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Preface 
 
This document represents my master thesis at the Eindhoven University of Technology in the 

group of Stimuli-responsive Functional Materials and Devices. With this thesis I will complete 

my study Chemical Engineering and Chemistry with the Molecular Systems and Materials 

Chemistry track. The aim of this research is to investigate the properties of oxetane functional 

liquid crystals and possible future applications where these oxetane functional liquid crystals 

can be used. During this research multiple characterisation techniques were used, such as, 

Differential Scanning Calorimetry, Dynamic Mechanical Analysis, Infrared spectroscopy, 

Polarized Optical Microscopy, Scanning Electron Microscopy  and UV-VIS-NIR Spectroscopy.  

 

 

Patricia Visser, July 2018 
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Presentation letter 
We are surrounded by systems and materials that adapt their function or properties to external 

stimuli in their natural environment e.g. temperature, humidity and light. An example of such a 

system is the human skin, which is able to adapt for instance to changes in temperature through 

opening and closure of pores. Inspired by this example, we would like to mimic this kind of smart 

materials. A way to obtain smart materials is by using liquid crystals (LCs). LCs have a state 

which is between crystalline and a liquid phase, making them suitable for dynamic applications.  

 

In this research, we want to combine acrylate and oxetane functional polymerisable LCs. First 

the behaviour and mechanical properties of oxetane liquid crystals will be investigated. Once 

achieved, acrylate and oxetane functional LCs will be combined in one system. IPNs will be 

made and the characteristics of this network will be investigated. Another aim of this research 

is to obtain a Bragg-reflector via cholesteric self-stratification which is able to reflect more than 

50% of the light. An alternating layered structure of acrylate and oxetane should be formed.  

 

In this study, we have obtained insight in the phase behaviour of oxetane LCs. The nematic to 

isotropic transition temperature increases with increasing amount of mono-oxetane, and the 

nematic window broadens. Further, we showed that by using a PVA substrate it is possible to 

obtain an aligned nematic phase for oxetane functional LCs.  

By combining acrylate and oxetane functional LCs in an IPN, we observed that it is possible to 

obtain a broad glass transition temperature (Tg). Furthermore, we have shown that the IPN was 

polymerised via an orthogonal polymerisation mechanism. The acrylate will first polymerise and 

subsequently the oxetane functional LCs.  

Acrylate and oxetane functional LCs were combined in one system, to obtain a Bragg-reflector 

via cholesteric self-stratification. A mixture was obtained which was able to undergo cholesteric 

self-stratification. This was indicated by the angular dependency of the transmission. Further we 

observed that a minimum intensity of 8 mW/cm2 is required to obtain cholesteric self-

stratification. To get closer to a future application of this kind of Bragg-reflector, a reflection band 

in the infrared light regime was obtained.  

 

For future work, the influence of the polymerisation mechanism should be investigated, because 

it is possible to polymerise IPNs via two methods (i.e. sequential or simultaneous). In order to 

obtain a spontaneous change in shape of the IPN, different alignments could be investigated. 

To get a reflector which is able to reflect over 50% of the light, research should be done to obtain 

difference in refractive index between the layers. Fluorinated acrylate or oxetane LCs could be 

investigated.    
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1 Introduction 

We are surrounded by materials which adapt their function or properties to external stimuli in 

their natural environment e.g. temperature, humidity and light.1 An example of a system capable 

of adapting its outward appearance and function is the human skin. The human skin is multi-

functional and reacts reversibly on multiple external stimuli (Figure 1). One of its functions is to 

regulate the body temperature, by opening and closing the pores. At low temperature the pores 

will be closed and the hairs will stand upright. Furthermore, the skin is able to protect itself to 

radiation. When the skin is exposed to ultraviolet radiation, pigmentation of the skin will occur 

to protect the skin against ultraviolet damage.2 The skin is also able to heal itself if damage has 

occurred, such as a cut. This all provides inspiration to mimic these kinds of smart materials. 

 
Figure 1. Multi-functional human skin. (a) The skin adapts on temperature. (b) Self-healing of the skin, a 
damaged skin. (c) Self-healing of the skin, a healed skin. 

 

A way to obtain such smart materials which react to their environment is by using liquid crystals 

(LCs). As LCs are molecules with a state of matter between crystalline and liquid, having a 

degree of order somewhat similar to the crystalline state and be able to flow as a liquid.3 This 

characteristic makes LCs a suitable class of molecules to create a responsive material. Because 

of its anisotropic properties, the mechanical properties will be dependent on the alignment 

direction e.g. homeotropic of planar. 

 

The term thermotropic monomeric LCs refers to the influence of temperature on the formation 

of the mesophase. These small molecular LCs have no mechanical strength. By adding a 

polymerisable functional end group to the LC, it becomes possible to obtain a liquid crystalline 

polymer network, which does have mechanical strength, making it more suitable for real-life 

applications. Often, the polymerisable end group is an acrylate functional group. However, 

acrylates have some disadvantages. For example, polymerisation requires an oxygen poor 

environment. Furthermore, shrinkage occurs during polymerisation.4 To overcome these 

disadvantages other polymerisable functional groups can be used, such as oxetanes (Figure 

2).  

a b c 
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Oxetanes can be polymerised through a cationic ring-opening polymerisation, allowing the 

polymerisation to be performed in air. Though oxetane LCs have already been developed 

they’re not covered extensively in literature.4 Therefore, a fundamental study is performed to 

obtain a better understanding about the characteristics of oxetane functional liquid crystals. 

 

 
Figure 2. Example of acrylate functional reactive mesogen and an oxetane functional mesogen. 

Combining acrylate and oxetane functional LCs into one system can be very interesting for 

future applications. For instance, interpenetrating polymer networks (IPNs) of acrylate and 

oxetane LC polymers can be prepared. An IPN consists of two or more chemically different 

networks, which are interwoven with each other. IPNs can for instance be used to obtain a 

shape memory effect in a polymer. For this shape memory effect it is required to have a 

transition point, such as a glass transition temperature (Tg) or a melting temperature.5 A shape 

memory effect allows a material to return from its imposed deformed state to its original state 

by exposure to an external stimulus.  

 

Combining acrylate and oxetane functional LCs in an IPN, will give new possibilities to an IPN. 

Because, of the possibility to obtain alignment of LCs in an IPN, which will give that an IPN will 

change shape without an imposed deformed state. Lee, et al. (2012) showed already that it is 

possible to obtain a spontaneous shape formation, by using an twisted nematic alignment.6 An 

IPN is known for having a broad Tg, which makes it possible to obtain multiple temporary shapes 

in a shape memory material.7 By combining acrylate and oxetane LCs in an IPN it will be 

possible to obtain a broad Tg and multiple spontaneous shape changes without an imposed 

deformed state.   

 

The characteristics of LCs make it possible to obtain dynamic applications. For instance, these 

properties can be used to obtain a dynamic coating. A dynamic coating can be used to 

selectively reflect or transmit a certain part of the solar spectrum. This makes these coating 

useful as an energy-saving application in the built environment. 

The sun plays an important role in the built environment by providing free heating, with the 

negative side effect it will often heat up building interiors to above comfortable temperature. The 

solar spectrum consists of ultra-violet (UV), visible and mostly infrared light (Figure 3). Infrared 

light, invisible to the human eye, passes through certain surfaces (e.g. window panes) and 

significantly contributes to the heating of building interiors.8 A dynamic heat-sensitive coating 

allowing infrared light to pass through at low temperatures and to be blocked at higher 

temperatures would definitely contribute to energy savings through reduced cooling.9,10  
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It is possible to combine acrylate and oxetane LCs in a system to obtain such a dynamic 

adaptive reflector. LCs are molecules that under certain circumstances can reflect light and 

adapt to temperature changes. Cholesteric liquid crystals (CLCs) are a specific phase and able 

to reflect light by resembling a Bragg-reflector. A major disadvantage of CLCs for energy-saving 

purposes is that they can only reflect left- or right-handed polarized light, limiting reflection, 

hence efficiency, to 50%. A classic Bragg-reflector consists of alternating layers with different 

refractive indices. The difference in refractive index causes a reflection of light of over 50%. By 

using acrylate and oxetane functional LCs, with a difference in refractive index it is possible to 

obtain alternating acrylate and oxetane layers that exceed the 50% reflection limit of 

conventional CLC coatings.  

 

 

 

 

 

 

 

 

 

 

 

The aim of this research is to obtain more insight in the behaviour and mechanical properties 

of oxetane functional LC. Once achieved, acrylate and oxetane functional LCs will be combined 

in one system. IPNs will be made and the characteristics of this network will be investigated. 

Another aim of this research is to obtain a Bragg-reflector which is able to reflect more than 

50% of the light. Cholesteric self-stratification is a known method to obtain diffusion within the 

cholesteric liquid crystal. By applying this method, a layered structure should be obtained 

resembling a Bragg-reflector (Figure 4).11,12 

 

 
Figure 4. Schematic representation of cholesteric self-stratification, which results in the formation of a 
layered acrylate oxetane system.13 

Figure 3. Solar spectrum. 
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2 Theoretical background 

2.1 Liquid crystals 

2.1.1 Thermotropic liquid crystals 

Liquid crystals (LCs) have a mesophase, a state of matter between the crystalline and liquid 

phase. The crystalline phase is characterised by its ordered and rigid structure, where a liquid 

has no defined order or shape and is able to flow due to the freedom molecules have in the 

liquid phase. LCs, due to their mesophase, share properties of both the crystalline- and liquid 

phase combining the dimensional order of crystalline state and the ability to flow like a liquid.14  

 

LCs are divided into two widely known classes: thermotropic and lyotropic LCs. Thermotropic 

liquid crystals refers to the influence of temperature on the formation of the phases. Upon 

heating LCs, the liquid crystalline phase will be formed above melting point; this is a liquid phase 

with order. By increasing temperature the LCs will turn into an isotropic liquid phase at the 

clearing point. Thermotropic LCs often consist of molecules with an anisotropic shape.  

Lyotropic LCs are often amphiphilic molecules which will form micellar phases; these molecules 

dissolve in a solvent. The phase transition depends on the concentration and temperature. This 

research is restricted to thermotropic LCs only. 

 

Upon heating beyond the crystalline phase, which has 3D-order, the smectic phase is formed. 

The smectic phase consist many different phases though they all have 2D-order, i.e. positional 

and directional molecular order. If the heating continues, the nematic phase is formed. Within 

the nematic phase molecules are align parallel to their long axis. Therefore, only directional 

molecular order is present in the nematic phase (1D order). Further temperature increase 

introduces the isotropic phase, characterised by the lack of order (see Figure 5).15 

Figure 5. Liquid crystal states, upon heating the order decreases. 
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LC molecules can have different shapes, e.g. rod-like (calamitic) and disk-like (discotic). This 

research focuses on rod-like liquid crystals. Calamitic LCs have a stiff central core with a flexible 

spacer attached to it and a polymerisable reactive end group attached to the end of the spacer 

(Figure 6). Examples of the polymerisable groups are acrylates, oxetanes, epoxides and vinyl 

ethers. Liquid crystalline molecules possess directional dependent properties, this is called 

anisotropy. Anisotropic characteristics are due to the rod-like shape of the molecules, therefore 

are the characteristics different on the ordinary (perpendicular) and extraordinary (parallel) axis. 

Consequently, the refractive index parallel is different from the refractive index perpendicular to 

the director16. The optical anisotropy of the refractive index, also known as birefringence (Δn), 

as result of a different interaction with light along the parallel and perpendicular axes of the rod.  

Optical anisotropy is also present in calamitic LCs. The birefringence can be calculated with 

Equation (1).17  

 

∆𝑛 = 𝑛𝑒 − 𝑛𝑜   (1) 

 

 

 

 

 

 

 

2.1.2 Cholesteric liquid crystals 

By adding a chiral dopant or a mesogenic molecule with a chiral centre to a nematic liquid 

crystalline mixture, a cholesteric or chiral nematic phase is formed. The chiral dopant induces 

a rotation in the directional order with respect to the neighbouring layers. This results in the 

formation of a helix, oriented either left or right handed, depending on the R or S enantiomer of 

the chiral dopant.12 The length of the helix is characterised by the pitch, which is the length to 

obtain a 360 degree turn. Equation (2) shows that the length of the pitch is determined by the 

helical twisting power (HTP) and the concentration of the chiral dopant.The HTP also 

determines the handedness of the twist, a negative HTP indicates a left-handed twist, while a 

positive HTP indicates a right-handed twist. Due to birefringence of the LCs and the helical 

twist, is the cholesteric phase able to reflect light. There is an alternating refractive index in the 

helical twist, similar to a Bragg reflector, which results in partial reflection of a wavelength by 

constructive interference (Figure 7).8 

ne 

no 

Figure 6. Schematic representation of a liquid crystalline molecule. 



  Technische Universiteit Eindhoven University of Technology 
 

14 Properties and applications of hybrid oxetane-acrylate liquid crystal polymer networks 
 

 
Figure 7. Reflection of right-handed circularly polarised light, and transmission of left-handed circularly 
polarised light. 

The pitch determines which wavelength is reflected, a large pitch will reflect larger wavelengths 

and a small pitch will reflect shorter wavelengths.9 The reflected wavelength that will be reflected 

is determined by the pitch and the average refractive index, Equation (3). The bandwidth which 

is reflected is determined by the birefringence and the pitch, Equation (4).  
  

𝑝 =
1

[𝑐]∗𝐻𝑇𝑃
    (2)  

𝜆𝑟𝑒𝑓𝑙 =  𝑛𝑎𝑣𝑔 ∗ 𝑝   (3) 

∆𝜆𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 = 𝑝 ∗ 𝛥𝑛   (4) 

The handedness of a helical twist interacts only with the same handedness of the circularly 

polarized light. Therefore, a cholesteric liquid crystalline film only reflects one handedness and 

the other handedness is transmitted through the film. Since light consists of left-handed and 

right-handed circularly polarised light, the reflection is limited to 50%. Therefore, the 

handedness of the helical twist is a limiting factor in obtaining a reflector. This is schematically 

shown in Figure 7, that right-handed circularly polarized light is reflected and the left-handed 

circularly light is transmitted through the cholesteric phase.8 

 

An interesting property of LCs is the anisotropic behaviour. Because, orientation is important to 

observe the anisotropic characteristic. Therefore, it is important that the LCs are aligned in a 

certain direction. It is possible to align the smectic, nematic and chiral nematic phase, the main 

directions are the homeotropic alignment and the planar alignment (Figure 8). By a homeotropic 

alignment the molecules have a vertical position with respect to the surface. The molecules 

have a horizontal position at the planar alignment.18 
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Figure 8. (a) planar alignment (b) homeotropic alignment 18 

 

There are several methods known to obtain alignment, in this research nematic and chiral 

nematic phases are used, therefore only the methods which are suitable for these phases will 

be discussed. 

A method to obtain a homeotropic alignment is by using lecithin. Lecithin is an amphiphilic 

molecule, so it consists of a hydrophilic and hydrophobic part. By applying a lecithin solution on 

a glass-substrate the hydrophilic part will adhere to the substrate, the LCs molecules will align 

parallel to the hydrophobic tails, where a homeotropic alignment is formed, which is depicted in 

Figure 9.18  

 
Figure 9. Homeotropic alignment obtained by using a lecithin solution.18 

 

To obtain a planar orientation often an alignment layer of surface modification (rubbing method) 

is used. By this method a coating is applied on a glass substrate. As coating can for example: 

polyimide, nylon and polyvinyl alcohol be used. Subsequently, the coated substrate is rubbed 

with a velvet cloth. This rubbing creates nano grooves in one direction, the combination of steric 

and dispersive interfacial interactions gives that LC molecules align in a planar direction18. 

 

Another method to obtain a planar alignment, is by using a shear force. For this method it is 

needed to have the LC mixture in a cell, this method can be executed with rubbed polyimide 

glass plates if nessesary.18,19 Other methods to align liquid crystal phases are by an electric 

field and magnetic field. 

 

It is possible to obtain a homeotropic and planar alignment for the cholesteric phase. The 

alignment with the helical axis parallel to the surface is known as homeotropic orientation, which 

is depicted in Figure 10a, this results in a fingerprint structure. The orientation of the helical axis 

perpendicular to the surface is called a planar orientation (Figure 10b).12 The planar orientation 

is able to reflect a specific wavelength depending on the pitch. The homeotropic orientation is 

transparent for all wavelengths.8 

a b 
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Figure 10. Orientation for cholesteric liquid crystals (a) homeotropic alignment (b) planar alignment 12 

2.2 Polymerisation mechanisms 
In this research acrylate and oxetane functional LCs are polymerised to obtain a liquid 

crystalline polymer network. There are two different polymerisation mechanisms involved in 

order to polymerise these acrylate and oxetane functional LCs. Acrylates will be polymerised 

through a free radical polymerisation reaction. A cationic ring-opening mechanism takes place 

to polymerise oxetane functional LCs. Epoxides which have a kind of similar functional group 

as oxetanes, are also able to undergo a cationic ring-opening polymerisation. However, 

oxetanes are preferred over epoxides, because epoxides have a relatively slow polymerisation 

rate, and moreover, a side reaction can occur which results in a yellow and scattering material, 

which is undesirable20. 

2.2.1 Cationic ring-opening polymerisation 

Oxetane functional end groups will polymerise through a cationic ring-opening polymerization. 

The polymerisation can be initiated by either a photoinitiator or thermal initiator. In this research 

a cationic photoinitiator is used, which means that the polymerisation reaction starts by 

exposure to UV-light. Triarylsulphonium salt is used as photoinitiator. Under exposure to UV-

light the bond between the protonated sulfur and the aryl group will break into two radical 

fragments. Subsequently, the aryl radical and the sulfinyl radical cation can abstract a hydrogen 

from the environment, which should probably be from a solvent or LCs. Next, an acid is able to 

abstract a hydrogen from the diphenylsulfonium cation. So, finally diphenyl sulfide is formed, 

and an available proton to initiate the cationic ring-opening polymerisation (Figure 11).21,22 Due 

to the presence of a radical fragment, the initiator is able to initiate a free radical 

polymerisation23. Therefore, the free radical polymerisation should be the first step and the 

cationic ring-opening polymerisation the second step, if it is desired to polymerise the acrylate 

and oxetane functional liquid crystals separately from each other.4,24  

 

a b 
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The cationic ring-opening polymerisation will propagate by addition of a proton to the electron 

rich oxygen atom from the oxetane ring. The oxetane ring will open by donating electrons to the 

protonated oxygen. The propagation will continue by addition of an oxetane ring and the ring-

opening. The propagation reaction is depicted in Figure 12. 

 
 

 

 

 
  
 
 
 
 

 
 

 
 
 
 
 

 

Figure 12. Mechanism of cationic ring-opening polymerisation of oxetanes. 

2.2.2 Free radical polymerisation 

Acrylate functional groups will be polymerised through a free radical polymerisation mechanism. 

This mechanism make use of a photoinitiator, which will initiate the reaction when it is exposed 

to UV-light. During this research, two different photoinitiators are used. For polymerisation of 

the  IPN, Irgacure 819 is used. The initiation mechanism for Irgacure 819 is depicted in Figure 

13. For polymerisation of the acrylate function LCs in the liquid crystal based Bragg reflector, a 

dichroic photoinitiator is used (paragraph 2.6, Figure 25). Both photoinitiators will decompose 

whereby two radical fragments are formed. These radicals are necessary for initiation and 

propagation of the reaction. Figure 14 shows that the acrylates are added one after another to 

the polymer chain, so it is a chain-growth polymerisation.23 

Figure 11. Initiation mechanism of the triarylsulphonium salt. Whereby R is liquid crystalline material. 
The aryl radical and the sulfinyl radical cation abstract hydrogen form the environment. 
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Figure 13. Initiation mechanism of Irgacure 819.25 

 

 

2.3 Liquid crystalline polymer networks 
There are three main classes of liquid crystalline polymers that can be distinguished (Figure 

15). By adding a reactive polymerisable endgroup to the spacer of the liquid crystalline 

molecule, it is possible to obtain a polymer network of LCs. Such reactive end groups are 

susceptible towards photo- or thermal-polymerisation. When the end groups react with each 

other, a crosslinked network is formed if di-functional molecules are present. Polymeric 

materials made of liquid crystalline molecules have also got an anisotropic character, similar to 

small molecule LCs. 

 

Liquid crystal main-chain polymers (LCPs) are linear polymeric chains, which organise into a 

liquid crystalline phase due to the rod-like shape and stiffness of the repeat units in the chain 

and due to intramolecular interactions (e.g. hydrogen bonding). Upon heating, these LCPs 

undergo a minimal change of order (described by order parameter S).26  

 

Another class are liquid crystal elastomers (LCEs), which are commonly made in a two-step 

polymerisation process.26 These LCEs have a flexible polymer backbone with LCs attached to 

it. Polysiloxanes are often used as flexible backbone.27 LCEs are characterised by a low 

crosslink density, low glass transition temperature and high flexibility. However, due to the high 

viscosity of LCEs it is difficult to process this type of liquid crystalline polymer network.26,28  

 

Liquid crystal polymer networks (LCNs) are crosslinked networks, which have a higher crosslink 

density in comparison with LCEs. The functionality of the liquid crystalline monomers affects 

the degree of crosslinking. Therefore, the density of the network is determined by the ratio of 

functionality of the LCs, and therefore, also affects the mechanical properties. LCNs have as 

Figure 14. Mechanism of free radical polymerisation of acrylates. 
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advantage that it is possible to process in the monomeric state and polymerise afterwards. 

LCNs have some interesting optical and responsive properties (e.g. temperature responsive 

coatings)9. 

As RMs, acrylates are most used, because of their high photo polymerisation rate.29  Acrylate 

functional RMs will be polymerised via a free radical polymerisation, this has as disadvantage 

that oxygen acts as an inhibitor. Therefore, a nitrogen atmosphere is required for acrylate 

polymerisation. This makes it more complicated to obtain applications on a larger scale.30 

Furthermore, acrylic monomers are known to suffer from polymerisation shrinkage, this is due 

to the replacement of van der Waals bonds by the shorter covalent bonds. Shrinkage causes 

material failure and shortened service life.31 To overcome these disadvantages, other 

polymerisable groups such as thiolene, epoxide and  oxetane monomers can be used as RMs. 

Thiolene monomers have as disadvantage that a complex chemical structure is needed to 

obtain a crosslinked system.4 Epoxides and Oxetanes will be polymerised via a cationic ring-

opening polymerisation, oxygen has no influence on this reaction, which gives that a nitrogen 

atmosphere is not needed during polymerisation. Oxetanes are preferred over epoxides, 

because side reactions may occur during epoxide polymerisation. Also less shrinkage is 

observed by polymerisation of oxetane RMs in contrast to acrylate RMs.30   

 

 
Figure 15. Schematic representation of polymer networks. (a) LCP, (b) LCNs, (c) LCEs 26 

2.3.1 Interpenetrating polymer network (IPN) 

Interpenetrating polymer networks (IPNs) consist of two or more chemically different networks, 

which are not covalently bound. However, the networks are interwoven with each other, which 

gives the characteristic that IPNs cannot be separated without breaking chemical bonds.32 IPNs 

can for example be used to obtain a shape memory effect in a polymer.5  Shape memory effect 

(SME) gives that a polymeric material returns from its deformed state to its original state by 

exposure to an external stimulus in the presence of a transition temperature (e.g. thermally and 

light induced).33,34 In an IPN the properties of one of more networks are combined, which 

enhance the material performance.35 

An IPN can be obtained by a sequential or a simultaneous synthesis. In the sequential synthesis 

method, first one monomer is polymerised and crosslinked to a give a network. This first network 

is then swollen with the other monomer and/or crosslinked which is polymerised in situ32,35. The 

resulting second network will be interwoven with the first network. Using the other method, 
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simultaneous synthesis, the monomers and crosslinkers of both networks will be mixed. Upon 

polymerisation of the mixture, this process gives as result that both networks are formed 

simultaneously. However, with this method the monomers must have different functional groups 

that form an independent network, which will be interwoven with the other network. 7,32,35 During 

this research, an IPN based on an acrylate and an oxetane network will be formed by the 

sequential synthesis method. Since, acrylates and oxetanes possess orthogonal functionality, 

this should result in an acrylate network which is interwoven with an oxetane network. To get 

more than one temporary shape in a shape memory polymer (SMP), multiple transition 

temperatures, such as a Tm or Tg, are required. It is known that IPNs can have a broad Tg, which 

makes it suitable for multiple shape memory materials.6  Previous work from Tao Xie showed 

that it is possible to obtain quadruple-shape memory properties for a polymer network (Figure 

16).36 The temporary shapes are formed by deforming the polymer at different temperatures.  

 

Figure 16. Tg and quadruple-shape memory properties of PFSA. (a) The storage modulus and tan δ. (b) 
s0: permanent shape, s1: first temporary shape, s2: second temporary shape, s3: third temporary shape 36 

 
 

  

  
a b 
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2.4 Mechanical properties of liquid crystal polymer 
networks 

The anisotropic nature of aligned liquid crystals also affects the mechanical properties of liquid 

crystalline polymers. Therefore, the mechanical properties will be different in the parallel and 

perpendicular direction of the molecular orientation.  

The storage modulus (E’), also known as the elastic modulus, describes the elastic behaviour 

of a material37. So, it is a measure of the stiffness of a material. The loss modulus (E’’) describes 

the viscous behaviour of a material. The complex or dynamic modulus (E*), which is measured 

with DMTA, consists of the loss and storage modulus (equation 5).  
 

𝐸∗ = 𝐸′ + 𝑖𝐸′′  (5) 

 

Upon heating of a cured sample the free volume increases with increasing temperature. If 

chains start moving, the glass transition temperature (Tg) is reached. Since the degree of 

polymerisation and crosslinking affect the movement of the chains, the Tg is dependent on the 

degree of crosslinking38. So, if the degree of crosslinking is high, the Tg will also be at a higher 

temperature  in comparison with a lower degree of crosslinking. In addition, the rubber plateau 

gives also information about the degree of crosslinking. Because, with increasing crosslink 

density, the rubber plateau will be at a higher modulus.  

 

With increasing temperature, a liquid crystalline polymer network will start in the glassy state 

and move to the rubbery state, the Tg marks the transition point between the two states. With 

changing state the physical properties also change, a glassy state is characterised by it’s hard 

and rigid properties, while in the rubbery state the polymer is soft and flexible.39  

 

Previous work from R.A.M. Himmet and D.J. Broer showed an anisotropic character of the 

dynamic modulus for different alignments of LCN material.40 This study showed that the 

dynamic modulus is higher in the parallel direction than in the perpendicular direction for a 

planar alignment (Figure 17). This can be explained by the fact that in the parallel direction the 

structure is more rigid, due to the presence of covalent bonds which can bend and stretch. In 

the perpendicular direction (backbone) are weaker van der Waals bonds presence. The 

dynamic moduli for the isotropic and twisted nematic alignment is in between the elastic 

modulus of the parallel and perpendicular direction of the planar alignment.  
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Figure 17. Elastic modulus of LCN material with different alignments. (a) parallel direction of planar 
alignment (b) perpendicular direction of planar alignment (c) isotropic alignment (d) twisted nematic 
alignment.40 

 

The storage modulus is determined with a dynamic mechanical thermal analysis (DMTA). 

During a measurement a known oscillating stress is applied on a sample which is clamped 

between two clamps whereafter the material response is measured, (Figure 18). The material 

will respond by an out-of-phase response with a phase lag present, for a viscous solid. An 

elastic solid will give an in-phase response without a phase lag. Because, the magnitude of 

deformation is related to the stiffness of a material. From this response it is possible to 

determine the storage modulus, loss modulus and the tangents delta. The tangents delta 

represents the ratio between the loss modulus and storage modulus (equation 6). 

 

 
Figure 18. An applied oscillating stress and the material response during a DMTA measurement.38 

 

𝑡𝑎𝑛 𝛿 =
𝐸′′

𝐸′  (6) 
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Due to the anisotropic properties of the aligned liquid crystalline polymer network, the coefficient 

of thermal expansion (CTE) is also direction dependent. This results in different values for the 

parallel and perpendicular direction of a planar alignment. The thermal expansion coefficient is 

defined as the change in length in response to the change in temperature37.  

Mostly, the thermal expansion coefficient has a negative value for the direction parallel to the 

molecular direction and a positive value for the direction perpendicular to the molecular director. 

This results in an increase in length in the perpendicular direction, and a shrinkage in the parallel 

direction, this is depicted in Figure 19. Below the Tg in the glassy state, the molecular volume 

increases with increasing temperature, due to increasing intermolecular distances. This results 

in a larger expansion in the perpendicular direction than in the parallel direction. Above the Tg 

in the rubbery state, the order parameter decreases with increasing temperature. However, the 

loss of order is restricted by the network, because the director angle will increase at increasing 

temperatures. As a consequence, the coefficient of thermal expansion will be positive in the 

perpendicular direction and negative in the parallel direction of the molecular orientation (Figure 

20).41 

 

 
Figure 19. Coefficient of thermal expansion. (a) perpendicular, (b) parallel, (c) isotropic and (d) average 
(2(a)+(b))/3).40  

 

 
Figure 20. Schematic representation of a oriented LCN material. A decrease of the molecular length and 
by increasing temperature.41 
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2.5 Bragg reflectors 

Nature provides numerous examples where the outward appearance (e.g. colour) of an 

organism or object is derived from its structure. Nature inspires researchers to mimic  these 

kinds of structures. There are many methods present to obtain colour in nature, like structural 

colour. Structural colour is due to a periodical geometrical structure on nanoscale (same order 

as the wavelength of light), which exist of alternating layers. There are various types of 

photonic crystals in nature where the periodicity defines the structure, e.g. 1D, 2D and 3D 

periodicity (Figure 21). Periodic materials consists of changing refractive indices that affect the 

propagation of light. In a one-dimensional photonic crystal the refractive index changes in only 

one direction, the other two directions stays the same.42,43  

 
 

 

 

 

 

 

 

Figure 21. Photonic crystals 

A Bragg reflector has the same periodical arrangement as a one-dimensional photonic crystal, 

therefore, a Bragg reflector is known as a kind of 1D photonic crystal (Figure 22).44 The 

alternating layers are composed of a high refractive index layer and a low refractive index 

layer. The reflective wavelength is a result of constructive interference of the reflected parts, 

for constructive interference to occur these reflections should be in phase. The layer thickness 

affects the interference, influencing the wavelength reflected. 

 

 

 

 
 
 
 
 

  

 

Figure 22. Bragg reflector, which consists of alternating layers with a different refractive index. 
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2.6 Cholesteric self-stratification 

To obtain a multi-layered system, such as a Bragg reflector, cholesteric self-stratification can 

be used. If a dichroic photoinitiator is added to a chiral nematic liquid crystal mixture, the dichroic 

photoinitiator will align within the cholesteric-nematic phase and arrange in the helices (Figure 

23). A cholesteric film does resemble a Bragg-reflector, but the reflection is limited to 50%. By 

using a cholesteric phase to obtain a Bragg-grating, the reflection will increase over 50%.  

 
Figure 23. Schematic representation of the distribution of the dichroic photoinitiator in a helical pitch.11 

 

Dichroic photoinitiators have an extended aromatic part which gives the molecules a more rod-

like shape, with a long axis along the aromatic rings (Figure 24). Dichroic photoinitiators have a 

specific characteristic, that it prefers to absorb light which is in phase with the dipole moment of 

the initiator. When dichroic photoinitiators are exposed to linear polarized light, mainly 

molecules which are oriented with their long axis parallel to the linear polarized light will absorb 

light. After absorption of linear polarized light the dichroic photoinitiator will dissociate into two 

radical parts, which will initiate the polymerisation reaction (Figure 25). 11,12,13,45 

 

 
Figure 24. Dichroic photoinitiator  

  
Figure 25. Linear polarized light is absorbed, resulting in dissociating of the dichroic photoiniator.13 
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Due to the characteristic of the dichroic photoinitiator, the areas where the dichroic photoinitiator 

has a parallel alignment with respect to the linear polarized light will polymerise. These areas 

have a high polymerisation rate due to the maximum absorption of linear polarized light. The 

areas where the dichroic photoinitiator does not have the parallel alignment will have a much 

slower polymerisation rate or do not polymerise, due to a minimum of absorption. This results 

in selective regions where polymerising areas arise. Because, polymers are formed at specific 

places within a pitch, phase separation will occur. 12,13  

 

In our system oxetane and acrylate functional end groups are used. As mentioned in paragraph 

2.2.2 acrylates will polymerise via a free radical polymerisation reaction. As a consequence, the 

RMs with an acrylate functional group will diffuse towards the polymerising areas. Furthermore, 

the RMs with an oxetane functional group diffuse towards the non-polymerising areas. So, a 

layered system is created which consists of alternating acrylate and oxetane layers (Figure 26). 

To obtain an increase in reflection, different refractive indices of the alternating layers are 

required.  

 

 
Figure 26. Cholesteric self-stratification, acrylates will diffuse toward the photo-activated areas. Eventually, 
alternating oxetane and acrylate layers are formed.12 

 

 

 

Diffusion of 
Oxetanes 

Diffusion of 
acrylates 
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3 Experimental section 

3.1 Materials 

There are several components used for making liquid crystalline mixtures. These chemicals are 

provided from a various number of suppliers. This section contains an overview of the chemical 

components used during this research. 

3.1.1 Acrylates 

The chiral dopant (3S,6R)-6-((4-((4-(((4-(acryloyloxy)butoxy)carbonyl)oxy)(benzoyl)oxy)                                                          

benzoyl)oxy)hexahydrofuro [3,2-b]furan-3-yl4-(((4-(acryloyloxy)butoxy) carbonyl)oxy)benzoate, 

(LC756) was purchased form BASF. The di-acrylate 2-methyl-1,4-phenylene bis(4-((6-

(acryloyloxy)hexyl)oxy)benzoate) (RM82) and the mono-acrylate 4-methoxyphenyl 4-((6-

(acryloyloxy)hexyl)oxy)benzoate (RM105) where purchased from Merck.  

RM82 
 
 
 
 
 

RM105 
 

Figure 27. Acrylates 

 

LC756 
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3.1.2 Oxetanes 

The di-oxetane 1,4-phenylene bis(4-(4-((3-methyloxetan-3-yl)methoxy)butoxy)benzoate) 

(Philips 1454) , the mono-oxetane 4-((4-(hexyloxy)benzoyl)oxy)-2-methylphenyl 4-(4-((3-

methyloxetan-3-yl)methoxy)butoxy)benzoate (Philips 1424)  and the di-oxetane 2-methyl-1,4-

phenylene bis(4-(4-((3-methyloxetan-3-yl)methoxy)butoxy)benzoate) (Philips 1241) where 

received from Philips Research Laboratories. 

 

 
Philips 1454 

 
Philips 1424 
 

 
Philips 1241 
 

Figure 28. Oxetanes 
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3.1.3 Initiators and surfactant 

The dichroic photoinitiator 1-(4'-heptyl-[1,1'-biphenyl]-4-yl)-2-methyl-2-morpholinopropan-1-

one was obtained from Merck. The cationic photoinitiator Triarylsulfonium 

hexafluorophosphate salts mixed with propylene carbonate (1:1) was from Sigma Aldrich.  

The surfactant (2-(N-ethylperfluoro-octanesulfonamide)ethyl methacrylate) was purchased 

from Acros. 

   

 
Dichroic photoinitiator 

 

 
Cationic photoinitiator 
 

 
Irgacure 819 
 

Figure 29. Initiators 

 

 
Figure 30. Surfactant 
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3.2 Procedures 

3.2.1 Preparation of a polyimide glass cell aligned with shear 

To prepare a polyimide rubbed substrate, 3x3 cm glass plates were cleaned by placing them in 

a beaker with acetone which was placed in an ultrasonic bath for 20 minutes. Thereafter an 

ozone treatment was performed for 20 minutes. Polyimide layer was applied on a glass 

substrate by spin-coating, using a Karl Suss CT 62 spin coater. The polyimide coated glass 

plates were placed on a hotplate at 100 °C for 15 minutes and thereafter in an oven at 180 °C 

for 2 hours. Lastly, the polyimide coated glass plated were rubbed on a velvet cloth. 

 

40 µL of the LC mixture was applied on a rubbed polyimide glass substrate and placed on a 

hotplate at 100 °C to evaporate the solvent. Thereafter a second rubbed polyimide glass plate 

was placed antiparallel on top of the first glass substrate. Shear force was used to align the LC 

molecules. Schematic representation of the procedure is depicted in Figure 31.  

 

 

 

 

 

 

 

3.2.2 Preparation of a polyvinyl alcohol glass cell 

To prepare a polyvinyl alcohol (PVA) rubbed substrate, 3x3 cm glass plates were cleaned by 

placing the glass plates in a beaker with acetone which was placed in an ultrasonic bath for 20 

minutes. Thereafter an ozone treatment was performed for 20 minutes. The 3 wt% PVA solution 

was filtered before it was applied on the glass plates. Thereafter, the applied PVA solution was 

distributed over the glass plates by using a spin-coater. The spin conditions of the Karl suss CT 

62 were 30 seconds at 1000 rpm. Next, the glass plates were placed on a 100 °C hotplate for 

10 minutes. Finally, the PVA coated class plates were rubbed on a velvet cloth.  

A droplet of the mixture was applied on the rubbed PVA glass plate an heated to the isotropic 

phase. Subsequently, a second rubbed PVA glass plate was placed antiparallel on top of the 

first glass plate. Lastly, the cell was slowly cooled down to the nematic phase of the mixture. 

 

Figure 31. Schematic representation of the preparation of a polyimide glass cell which is aligned with 
shear. 
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3.2.3 Preparation of a glass cell with a fixed distance 

To prepare a glass cell with a fixed distance, 3x3 cm glass plates were cleaned by placing the 

glass plates in a beaker acetone in an ultrasonic bath for 20 minutes. Thereafter an ozone 

treatment was done for 20 minutes. Then on each corner a droplet of glue was applied, which 

contains 20 µm glass spheres, to obtain a 20 µm spacing between the glass plates. Finally, the 

cells were placed under a low intensity UV lamp (Philips) for 10 minutes.  

3.2.4 Mixture preparation for acrylate/oxetane mixture for 

cholesteric self-stratification experiments 

The components were weighed in the desired ratio and dissolved in a solvent. Thereafter the 

mixtures were placed on a moving plate for at least 60 minutes to ensure thoroughly mixed 

samples. If necessary, the solvent was evaporated before using the mixtures. 

3.2.5 Mixture preparation of acrylate/oxetane mixture for IPNs 

The acrylate and oxetane component were weighed in the desired ratio. The mixtures were 

heated to the isotropic phase and mixed by using a vortex mixer. 

3.2.6 Polymerisation 

A high-intensity UV-light has been used for polymerisation. An EXFO Omnicure S2000 lamp 

with a range of 320-390 nm was used. The intensity was measured with a radiometer RM12 

from Opsytec Dr. Gröbel with a UVA sensor. 
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3.3 Characterization 

A variety of characterization methods is used to determine the characteristics of the samples.  

Differential Scanning Calorimetry (DSC) measurements were performed on a TA instruments 

Q1000 from TA instruments. For the determination of the glass transition temperature, an 

algorithm of the software calculates the transition temperature.   

 

Polarized Optical Microscope (POM) images were taken using a Leica DM2700M equipped with 

a DFC 420C camera. Temperature was controlled by using a Linkam temperature control stage. 

The pictures were studied by using LS V4.9 software.  

 

Fourier Transform Infrared Spectroscopy (FT-IR) measurements were carried out on a Varian 

670-IR FT-IR spectrometer, using the transmission mode. For this mode the LC mixture was 

coated on a sodium chloride substrate, because these salts have almost no interaction with the 

infrared light. A background correction was executed with the SpectraGryph 1.2 software. 

 

UV-VIS measurements were performed on a Perkin Elmer Lambda 750 UV-VIS-NIR 

spectrophotometer. A polarizer was fitted in the UV-VIS-NIR spectrophotometer to perform the 

angular dependency measurements. 

 

Dynamic mechanical analysis (DMA) measurements were performed on a DMA Q800 from TA 

instruments. The sample was placed between two rough clamps with a torque of 60 cNm. The 

length of the sample was determined by adding a preload of 0,01N. The glass transition 

temperature was determined with the Tan delta. 
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4 Results and discussion 

This chapter contains the results of the research performed. First a study was performed to get 

an insight in the mechanical properties of oxetane liquid crystals. The phase behaviour and 

glass transition temperature for the isotropic alignment are determined. Further, a method was 

developed to align a nematic phase of oxetane liquid crystals.  

 

The second part of this section describes a study where acrylate LCs and oxetane LCs are 

combined in an interpenetrating polymer network. The polymerisation mechanism is studied, 

the influence of the acrylate/oxetane ratio and the amount of crosslinker is determined. And 

there is looked into the anisotropic properties of the IPN. 

 

The last part of this results section describes a liquid crystal based Bragg reflector. In this part 

a composition of acrylate and oxetane is made to obtain via cholesteric self-stratification a 

reflector. The influence of the UV-light intensity during the polymerisation is studied. Finally, 

there is tried to obtain a reflection band in the infrared light regime. 

4.1 Oxetane study 

Oxetanes are an important class of molecules within the layered system. However, there is not 

a lot known about oxetanes in literature. Oxetanes have advantages compared to acrylates. 

For example it is possible to photopolymerise oxetanes in air while acrylates need an oxygen-

poor environment. Another advantage is that oxetanes have less shrinkage during 

polymerisation than acrylates.30 Therefore we have chosen to study the oxetanes thoroughly, 

to get a better understanding of the characteristics.  

4.1.1 Phase behaviour of oxetane monomers 

The phase behaviour of the individual oxetane monomers is known in literature, the transition 

temperatures for the monomers are shown in Figure 32.30 To get an insight into the phase 

behaviour of a mixture containing di-oxetane and mono-oxetane, mixtures were made with 

different ratios between the mono-oxetane and di-oxetane, see Table 1.The phase transition 

temperatures of the mixtures were determined with DSC.  
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Table 1. Ratios mono-oxetane and di-oxetane used to determine the phase behaviour of oxetane 
monomers. 

 

 

 

 

 

 

 

 

The results from the DSC measurements show that if the amount of mono-oxetane increases, 

the phase transition temperature from nematic to isotropic also increases. This is depicted in 

Figure 33. The change in phase transition temperature can be explained by the difference in 

phase transition temperature of the di-oxetane and mono-oxetane. Because, the mono-oxetane 

has a higher phase transition temperature (120 °C) then the di-oxetane (74°C). In addition, the 

nematic window broadens with increasing amount of mono-oxetane. However, the phase 

transition temperature from crystalline to nematic is not visible in the DSC results. This is 

probably due to slow crystallisation kinetics. Therefore, crystallisation does not occur in the 

timeframe of a DSC measurement. It is important to note that if the cationic photoinitator is 

added, the nematic to isotropic transition temperature lowers by approximately 20°C. 

 

 
 
 
 
 
 
 

Di-oxetane 
Philips 1241 

Mono-oxetane 
Philips 1424 

100 0 

75 25 

50 50 

25 75 

5 95 

Cr - 65°C - N - 74°C – I  

Cr – 66°C – N – 120°C – I  

Figure 32. Phase transition temperatures of the di-oxetane and mono-oxetane which are used to 
determine the oxetane properties. 



  Technische Universiteit Eindhoven University of Technology 
 

35 Properties and applications of hybrid oxetane-acrylate liquid crystal polymer networks 
 

 
 

Figure 33. Linear fit between the measurement point of the transition temperature N-I of the different 
di-oxetane and mono-oxetane ratios. The x-axis shows the ratio mono-oxetane and di-oxetane. 
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4.1.2 Glass transition temperatures of cured networks 

To observe the properties of polymerised oxetanes DSC and DMTA measurements are 

performed to determine the glass transition temperature (Tg). Above the Tg the polymer has a 

rubber behaviour and below the Tg a glassy state. The mixtures consisted of Philips 1241(di-

oxetane) and Philips 1424 (mono-oxetane). 

 

The measurements were performed on an isotropic film, because it was more convenient to 

obtain an isotropic film than an aligned film. For mixture with ratio 5 di-oxetane/95 mono-oxetane 

it was not possible to obtain a proper film which was suitable for the DMTA measurement. 

Because, it was not possible to remove the film from the cell without breaking. So, therefore the 

samples were too small for a DMTA measurements. For the mixture with ratio 100 di-oxetane/ 

0 mono-oxetane it was not possible to obtain a glass transition temperature with the DSC 

method. This was due to the absence of the Tg in the DSC measurement. 

  
Table 2. Glass transition temperatures measured with DSC and DMTA. 

Di-oxetane 
Philips 1241 

Mono-oxetane 
Philips 1424 

DSC (°C) DMTA (°C) 

100 0 - 99 

75 25 57 70 

50 50 39 55 

25 75 31 38 

5 95 21 - 

 

The results of both the DSC and DMTA measurements, which are depicted in Table 2 show 

that if the amount of mono-oxetane increases, the glass transition temperature decreases. This 

can be explained by the fact that a less dense network is formed if there is more mono-oxetane 

present, so less energy is needed to obtain movement of the polymer chains in the network for 

a rubbery behaviour. 

 

There is quite a large difference between the transition temperatures measured with the DSC 

and the DMTA. This can be explained by the fact that the DSC-spectra did not show a precise 

point which indicates the transition temperature, especially for a highly crosslinked network. The 

results from the DMTA measurements were clear in contrast to the DSC results. By measuring 

the loss- and storage modulus, from which the tan delta is determined, which clearly indicated 

the glass transition temperature.  
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Figure 34. Ratio di-oxetane and mono-oxetane versus glass transition temperature. With increasing 
amount of mono-oxetane the glass transition temperature will decrease. 

4.1.3 Alignment of the nematic phase 

Anisotropy is a characteristic feature of liquid crystal molecules, therefore the alignment of the 

molecules is important. Due to this characteristic, the (thermo)mechanical properties are 

dependent of the direction of the alignment.46 As mentioned earlier, several alignments are 

possible (paragraph 2.1.2). In this research we want to investigate the (thermo)mechanical 

properties of a planar aligned nematic phase. As mentioned in paragraph 2.1.2, several 

alignment layers of surface modification (rubbed substrates) are possible to obtain an aligned 

nematic phase. 

The conventional procedure with rubbed polyimide as substrates placed anti parallel on top of 

each other, was not suitable to obtain an alignment of pure oxetane mixtures. This resulted in 

a multi-domain alignment of the nematic phase.   

 

To overcome this alignment problem spin-coating was tried. The mixture which was used during 

spin-coating consisted of a di-oxetane, mono-oxetane, photoinitiator, and surfactant (Table 3). 

The surfactant (Figure 30) was used to maintain the planar alignment at the air interface. The 

mixture was dissolved in xylene with ratio 1:1, 1:2 and 1:3. Thereafter it was heated till 80°C 

and applied on a rubbed polyimide substrate with spin-coating, by 30 seconds on 1000 rpm.
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Table 3. Composition of mixture which was used for spin-coating. 

Component Wt % 

Philips 1241 70.5 

Philips 1424 23.5 

Cationic PI 5 

Surfactant 1 

 

The mixture which was solved in xylene with ratio 1:3, and applied by spin-coating on a rubbed 

polyimide substrate. The coating did not cover the whole substrate after evaporation of the 

xylene and polymerisation. By checking the alignment with cross-polarizers, an aligned nematic 

phase was visible (Figure 35a). To obtain a layer which covers the whole substrate, the mixture 

was dissolved in xylene with ratio 1:1. After spin-coating, evaporation of the solvent and 

polymerisation, the substrate was covered with the coating. However, when the alignment was 

checked with cross-polarizers it became visible that a multi-domain alignment was formed 

(Figure 35b). To obtain an aligned coating which is able to cover a substrate, the mixture from 

Table 3 was dissolved in xylene with ratio 1:2. This mixture was spin-coated, after evaporation 

of the xylene and polymerisation the alignment was checked by using cross-polarizers. This 

shows that there was an aligned nematic phase present. However, the coating did cover the 

surface but not homogeneous, Figure 35c. 

Since, the aligned nematic coating is not perfect by using rubbed polyimide as substrate, 

different surface modification layers are used, such as polyvinyl alcohol (PVA). Other alignment 

methods are tried, these methods are described in Appendix I. 

 

To obtain a aligned nematic phase of an oxetane mixture, PVA as modification layer was tried. 

A cell was made, which consist of two antiparallel placed rubbed PVA substrates on top of each 

other. The mixture was in isotropic phase applied in the cell and subsequently cooled down to 

the nematic phase and polymerised. With the cross-polarizers the alignment was checked, 

which is shown in Figure 36. From the results of the cross-polarizers can be observed that an 

aligned nematic phase is present. POM images also confirmed an aligned nematic phase.  

Figure 35. Oxetane mixture dissolved in xylene and applied by spin-coating on a rubbed polyimide 
surface. (a) ratio 1:3 (b) ratio 1:1 (c) ratio 1:2 
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Figure 36. Oxetane mixture aligned in a PVA rubbed cell.  
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4.2 Characterisation of an interpenetrating 
polymer network 

To obtain an interpenetrating polymer network (IPN), mixtures consisting of acrylates and 

oxetanes were made. The mixtures existed of different amounts of di- and monofunctional 

acrylates and oxetanes. The mixtures that were used are depicted in Table 4. For simplicity 

there is an extra table of the mixtures made (Table 5). This table shows the acrylate and oxetane 

fractions of the mixtures, with the amount of crosslinker of each fraction. 

As shown in Table 4 and Table 5, the ratio of acrylate and oxetane is varied and also the quantity 

of acrylate and oxetane crosslinker. The mixtures were applied on a rubbed PVA glass cell. 

There are two methods to polymerise these mixtures, namely an orthogonal and a simultaneous 

polymerisation method. There is chosen to perform an orthogonal polymerisation because, this 

method makes it possible to change the shape of the film after the polymerisation of the 

acrylates. Subsequently, the oxetanes will be polymerised with as result that the applied shape 

will maintain.  

The first step of the orthogonal polymerisation consists of 5 minutes at 7 mW/cm2 with usage of 

a filter, which blocks wavelengths smaller than 400nm, between the light source and the sample. 

During the first polymerisation step the acrylates were polymerised. The second polymerisation 

step consists of 10 minutes at full intensity (approximately 30 mW/cm2). During this second 

polymerisation step the oxetanes were polymerised. 

The simultaneous polymerisation method consists of 15 minutes at full intensity (approximately 

30 mW/cm2). The transition temperatures of the mixtures were determined with DSC before 

polymerisation. After polymerisation, the glass transition temperature was determined with DSC 

and. FT-IR was used to check whether the acrylates and the oxetanes had reacted. Further, 

the alignment was checked with the polarizing optical microscope (POM).  

 
 Table 4. Mixtures used for IPN study. The mixtures consisted of a di-acrylate, mono-acrylate,  
 di- oxetane, mono-oxetane, cationic photoinitiator and a photoinitiator for radical polymerisation. 

 
  

Mixture Di-acrylate 
RM82 
(wt%) 

Mono-acrylate 
RM105 
(wt%) 

Di-oxetane 
Philips 1241 
(wt%) 

Mono-oxetane 
Philips 1424 
(wt%) 

Cationic 
Photoinitiator 
(wt%) 

Irgacure 
819 (wt%) 

1 35,25 11,75 35,25 11,75 5 1 

2 52,9 17,6 17,6 5,9 5 1 

3 17,6 5,9 52,9 17,6 5 1 

4 4,7 42,3 42,3 4,7 5 1 

5 42,3 4,7 4,7 42,3 5 1 
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Table 5. Simplified overview of the mixtures used for the IPN study. The total amount (di- and 
monofunctional) of the acrylate and oxetane fraction are depicted (blue part). These oxetane and acrylate 
fraction consists of a fraction with crosslinker (green part). For example mixture 5, which has a 50  
wt% acrylate fraction, this fraction consists of 90 wt% acrylate crosslinker. The 50 wt% oxetane  
fraction consists of 10 wt% oxetane crosslinker. 

 

4.2.1 Orthogonal polymerisation 

The polymerisation of the IPN consists of two polymerisation steps (orthogonal polymerisation 

method). In the first step the acrylate will be polymerised and in the second step the oxetane 

will be polymerised. Whether it is an orthogonal polymerisation, is checked with an FT-IR 

measurement, and with washing of the sample after the first polymerisation step. Furthermore, 

SEM pictures were taken to observe if the unreacted part has been washed out.   

For the polymerisation of the acrylates, Irgacure 819 is used as initiator. As can be seen in 

Figure 37 the cationic photoinitator starts absorbing around 360 nm. Therefore, during the first 

polymerisation step a filter is used which blocks the light at wavelengths smaller than 400 nm. 

This gives as result that during the first polymerisation step the cationic photoinitator will not be 

activated. 

 
 Figure 37. Absorption spectra of the initiators used for IPN polymerisation. (a) Irgacure 819 47 
 (b) Cationic photoinitiator 48 

 Total amount of the fraction 
present in the mixture. 

Total amount of crosslinker 
present per fraction. 

Mixture Acrylate (wt%) Oxetane (wt%) Acrylate (wt%) Oxetane (wt%) 

1 50 50 75 75 

2 75 25 75 75 

3 25 75 75 75 

4 50 50 10 90 

5 50 50 90 10 

a b 
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 The FT-IR results of mixture 1 are depicted in Figure 38. From these results can be seen that 

the acrylate peaks at 1410 nm CH2 deformation vibration and 1280 nm =CH rocking vibration 

disappear, which indicates that the acrylates have reacted. From the data can be observed that 

the oxetane peak at 990 nm C-O-C stretch doesn’t change, which demonstrates that the 

oxetanes haven’t reacted during this first polymerisation step. The results of the second 

polymerisation step shows that the oxetane peak at 990 nm has disappeared compared to the 

pre-curing peak. So, the oxetanes have reacted during this second polymerisation step. 

 
 
Figure 38. FT-IR spectra orthogonal polymerisation of mixture 1. 

 
Another method to check whether acrylate and oxetane components react orthogonally, is to 

wash a film after the first polymerisation step. The film was washed with hot ethanol. Through 

washing the unreacted oxetane monomers are washed out of the film. With weighing of the film 

pre- and post-washing, it was checked whether the unreacted part was removed from the film. 

Mixture 1 and 5 are washed with hot ethanol, after washing the mass of the films has been 

reduced to 50% of the initial mass (mixture 1: 34,2 mg pre-polymerisation and 17,5 mg post-

polymerisation. Mixture 5: 27,6 mg pre-polymerisation and 13,5 mg post-polymerisation). This 

change in mass indicates that the unreacted oxetane part was present in the film, which 

indicates an orthogonal polymerisation reaction. 

There are SEM images taken of the washed and unwashed samples of mixture 1 and 5. We 

expected that cavities would be visible in the washed samples. As the unreacted part is washed 

out of the samples. The SEM images (Figure 39) show a more or less flat cross-section for the 

unwashed sample. The SEM image of the washed sample shows cavities in the cross-section. 

These cavities probably indicate that the unreacted oxetane part has been washed out.  These 

results demonstrate that probably an orthogonal polymerisation occurs.  
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To summarise, from the FT-IR, washing and SEM images can be concluded that the acrylates 

and oxetane react in the presence of Irgacure 819 and a cationic photoinitator via an orthogonal 

polymerisation reaction, if both photoinitiators are activated sequentially. 

4.2.2 One-step polymerisation 

In contrast to the previous described two-step polymerisation, it is possible to polymerise the 

acrylate and oxetane liquid crystal mixture in one step. Because, the cationic photoinitiator 

produces also radicals which can initiate the free radical polymerisation of the acrylates. To 

investigate the one-step polymerisation Mixture 1 (Table 4) is polymerised by the one- and two-

step polymerisation. During this one-step polymerisation the sample was exposed for 10 

minutes at full intensity (approximately 30 mW/cm2) without the usage of a filler, because both 

initiators should react.  

 

The films were analysed with FT-IR and POM. The FT-IR spectra showed for both 

polymerisation mechanisms that the acrylate peak at 1640 nm C=C stretch, 1410 nm =CH2 

deformation vibration, 1300 nm =CH rocking vibration disappeared. The characteristic oxetane 

peak at 990 nm symmetric C-O-C stretch also disappeared. This indicates that both the acrylate 

and oxetane LCs have been polymerised.  

The POM images (Figure 40) showed that there are more defects visible in the 1-step 

polymerisation than in the 2-step polymerisation. This can be probably explained that during the 

1-step polymerisation step more heat is formed, because with this 1-step polymerisation 

mechanism the acrylates and oxetanes will react at the same time. The heat which is generated 

during the reaction, probably causes that more deformations are formed.  

 

a b 

Figure 39. SEM images of a cross-section of mixture 1. (a) unwashed sample (b) washed sample 
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Figure 40. POM images of mixture 1.(a) and (b) 2-steps polymerisation. (c) and  
(d) 1-step polymerisation. 

4.2.3 Anisotropic properties of IPNs 

LCs are known for their anisotropic properties, which means that properties are direction 

dependent. Within the IPN the LCs are aligned, which gives that the IPN should also have 

anisotropic properties. To determine if the IPN has anisotropic properties, the loss and storage 

modulus are measured in the parallel and perpendicular direction with respect to the molecular 

director. Also, the thermal expansion is determined in the parallel and perpendicular direction.  

The anisotropic properties of the mixtures which are shown in Table 4 are determined with a 

DMTA measurement. Due to breaking of the samples during the DMTA measurements it was 

not possible to obtain data of two cycles in two directions. Therefore, mixture 4 has only data of 

the fist cyclae in the parallel direction. For the same reason, mixture 5 has no data for the 

perpendicular direction.  

 

The results of the determination of the loss and storage modulus of mixture 2 are depicted in 

Figure 41. These results illustrate that the storage modulus in parallel direction are slightly larger 

than in the perpendicular direction. This is also the case for the other mixtures. This can be 

explained by the more rigid structure in the parallel direction, due to the alignment of the LCS, 

than in the perpendicular direction. In the parallel direction will covalent bonds bend and stretch, 

which results in a higher storage modulus. In the perpendicular direction are more weak van 

der Waals bonds present (backbone) in comparison with the more rigid covalent bonds (LCs) 

in the parallel direction. Therefore, the storage modulus will be smaller in the perpendicular 

direction. 

a 
 

c 
 

b 
 

d 
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Figure 41. Storage and loss modulus of mixture 2 in parallel and perpendicular direction. 

 

The relative change in length is determined with the DMTA. The results of the measurement 

show upon heating shrinkage in the parallel direction (Figure 42). In contrast to the parallel 

direction an expansion in the perpendicular direction occurs upon heating. The thermal 

expansion coefficient is calculated according equation 7, at 100 °C with reference temperature 

at 25 °C. The thermal expansion coefficient is -61 10-6 K-1 for the parallel direction and 

142 10-6 K-1 for the perpendicular direction.  

It is important to note that the relative change of length is relative to the length of the film at 25 

°C. As mentioned in paragraph 2.4, upon heating below the Tg the molecular volume increases, 

which results in an expansion in the perpendicular direction. Above the Tg, the order parameter 

decreases, due to the increasing entropy. This results in shrinkage in the parallel direction and 

expansion of the film in the perpendicular direction. So, from these results we can conclude that 

the IPN has anisotropic properties. This is indicated by the difference in storage modulus for 

the parallel and perpendicular direction. Further, the change in length which shrinks in the 

parallel direction and expands in the perpendicular direction, shows that there are anisotropic 

properties present in the IPN. 

 

𝛼 =
1

𝑙0
∗ (

𝛿𝑙

𝛿𝑇
) (7) 
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Figure 42. Relative change of length versus temperature of mixture 1 cycle 2 

4.2.4 Acrylate/oxetane ratio 

The investigate the influence of the amount of the acrylate and oxetane ratio on the glass 

transition temperature (Tg), 3 different ratios have been measured (Table 6). The Tg is 

determined with the DMTA and DSC. The Tg is determined in the parallel and perpendicular 

direction with the DMTA, because of the anisotropic properties of the liquid crystals. However, 

we don’t expect a difference in Tg between the parallel and perpendicular direction. The results 

of the measurements are shown in Table 7. These results illustrate that there is about 10 °C 

difference between the first and second cycle. This can be explained by post-cure which takes 

place during the first cycle. Therefore, two cycles were measured, other measurements showed 

that there was no difference between the second and third cycle (Appendix II). From this data 

it has been found that there is no significant difference of the Tg between the parallel and 

perpendicular direction. As the data of the first and second cycle are comparable in the parallel 

and perpendicular direction.  

What can be observed from the data is that if the amount of oxetane increases the Tg  hardly 

change. Mixture 2 contains the smallest amount of oxetane followed by mixture 1, and mixture 

3 which has the largest amount of oxetane. However, there is barely a change in Tg, so probably 

the acrylate/oxetane ratio does not affect the Tg much. 

 

With an FT-IR measurement the polymerisation is checked. An unreacted sample is measured 

and compared with the results of a polymerised sample. It is expected that the characteristic 

acrylate and oxetane peaks will decrease or disappear if the polymerisation is successful.   

Figure 43 illustrates that after polymerisation the characteristic peaks of the acrylates C=C 

stretch (1640 nm), =CH2 deformation vibration (1410 nm) and =CH vibration (1300 nm) are 

absent. The characteristic oxetane peak C-O-C stretch (1035 nm) is absent.  



  Technische Universiteit Eindhoven University of Technology 
 

47 Properties and applications of hybrid oxetane-acrylate liquid crystal polymer networks 
 

This indicates that the oxetane and acrylate groups are polymerised. The POM images (Figure 

44) show that there is a planar alignment present, however there are some defects visible. The 

defects are indicated by the white dots in the picture, which also means that the defects have a 

different alignment than a planar alignment.  

 
Table 6. Composition of the mixtures of which the Tg is determined. 

 
Table 7. Glass transition temperatures determined with DMTA in parallel and perpendicular direction and 
with a DSC measurement. 

 

  

Figure 43. FT-IR spectrum of mixture 1 which is polymerised via a two-step polymerisation method. 

 
 
 
 
 

Mixture Di-acrylate 
RM82 (wt%) 

Mono-acrylate 
RM105 (wt%) 

Di-oxetane 
Philips 1241 
(wt%) 

Mono-oxetane 
Philips 1424 
(wt%) 

Cationic 
Photoinitiator 
(wt%) 

Irgacure 819 
(wt%) 

1 35,25 11,75 35,25 11,75 5 1 

2 52,9 17,6 17,6 5,9 5 1 

3 17,6 5,9 52,9 17,6 5 1 

Mixture Tg DMTA cycle 
1 parallel (°C) 

Tg DMTA cycle 2 
parallel (°C) 

Tg DMTA cycle 1 
perpendicular (°C) 

Tg DMTA cycle 2 
perpendicular (°C) 

Tg DSC (°C) 

1 68  82 66 76 57 
2 73 85 71 85 58 
3 65 75 71 80 58 
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4.2.5 Influence of the amount of crosslinker 

To obtain a broader Tg which is desired for an IPN with a future shape memory function with 

multiple shapes, the amount of crosslinker is varied. There are two different compounds present 

in this IPN. So, it is expected to have two separated Tg, as shown in Figure 45. 

The Tg of three different mixtures are compared. The mixtures contain the same total amount 

of acrylate and oxetane, namely a ratio of 50 wt% acrylate and 50 wt% oxetane. However, the 

amount of crosslinker of the acrylate and oxetane fraction vary.  

As can be seen in Table 8, a 50 acrylate/ 50 oxetane crosslinker (mixture 1), 10 acrylate/ 90 

oxetane crosslinker (mixture 4) and 90 acrylate/10 oxetane crosslinker (mixture 5)  amount has 

been chosen to investigate. The Tg is determined with the DMTA in the parallel and 

perpendicular direction. The Tg is also determined with a DSC measurement.  

 

 

Figure 45. Schematic representation of two separate Tg's in one mixture. 

Figure 44. POM images of mixture 1. (a) polarizer at 0°-90°, the white dots are defects with a different 
alignment than a planar alignment. (b) polarizer at 45°-135°, the dark dots are defects with a planar 
alignment. 

a b a 
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Table 8. Mixtures used to determine the influence of the amount of crosslinker. 

 

From the DMTA measurements which were performed can be seen that mixture 1 has quite a 

narrow Tg, the Tg is located at 67°C and around 35°C wide (Figure 46). The DMTA graphs of 

the first cycle of the parallel direction are depicted in Figure 46, for mixture 5 it was not possible 

to measure a second cycle, or a sample in the perpendicular direction. This was due to breaking 

of the film during the measurements, so therefore the comparison between the results of the 

first cycle in the parallel direction is made. Mixture 1 has quite a short and steep slope Figure 

46a, which indicates a more narrow Tg.   

This is in contrast to the DMTA results of mixture 4 and 5, which have a longer and less steep 

slope, see Figure 46b and c. Mixture 4 has a Tg located around 40°C  and around 50°C wide. 

The Tg of mixture 5 is around 35°C and approximately 75°C wide. This indicates that there is a 

broadening of the Tg in comparison with the Tg of mixture 1. The mixtures consisted of acrylate 

and oxetane part, so it was expected to observe two separated Tg’s. However, the results of the 

DMTA measurements didn’t show two separated Tg’s. This can be explained by the fact that 

the Tg of both compounds are probably close to each other. As a consequence, the Tg’s are 

merged in one broad Tg. 

Thus, by using a different amount of crosslinker of both network parts results in a larger 

difference between the acrylate and oxetane Tg, which gives a broader overall Tg. 

 

  

Mixture Di-acrylate 
RM82 (wt%) 

Mono-acrylate 
RM105 (wt%) 

Di-oxetane 
Philips 1241 
(wt%) 

Mono-oxetane 
Philips 1424 
(wt%) 

Cationic 
Photoinitiator 
(wt%) 

Irgacure 
819 (wt%) 

1 35,25 11,75 35,25 11,75 5 1 

4 4,7 42,3 42,3 4,7 5 1 

5 42,3 4,7 4,7 42,3 5 1 
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Figure 46. Results of DMTA measurements, cycle 1 in the parallel direction. (a) results of mixture 1, (b) 
results of mixture 4, (c) results of mixture 5. 

 

To summarise, from the results of the DMTA measurements can be concluded that if there is a 

large difference in crosslink density of the individual networks, this will broaden the Tg. However, 

there is only one broad Tg instead of two separate Tg’s, which is probably due to the small 

difference in Tg of the individual acrylate and oxetane networks. Instead of the separate Tg’s 

one broad Tg is formed, which is also suitable for an IPN with a shape memory function.  

 
 
 
 
 
 
 
 
 
 

 

a b 

c 
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UV 

4.3 Liquid crystal based Bragg reflector 

4.3.1 Composition acrylate and oxetane mixture 

In order to find a composition of  an acrylate and oxetane mixture that will form a layered system, 

due to cholesteric self-stratification, different mixtures were made. The mixtures existed of 

different amounts of mono- and di-functional acrylate and oxetane molecules. To obtain 

cholesteric self-stratification a dichroic photoinitiator was used, the absorption spectra is 

depicted in Appendix III. The mixtures which were used during these experiments are depicted 

in Table 9. The transition temperatures of the mixtures were determined by DSC (Table 9). The 

mixtures were polymerised by applying a 33 seconds pulse of 1mW/cm2  with a linear polarizer. 

Thereafter, the polarizer was removed and the polymerisation continued for 10 minutes at full 

intensity (approximately 30 mW/cm2). During the first polymerisation step the samples were 

divided into two parts, one part with the linear polarizer and a second part without linear polarizer 

(Figure 47). This was done to observe the influence of the linear polarizer. Transmission spectra 

and angular dependency of the reflection bands were measured with the Perkin Elmer UV-VIS.  

 
Table 9. Mixtures used for finding a proper composition. Mixtures consisted of a chiral dopant, di-acrylate, 

mono-acrylate, di-oxetane and mono-oxetane.   

   

 

 
 

 

 

 

 

Figure 47. Polymerisation setup with polarizer. Sample is divided into two parts, one part with a polarizer 
on top of the sample, and one part without the polarizer on top of the sample during polymerisation. (a) 
without polarizer, (b) with polarizer. 

Mixture Chiral 
dopant 
LC756 
(wt%) 

RM 82 
(wt%) 

RM 105 
(wt%) 

Philips 1454 
(wt%) 

Philips 1424 
(wt%) 

Dichroic 
photoinitiator 
(wt%) 

Transition 
temperature 
N-I (°C) 

1 4,5 20,5 24,5 25 24,5 1 89 

2 4,5 45 0 49,5 0 1 107 

3 4,5 35,5 24,5 10 24,5 1 63 

4 4,5 5,5 24,5 40 24,5 1 93 

5 4,5 20,5 32 10 32 1 88 
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4.3.2 Mixture 1 

Mixture 1 (Table 9, Figure 48) shows a pre-polymerisation reflection band centred around 670 

nm. After polymerisation two peaks appeared in the reflection band. In either case with and 

without using a polarizer. However, the peak at the highest wavelength decreases a little by 

using a polarizer, see Figure 49. The two peaks in the reflection band are probably due to phase 

separation of the mixture. To prove if phase separation has occurred, microscopy can be done 

and SEM images can be taken. Mixture 1 shows also post-polymerisation scattering at lower 

wavelengths. The scattering is probably caused by a non-ideal alignment, which will affect the 

reflection at smaller wavelengths.  

 
Figure 48. Transmission spectra of mixture 1 pre-polymerisation. The reflection band is centred around 
670 nm.  

  
Figure 49. Transmission spectra of mixture 1 post-polymerisation. The post-polymerisation reflection band 
is shown for the part with polarizer (red) and without polarizer (blue). The peaks in the reflection band are 
centred around 580 nm and 620 nm. 
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The angular dependency was determined by measuring a polarization scan with the UV-VIS. 

The polarization scan was measured at 580nm and 620nm, as these are the peak positions in 

the reflection band (Figure 49). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The angular dependency measurement results of the part where a polarizer was used, 

demonstrate there is angular dependency. The angular dependency has a transmission 

difference of about 25% between the highest and lowest transmission, which is depicted in 

Figure 51a. However, as is shown in Figure 51b, there is almost no angular dependency 

present, despite the use of a polarizer.  

The angular dependency is due to the self-stratification process, causing acrylate RMs diffuse 

towards the photo-activated areas within the pitch11. This results in a deformation of the pitch, 

with as a consequence that the transmission is angular dependent.  

 

The part of the sample where no polarizer was used does hardly show angular dependency at 

580 and 620 nm, see Figure 50a and b. This is due to the absence of the polarizer, therefore 

does self-stratification not occur and the transmission is not angle dependent.  

  

a b 

Figure 50. Angle dependency measurements of mixture 1 without using a polarizer. (a) measurement at 
580 nm. (b) measurement at 620 nm. 

a b 

Figure 51. Angle dependency measurements of mixture 1 by using a polarizer. (a) measurement at 580 
nm. (b) measurement at 620 nm. 
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4.3.3 Remaining mixtures 

The other mixtures that were made (Table 9) showed a reflection band after polymerisation 

which is depicted in Figure 52. These figures are the results of mixture 5, the other mixtures 

showed similar reflection bands. In contrast to the results of mixture 1, the other mixtures don’t 

have a double peak in the reflection band. Additionally, both parts of the sample do not show a 

lot of scattering at lower wavelengths, which contrasts with the results of mixture 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results of the angular dependency measurements, which are depicted in Figure 53, do not 

show a significant difference in transmission with respect to the angle. The lack of angular 

dependency in the part without polarizer can be explained by the absence of the polarizer during 

the polymerisation. No angular dependency is visible in the part where a polarizer was used 

during polymerisation, this is also the case for the other mixtures, except mixture 1. Due to the 

absence of the angular dependency in the part where a polarizer was used, we can conclude 

that probably no cholesteric self-stratification has occurred during polymerisation.  

This is particularly remarkable for mixture 5, because the composition is only slightly different 

from mixture 1.  

a b 

Figure 52. Transmission spectra post-polymerisation of mixture 5, the reflection bands are centred 
around 580 nm. (a) transmission spectra without using a polarizer. (b) transmission spectra by using a 
polarizer. 

a b 

Figure 53. Angle dependency measurements of mixture 5 measured at 580 nm. (a) angle dependency 
at part of sample were no polarizer was used. (b) angle dependency at part of sample were a polarizer 
was used.  
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So, you would expect that angular dependency should be noticeable. However, the 

transmission is not angular dependent for mixture 5. Thus, it is likely that a small change in the 

composition of the mixtures influences the cholesteric self-stratification process. Because, only 

mixture 1 shows angular dependency and the other mixtures didn’t show angular dependency. 

For this reason, there has been chosen to continue with the composition of mixture 1 for future 

experiments.  

4.4 UV-light intensity 

In order to observe the influence of the light intensity on the stratification process during the 

polymerisation, UV-light intensities ranging from 0,5 mW/cm2 to 25mW/cm2 were investigated. 

This study was performed with the same composition as mixture 1 (Table 9), the mixture was 

applied in a cell under shear. With UV-VIS the transmission spectra and the angular 

dependency were measured. Furthermore, transmission FT-IR spectroscopy has been 

performed to check whether the acrylates have been polymerised.  

 

The polymerisation method, which was based on previous research, consisted of a 33 seconds 

pulse with polarizer. Subsequently the polarizer was removed and the polymerisation was 

continued for 10 minutes at full intensity, which is around 30 mW/cm2. The intensity of the pulse 

was changed during this study, see Table 10 for the intensities which were investigated 

 
Table 10. Intensities used to investigate the influence of it during polymerisation. 

Intensity (mW/cm2) 

0.5 

1 

5 

8 

25 
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The results from the UV-VIS measurements show that the intensity of the pulse does not affect  

the reflection band. The reflection band was similar for all the intensities. However, the angular 

dependency measurements show a difference between the intensities. At lower intensities, from 

0,5 mW/cm2 till 5 mW/cm2, there is no angular dependency visible, this is shown for the intensity 

of 0,5 mW/cm2 in Figure 54 . The remaining lower intensities have a similar reflection band and 

angular dependency behaviour. However, Figure 55 shows that at higher intensities 8 mW/cm2 

and 25 mW/cm2 quite a large difference, approximately 35%, in angular dependency. This 

indicates that cholesteric self-stratification has taken place. The reflection band and angular 

dependency look similar for the intensity at 25 mW/cm2.  

 

The difference between the higher and lower intensities can be explained, that probably at lower 

intensities not enough radicals are formed during the pulse. This means that not enough 

reaction sites are formed to get a significant diffusion of the di-acrylates towards the  

photo-activated parts of the pitch. This results in the absence of angular dependency. 

 

a b 

Figure 54. Transmission spectra and angle dependency of mixture 1 polymerised with an intensity of the 
pulse of 0,5 mW/cm2. (a) transmission spectra with a reflection band centred around 600 nm. 
(b) angle dependency of polymerisation at 0,5 mW/cm2 with polarizer. 

a b 

Figure 55. Transmission spectra and angle dependency of mixture 1 which is polymerised at an 
intensity of the pulse of 8mW/cm2. (a) transmission spectra with a reflection band centred around 600 
nm. (b) angle dependency of the polymerisation by using a polarizer. 
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At higher intensities probably enough radicals are formed during the 33 seconds pulse and 

hence enough reaction sites, which can initiate the polymerisation reaction. Therefore, 

self-stratification occurs and diffusion of the acrylate functional groups towards the photo-

activated parts of the helical pitch will take place. This results in a deformation of the helix, which 

is indicated by the angular dependency of the transmission. 

 

 
Figure 56. Infrared spectrum of mixture 1. During polymerisation the acrylate groups have reacted which 
is indicated by the decrease of the peaks at 1640 cm-1 and 1410 cm-1. The oxetane peak at 1010 cm-1 is 
unchanged after polymerisation.  

The mixture consisted of both acrylate and oxetane derivatives. The transmission infrared 

measurements were performed to verify that the acrylate groups have reacted during the 

polymerisation, additionally it can be determined if the oxetanes stayed unreacted during the 

photopolymerisation reaction. The results of the transmission infrared analysis are shown in 

Figure 56. The characteristic peaks for acrylate groups is the C=C stretch peak at 1640 cm-1 

and the CH2 deformation peak at 1410 cm-1.49 Figure 56 shows that these peaks decrease by 

exposure to UV-light with the method which is described above and with an intensity of the 

pulse of 8mW/cm2, indicated that the acrylate groups had reacted. The characteristic peak for 

oxetane groups is the C-O-C stretch at 1010 cm-1. This peak was unchanged during the 

reaction, indicated that the oxetane group does not react during this polymerisation. 

 

From this study we concluded that the intensity of the pulse of 8 mW/cm2 and higher are the 

right conditions to achieve diffusion of the acrylate groups towards the photo-activated parts of 

the pitch. The acrylates groups polymerise and the oxetanes stays unreacted, which is desired.  
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4.5 Reflection band in infrared light regime 

The results of the previous studies are combined in this experiment. During this experiment in 

contrast with the results of the composition study, less chiral dopant is used to obtain a reflection 

band in infrared light regime, see Table 11 for the exact composition. Further the composition 

is equal to mixture 1 of the composition study (Table 9). The polymerisation method consisted 

of a 33 seconds pulse with an intensity of 8 mW/cm2 with polarizer, followed by 10 minutes at 

30 mW/cm2 without polarizer. Both transmission spectra and angular dependency 

measurements were performed with UV-VIS spectroscopy. 

 
Table 11. Mixture in infrared-regime.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results from the transmission spectra, see Figure 57, shows a reflection band centred at 

880 nm moreover, a higher order reflection band is visible at 450nm. The higher order reflection 

band is due to deformation of the helix, which is due to the self-stratification process. The 

angular dependency measurement shows a difference of 16% between the highest and lowest 

transmission. The noisy line is due to that the angular dependency measurements were 

performed at the point where the lamp change occurs. So, we can conclude that there is a 

distortion of the pitch, indicated by the higher order reflection band and the angular dependency 

of the transmission.  

Component wt% 

RM82 22 

LC756 3 

RM105 24,5 

Philips 1454 25 

Philips 1424 24,5 

Dichroic Photoinitiator 1 

a b 

Figure 57. Transmission spectra and angle dependency measurement of a mixture with a reflection band 
in the IR-regime. (a) reflection band is centred around 880 nm and a higher order reflection band is 
centred around 450 nm.(b) Angular dependency.  
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To summarise, it is possible to obtain cholesteric self-stratification which results in diffusion of 

acrylates towards the photo-activated parts of the helical pitch. As result the helix will deform, 

which is indicated by a higher order reflection band and angular dependency of the 

transmission. 
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5 Conclusion  

To conclude this research, we have gained insight in the behaviour of  oxetane functional liquid 

crystals. We got insight in the phase behaviour of oxetane liquid crystals. It was found that with 

an increasing amount of mono-oxetane the nematic to isotropic transition temperature 

increases, but the nematic window also becomes broader. Another observation is an increasing 

glass transition temperature with an increasing crosslink density. Moreover, we were able to 

align the nematic phase of oxetane liquid crystals. Before, we were not able to obtain an aligned 

nematic phase of oxetane liquid crystals. Eventually, it was found that rubbed polyvinyl alcohol 

was the right surface modification layer to obtain an aligned nematic phase of oxetane liquid 

crystals.  

 

For possible future applications acrylate and oxetane functional liquid crystals were combined 

into an interpenetrating polymer network (IPN). The IPN was polymerised through an orthogonal 

polymerisation mechanism. This mechanism was confirmed with FT-IR, extraction of unreacted 

monomer, and SEM. Furthermore, we showed that it is possible to obtain an IPN with a broad 

Tg. In addition, it was shown that the IPN still has anisotropic properties, which is useful for 

shape memory materials. 

 

The final part of this research consisted of obtaining a reflective coating via cholesteric self-

stratification. First, we looked into the composition of a mixture containing acrylate and oxetane 

functional liquid crystals. We found that a mixture which consists of 4,5 wt% chiral dopant, 20,5 

wt% di-acrylate, 23,5 wt% mono-acrylate, 25 wt% di-oxetane, 24,5 wt% mono-oxetane and 1 

wt% of dichroic photoinitiator was able to undergo cholesteric self-stratification. Angular 

dependency measurements results indicated that a layered system, with alternating acrylate 

and oxetane layers has been formed. Moreover, the influence of the UV-light intensity during 

the polymerisation was studied with angular dependency measurements. It was shown that a 

minimum UV-light intensity of 8 mW/cm2 is required to obtain cholesteric self-stratification. 

To get closer to a future application of this kind of coating, a reflection band is obtained in the 

infrared light regime. Because, for future applications for the build environment it is desired to 

reflect the infrared light part of the solar spectrum. 
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6 Recommendation 

For future work, the influence of the polymerisation mechanism (simultaneous or sequential) on 

the mechanical properties of the resulting IPN should be investigated. Next, the shape memory 

properties of these broad Tg materials can be explored. Furthermore, to obtain a spontaneous 

change of shape, different LC alignments are required. So, research must be done to obtain 

different alignments and to understand how these alignments can be integrated into one 

system. A desired result would be that this system is able to undergo spontaneous change of 

shape.   

 

In order to obtain an acrylate and oxetane liquid crystal based Bragg-reflector as a reflective 

coating, research needs to be done to a polymerisation mechanism for the oxetanes. Because, 

at the moment only the acrylates are polymerised. So, an orthogonal polymerisation mechanism 

will be ideal, because cholesteric self-stratification should take place to obtain a layered system. 

A possible mechanism can be thermally, or with an initiator which has no overlap with the 

absorption spectra of the dichroic photoinitiator.   

To get a reflector which is able to reflect over 50% of the light, it is very important to have a 

difference in refractive index between the alternating layers. Such a change in the refractive 

index could for instance be obtained by using fluorinated acrylate or oxetane RMs.  

To get a dynamic coating which reacts on temperature, more investigation should be done into 

the temperature responsiveness of such a coating. In an ideal case, the coating should be able 

to switch to the infrared light part of the solar spectrum at high temperatures, and let the infrared 

light part through at lower temperatures. For such a coating it is also important to reflect a broad 

part of the infrared light spectrum. Therefore, more research is needed to obtain a broad 

reflection band.  
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Appendices 

Appendix I 
To obtain an aligned nematic phase of oxetane functional liquid crystals, several surfaces and 

aligning methods were tried.   

First a coating was applied on a glass substrate without an rubbed substrate on top of a glass 

plate. The mixture consisted of a ratio 50 Philips 1241/ 50 Philips 1424 which was coated on a 

glass plate by using a bar coater. This resulted in a striped pattern which was visible by eye, 

the POM images which were taken indicated that a nematic phase was present, but there was 

no alignment present (Figure 58). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Next the coating with the same ratio was applied on a rubbed polyimide substrate, by bar 

coating. This resulted in a less striped pattern compared to the glass substrate, but it was not a 

homogeneous coating. The POM images (Figure 59) shows that there was not an aligned 

nematic phase present, multi-domains were formed.  

 

 

 

 

 

 

 

 

 

 

 

Figure 58. Oxetane coating applied on a glass substrate, (a) striped pattern visible (b) 
POM image which indicates the nematic phase. 

Figure 59. Oxetane coating applied on a rubbed polyimide substrate.  
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Thereafter the shear method was used to align the nematic phase of the mixture with ratio 50 

Philips 1241 /50 Philips 1424. First a glass/glass substrate was used, this results in a  

multi-domain alignment of the nematic phase (Figure 60 for POM images). 

 

 

 

 

 

 

 

 

 

Subsequently, a rubbed polyimide/rubbed polyimide substrate was used, by placing the 

substrates antiparallel with respect to each other. The cells were analysed by using the POM, 

from these images (Figure 61) can be concluded that there is a multi-domain alignment of the 

nematic phase. Finally, a rubbed fluor/glass substrate was used. The mixture was applied on 

the rubbed fluor substrate and a glass plate was placed by using shear on top of the other 

substrate. POM images were taken to observe the alignment. The POM (Figure 62) images 

shows a multi-domain alignment.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 60. POM image of an oxetane nematic phase aligned on a glass/glass substrate. 

Figure 61. POM image of an oxetane nematic phase aligned on a rubbed polyimide cell. 

Figure 62. POM image of an oxetane nematic phase on a rubbed fluor/glass substrate. 
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Appendix II 
The storage and loss modulus are determined for mixture 1 (Table 4) in the parallel and 

perpendicular direction. For each direction are 3 cycles measured. It is shown that cycle 1 and 

2 are different, due to thermal  history. The results which are depicted in Figure 63 showed that 

for both directions the loss and storage modulus for cycle 2 and 3 are equal. Therefore, for 

future experiments is chosen to measure cycle 1 and 2. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Appendix III 
Absorption spectra of the dichroic photoinitiator (Triarylsulfonium hexafluorophosphate 
salts).12 
 

 
Figure 64. Absorption spectra of the dichroic photoinitiator.12 

 

 

 

Figure 63. DMTA results of mixture 1. (a) parallel direction. (b) perpendicular direction. 


