speed. Biaxially oriented PET (Tenolan OCN0003, 36 μm thickness) was 

used as the substrate. The foil did not contain any alignment layer and was used as received. 

After coating, the substrates were heated at 55 °C for 15 min to evaporate the solvent and 

align the Ch-LC phase, resulting in a coating with a red reflection band. For 

photopolymerisation, the coatings were placed in a nitrogen box with heating stage set at 

55 °C that was flushed with N2 for 2 minutes prior to polymerisation. The coatings were then 

polymerised using an Omnicure EXFO2000 UV source. For the simultaneous polymerisation 

procedure, this UV source was used at its full spectrum (320-500nm) and at full intensity 

(30 mW/cm2) for 5 minutes. For the sequential polymerisation procedure, a 400 nm longpass 

filter (Thorlabs FGL400) was used in the first illumination step to only activate the free-

radical photoinitiator. In this step, the intensity was lowered to 0.1 mW/cm2 and the 

illumination time was varied to control the degree of phase separation. Then, in the second 

illumination step, the UV source was used at full spectrum and intensity (30 mW/cm2) to 

completely polymerise the coatings. For the fabrication of patterned coatings, the printed 

coatings were photopolymerised though photomasks in the first polymerisation step. In the 

first approach, multiple lithographic masks containing the patterns were used in successive 

blue light illumination steps. Each mask was carefully aligned with the coating prior to 

illumination. In the second approach, grey scale masks with a gradient in optical density (OD 

0.04 – 4.0, Thorlabs NDL-25C-4) were used with a single blue light illumination step 

(45 minutes), followed by a UV flood polymerisation (5 minutes). 
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6.1. Introduction 

In this thesis, the development of photonic materials and soft actuators based on oxetane 

liquid crystals is described. Oxetane liquid crystal networks (LCNs) were developed that can 

be used as soft actuators (Chapter 2), or with the addition of a chiral oxetane monomer, as 

patternable photonic coatings (Chapter 3). These advanced materials were further tuned by 

the development of LC interpenetrating networks (LC-IPNs) of acrylate and oxetane LC 

monomers to obtain soft actuators that operate at a broader temperature range and display, 

if desired, atypical shape changes (Chapter 4). Furthermore, phase separation in such systems 

can be used to control the network structure of photonic coatings in three dimensions 

(Chapter 5). This Chapter reflects on the results obtained. Ideas are provided for new oxetane 

LC monomers, and to expand the use of the photonic materials and soft actuators that were 

developed. Furthermore, the next steps that would be required towards commercial 

applications are discussed. 

6.2. Expansion of oxetane LC toolbox 

The molecular toolbox of oxetane LC monomers that have been used throughout this thesis 

consists of mono- and di-functional oxetane LCs (Chapter 2), and a chiral oxetane LC capable 

of inducing cholesteric LC phases (Chapter 3). For future developments, this toolbox could 

be further expanded, such as has been done for acrylate LC monomers. Such a toolbox makes 

it possible to further tune oxetane LC mixtures and materials. The oxetane LC monomers 

reported to date are end-on LC monomers, where the mesogenic group is attached terminally 

to the polymer backbone formed via a flexible spacer (Figure 6.1a). An important addition to 

the oxetane molecular toolbox would be side-on LC monomers. In these LC monomers, the 

mesogenic unit is attached laterally to the polymer backbone (Figure 6.1b). Acrylate side-on 

LCs have been reported.[1] These monomers are often loosely crosslinked with a non-LC 

crosslinker to give a liquid crystal elastomer (LCE). Due to the alternative mesogen 

orientation, the glassy state is less favoured in these LCEs,[2] and the polymer backbone is 

extended along the LC orientation in the nematic phase.[3] As a result, side-on LCEs show a 

much larger shape change upon heating to the isotropic state compared to end-on LCEs, 

which has led to their application in artificial muscles for instance,[3] and multi-responsive 

microstructures.[3] Side-on oxetane LC monomers, such as proposed in Figure 6.3b are 

relatively easy to synthesise and might lead to new oxetane-based LC polymers with enhanced 
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stimuli-responsiveness. Furthermore, it would be interesting to combine a side-on LCE with 

an end-on LCN in an interpenetrating network. The presence of two backbone orientations 

with respect to the LCs in one IPN might lead to new material properties. 

A potentially future development would be a heterobifunctional acrylate-oxetane LC 

monomer (Scheme 6.1). Rather than using two different monomer species to form an 

LC-IPN, the two polymerisable groups are combined in a single monomer. Such a hybrid 

monomer can thus be polymerised through both free-radical and cationic 

photopolymerisation. This could be used in the fabrication of dual-crosslinked network 

LCEs. Traditional dual network materials are generally prepared by first forming a linear 

polymer through step-growth polymerisation that is then deformed to obtain complex 

shapes.[4] A second polymerisation step then crosslinks the LCE to fix the shape, resulting in 

Figure 6.1. a) Schematic overview of an end-on LC polymer, where the mesogenic units are attached 

terminally to the polymer backbone. These materials can be made using end-on LC monomers, such as 

the oxetane monomers (bottom) that were used throughout this thesis. b) Schematic overview of a side-on 

LC polymer, where the mesogenic units are attached laterally to the polymer backbone. Bottom: proposed 

oxetane side-on LC monomer for expanding the oxetane LC molecular toolbox. 
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a complex-shaped actuator. The use of a hybrid LC monomer would make such a process 

simpler, as the polymerisation mechanisms are orthogonal and allow for wavelength-selective 

photopolymerisation. As an example, the hybrid monomer could be added to a mono-acrylate 

LC monomer. By first activating the free-radical polymerisation, a linear LC polymer will be 

formed, that can be formed into the desired shape. If necessary, a small amount of di-

functional acrylate LC can be added to obtain a loosely crosslinked LCE with increased 

mechanical strength. In the second step, activation of the cationic photopolymerisation 

(further) crosslinks the LCE to obtain the complex-shaped actuator. In this procedure, the 

use of wavelength-selective photopolymerisation allows for greater control over the polymer 

formation compared to a two-step process that involves a step-growth polymerisation. 

6.3. Photonic oxetane LC materials 

Stimuli-responsiveness 

The structurally coloured coatings presented in this thesis are highly crosslinked, giving them 

good mechanical properties and making them suitable for many aesthetic applications. 

However, because of this high crosslinking density, they still lack stimuli responsiveness, 

which is often an issue with photonic materials based on liquid crystal monomers. To make 

the oxetane LC photonic coatings suitable for use as sensors, for example, they would need to 

be stimuli responsive. Several approaches towards solving this issue have been reported, such 

as single-substrate cells, where a hard polymer top layer is phase separated on a layer of 

monomeric LCs,[5,6] and semi-LCNs of acrylic LC networks with siloxane LC oligomers.[7,8] 

In this thesis, new LC-IPNs were developed based on hybrid acrylate-oxetane LC mixtures 

(Chapter 4 and Chapter 5). The ability to prepare these LC-IPNs from a single mixture, rather 

than swelling an already-polymerised network with a second monomer that is subsequently 

polymerised into a linear polymer (to obtain a semi-IPN) or a loosely crosslinked network 

(to obtain an IPN) not only simplifies the fabrication of LC-IPNs, but it also results in 

controlled mixing or phase separation. The LC-IPNs developed in this thesis could be used 

to fabricate robust, responsive photonic coatings, like the IPN actuators reported in 

Chapter 4. For instance, a semi-IPN consisting mainly of a linear polyacrylate LC, combined 

Scheme 6.1. Proposed chemical structure for a hybrid acrylate-oxetane LC-monomer. 
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with a small fraction of a crosslinked oxetane LCN could be a good trade-off between 

responsiveness in the polyacrylate LC, combined with mechanical robustness provided by the 

oxetane LCN, with both functions (robustness and responsiveness) now being decoupled in 

two polymers. 

Upscaling and material stability 

One the main challenges for photonic materials based on structural colour, including LCNs 

that are prepared from LC monomers such as presented in this thesis, is upscaling. One of 

only few examples of large-scale application of structural colour is the “Structural Blue” paint 

developed by Toyota for special models of their Lexus cars.[9] In most other examples, 

however, upscaling is limited by factors such as material costs and non-standard production 

processes. 

Figure 6.2. Photograph of cholesteric oxetane LCN coatings as presented in Chapter 3. The flexographic 

printing process allow for upscaling in laboratory processes and can be easily scaled up in industrial 

processes. The slight angle at which the photograph was taken reveals the angle dependence of the 

cholesteric reflection band. 
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Common methods to produce LCN films, such as spin coating or using LC cells that are later 

opened are inefficient in material use and are labour intensive, making them difficult to 

upscale. The photonic materials based on oxetane LCNs reported in Chapter 3 and Chapter 5 

of this thesis were produced by printing, setting a first step towards future upscaling 

(Figure 6.2). Flexography and gravure printing are widely used to produce industrial coatings, 

and can reach printing speeds of 1 – 10 m/s and widths around 1 m.[10] In this thesis, a 

laboratory scale printability tester was used to demonstrate the suitability of the cholesteric 

inks for flexography and gravure printing. 

Oxygen insensitivity of the cationic photopolymerisation makes the use of an inert 

atmosphere unnecessary, suggesting another step that could be taken towards industrial 

applications is continuous curing. This could easily be achieved with the cholesteric coatings 

presented in Chapter 3 (Figure 6.2). Although the patterning of these coatings is currently a 

two-step lithographic procedure, this could be replaced by incorporating the desired pattern 

into the printing roll of the flexographic printer. Continuous photopolymerisation is more 

difficult to achieve with the wavelength-selective polymerisation procedure presented in 

Chapter 5. Nevertheless, this process could be scaled up using projectors to perform the 

individual polymerisation steps. 

Finally, the material costs of the monomers should be reasonable for industrial coating 

fabrication. The acrylate LC monomers that are commonly used to prepare LCNs are already 

produced on an industrial scale by companies such as Merck and BASF. Since the oxetane 

LCs used in this thesis share the same mesogenic units with these acrylate LCs, the large-scale 

synthesis of oxetane LCs could be feasible by developing similar industrial synthetic 

protocols. 

Alongside upscaling, material stability is a key factor towards future (industrial) applications. 

The photonic coatings, for instance, might be applied in conditions where UV light could 

lead to degradation of the LC polymer network. This deleterious effect could be reduced by 

the addition of UV stabilisers to the coating.[11] Although this could potentially lead to issues 

during photopolymerisation, approaches to combine UV stabilization with UV-induced 

polymerisation exist.[12] Other applications, such as aesthetic packaging coatings require 

properties such as high scratch resistance. Although the coatings presented in this thesis are 

fully polymerised, they might not yet have sufficient scratch resistance. If the scratch 
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resistance should turn out to be insufficient, a transparent (non-LC) protective polymer 

could be coated on top of the LCN. Another aspect that was not investigated in this thesis but 

will be of importance in future (industrial) applications, is coating adhesion. Monomers that 

polymerise through cationic mechanisms such as epoxides and oxetanes are known to have 

excellent adhesion to glass and flexible polymer substrates, for instance.[13] Furthermore, 

hybrid systems containing of acrylate and epoxide/oxetane monomers are also reported to 

result in better adhesion than their pure polyacrylate counterparts.[14,15] An additional increase 

in coating adhesion could be achieved by surface modification techniques such as plasma or 

corona treatment,[16] or by using a substrate that is treated with an adhesion promoting 

agent.[17] In the latter case, the compatibility with oxetane LC alignment should be studied 

first. 

6.4. Soft actuators from oxetane LCs 

Light responsivity 

Soft actuators were developed based on oxetane LCNs (Chapter 2) and acrylate-oxetane 

LC-IPNs (Chapter 4). In both systems, the stimuli-responsiveness of the liquid crystal 

network was triggered using temperature as the stimulus. However, in many practical 

applications, light would be a preferential choice for stimulus, as it can be more easily applied 

and spatio-temporally controlled. Therefore, the next step in the development of oxetane LC 

actuators would be to increase the scope of oxetane LCNs and acrylate-oxetane LC-IPNs by 

making them responsive towards light (see also section 6.1). 

Many different approaches have been developed to achieve light responsivity in LCEs and 

LCNs, such as using photothermal dopants like graphene, carbon nanotubes (CNTs) and 

dyes that can absorb light and indirectly heat the LC polymer,[18] or molecular photoswitches 

that convert light energy into mechanical work by changing their conformation and hence 

‘pulling’ on the network. Examples of such photoswitches include spiropyrans,[19] 

hydrazones,[20] and azobenzenes.[21] Molecular photoswitches are often preferred as they are 

strongly incorporated into the polymer network through covalent bonds, and also operate 

underwater.[22] Of these photoswitches, azobenzenes are among the most widely used in LC 

polymers since they have little effect on the molecular alignment during fabrication of the 

actuator.[21] However, when an azobenzene photoswitch (3) was functionalised with oxetane 

groups, incorporated into an oxetane LC mixture (Figure 6.3a) and polymerised, the colour 
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of the film switched from yellow to red (Figure 6.3b). As it turned out, the strong Brønsted 

acid HPF6 generated upon activation of the cationic photoinitiator protonates the 

azobenzene group (Figure 6.3c),[23,24] thereby altering its properties and absorption spectrum. 

As a result, little light-induced actuation was observed in these oxetane LCNs. 

Consequently, alternative approaches should be pursued to achieve light responsivity in 

oxetane LCNs. One option could be to alter the cationic photoinitiator system such that the 

acid that is generated is weaker, for example by using BF4
- or NO3

- as the anionic counterpart 

of the onium cation.  

Upscaling and material stability 

Similar to the photonic coatings discussed earlier, upscaling will be of key importance for 

future (industrial) applications of the soft actuators based on oxetane LCs. The soft actuators 

that were reported in Chapter 2 and Chapter 4 were still produced in glass LC cells. Such a 

production method is labour intensive, has inefficient material use and cannot be applied on 

a large scale. Production methods such as spray coating and printing techniques are more 

Figure 6.3. a) Molecular structures of the oxetane LC monomers 1 and 2, the azobenzene monomer 3, and 

the cationic photoinitiator 4. b) UV-vis absorbance spectra of solution of azobenzene monomer 3 and the 

cationic photoinitiator in toluene. Illumination with 365 nm UV light led to the disappearance of the 

azobenzene trans peak, and the formation of a broad peak corresponding to the protonated azobenzene. 

Inset: photograph of the LCN film. c) Protonation of the azobenzene monomer induced by the 

hexafluorophosphoric acid generated by the cationic photoinitiator. 
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commercially viable for these purposes. Recently, Verpaalen et al. demonstrated that 

responsive LC actuators can be prepared by spray coating a liquid crystal mixture on a thin 

biaxially oriented PET substrate.[25] A similar result might be obtained by employing 

flexographic and gravure printing of nematic oxetane LC inks (Chapter 3 and 5, Figure 6.1) 

on these substrates, provided that sufficient alignment is provided by the substrate in the 

nematic phase. 

Depending on the intended application, the material stability of the soft actuators would need 

to be optimised. The soft actuators reported in this thesis are less likely to be applied in harsh 

environmental conditions. Nevertheless, they have been tested by subjection subjected to 

high temperatures (150 °C). So far, consecutive heating and cooling cycles did not result in a 

decreasing actuation performance. However, further studies would be required to investigate 

the long-term stability of these actuators. Furthermore, if the intended application requires a 

different stimulus, such as light or humidity, the robustness of the actuator towards these 

stimuli should be studied as well. 

6.5. Future developments 

This thesis focuses on using oxetane LC monomers to produce photonic materials and soft 

actuators. However, the potential use of LCN materials in general is broader, as it includes 

interactive polymers,[26] smart windows,[27] reversible adhesion,[28] and soft robotics,[29] for 

example. The oxetane LCs used in this thesis have potential to be used in each application for 

which acrylate LCs were previously employed, and might provide benefits due to higher 

flexibility, reduced polymerisation shrinkage and the ability to be polymerised in air, for 

instance. 

Furthermore, the combination of acrylate and oxetane LCs in an LC-IPN has potential to be 

developed further for new applications. An interesting development would be to incorporate 

different functionalities in the individual networks to achieve stimuli-responsiveness towards 

different stimuli to create new interactive polymers, for example.[30] Furthermore, the control 

over the sequence of both polymerisation mechanisms, allowing them to occur either 

simultaneously or sequentially allows for control over the network structure in three 

dimensions. Phase-separation can be controlled throughout the polymer thickness, and 

Chapter 5 demonstrated that this process can also be used in the lateral dimension, allowing 

for three-dimensional control over the network structure in the LC-IPN. It would be 
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Chapter 6 

interesting to apply such an approach to other applications, such as to obtain new robotic 

devices. 

6.6. Conclusion 

This thesis described the fabrication of photonic materials and smart actuators based on 

oxetane LC monomers. The benefits of using these LCs have been described, as well as the 

potential of combining them with acrylate LCs. By further developing the advanced 

functional materials that were described in this thesis, and following the suggestions made in 

this Chapter, this will lead to a variety of interesting functional polymer materials that can be 

applied in various fields, such as sensors, smart windows, and soft robotics or providing 

aesthetic advantages to otherwise uninspired objects. 
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Samenvatting 
Fotonische Materialen en Zachte Actuatoren 

vanuit Vloeibaar Kristallijne Oxetanen 
Onderzoeksgroepen in zowel de academische wereld als in de industrie doen onderzoek naar 

het vervangen van anorganische actuatoren en fotonische structuren door zachte, flexibele 

materialen zoals polymeren. Verder zorgen deze polymeren ervoor dat fysieke interacties 

tussen mens en apparaat natuurlijker aanvoelen. Vele verschillende polymeren zoals 

hydrogelen, blokcopolymeren, polyelektrolyten en piëzo-elektrische polymeren zijn gebruikt 

om deze zachte materialen te maken. Vloeibaar kristallijne netwerken (LCNs) zijn bijzonder 

geschikt, aangezien zij voornamelijk worden gemaakt vanuit monomeren met een lage 

viscositeit die door zelforganisatie de gewenste oriëntatie aannemen voor polymerisatie. Dit 

vereenvoudigt fabricageprocessen, aangezien de gewenste fotonische materialen en zachte 

actuatoren in essentie zichzelf vormen. Vrije radicaalpolymerisatie van acrylaatmonomeren 

is de meest gebruikte methode om LCN materialen te maken. De veel minder gebruikte 

vloeibare kristallen met cyclische ethers als polymeriseerbare groep zijn echter een 

aantrekkelijk alternatief, en hebben potentiële voordelen ten opzichte van de traditionele 

LCNs gebaseerd op acrylaten. 

Dit proefschrift is gericht op het gebruik van vloeibaar kristallijne ether monomeren met 

oxetaangroepen als polymeriseerbare cyclische ethers voor het maken van fotonische 

materialen en zachte actuatoren. Allereerst zijn vrijstaande LCN films gefabriceerd, en 

gebruikt als zachte actuatoren. Deze polymere netwerken hebben anisotrope thermische en 

mechanische eigenschappen die eenvoudig te beïnvloeden zijn. De glasovergangs-

temperatuur in de netwerken kan gebruikt worden om de actuatoren tijdelijk te vormen in 

iedere gewenste vorm. Het uitlijnen van de vloeibaar kristallijne oxetanen in een boog leidde 

tot unieke cilindrische vormverandering in twee richtingen. Het uitstekende vormgeheugen 

van de folies werd gebruikt om cilindrische actuatoren te verkrijgen die tijdelijk bewaard en 

vervoerd kunnen worden in een compacte vorm. Dit maakt deze vouwbare oxetaan-LCN 

actuatoren aantrekkelijk voor toepassingen waar weinig ruimte beschikbaar is. 

Hierna is een chiraal dioxetaanmonomeer ontworpen en gesynthetiseerd. Nadat dit chirale 

monomeer werd toegevoegd aan een nematisch vloeibaar kristallijn oxetanenmengsel kon 
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een nieuwe categorie fotonische materialen met uitstekende verwerkingseigenschappen 

gemaakt worden. De cholesterische vloeibare kristallen mengsels (Ch-LCs) konden worden 

uitgelijnd en gepolymeriseerd in een glazen cel, waarna zeer flexibele vrijstaande Ch-LC folies 

konden worden verkregen. Deze folies konden lithografisch gepatroneerd worden om 

reflectieve patronen te maken met een hoge resolutie. De oxetaan Ch-LC mengsels konden 

ook met grote snelheid geprint worden op flexibele substraten door middel van flexografie. 

Deze industrieel relevantie printtechniek, samen met de mogelijkheid om de vloeibare 

kristallijne oxetanen aan de lucht te polymeriseren, is een belangrijke stap richting het 

opschalen van de productie van fotonische materialen. De huidige Ch-LC coatings vereisen 

nog een beperkende zuurstofvrije productieomgeving. Vergelijkbaar met de vrijstaande films 

kunnen de geprinte Ch-LC coatings ook lithografisch gepatroneerd worden tijdens 

fotopolymerisatie. Dit maakt deze polymeren potentieel bruikbaar als bijvoorbeeld anti-

namaak labels en als iridescerende gekleurde coatings. 

Een belangrijke eigenschap die vloeibaar kristallijne oxetaanmonomeren onderscheidt van 

acrylaatmonomeren is hun polymerisatie door middel van een kationisch 

ringopeningsmechanisme in plaats van vrije radicalen. Dit leidt tot nieuwe mogelijkheden 

voor het combineren van twee soorten monomeren om nieuwe vloeibaar kristallijne 

interpenetrerende netwerken (LC-IPNs) te synthetiseren, aangezien kationische 

polymerisatie orthogonaal is aan vrije radicaalpolymerisatie. Door beide methodes te 

combineren kunnen niet alleen echte interpenetrerende netwerken (IPNs) gefabriceerd 

worden, maar ook de polymeereigenschappen getuned worden. Door een gradiënt te creëren 

in de vernettingsgraad van beide polymere netwerken in de LC-IPN kon een polymeer 

materiaal met twee verschillende glasovergangstemperaturen verkregen worden. Hierdoor 

kan het materiaal gebruikt worden als een geheugenpolymeer dat drie verschillende vormen 

kan onthouden. Verder kan dit materiaal, mits uitgelijnd in een gebogen oriëntatie, gebruikt 

worden als een buigende actuator met een groter temperatuurbereik vergeleken met een 

actuator bestaande uit een enkel polymeernetwerk. 

Om de netwerkstructuur van een LC-IPN nog verder te beheersen kan behalve de 

gelijktijdigheid van de polymerisatiereacties ook hun snelheid gereguleerd worden. Dit is 

toegepast in een cholesterisch acrylaat-oxetaan mengsel van vloeibare kristallen om ofwel een 

cholesterisch LC-IPN te verkrijgen, of een fase gescheiden bilaag bestaande uit een niet-
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chirale polyacrylaatlaag bovenop een cholesterische LC-IPN laag. In essentie is het dus 

mogelijk om de netwerkstructuur in de IPN te moduleren door de dikte van het materiaal 

heen. De LC structuren konden verder gedefinieerd worden in 3D door middel van 

fotomaskers, wat resulteerde in gepatroneerde fotonische coatings met gelokaliseerde 

lichtreflectie. Aangezien de relatieve volumes van de cholesterische LC-IPN laag en de 

polyacrylaat laag de pitch van de cholesterische fase bepalen was het mogelijk om de kleur 

van de coating te reguleren binnen het hele zichtbare spectrum door de duur van de 

polymerisatie te variëren. Hiermee werd lokaal de mate van fasescheiding bepaald. 

Omgekeerd was het mogelijk om de kleur van de coating te gebruiken als een methode voor 

het bepalen van de mate van fasescheiding door de dikte van het materiaal heen. De processen 

die ontwikkeld werden in dit proefschrift kunnen belangrijk zijn voor de ontwikkeling van 

toekomstige vloeibaar kristallijne polymere materialen met programmeerbare 

eigenschappen.  

Samenvattend demonstreert dit proefschrift dat vloeibaar kristallijne oxetaanmonomeren 

gebruikt kunnen worden voor het fabriceren van fotonische materialen en zachte actuatoren 

met een breed toepassingsgebied. De vloeibaar kristallijne oxetanen zorgen hierbij voor 

voordelen dankzij hun hogere flexibiliteit, geringe polymere krimp en de mogelijkheid om 

aan de lucht te polymeriseren. Verder kunnen vloeibaar kristallijne oxetanen gecombineerd 

worden met vloeibaar kristallijne acrylaten om LC-IPNs te maken met een verscheidenheid 

aan geavanceerde functionaliteiten. 
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