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General Introduction 

 

  

1.1 Polymers for Information & Communication Technology 

In our present-day society there is an increasing demand for high-information-

content data devices. Perhaps the most well known example of such a device is the 

Cathode Ray Tube (CRT), already invented in 18961,2, that is widely used in 

computer screens and televisions. Despite its high operating voltages and physical 

size the CRT today is still the number one choice as is illustrated by its large 

production figures3. 

Throughout the last decades an impressive revolution has taken place from 

the development of new high resolution CRTs through the introduction of 

alternative technologies such as the first Liquid Crystal Displays (LCDs)4 in the 

1970’s to plasma devices and electroluminescent devices, e.g. inorganic and 

polymeric light emitting diodes (LEDs)5-7. This development is accompanied by an 

increasing tendency to make the devices flatter, thinner and lighter. In this 

context, polymers play an important role since they are not only lightweight but 

are also easy processable and can be tailor-made to accomplish a wide range of 

specific functions that can be combined in one material. Consequently, polymers 

are used in a vast amount of information and communication devices that are 

used today. 

Semi-conductive polymers are being used in devices such as polymeric light 

emitting diodes where an electroluminescence effect enables light to be generated 

from these specially functionalised polymers upon the application of an electrical 

current6-9. However, the prime example in the area of information technology is 

the flat panel display, where a variety of polymers fulfils numerous functions such 

as liquid crystal alignment, optical compensation, light diffusion and 

polarisation10,11. 

In the other technology category, the field of communication, polymers are 

utilised in for instance beam splitters, beam steering appliances and polymer 

optical fibres12 (POFs) for local area networks where their excellent flexibility, 

processability and low cost are some major advantages over inorganic fibre 

technology. 

1 
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With the pursuit for increasing efficiency and functionality, more 

sophisticated solutions with respect to the devices and materials are required in 

the years to come. This will enable the integration of internet functionalities with 

portable electronics, for instance. In this context, it is especially important to 

control both the molecular design of the materials (‘chemistry’) and to control the 

organisation and order of these materials with respect to each other and towards 

their environment (‘morphology’), as will be shown shortly. Before these facets 

can be clarified further, it is useful to consider the aspects involving molecular 

order and organisation in somewhat more detail in the next section. 

1.2 Liquid Crystals & Supramolecular Organisation 

1.2.1 Mesomorphic Behaviour 

At a first glance, materials can exist in three different phases: the crystalline or 

solid phase, the liquid phase and the gaseous phase. The most familiar example is 

that of water; it melts at 0°C, transforming from ice to the liquid form we call 

‘water’ and boils at 100°C to be transformed into its gaseous state (‘steam’). When 

looking at the crystalline and liquid phases in somewhat more detail, it turns out 

that these two phases can be distinguished by the amount of order in each phase. 

In the crystalline phase all the molecules are arranged in an orderly fashion, each 

molecule having its own fixed position with respect to the surrounding molecules. 

Moreover, if molecules are non-symmetrical, they are also constrained in the ways 

they are oriented with respect to each other, which is described by the degree of 

orientational order. In the liquid phase on the other hand, the molecules display 

an increased mobility and are free to rotate and move around. Consequently, on 

average there is no positional or orientational order in these isotropic liquids. 

Actually, the picture as sketched above is a somewhat simplified approach. 

Under the right conditions certain materials can exist in even more different 

phases. To clarify this further it is worthwhile to make a short trip into history. 

At the middle of the nineteenth century, while studying crystallisation 

phenomena, the German physicist Lehmann observed that some substances did 

not crystallise immediately from a clear liquid but were converted into some 

intermediate phase before crystallising13. The Austrian botanist Reinitzer had 

made the same observations involving cholesteryl derivates, stating for the first 

time that the substance had two melting points14. It was roughly from this point on 

that slowly a fascinating tale of a new scientific discipline was unwinding, that of 

phases possessing both characteristics of solid states and liquid phases, and which 
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was referred to as dealing with liquid crystals or mesophases15-18. The term liquid 

crystal appears to be a contradiction by itself. How can a material exhibit 

characteristic features both of solids and of liquids at the same time?  

As it turns out, certain materials can exhibit phases with intermediate order 

between that of solids and liquids. Provided that one molecular axis is much 

longer or shorter than the other axes, it is possible that upon melting from the 

crystalline state the orientational order is only partially lost in these liquid 

crystalline or mesomorphic substances. This is illustrated in Figure 1.1, showing a 

schematic representation of the transition from a solid to an isotropic liquid 

through an intermediate mesophase. Upon melting from the crystalline state, the 

molecules loose their positional order, as there are no fixed positions of the 

molecular centres over time. However, a partial orientational order remains since 

all molecules on average adopt a preferential orientation. Note that the molecules 

are schematically represented as rods, in this way fulfilling the abovementioned 

condition for the molecular axes. 

b ca  

Figure 1.1. The transition of a solid to an isotropic liquid through an intermediate mesophase. 
a) Solid phase. b) Intermediate mesophase. c) Isotropic liquid phase. 

With respect to liquid crystalline phases, several degrees of orientational and 

positional order can exist due to different arrangements of the molecules involved. 

In this way, several liquid crystal phases were identified and being classified for 

the first time by Friedel19 as either nematic* phases or smectic† phases. The 

nematic phase (denoted as ‘N’) is the most liquid-like phase showing no positional 

ordering but only orientational order (Figure 1.2). 

The layered, higher ordered smectic phases can be further subdivided, 

denoted by different alphabetical characters, i.e. SmA (smectic A), SmB 

(smectic B) up to K20,21. Yet, the alphabetical order of the letters is not linked with 

the degree of order of the individual phases. Also, some of these smectic 

                                                 
* Nematic or thread-like, taken from the Greek word for thread, νηµα. 
† Smectic or soap-like, taken from the Greek word for soap, σµηγµα. 



4  Chapter 1 

mesophases are so highly ordered that they can hardly be considered to have 

liquid-like characteristics anymore and are therefore referred to as soft crystals. 

For illustration, Figure 1.2 shows the two perhaps most important smectic phases; 

the smectic A phase and its tilted analogue, the smectic C phase. In general, the 

slightly ordered nematic phase, if present, will be the first phase that is obtained 

upon cooling from the isotropic liquid phase. However, re-entrant nematic phases 

formed from a smectic phase during cooling have been observed22-24. 

Chiral phases can be obtained by introducing chiral centres in the molecules 

or by the addition of chiral dopants to achiral mesogens. In this way, chiral 

nematic or cholesteric* phases are obtained which find widespread use in for 

instance liquid crystal displays. Also chiral smectic phases exist, such as the chiral 

smectic C (SmC*) phase25, utilised in ferroelectric displays. 

SmAN SmC
 

Figure 1.2. a) The nematic phase (N) where only rotational order remains.  Positional order is 
introduced in the smectic phases: b) SmA. c) SmC. In this phase, the molecules are tilted with 

respect to the layer normal. 

The classification of the different mesophases as described here is valid for 

rod-like molecules, also known as calamitic liquid crystals. Over time, also 

different geometric molecular shapes were shown to display mesomorphic 

behaviour. Chandrasekhar discovered the discotic liquid crystal phase26,27 and 

more recently banana-shaped molecules28,29 and metallomesogens30 have received 

considerable academic interest. 

Discotic liquid crystals involve flat, disk-like molecules (Figure 1.3a). The 

simplest form is again the nematic phase (‘ND’)(Figure 1.3b) where only 

orientational order can be found, analogue to the nematic phases found in 

calamitic liquid crystals. For instance, Fujifilm applies polymerised reactive 

discotic materials as compensation foils to improve the viewing angle dependence 

in liquid crystal displays31. Also higher ordered phases such as columnar 

                                                 
* This name originates from the cholesteryl derivates that were the first substances for which this 

phase was observed. 
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structures can be found in discotics, comparable to the smectic phases in 

calamitics (Figure 1.3c). 

b ca

RR

R

R R

R

R=CnH2n+1O-

 

Figure 1.3. a) Example of chemical structure of a discotic liquid crystal27. b) Nematic discotic 
phase (ND). c) Disordered hexagonal columnar phase (Colhd). 

The phase behaviour described so far is observed when a material is 

subjected to a change in temperature. This occurrence of mesomorphic behaviour 

as a function of temperature is called thermotropic behaviour. On the other hand, 

lyotropic behaviour signifies the observation of mesomorphic behaviour of 

molecules or groups of molecules in solution. Transitions between different 

lyotropic liquid crystal phases are therefore accomplished by changes in 

concentration of the molecules involved. Examples of lyotropic structures are the 

arrangements of surfactants as micelles or lipid bilayers in aqueous solution. In 

the production of the aramid fibres32 such as DuPont’s Kevlar® and Acordis’s 

Twaron®, the use of mesophases is essential during the processing of these 

materials to obtain fibres with a high degree of uniaxial orientation33. 

Next to these qualitative classifications, it is useful to quantify the degree of 

order in liquid crystalline phases. This can be accomplished by the orientational 

order parameter S. 

θ

n

 

Figure 1.4. The individual molecule in relation to the director n. The angle between this director 
and the long molecular axis of the individual molecule is described by the angle θθθθ. 
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Consider a nematic liquid crystal phase where the director, the average 

direction of the long molecular axes of all molecules, is pointing in a direction 

described by the vector n (Figure 1.4). Due to thermal fluctuations, the orientation 

of the individual molecules can be described by an orientational distribution 

function f(θ), where θ is the angle between the director and the long molecular 

axis of the individual molecule. Ultimately, this will lead to a series of Legendre 

polynomials: 

  ...θ) (PSθ)(PSθ)(PSf(θ +++= coscoscos) 442200  Eq. 1.1 

The coefficient S2 is the most significant parameter and in its normalised 

form is referred to as the order parameter ‘S ’:34 

 
2

1)cos3( 2 −
=

θ
S  Eq. 1.2 

Perfect orientational order is described by S=1, the random order in an 

isotropic situation by S=0. In general, the order parameter decreases with 

increasing temperature, dropping to zero at the first order transition to the 

isotropic liquid. 

1.2.2 Supramolecular Organisation 

The previous section dealt with order on a molecular scale. It would be a challenge 

to look beyond this scale and attempt to extend the control on an even greater 

length scale. Again, nature provides us with some supreme examples. For billions 

of years the genetic code is passed on through the reversible double helix of DNA. 

The base pairs of the two strands of the helix are kept together by an intricate play 

of hydrogen bonds35,36. Secondary interactions also play a role in the folding of 

proteins in their three dimensional architecture, in collagen37 and in silk fibroin of 

the silkworm38,39, for instance. Another famous example is the self-assembly of an 

active biological structure, the Tobacco Mosaic Virus (TMV), where the complete 

protein coat that protects its single stranded RNA is built by self-assembly 

processes40,41. In all these processes co-operative secondary interactions, such as 

hydrogen bonding, ion-ion interactions and Van der Waals forces play a 

prominent role. The subject covering all these secondary, non-covalent 

interactions ultimately leading to ‘superarchitectures’ is called supramolecular* 

chemistry42,43 and has received considerable interest over the last decades44-48. Also, 

much effort has been undertaken to use secondary interactions in order to 

improve the properties of conventional polymers. 

                                                 
* Supramolecular chemistry is defined as ‘chemistry beyond the molecule’43 
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In line with the abovementioned discipline, one may consider the use of 

liquid crystalline interactions for the creation of more complex architectures. 

Already, liquid crystalline phases are used as anisotropic media for chemical 

reactions49. Also, the use of liquid crystals has been reported as stationary phase in 

chromatography. However, it is also conceivable that small building blocks are 

being combined to larger structures exploiting the directional interactions of a 

liquid crystalline matrix. Will it therefore be possible to make use of a liquid 

crystalline matrix to influence a resulting architecture? In order to answer this 

question, it is necessary to deal with not only the intrinsic transformation of these 

so-called building blocks to larger structures. Also, the interaction between the 

resulting structures and the environment, both during and after the process of 

creation, is of utmost importance as will be shown in the sections to follow. 

1.3 From Liquid Crystalline Monomers to Liquid Crystalline 
Polymers 

1.3.1 Historical Context 

Ever since the pioneering concept regarding the structure of polymers by 

Staudinger50-52 in the 1920s, the question arose whether polymers would exist that 

would also show mesomorphic behaviour. Already Vorländer asked himself 

whether the liquid crystalline properties would disappear if liquid crystalline 

molecules were elongated more and more53. Yet, both lyotropic and thermotropic 

liquid crystalline polymers display similar liquid crystalline properties as their low 

molecular weight counterparts. 

In retrospect, the first synthetic liquid crystalline polymers were probably 

synthesized without recognizing their mesogenic behaviour54,55. Oddly enough, it 

was not until the second part of the twentieth century before the concept of 

polymers displaying mesogenic behaviour was generally accepted, initiated by the 

earlier predictions of Onsager56, Flory57 and the flexible spacer concept introduced 

later on by De Gennes58. 

Traditionally, liquid crystalline polymers (LCPs) or macromolecular liquid 

crystals are classified in either side-chain LCPs (SCLCPs), main-chain LCPs 

(MCLCPs) or combined LCPs. The assignment to these classes is based on the 

location of the mesogenic units within the chemical structure of the polymer 

(Figure 1.5). However, alternative classifications have been suggested59,60. 
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a b c
 

Figure 1.5. Classification of liquid crystalline polymers. a) Side-chain liquid crystalline polymers 
(SCLCPs). b) Main-chain liquid crystalline polymers (MCLCPs). c) Combined LCPs. 

1.3.2 Side-Chain Liquid Crystalline Polymers 

Side-chain or comb-shaped liquid crystal polymers consist of a flexible polymer 

backbone and a mesogenic side group (Figure 1.5a). As flexible polymer 

backbones tend to adopt a random coil configuration, (partial) decoupling of the 

mesogenic side groups from the polymer backbone is essential for the occurrence 

of liquid crystalline phases. Flexible spacers that connect the mesogenic moieties 

with the polymer backbone provide the necessary increase in mobility for liquid 

crystalline ordering61. Whereas the random coil conformation of the polymer 

backbone is only slightly distorted in the nematic phase, it is possible that the 

backbone is completely constrained in the interlayer regions of smectic phases62. 

A few exceptions are reported where the mesogenic unit is connected 

directly to the polymer backbone63. Conversely, a huge number of side-chain 

liquid crystal polymers has been synthesised using the spacer concept and their 

synthesis and structure-property relationships have been extensively reviewed64-68. 

In general, side-chain liquid crystalline polymers are prepared by two routes: 

the formation of the polymer backbone out of mesogenic monomers or graft 

reactions on preformed polymers such as the hydrosilylation reactions of 

alkenes69. In the former case, several polymerisation mechanisms are used, e.g. 

cationic polymerisations70 or polycondensations71-73, although the latter are 

predominantly used for LCPs of the combined type (Figure 1.5c). Furthermore, 

addition polymerisations are used, such as the thermally initiated polymerisation 

of monoacrylates74-77, in most cases carried out from an isotropic solvent. It is also 

possible to perform bulk polymerisation of these acrylates from their mesophase. 

In that case however, the temperatures required for initiation may conflict with 

the stability of the desired mesophase. Alternatively, photoinitiated 
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polymerisations of non-mesogenic, nematic and smectic acrylates78-82 and 

cholesteric acrylates were performed in their aligned state using a suitable 

photoinitiator. Photoinitiated polymerisations offer the advantage of decoupling 

temperature and initiation. Consequently, polymerisations can be started instantly 

in an aligned mesophase without premature, uncontrolled thermal polymerisation 

that may disturb the order of the mesophase. This technique of photoinitiation 

will be used preferentially throughout this thesis for the same reasons. 

The abovementioned mechanisms can easily be extended to form 

anisotropic (helicoidal) networks83, e.g. by using diacrylates84-89 or diepoxides90,91. 

Finkelmann introduced so-called liquid crystalline elastomers (LCEs)92; lightly 

crosslinked networks that display interesting and unique properties, for instance 

for the development of artificial muscle tissue93. 

Side-chain liquid crystal polymers have been considered for electro-optical 

applications where rearrangements of the mesogenic moieties by external forces, 

e.g. electrical fields or alignment layers, could induce a transition from a 

translucent to a scattering state. For example, this principle has been exploited for 

optical data storage devices where a side-chain liquid crystal polymer is locally 

heated by a laser from a clear aligned state to an isotropic scattering state94,95. By 

quenching, this scattering state can be vitrified, thereby preserving the laser 

written information. Upon heating, the aligned state is regenerated and 

consequently the information is erased. In general however, the switching times 

of side-chain liquid crystalline polymers are slow due to the inherent high 

viscosity of the polymer matrix, making them less suitable for real-time display 

applications. However, side-chain liquid crystal polymers find applications as 

retardation films for display devices, as mentioned briefly in Section 1.2.1. 

1.3.3 Main-Chain Liquid Crystalline Polymers 

The field of main-chain liquid crystalline polymers started to advance in the 

1970’s, both from the theoretical considerations by De Gennes58 and experimental 

evidence96. Since then, considerable patent activity and scientific interest66,97,98 has 

evolved in both thermotropic and lyotropic LCPs, resulting in for instance the 

well-known aramid fibres32,99,100 (Kevlar®, Twaron®) and the M5 fibre101. The 

majority of main-chain liquid crystalline polymers is synthesised by step-growth, 

condensation polymerisations. Thus, a tremendous amount of main-chain liquid 

crystalline polyesters (Vectra®), polyamides, polyurethanes and other 

macromolecular mesogens have been synthesised66. The more flexible mesogenic 

polymers offer improved mechanical properties in comparison to their non-

mesogenic counterparts. Their low thermal expansion coefficient and easy 
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processability make them ideal candidates for the moulding of complex or thin 

parts. 

In the abovementioned main-chain liquid crystalline polymers, covalent 

bonds are used to link the repeat units. The groups of Lehn102,103 and Kato104,105 

were among the first to describe non-covalently linked building blocks, resulting 

in reversible supramolecular main-chain liquid crystalline polymeric structures or 

network type structures. 

1.4 Liquid Crystal/Polymer Composites 

1.4.1 Polymer Stabilised Liquid Crystal Effects 

In the previous sections, both low molecular weight and high molecular weight 

liquid crystalline bulk materials were described. Combinations of these materials 

with non-mesogenic materials have been the subjects of many studies. After the 

initial scientific boom toned down slightly at the middle of the twentieth century, 

the field of liquid crystals experienced a revival in the 1970’s with the invention of 

the LCD. The first step towards the successful introduction of flat panel displays 

was the development of the dynamic scattering mode LCD106. These devices were 

soon succeeded by the even less power consuming twisted nematic (TN) displays4. 

Because of their low power consumption (switching voltage typically <3 V), TN 

devices and their slightly modified super twisted nematic (STN) version107 are 

widely used in, for instance, small area displays such as digital watches, 

calculators, clocks, mobile phones and laptops. 

Over the last decades, polymer stabilized liquid crystal effects are being 

investigated to further optimise liquid crystal devices108. Hitherto, these polymer / 

liquid crystal composites are made of combinations of low molecular weight 

liquid crystals and either flexible polymers, side-chain liquid crystal polymers, 

network type structures or dispersed polymeric particles. 

Already Lehmann studied liquid crystalline droplets dispersed in a viscous 

isotropic matrix109. Following this, several studies have been reported where either 

organic or inorganic particles are dispersed in a liquid crystalline matrix110-116. 

An example of polymer / liquid crystal composites where the polymer 

content is relatively high (typically 50-80%) is the polymer dispersed liquid crystal 

display (PDLC), introduced in the mid 1980’s117-119. These systems consist of a 

continuous isotropic polymer phase and a dispersed, low molecular weight, 

micron size, liquid crystalline phase (Figure 1.6). In general, these systems are 
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generated in-situ by inducing a phase separation from an initially homogeneous 

system of crosslinkable monomers and a non-reactive mesogen120. 

a b
 

Figure 1.6. Schematic representation of a polymer dispersed liquid crystal display (PDLC). 
a) Scattering off-state. b) Transparent on-state. 

In Section 1.3.2 attempts were already described to polymerise reactive liquid 

crystalline acrylates in their own mesophase, either thermally or by 

photoinitiation. This concept was extended by the photopolymerisation of small 

amounts of these monomers in the presence of a non-reactive, low molecular 

weight liquid crystalline solvent121,122. Photopolymerisation of these initially 

homogeneous mixtures resulted in phase separation of the liquid crystalline 

polymeric structure into polymer-rich and polymer-poor phases123. Depending on 

the molecular structure of the used monomer, the formed polymers are either 

side-chain or chemically crosslinked structures, both consisting of a polymer 

backbone to which mesogenic cores are attached. These so-called anisotropic gels 

or plasticised liquid crystalline networks are schematically depicted in Figure 1.7. 

a b
 

Figure 1.7. Schematic representation of an anisotropic gel. The mesogenic network moieties are 
shown in light grey, the non-reactive mesogens are depicted in dark grey. 

a) Off-state when no electrical field is applied. b) Scattering on-state upon application of an 
electrical field. 
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In the off-state, when no electrical field is applied, the inert LC solvent 

molecules are aligned with the mesogenic units of the network. Consequently, 

due to the refractive index match between the mesogenic units of the network and 

those of the inert LC solvent molecules, incident light is not scattered and the 

system will appear transparent. However, in the presence of an electrical field, the 

LC solvent molecules will reorient along the field lines. Light scattering will occur 

due to induced domain formation and the resulting refractive index mismatch, 

and the system will become opaque. These systems are nowadays applied in 

optical devices such as light shutters. 

1.4.2 Systems Based on Main-Chain Structures 

In the previous section, an overview of the field of LC/polymer composites was 

presented. In this section, an alternative system is introduced that comprises a 

substantial part of the work presented in this thesis. Recalling the anisotropic gel 

systems of the previous section, a few considerations are in place. The order 

parameter of the mesogenic moieties is limited to a maximum of about 0.7. This 

is supposed to be caused by the acrylate polymer chains, which hinder perfect 

alignment due to steric hindrance. Not only the mesogenic units, also other parts 

of the molecule are ordered to an even lesser extent. The alkylene spacer has an 

order parameter of approximately 0.4 whereas the acrylate polymer chain shows 

hardly any order at all124. This means that only the mesogenic units in the polymer 

network provide the internal director field that forms the driving force for 

relaxation to the aligned state in the field-off condition. In the case of liquid 

crystalline main-chain polymers it is anticipated that the whole molecule is aligned 

to a high degree of order, resulting from the larger aspect ratio125,126. A schematic 

representation of such an anisotropic solvent system based on linear main-chain 

liquid crystalline polymers is depicted in Figure 1.8. As can be seen in this figure, 

the mesogenic moieties in the main-chain polymers are more or less perfectly 

aligned without the negative influence arising from a polymer backbone oriented 

differently. Note that linear structures have to be formed by the polymer main-

chains. These systems will give rise to a higher degree or orientation in 

comparison with the side-chain and network-type structures. As a consequence, 

the increased overall degree of order in the system should result in an enhanced 

optical performance (e.g. contrast ratio). For instance, due to the increased driving 

force for the surrounding LC molecules to remain in a position parallel to the 

mesogenic moieties of the polymer structure, shorter relaxation times could be 

envisaged when switching back from the on-state to the off-state. Potentially, this 

could lead to fast nematic switches. If the dimensions can be brought down to 

sub-micron level, it may be possible to create improved polymer stabilised 
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ferroelectric devices. More generally, the control of the morphology of these 

systems may provide the tools to create a broad range of potential applications, 

based on a preselected choice of parameters important to the polymerisation 

process. 

a b
 

Figure 1.8. Schematic representation of main-chain liquid crystalline structures in a low 
molecular weight LC matrix. Depending on the dielectric properties of the matrix material and the 

external field conditions a homeotropic (a) or a planar configuration (b) of the low molecular 
weight component is conceivable. 

The only reported structures similar to the main-chain polymer/LC systems 

are based on reversible, non-covalently linked building blocks dispersed in 

anisotropic solvents127, as described before in Section 1.2.2 for bulk systems. The 

group of Kato reported on the formation of reversible anisotropic gels based on 

the combination of low molecular weight nematic mesogens and a non-mesogenic 

substituted trans-1,2-bis(amino)cyclohexane derivative (Figure 1.9)128. The stacking 

of the cyclohexane derivative through hydrogen bonding of the amide groups 

generates a non-mesogenic linear structure with long side substituents, dispersed 

in a low molecular weight nematic material. 
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Figure 1.9. trans(1R,2R)-Bis(dodecanoylamino)cyclohexane used as a gelling agent in the 
formation of so-called physical anisotropic gels with a reversible nature128. 
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When comparing the systems based on covalent bonds of Figure 1.8 with the 

non-covalent systems as just described, significant differences can be observed. 

Both systems can possess a main-chain character and can be envisaged being 

built-up by smaller, low molecular building blocks, either covalently or non-

covalently linked. Irrespective of the nature of this link, mesogenic properties can 

be introduced by a suitable selection of the building block or through the obtained 

rigidity of the macromolecular structure. The building blocks can be miscible with 

inert mesogenic molecules and gel-type systems can be obtained by either 

polymerisation or supramolecular organisation processes. In turn, both of the 

thus obtained systems show an electro-optical response that can be triggered on 

demand. However, the polymerisation process that involves the generation of 

covalent bonds has a significant advantage; it can be initiated at demand at a fixed 

temperature through for instance the use of UV-irradiation. This also enables the 

possibility of formation of the polymeric structures at specified positions through 

for example patterning processes or holographic approaches. These features 

cannot be accomplished by the reversible, non-covalently based systems where the 

supramolecular organisation is obtained immediately and uniformly upon mixing 

of the components in question. Moreover, due to the intrinsic reversible nature of 

the materials, it will not be possible to fix the exact position of the oligomeric or 

polymeric structures, thereby severely limiting the control over the final 

morphology. 

Covalently linked systems as shown in Figure 1.8 where main-chain 

polymers are combined with an anisotropic solvent have not yet been reported. It 

will be comprehensible that in order for these systems to be created, materials 

must be available enabling the generation of such linear polymer structures. 

Moreover, for these structures to be created in-situ, it is essential to understand 

and control the processes involved during their creation. If this knowledge can be 

achieved it may prove possible to produce these novel structures and consequently 

to construct novel electro-optical devices with unique features.  

1.5 Objectives 

In this thesis, new materials are explored with the intrinsic ability to form main-

chain liquid crystalline polymers. Furthermore, new routes are explored to grow 

these main-chain polymeric structures in liquid crystalline solvents and to control 

the resulting morphology by spontaneous and/or enforced molecular 

organisation. It is attempted to control the morphology down to micrometer or 

sub-micron level in order to provide the tools for the construction of special 

electro-optic and photonic devices, e.g. fast nematic switches, stabilised 
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ferroelectric displays and switchable gratings. Based upon the intrinsic higher 

overall degree of order of these systems in comparison to conventional side-chain 

or network type systems, enhanced optical properties are expected. 

In addition, it is attempted to exploit the intrinsic chemical functionalities of 

the novel materials to control the orientation of liquid crystals. Self-assembly 

processes may prove useful to induce selective laterally patterned orientations in 

liquid crystal layers. The exact control of the orientation of liquid crystal molecules 

is especially interesting for display devices where the optical performance can be 

enhanced by the pre-tuned patterned alignment of liquid crystals. New methods 

are explored that may offer a versatile and simple alternative to existing, more 

demanding processes for the selective orientation of liquid crystals in, for 

instance, display devices. 

Finally, improved morphology control is not only attempted by changing the 

basic chemistry of the system, as is the case with the abovementioned materials, 

but also by modification of already existing systems through external fields. It is 

attempted to extend the control of anisotropic gel systems into three dimensions 

by photopolymerisation under dynamic electrical conditions. In this novel 

process, the direction of polymerisation of mesogenic acrylate monomers is 

changed during the process, before the monomer is depleted, by changing the 

electrical field. The obtained new architectures may result in improved electro-

optical properties in comparison to the conventional anisotropic gel type systems. 

1.6 Outline of this Thesis 

The basic building block of any polymeric structure is the monomer. Here, the 

choice of monomers is limited in the sense that they should fulfil the condition 

for the formation of main-chain liquid crystalline polymers. In addition, it is 

desired that the formation of the main-chain structures can be triggered at 

demand and at desired locations. Also, the resulting structures should have a non-

reversible character as to ensure their positional distribution over time. So-called 

thiol-ene monomers meet these conditions and the synthesis and characterisation 

of different homologues of these liquid crystalline thiol-ene monomers is 

described in Chapter 2 . 

After the synthesis of these monomers is successfully completed and it is 

indeed shown that these materials exhibit mesogenic properties, it will be of 

importance to investigate their polymerisation behaviour. In Chapter 3 , the 

photopolymerisation of these monomers is described in bulk, in isotropic solvents 

and in anisotropic solvents. Phase diagrams of the thiol-ene monomers in liquid 
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crystalline solvents are presented and the influence of several polymerisation 

parameters is investigated. 

Chapter 4 is concerned with the morphological control of the resulting 

main-chain polymeric structures that are obtained upon the UV-initiated 

polymerisations in anisotropic solvents. It will be shown that complex processes 

are involved and it is attempted to describe the influence of several features 

involved in this process. 

One of the interesting features of the thiol-ene monomers used is the 

specific interaction between the thiol functionality and metals such as gold or 

silver. In Chapter 5 these interactions are exploited through self-assembly 

processes. Thus, a process will be described that enables the control over the 

orientation of liquid crystal molecules in display devices in a pre-defined patterned 

manner. 

An additional tool in the structuring of polymers is described in Chapter 6 . 

Instead of changing the basic chemistry of the system, a process is described that 

extends the morphology control of these organisations to three dimensions. 

Photoinitiated polymerisation under so-called dynamic conditions is shown to 

affect the orientation of the resulting mesogenic networks during the 

polymerisation process. The polymerisation process, its parameters, the resulting 

morphologies and their electro-optical evaluation are described in Chapter 6 . 

Concluding remarks on the work described in Chapters 1-6 can be found in 

the Technology Assessment . There, also the potential further applications of the 

materials and processes as described in this thesis are evaluated and outlined. 
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 Synthesis and Characterisation of Liquid 
Crystalline Thiol-Ene Monomers 

 

2.1 Introduction 

2.1.1 Materials Selection 

In the previous chapter, the objective to generate covalently linked main-chain 

polymeric structures in anisotropic solvents was elucidated. Many different types 

of main-chain liquid crystalline polymers exist and among the best known are for 

instance liquid crystalline polyesters, polyurethanes, polyamides and 

polysiloxanes1. In this context it will be obvious that a mesogenic monomeric unit 

is required that leads to the formation of these main-chain liquid crystalline 

polymers. 

In the context of this study, additional requirements for the monomers need 

to be fulfilled. The monomer must be chosen such that upon polymerisation no 

additional species are introduced other than the main-chain polymer. Any other 

low molecular weight molecules will disturb the mesogenic behaviour of the 

anisotropic solvent during and after the polymerisation process. In this respect, 

polyamides and polyesters are unsuitable. The polycondensation process of these 

polymers for instance involves the generation of a water molecule, e.g. from the 

addition of either amines or alcohols to carboxylic acids2. The liquid crystalline 

order of the anisotropic solvent phase may potentially also be disturbed due to the 

polymerisation mechanism. The commonly used step growth polymerisation for 

the formation of main-chain liquid crystalline polymers implies that high 

conversions must be obtained for a substantial molecular weight to be generated2. 

Consequently, residual monomer, originating from an incomplete polymerisation, 

will influence the liquid crystalline behaviour of the inert anisotropic solvent. 

Based on these considerations, a polyaddition reaction mechanism of 

monomers leading to polymers such as polyurethanes or polythiol-enes are 

potential candidates provided sufficient conversions are achieved. Yet, thiol-ene 

monomers offer some additional advantages over polyurethane precursors such as 

isocyanates and alcohols. 

2 
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As will be shown in more detail in Chapter 3, the polymerisation of thiol-

enes to main-chain polymers involves a radical mechanism, despite showing the 

kinetic characteristics of a step growth polymerisation. This is useful in 

combination with a suitable photoinitiator. In addition, the thiol functionality 

shows a specific interaction with metal interfaces such as gold surfaces. The self-

assembly processes involved here can be useful for the control of the morphology, 

as will be shown in Chapter 5. It is mainly because of these reasons that thiol-ene 

polymerisation is used for the generation of main-chain polymeric structures and 

consequently, thiol-ene monomers are required. 

Thiol-ene chemistry first emerged in literature in 1905 when Posner 

reported on the addition of thiophenol to styrene3. Initially, this thiol-ene addition 

reaction was reported without fully understanding its potential for polymerisation. 

The occurrence of waxy or tarry side products was reported during the synthesis of 

compounds such as allylmercaptan4. Up till now, the majority of the synthesised 

thiol-enes comprises polyfunctional thiol-enes that are used as crosslinkers in for 

instance UV-curable adhesives for the microelectronics industry5,6. These thiol-

enes are all non-mesogenic. The first liquid crystalline thiol-enes emerged 

through the work of Lub et. al.7,8. Two different basic liquid crystalline thiol-ene 

structures were synthesised, comprising three phenyl rings or two phenyl rings 

(Table 2.1). 

Table 2.1. Previously synthesised liquid crystalline thiol-ene monomers. Structure 1 shows a 
triple phenyl core with different α,ωα,ωα,ωα,ω-substituents whereas Structure 2 shows a two-phenyl ring 
compound with spacers containing six carbon atoms. The transitions between the crystalline 

(Cr), nematic (N) and isotropic (I) phases are denoted in °C. 

1

2
O

O O

O
HS

Structure R1 R2 R3 m n Cr →→→→ N →→→→ I Reference

1 HS HS H 6 6 100 194 7

H2C=CH H2C=CH H 4 4 129 204 7

HS H2C=CH H 6 4 104 208 7

HS H2C=CH H 5 4 64 170 8

HS H2C=CH CH3 6 4 82 161 7

2 - - - - - 43 80 7

O

O O
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CH2
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These monomers contained either two identical functionalities, e.g. two vinyl 

groups, or consisted of one mercapto group and one olefinic group. The 

mesogenic transitions of the monomers based on a triple phenyl core (1), inspired 

by the successful acrylate9,10 and epoxide11 analogs, are relatively high despite the 

attempt to lower the transitions by introducing asymmetry through a methyl 

substituent. Moreover, the transitions do not reflect those of the pure monomers, 

as purification of the final products was not undertaken. As depicted in Table 2.1, 

the monomers display nematic phases only. 

To lower the mesogenic transition temperatures, a smaller mesogenic group 

was introduced (2). However, all investigations reported so far were directed to 

bulk polymerisations of the liquid crystalline thiol-enes. Here, the liquid 

crystalline thiol-enes are intended to be used in combination with inert, low 

molecular weight mesogens to form liquid crystal/polymer composites. In view of 

the required formation of an initial homogeneous mixture of the thiol-ene 

monomers with mesogenic solvent molecules, lower transition temperatures of 

the monomer are desired, as the transition temperatures of the liquid crystalline 

solvent usually are at ambient temperature. In this respect, the reported phenyl 

benzoate derivative 2, forms an ideal template structure for further synthesis of 

other homologues. 

Bearing in mind the objective to control the morphology after and during 

the in-situ polymerisation to form the polymer/liquid crystal composites, it can be 

of interest to tailor the chemical structure of the monomer with respect to that of 

the liquid crystalline solvent. Evidently, with respect to the onset of phase 

separation there will be a conceivable difference between a growing polymer chain 

that either closely resembles the chemical structure of the surrounding solvent or 

differs dramatically from the chemical structure of the solvent. Whether the onset 

of phase separation occurs early on or later on in the polymerisation process, it 

may have a significant influence on the resulting morphology of the 

polymer/liquid crystal composite system and therefore is certainly a parameter 

worth to be considered. 

Since their introduction by Gray et al.12, a substantial amount of research has 

been focused on the now commercially available anisotropic cyanobiphenyl 

solvents. Their low transition temperatures together with their variety of available 

mesophases make them ideal candidates as anisotropic solvents for the in-situ 

polymerisation of thiol-ene monomers. Therefore, these cyanobiphenyls will be 

used as the anisotropic solvents throughout this thesis, unless specified otherwise. 

Thus, it may be worthwhile to investigate the influence on polymerisation and 

morphology of thiol-ene monomers with a chemical structure closely resembling 

that of the cyanobiphenyls. Conclusively, this implies that two different chemical 
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structure templates need to be evaluated. Firstly, monomers containing a phenyl 

benzoate core as already depicted in Table 2.1 are evaluated, as their chemical 

structure deviates from that of the solvents used. Secondly, monomers containing 

a biphenyl core are evaluated in view of their resemblance with the commercially 

available cyanobiphenyl solvents. But before the synthesis and characterisation of 

these two classes of compounds is discussed, it is necessary to address the strategy 

that is involved in the general design of the monomers and to introduce a 

convenient nomenclature in the next section. 

2.1.1 Structure & Nomenclature 

Ever since the pioneering work of Vorländer13 general structure-properties 

relationships have been formulated for the design of materials to exhibit 

mesogenic properties and extensive reviews and textbooks have been devoted to 

this topic14,15. In this respect, in the majority of cases a rigid core is accompanied 

by flexible end-groups to ensure liquid crystalline properties. In the case of thiol-

ene monomers, both thiol and vinyl functionalities are present. From a conceptual 

point of view, these functional groups can be introduced in three ways (Fig. 2.1). If 

a mixture is used consisting of a monofunctional thiol and monofunctional olefin, 

addition may be accomplished but polymerisation is impossible due to the 

monofunctionality. Therefore, a polymerisable mixture would consist of both a 

thiol functionalised monomer and a monomer containing a vinyl group (Fig. 

2.1b). However, due to the intrinsic requirements associated with step-growth 

polymerisations to which class thiol-ene polymerisations belong, exact 

stoechiometry and purity of both species is of utmost importance to ensure a 

sufficient degree of polymerisation. Alternatively, it is possible to incorporate both 

functionalities within one molecule (Fig. 2.1c). 

a

SH SH SH

SH

b

c  
Figure 2.1. Possible structure configurations for thiol-ene substances. a) Mixture of 

monofunctional thiol and olefin. b) Stoechiometric mixture of dithiol and diene. c) Thiol-ene 
functionality incorporated within one molecule. 
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Obviously, incorporation of two reactive functionalities within one molecule 

could evoke premature polymerisation due to the possible intrinsic instability of 

the monomer. On the other hand, the synthesis of two bifunctional monomers as 

shown in Fig. 2.1b is more laborious and requires the exact mixing of both species 

afterwards to ensure the critical exact 1:1 ratio of both functional groups. The 

synthesis of a monomer comprising both reactive functionalities may prove more 

straightforward and in a pure compound the exact 1:1 thiol / olefin stoechiometry 

is always guaranteed. 

To facilitate the easy reference to the individual materials, an abbreviated 

nomenclature is introduced here. Assuming an arrangement of a thiol-ene 

monomer as depicted in Fig. 2.1c, the individual molecule is indicated by ‘ThE’ for 

the ‘Thiol’-group on the ‘left’ hand side of the molecule and the ‘Ene’ or vinyl-

group on the ‘right’ hand side of the molecule. The bridging groups between both 

functional groups are indicated by a characteristic letter, each corresponding to a 

different bridging group as can been derived from Figure 2.2, e.g. ‘b’ for a phenyl 

benzoate (benzoyloxybenzene) bridging group, ‘.’ (dot) for a direct connection of 

the two phenyl rings etc. Finally, the number of carbon atoms in the spacers left 

and right of the bridging group is indicated in numbers. For example, Fig. 2.2 also 

shows the corresponding chemical structure of the monomer ‘ThE 5b4’, a 

benzoyloxybenzene thiol-ene derivative showing five and four carbon atoms on 

either side of the central mesogenic core, respectively. 

O

O

O
OSH

m=5

n=4

ThE 5b4

azobenzene
phenyl benzoate
biphenyl

a:
b:
.:

N N
O

O

 

Figure 2.2. Nomenclature of thiol-ene monomers used throughout this thesis. 

In the remainder of this chapter, the synthesis and characterisation of 

several homologues of thiol-ene monomers, based on phenyl benzoate and 

biphenyl bridging groups, is described. 
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2.2 Synthesis & Characterisation of Phenyl Benzoate Derivatives 

2.2.1 Synthesis 

As discussed, monomers are selected containing either a phenyl benzoate core or 

containing a biphenyl core. In this section, the synthesis and characterisation of 

monomers with a phenyl benzoate core is discussed. In turn, Section 2.3 deals 

with the synthesis and characterisation of monomers based on a biphenyl core. 

For a substantial degree of polymerisation of thiol-ene monomers to occur, 

an exact stoechiometric 1:1 ratio is necessary between the olefinic and thiol 

functionality, as described. A possible solution to this requirement is the 

incorporation of both a mercapto and vinyl group within one molecule. Several 

homologues of the thiol-ene ThE mbn based on the phenyl benzoate bridging 

unit, as shown in Scheme 2.1, were synthesised with variation in the spacer 

lengths, following literature procedures when available7. 
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Scheme 2.1. Synthesis of a thiol-ene monomer containing a phenyl benzoate bridging group. The 
indices m,n refer to the number of carbon atoms in the spacers. i) 1. α,ωα,ωα,ωα,ω-dibromoalkane, 

2. K2CO3, ii) 1. thiourea, 2. NaOH, iii) DCC/DMAP. 

The ethyl-4-(ω-bromoalkoxy)benzoate BrA m is formed from the coupling of an 

α,ω-dibromoalkane and ethyl-4-hydroxybenzoate 3, where the ester functions as a 

protective group for the carboxylic acid group. The desired product was separated 

from unreacted dibromide and diesters formed from reaction of two equivalents 

of 3 with the dibromide, by distillation under vacuum. This was readily feasible for 

spacer lengths up to six carbon atoms. For larger spacer lengths, as in the case of 

for instance eleven carbon atoms, high vacuum distillation is no longer feasible. 
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In this case, to avoid laborious separation of the desired monobromide from the 

bi-substituted bromide, an intermediate reaction step needs to be inserted, as 

shown in Scheme 2.2. 11-Bromoundecanol can then be coupled to the benzoate 3, 

followed by the conversion of the primary hydroxide 4 to the corresponding 

bromide BrA 11 . 

O

O

HO

3 4 BrA 11

i ii

iii

ThA 11

O

O

O
CH2

HO

11 11

O

O

O
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Scheme 2.2. Alternative pathway for synthesis of long spacered thiols. i) 1. 11-bromo-1-
undecanol, 2. K2CO3, ii) PBr3, iii) 1. thiourea, 2. NaOH. 

The accordingly obtained primary halides were converted to the 

corresponding primary thiols ThA m using thiourea. The intermediate 

isothiuronium salt was cleaved and the benzoic acid form was deprotected at the 

same time using saponification. The thus obtained primary mercaptane is 

essentially one half of the target thiol-ene monomer. 

It has been long known that carboxylic acids that form dimers as a result of 

secondary interactions, display mesogenic behaviour14-17. The thiol functionalised 

benzoic acid derivatives synthesised here constitute no exception. Table 2.2 shows 

the transition temperatures and phase identifications of the ThA homologues, as 

determined by polarised optical microscopy in combination with differential 

scanning calorimetry. 

Table 2.2. Transition temperatures (in °C) of ThA m homologues. ‘Cr’ denotes the crystalline, ‘N’ 
denotes the nematic and ‘I’ denotes the isotropic phase. 

Structure Cr →→→→ N →→→→ I

ThA 4 118.8 139.4

ThA 5 117.6 144.9

ThA 6 127.5 145.0
 

The typical odd-even effect as commonly observed for liquid crystals with 

different spacer lengths is also displayed by the benzoic acid derivatives. For the 

spacer lengths used here, no smectic behaviour has been observed. Apparently, 

the aspect ratio of the dimers is not yet sufficient to introduce higher ordered 
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mesogenic behaviour. The alternation of the clearing points follows that of the 

related p-alkoxybenzoic acids18; lower clearing points for the homologues with 

even spacer lengths including the oxygen from the ether linkage, as can also be 

derived from numerous homologue series of other liquid crystals19. 

The other part of the target monomer is obtained from the reaction of 

hydroquinone with an alkenyl tosylate TsE n introducing the desired spacer length 

(Scheme 2.3). The alkenyl tosylate is obtained using standard procedures20 from 

commercially available ω-alkene-1-ol’s. 

PhE n

CH2
HO

n-2

+

HO X

CH2
O

Ts
n-2

HO O
CH2

n-2

TsE n

i

5a: X=OH
5b: X=THP

iia/iib

 

Scheme 2.3. Synthesis of right part of target thiol-ene monomer. i) 1. pyridine, 2. TsCl, iia) NaOH. 
iib) NaOMe, 2. PPTS. 

The coupling of the tosylate to hydroquinone 5a can be done directly using 

previously reported procedures21 although significant amounts of diethers are 

retrieved. However, the purification is straightforward and the pure phenolic 

compound PhE n can be obtained in reasonable quantities. Alternatively, 

hydroquinone can be monoprotected using for instance dihydropyran11, prior to 

the actual coupling of the tosylate. Subsequent cleavage of the THP ether affords 

the phenol PhE n in a better yield7,11. 

Finally, the acid ThA m is coupled with the phenolic compound PhE n using 

esterification, affording the final thiol-ene monomer ThE mbn . The esterification 

reaction was performed with the aid of dimethylaminopyridine (DMAP)22 and the 

dehydrating agent dicyclohexylcarbodiimide (DCC)23,24 in order to force the 

reaction to completion. 

The crude products obtained from the esterifications, as reported earlier by 

Lub et al.7, contained thioesters and disulfide contaminations as confirmed by 1H-

NMR signals at δ=3.08, δ=7.92 and δ=2.70 ppm, respectively. An excess of the 

phenolic compound was used to suppress thioester formation. However, in their 

studies, further attempts to purify the crude materials were not attempted, as the 

thiol-ene monomer/thioester mixture still possessed the desired stoechiometry. 

Claimed efforts to purify the mixtures using column chromatography failed due to 

apparent disulfide formation originating from interactions with the column 
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materials. In this study however, flash column chromatography was used 

successfully to separate the target thiol-ene monomer from other side-products in 

good yields. NMR analysis revealed that no additional disulfides or thioesters were 

formed when pure thiol-ene monomers were mixed with silica gel, even after 

heating at 60°C for several hours, a time and temperature frame that exceeds that 

of the actual column fractionation process (Fig.2.3). In addition, size exclusion 

chromatography showed no traces of higher molecular weight species other than 

that of the monomers. 

 

Fig. 2.3. gCOSY spectrum of ThE 6b6 in chloroform-d. 

Other means of reducing the formation of side products such as thioesters 

and disulfides could be the protection of the thiol functionality followed by 

deprotection after the final esterification to yield the target monomer25. However, 

as put forward by Lub et al., the conditions for deprotection of conventional 
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protecting groups (e.g. tetrahydropyranyl sulphanyl ether and O-methyl 

thiocarbonate) for the mercapto group resulted in the decomposition of the 

mesogenic core of the target monomer. Here, further efforts using different 

reagents for protection-deprotection were not made, all the more since the 

monomer could be obtained in good yield and purity using conventional 

separation techniques. 

2.2.2 Characterisation 

The synthesised thiol-ene monomers based upon the phenyl benzoate rigid core 

show interesting mesogenic properties, as shown in Table 2.3 below. 

 

Table 2.3. Mesogenic transitions (°C) of synthesised ThE mbn homologues. ‘Cr’ denotes 
crystalline, ‘SmA’ denotes smectic A, ‘N’ denotes nematic and ‘I’ denotes isotropic phase. 

ThE mbn

O

O O

O
CH2

HS

CH2
m

n-2

Monotropic transitions indicated in brackets

Structure m n Cr →→→→ SmA →→→→ N →→→→ I

ThE 4b4 4 4 58.6 - 68.4

ThE 5b4 5 4 60.6 - 72.8

ThE 6b4 6 4 53.5 (48.3) 67.7

ThE 6b6 6 6 42.5 55.4 69.5

 

The synthesised thiol-ene monomers display various liquid crystalline 

phases as can be concluded from their textures observed using polarised optical 

microscopy (Figure 2.4a-d). Next to the typical Schlieren textures that are 

commonly observed for nematic phases26 (Fig. 2.4a), the focal conic or fan shaped 

textures are obtained for the smectic A phases27 (Fig. 2.4b-d). In addition, the 

occurrence of the enantiotropic smectic A phase of ThE 6b6 and the monotropic 

smectic A phase of ThE 6b4 was confirmed by X-ray spectroscopy (Figure 2.5a). 

The corresponding layer spacings are approximately 28 Å and 32 Å for ThE 6b4 

and ThE 6b6 , respectively. These values indicate a single molecule stacking 

within the individual layers for both monomers as the layer spacings in a first 

approximation match the calculated length values using minimised energy 

conformation calculations, 27 Å and 28 Å, respectively  (Figure 2.5b). 
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a)

c)
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Fig. 2.4. Texture micrographs between crossed polarisers. a) Nematic Schlieren texture of 
ThE 4b4. b) Fan shaped SmA texture of ThE 6b6. c)  Focal conic SmA texture ThE 6b6. 

d) Monotropic SmA texture of ThE 6b4. 
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Fig. 2.5. a) Diffraction curves of smectic A phases of ThE 6b4 and ThE 6b6, respectively. 
b) Molecular model of ThE 6b4 and ThE 6b6 and their respective approximated molecule lengths. 

The general transition temperatures of the thiol-ene monomers are 

considerably lower than their three ring counterparts, shown in Table 2.1, or their 

counterparts without thiol and vinyl groups19. In comparison to the three ring 

thiol-enes of Table 2.1, it is the reduced rigidity of the central mesogenic moiety 

that causes the nematic to isotropic transition temperature to decrease 

tremendously in the case of the synthesised ThE mbn’s. In comparison to the 

non-substituted counterparts, also mercapto and to a lower degree olefinic 

functionalities clearly contribute to the lowering of the clearing point in the case 

of the thiol-enes. Whereas the contribution of the olefinic group is little or can 
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even result in a slight increase19,28, the presence of the thiol group lowers the 

transition to a larger degree. Also, when comparing the transition temperatures 

reported for the impure 2, Table 2.1, with those of the purified ThE 6b6 , Table 

2.3, it can be seen that not only the clearing temperature is lower for the purified 

thiol-ene but a smectic mesophase is present as well. Clearly, the presence of 

thioester and disulfide impurities in 2, with their undoubtedly higher intrinsic 

transition temperatures, shifts the transition temperatures of 2 upward. The 

stability window of the smectic phase of ThE 6b6 is not wide enough to prevail in 

the binary or ternary phase diagram of 2, consisting of the thiol-ene monomer and 

its contaminations. 

Alternatively, the transition temperatures of the synthesised thiol-ene 

homologues could most likely be lowered even further by introducing asymmetry 

to the mesogenic core by for instance a methyl substituent, as shown before for 

other liquid crystals7,29. The use of alkyl substituents rather than alkoxy 

substituents will generally also lower the transition temperatures of liquid 

crystals19. 

Furthermore, from Table 2.3 it can be seen that variation of the spacer 

length on both sides of the central rigid core provides a versatile tool to tailor 

different types of reactive mesophases, ranging from the low ordered nematic to 

the higher ordered smectic A phase. This can for instance be illustrated with the 

ThE mb4 homologues, where the spacer length m is varied from 4 to 6. The 

general trends found in liquid crystalline materials with respect to the formation 

of higher ordered, smectic phases is also found in this series. Already the ThE 6b4 

homologue displays a monotropic smectic A phase. Apparently, the aspect ratio of 

this monomer is sufficiently large to induce smectic behaviour, something that is 

common for longer spacered liquid crystals. Also, the odd-even effect in the 

clearing point transitions can be clearly seen, displaying the highest nematic to 

isotropic transition for the odd numbered homologue (Table 2.3). 

This odd-even effect can also be found in the birefringence series of the 

synthesised thiol-enes, as shown in Figure 2.6. These values were obtained 

through polarised optical microscopy on monolithically aligned samples using a 

rotary compensator. 
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Fig. 2.6. Birefringence at 589 nm versus the reduced temperature for synthesised ThE mbn’s as 

determined by polarised optical microscopy using a rotary compensator. A determination by UV-
VIS spectroscopy is included for comparison. 

The birefringence of the odd-spacered homologue ThE 5b4 exceeds that of 

the even-spacered materials, ThE 4b4 , ThE 6b4 and ThE 6b6. The odd number 

of carbon atoms, together with the ether linkage and the primary thiol, facilitates 

the packing of the mesophase and consequently results in a higher degree of 

order and accordingly a higher birefringence in comparison to its even numbered 

homologues where the aspect ratio is more unfavourable. Figure 2.6 also shows 

the first order transition from the nematic phase to the isotropic state at the 

clearing point, next to the continuous transitions to the higher ordered smectic 

phases in the case of ThE 6b6 and ThE 6b4 , upon cooling. For comparison, a 

measurement of the birefringence of ThE 4b4 is included, as determined by 

optical dichroism. Slight deviations are not unusual when comparing the 

dichroism measurements with the microscopy experiments, as small deviations in 

the sample thickness can lead to substantial variations in the birefringence. 

Because the birefringence is closely related to the degree of order in a 

material, the order parameter can be derived from Fig. 2.6, using the ordinary and 

extraordinary refractive indices of the liquid crystal according to the extrapolation 

method described by Haller30 and Horn31. This is illustrated for ThE 6b6 in Figure 

2.7a where the refractive indices are depicted as a function of temperature. The 

anisotropy of the material can be observed prior to the clearing point where two 

refractive indices are present. 
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Fig. 2.7. a) Refractive indices of ThE 6b6 as a function of temperature. b) Corresponding Haller 
plot showing the linear fit through the nematic region with the 95% confidence limits. c) Order 
parameter S of ThE 6b6 versus the reduced temperature, Tc indicates the clearing point. The fit 

corresponds to the Maier-Saupe mean field theory for the nematic region. 

Again, the smectic to nematic transition is accompanied by a small jump in 

the ordinary and extraordinary refractive index. Fig. 2.7b shows the corresponding 

Haller plot where Tc signifies the clearing point and α//, ⊥α are the molecular 

polarisabilites along the molecular axis or perpendicular to it, α is the average 

molecular polarisability that can be calculated from the former two31. Following 

the local field assumption by Vuks32, the order parameter S of a liquid crystal can 

be expressed as 

12

22

// −
−







−

=
⊥ n

nn
S oe

αα
α

 Eq. 2.1 

where the order parameter is expressed as a function of the respective 

refractive indices. Haller observed that a linear relationship is obtained when 

plotting log[(α//- ⊥α )S/α ] against the logarithmic reduced temperature log(1-T/Tc). 

The intercept (-0.5397 in this case) obtained by extrapolation to T=0 K, where S=1, 
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eliminates the necessity of knowing the exact values for the individual molecular 

polarisabilities, as it yields the scaling factor [(α//- ⊥α )/α ] of Eq. 2.1 directly. The 

order parameter curve can then be constructed and is shown in Fig. 2.7c versus 

the reduced temperature. Again, the first order isotropic to nematic transition is 

visible and the order parameter climbs to a value of 0.68 for the nematic phase 

and further increases to 0.80 for the smectic A phase. These values are in 

concordance with the majority of low molecular weight calamitic liquid crystals, 

where maximum order parameter values can be found ranging from 0.6-0.8 for 

the nematic and 0.7-0.9 for the smectic phases33. The nematic region of the order 

parameter curve can be adequately described with Maier-Saupe’s mean field 

theory34, using S=(1-aT/Tc)
b, with a=1.00 and b=0.12. 

As discussed, comprising both the olefinic and mercapto functionality 

within the same monomer offers the benefit of the intrinsically exact 

stoechiometry that is required for polymerisation. However, this may be realised 

at the expense of the intrinsic stability of the monomer as thiol-ene 

polymerisation can be initiated thermally and by UV-exposure. Therefore, the 

stability of the synthesised thiol-ene monomers was investigated using size 

exclusion chromatography (SEC) for the occurrence of higher molecular weight 

species. Figures 2.8a-c represent the results after 15 minutes exposure of 

ThE 4b4 , taken as a representative for all thiol-ene monomers, to temperature 

alone (a), temperature treatment and UV-exposure (b) and exposure of the 

monomer and 1% w/w photoinitiator to UV-light at different temperatures (c). 

From Figure 2.8a, roughly four peaks can be distinguished. The large signal at a 

retention time of 17.3 minutes represents the residual monomer peak. The peaks 

at lower retention times reflect higher molecular weight materials such as dimeric 

to oligomeric species. The peaks at 18.0 at 18.9 minutes originate from additives 

present in the rubber septa that were used during sample preparation. At a first 

glance, it appears that for those samples exposed to temperatures only and to both 

temperature and UV-light (Fig. 2.8a-b), hardly any polymerisation occurs, as there 

is hardly an increase visible of oligomeric species. Only for those samples that 

contained photoinitiator and that were irradiated at elevated temperatures, 

polymerisation is noticeable. 

In conclusion, the synthesised liquid crystalline thiol-ene monomers are 

stable materials, even at elevated temperatures up to 70°C, during exposure times 

that normally even exceed the typical handling times of these type of materials. 
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Fig. 2.8. SEC data for ThE 4b4 monomer exposed for 15 minutes to a) Different temperatures 
alone. b) Different temperatures and UV-light. c) Different temperatures and UV-light while 

containing 1% w/w photoinitiator. 

2.3 Synthesis of Biphenyl Derivatives 

In the previous section, the synthesis and characterisation of liquid crystalline 

thiol-ene monomers based on a phenyl benzoate core was described. Next to these 

thiol-ene monomers, also monomers are envisaged that possess a chemical 

structure closely resembling that of the used anisotropic cyanobiphenyl solvents. 

2.3.1 Materials Selection & Synthesis 

In the approach to synthesise liquid crystalline thiol-ene monomers that closely 

resemble the structure of cyanobiphenyls, a possible starting material is the 

commercially available 4-bromo-4’-hydroxybiphenyl. This biphenyl compound 

already has two different reactive groups (-Br and –OH) present at the para 

positions (4 and 4’) of the biphenyl core (Fig.2.9). 
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Fig. 2.9. 4-Bromo-4’-hydroxybiphenyl 6, thiol-ene monomer ThE0.m, cyanobiphenyls mCB and 
mOCB. 

While working out the scheme for synthesis of the thiol-ene monomers with 

4-bromo-4’-hydroxybiphenyl as a starting material a few remarks should be kept 

in mind. Thiols (RSH) are slightly acidic and will loose a proton to become a 

thiolate (RS—) ion when reacting with a base35-38. These thiolate ions are very strong 

nucleophiles (stronger than ArO—) and therefore very reactive with molecules 

bearing a good leaving group (e.g. Cl—, Br—, tosylates). Moreover, thiolate ions can 

also react with atmospheric oxygen to form a disulfide by the following reaction 

mechanism38 (Scheme 2.4): 

RSH B- RS- BH
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Scheme 2.4. Reaction of a thiolate ion with atmospheric oxygen leading to the formation of a 
disulfide38. 

The olefin group in the flexible chain of a thiol-ene monomer contains a π-

bond which is very susceptible to electrophilic species (e.g. sulphuric acid, AlCl3 

and HX with X=halogen)38. 

The addition of a flexible aliphatic chain containing a double bond can be 

achieved by an SN2 reaction of the alken-1-yl-p-toluenesulfonate at the hydroxyl 

group (converted as a phenoxide (Ar-O—) using sodium hydroxide or potassium 

carbonate) of the biphenyl36,37 (Scheme 2.5). 
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Scheme 2.5. SN2 substitution of a flexible aliphatic chain containing an olefin group to the 
4’-hydroxy-4-bromobiphenyl, resulting in the biphenylbromide BrE 0.n. i) Alken-1-yl-p-

toluenesulfonate and NaOH or K2CO3. 

This method has been used in Section 2.2 for the thiol-ene monomers with a 

benzoyloxybenzene core. However, this reaction has to be carried out at an early 

stage since initially present thiol will immediately react with the basic NaOH 

solution or K2CO3 to form a thiolate (RS—) ion. Because this thiolate anion is a 

stronger nucleophile than the phenoxide anion, it will in turn react with the alken-

1-yl-p-toluenesulfonate itself. 

The final step is to convert the remaining aromatic bromine group of the 

BrE 0.n into a mercapto group. The method described in Section 2.2, conversion 

of a primary alkoxyhalide into a primary thiol using thiourea, cannot be employed 

for arylhalides. Several methods to synthesise thiols from aryl bromides are 

reported in literature38,39. In order to gain more insight in possible problems that 

may arise during the synthesis and also to get an idea of the conversion, some of 

these methods were tested first. Two model compounds containing an aromatic 

bromine group were used: 4-bromoanisole and 4-bromobiphenyl. Scheme 2.6 

gives a schematic overview of the tested methods for both model compounds. A 

short outline of the listed methods and their results will be given in the following 

section. 

Br R

R= OCH3 or aryl

Ar MgBr

Ar SO2Cl

Ar S MgBr RHS

Method A

Method B

Method C

No thiol

No thiolAr MgBri ii iii

iv

v
vi
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iii  

Scheme 2.6. Schematic overview of tested methods to introduce an arylthiol (Ar-SH) from an 
arylbromide (Ar-Br). i) Mg/anh. Et2O. ii) SO2Cl2. iii) LiAlH4. iv) NaSH.H2O. v) S. vi) HCl. 
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2.3.2 Tested Methods to Synthesise Aromatic Thiols from Aryl Bromides 

Method A starts with the synthesis of a Grignard reagent that leads to the 

formation of sulfonylbromides and sulfonylchlorides (RSO2Br and RSO2Cl) when 

reacting with sulfurylchloride (SO2Cl2)
40. The formed sulfonylhalides can be 

reduced with LiAlH4 to thiols41. In order to be sure that SO2Cl2 does not react with 

double bonds, a small amount of SO2Cl2 was mixed with dodecene and 

subsequently a 1H-NMR-spectrum was recorded of this mixture. The spectrum 

showed no difference with that of the pure dodecene. 

It should be mentioned here that the formation of the Grignard-complex 

was incomplete since most of the magnesium was still present after finishing the 

addition of 4-bromobiphenyl and an additional stirring period of approximately 8 

hours. 

A 1H-NMR spectrum that was taken from the organic layer after finishing 

the reduction and decomposition of excess LiAlH4, shows that no thiol was 

formed. This may be due to the incomplete formation of the Grignard reagent. No 

further attempts were made to repeat the synthesis. 

In turn, method B is based on a nucleophilic substitution mechanism38. The 

SH— anion is a very strong nucleophile (stronger than e.g. CN—). A mixture of 

methanol and ethanol (50:50%(v/v)) is used as solvent. The 1H-NMR-spectrum 

recorded after approximately 10 hours of reaction shows that no thiol was formed. 

This is probably due to the use of the protic solvent mixture (methanol/ethanol) 

through which the SH— anion is stabilised too much by formation of hydrogen 

bonds with the OH groups of the alcohols. An alternative route involving the use 

of sodiumethanethiolate (NaSCH2CH3) as a nucleophilic agent in a mixture of 

dimethylformamide (DMF) and aryl bromide42,43 has not been explored yet, but 

might be considered for future attempts (reported yield for the synthesis of 4-

mercaptobiphenyl using this method: 67%)43. 

As can be seen in Scheme 2.6, method C also involves the synthesis of a 

Grignard reagent that leads to the formation of a R-MgSBr complex when reacting 

with sulphur. This complex can be reduced to give a thiol. The reaction was used 

for the synthesis of 4-methoxythiophenol starting from 4-bromoanisole. The R-

MgSBr complex was decomposed into a thiol by using 1 M hydrochloric acid44,45,46. 

The 1H-NMR spectrum of the purified 4-methoxythiophenol shows a sharp singlet 

at δ=3.41 ppm indicating the formation of a thiol. However, the spectrum also 

revealed some small signals in the region between 1 and 4 ppm that indicate the 

presence of impurities. Moreover, in the aromatic region some small area 

multiplets (with the exception of the two multiplet signals at δ=6.83 ppm and 

δ=7.29 ppm from the aromatic protons) are found which may be caused by the 
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formation of disulfides or by a Grignard complex that did not react with sulphur 

and forms an Ar-H compound (anisole) upon decomposition by hydrochloric acid. 

Not only HCl, also lithium aluminium hydride (LiAlH4) is mentioned in literature 

to decompose R-MgSBr complexes in thiols38. The main advantage of LiAlH4 over 

HCl is that it reduces possibly formed disulfides into thiols when used in slight 

excess38 and LiAlH4 does not react with double bonds. To confirm the latter 

statement, a small quantity of dodecene was mixed with LiAlH4. Subsequently the 

excess LiAlH4 was decomposed with water after which the water layer was 

removed. Comparison of the NMR spectrum of the pure dodecene with the 

treated dodecene showed no difference. A decrease of the peak area caused by the 

protons of the double bond was not noticed. 

 

Fig. 2.10. 1H-NMR spectrum of 4-mercaptobiphenyl showing the formation of a thiol group after 
decomposition of the intermediate Grignard complex by lithium aluminium hydride. 

The decomposition by LiAlH4 was used for both 4-bromoanisole and 4-

bromobiphenyl as starting material. Both NMR spectra show sharp thiol (-SH) 

singlets at resp. δ=3.40 ppm and δ=3.45 ppm (Figure 2.10) while almost no 

impurities are present. This clearly indicates that this method can be used to 

introduce the desired thiol-ene group without affecting the already present vinyl 

group. Therefore, method C is used to synthesise the monomers ThE 0.4 and 

ThE 0.6 (see Figures 2.2 & 2.9) starting from 4-bromo-4’-hydroxybiphenyl. 

An alternative method to synthesise aromatic thiols from aryl bromides that 

has not been explored yet but may be worthwhile for further examination, is the 

exchange reaction of tert-butyllithium with an aryl bromide and subsequent 
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addition of sulphur and reduction with hydrochloric acid (reported yield for 

conversion of R-ArBr in R-ArSH: 35%)47. 
1H-NMR-spectra of the synthesised unpurified monomers ThE 0.4 and 

ThE 0.6 show additional peaks in the aromatic region which do not correspond 

with the aromatic NMR peaks of the pure monomer compounds. Therefore a 

base/acid purification method (see corresponding passages in Section 2.5) was 

performed. With this purification, a small quantity of white material remained in 

the diethyl ether layer while no solid material precipitated in the acetic acid 

anymore. This phenomenon occurred for both monomers. Further examination 

of these products by DSC reveals a single transition at Tonset = 181.2 °C for the 

ThE 0.4 impurity product and at Tonset = 164.7 °C for the ThE 0.6 impurity 

product. Both transitions are higher than the melting transition of the pure 

monomers (see Section 2.3.3). 1H-NMR spectra of both impurity products show 

the complete absence of the thiol-peak at ± δ=3.5 ppm while the protons of the 

double bond were still present (with matching integral values compared to other 

peaks). 

Also from APT 13C-NMR spectra, only some small replacements of peaks in the 

aromatic region are noticed. Apparently, the impurity products that remain in the 

ether layer are disulfides of the corresponding monomers. Note that disulfides 

may also be formed by the reaction mechanism as shown in Scheme 2.4. 

After the base/acid purification, the size of peaks in the aromatic region, 

caused by impurities has decreased but not completely disappeared. Qualitative 

analysis by size exclusion chromatography of both monomers after purification 

shows for each monomer that still two peaks (peak height ratio: 1:16) are present. 

The higher molecular weight compound is still present after the base/acid 

purification method and therefore probably bears a thiol-group. From this, it is 

assumed that some dimer has formed during the synthesis itself and is still 

present after the purification. Because dimers still have two different reactive 

groups, further purification of the monomers was not performed. 

2.3.3 Characterisation of Biphenyl Thiol-Enes 

DSC measurements were performed to determine the phase transition 

temperatures of the pure monomers (ThE 0.4 and ThE 0.6) and the intermediate 

bromine biphenyl compounds (BrE 0.4 and BrE 0.6). The results of these 

measurements are summarised in Table 2.4. 
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Table 2.4. Mesophase transitions of synthesised biphenyl thiol-enes and the intermediate 
bromine compounds. ‘Cr’ denotes crystalline phase, ‘I’ denotes isotropic phase. 

Structure Cr →→→→ Mesophase →→→→ I

BrE 0.4

Onset Temperature (°C) 51.0 123.6
Transition enthalpy ∆Htr (kJ/mol) 13.3 15.8

Transition entropy ∆Str (J/mol·K) 41.2 39.8

BrE 0.6

Onset Temperature (°C) 35.0 120.7

Transition enthalpy ∆Htr (kJ/mol) 13.8 16.0

Transition entropy ∆Str (J/mol·K) 44.8 40.7

ThE 0.4

Onset Temperature (°C) 88.5 117.8

ThE 0.6

Onset Temperature (°C) 85.2 111.4

Transition enthalpy ∆Htr (kJ/mol) 11.6 13.6

Transition entropy ∆Str (J/mol·K) 32.5 35.3
 

The onset temperatures based on DSC measurements are taken as the phase 

transition temperatures of the monomers and intermediate compounds. The 

phase transition temperatures were also measured by polarised optical microscopy 

but it was difficult to determine at which temperature the transition was 

completed. Note also that the onset temperatures, listed in Table 2.4, are 

measured at a rate of 10 °C/min and hence these temperatures may not represent 

the correct values due to the absence of thermodynamic equilibrium. The 

monomer ThE 0.4 polymerised immediately upon heating above the crystalline to 

mesophase transition temperature. Only one measurement succeeded, however 

no baseline was measured and an accurate determination of the transition 

enthalpy and entropy could not be accomplished. All values that are listed for the 

intermediate bromine compounds are derived from the first heating run, because 

no melt transition was found in the second heating run due to the absence of 

crystallisation during cooling, even after prolonged annealing. 

For all compounds that are listed in Table 2.4, the transition entropy ∆SLC→I 

corresponding to the liquid crystal phase to isotropic phase transition is 

considerably larger than average nematic to isotropic transition entropies with 

typical values in the order of 1.5-2 J/mol·K48. Apparently, both thiol-ene 

monomers and bromine intermediate compounds have a highly ordered LC 

phase. 
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From the onset temperatures, it can be seen that a decrease in spacer length 

results in higher transition temperatures. Apparently, the decreased flexibility of 

the 4-spacered homologue facilitates packing into the crystal lattice. The ∆SLC→I of 

BrE 0.6 is almost equal to the value that is found for BrE 0.4 . The amount of 

order in the anisotropic regions is almost equal for both transition entropies 

∆SLC→I. It seems therefore reasonable to assume that both bromine compounds 

have the same type of mesophase. Both transition entropies of ThE 0.6 are lower 

than those of BrE 0.6 . Apparently the replacement of a bromine group by a 

mercapto group decreases the amount of order in both the crystalline phase and 

the anisotropic phase. The already mentioned presence of dimer in the monomer 

sample may also contribute to a lower amount of order and therefore result in 

lower transition entropies. 

Observation by polarised optical microscopy shows platelet textures when 

the monomers and bromine compounds are cooled slowly from their isotropic 

state to a temperature of about 20 degrees below their TLC→I. Examples of these 

platelet textures for BrE 0.6 , ThE 0.6 and ThE 0.4 are shown in Figure 2.11. 

These platelet textures are typical for several types of smectic phases. Smectic 

phases in general (see also Section 1.2.1) have a more ordered structure than 

nematic phases, which is in accordance with the results that were obtained by 

DSC measurements. 

a b c
 

Figure 2.11. Texture micrographs between crossed polarisers. a) ThE 0.4 in its mesophase 
(T=120°C upon cooling from isotropic phase). b) Mesophase of BrE 0.6 (T=120°C upon cooling 

from isotropic phase). c) Mesophase of ThE 0.6 (T=95°C upon cooling from isotropic state). 

Wide angle X-ray scattering experiments of the pure ThE 0.6 were 

performed in order to determine the exact nature of the liquid crystal phase. The 

diffraction curve, measured at 80 °C (upon cooling), is illustrated in Figure 2.12. 
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a b  

Figure 2.12. a) WAXS diffraction curve and corresponding diffraction pattern of ThE 0.6 at 
T=80°C, upon cooling from the isotropic phase. The reflections are indicated by their Miller 

indices. b) Schematic representation of a crystal E layer (a>b), the molecules are represented by 
cylinders. 

The diffraction pattern in Figure 2.12a shows three sharp outer rings which 

is characteristic for smectic phases27 and therefore in agreement with the smectic 

platelet texture observed by optical polarisation microscopy (Figure 2.11c). X-ray 

diffraction calculations using Bragg’s law49 show that the molecules are packed in 

an orthorhombic arrangement, indicating that the LC phase of ThE 0.6 is a 

crystal E phase50. A schematic representation of such an arrangement is shown in 

Figure 2.12b. 

A first approximation modelled structure of the 4’-(5-hexenyloxy)biphenyl-4-

thiol molecule is shown in Figure 2.13a. Its corresponding calculated length 

(±18.5 Å) equals half the layer thickness (lattice parameter c) as obtained from the 

WAXS measurements. Apparently, each layer is made up of two ThE 0.6 

molecules that are stacked on top of each other. This results in a unit cell as is 

schematically depicted in Figure 2.13b. 

 

Figure 2.13. a) First approximation of optimised geometry of ThE 0.6, calculated length ±18.5 Å. 
b) Unit cell corresponding to crystal E structure of ThE 0.6 and the lattice parameters at 80°C. 
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Similar but more qualitative investigations were performed in order to 

determine the mesophases of the remaining liquid crystalline biphenyl materials. 

Of the intermediate bromine compounds, BrE 0.6 displayed a crystal E phase 

(Fig. 2.14a) identical to its thiol equivalent. The same liquid crystalline behaviour 

was observed for the monomer ThE 0.4 (Fig. 2.14b), whereas the LC phase of 

BrE 0.4 could not be determined unambiguously, being either a hexatic/crystal B 

phase or a crystal E phase as well. 

ba
 

Figure 2.14. 2D-WAXS patterns showing the crystal E phase for a) BrE 0.6 and b) ThE 0.4. 

The observed crystal B or crystal E phases are in accordance with the 

phases generally observed for biphenyl type liquid crystals19. The majority of these 

materials possess single B or E type phases or the isotropic-B-E sequence with the 

strong dipolar cyanobiphenyls as one of the few exceptions, showing nematic and 

lower ordered smectic ordering. 

2.4 Conclusions 

Two different liquid crystalline thiol-ene series were successfully synthesised. The 

stoechiometric 1:1 ratio of the thiol and olefin groups necessary for the step-

growth thiol-ene polymerisation is provided by the intrinsic incorporation of both 

the thiol and the olefin functionality within the same monomer. Stability issues 

resulting from a 1:1 ratio, leading to premature polymerisation, are not of a major 

concern, especially not at the typical handling temperatures and times. 

In the case of the phenyl benzoate thiol-ene derivatives, low mesophase 

transition temperatures are indeed found and the type of mesophase can be tuned 

by variation of the spacer lengths from a nematic to a smectic A phase. The 

biphenyl thiol-ene derivatives display higher ordered liquid crystalline phases, 

such as the crystal E phase, thus extending the range of mesophases that can be 
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used for polymerisation from lower ordered nematic phases to higher ordered 

smectic phases by the appropriate choice of the monomer. 

2.5 Experimental Section 

Materials: 

Merck (Merck, Darmstadt, Germany or Merck-Schuchardt, Hohenbrunn, Germany) supplied 

hydrochloric acid, diethyl ether, acetone, ethanol, dichloromethane, chloroform, deuterated 

chloroform, 2-butanone, sodium chloride, 5-hexen-1-ol, hydroquinone, Kieselgel 60, sea sand and 

sodium hydroxide pellets. 

Acros Organics (Geel, Belgium) supplied pyridine, toluene-4-sulfonyl chloride, anhydrous 

potassium carbonate, ethyl-4-hydroxy benzoate, thiourea, 4-N,N-dimethylaminopyridine (DMAP), 

toluene-4-sulfonic acid monohydrate, N,N’-dicyclohexylcarbodiimide (DCC), 3,4-dihydropyran and 

sodium methylate. 

Fluka Chemical (Buchs, Switzerland) was the supplier of 10-undecen-1-ol, 11-bromo-1-undecanol, 

4-penten-1-ol, dimethylsulfoxide (DMSO), magnesium sulfate, pyridinium toluene-4-sulfonate, 

sodium hydroxide pellets and sodium hydrogen sulfite. 

Sigma Aldrich Co. (Steinheim, Germany) supplied 3-buten-1-ol, 4-penten-1-ol, acetic acid and 

dimethylsulfoxide. 

Special HPLC grades of chloroform, dichloromethane and tetrahydrofuran (S-grade) were obtained 

from Biosolve (Valkenswaard, The Netherlands). 

The tetrahydrofuran used for the Grignard syntheses was rigourously dried using lithium 

aluminium hydride, following the procedure described elsewhere51. 

Fischer Scientific (‘s-Hertogenbosch, The Netherlands) was the supplier of petroleum ether (40-

65°C and 60-80°C). The petroleum ether was distilled before use according to standard 

procedures51. The prerun of the distillation was discarded. 

All chemicals and solvents were of the p.a. grade or of at least comparable purities, and were used 

without further purification unless stated otherwise. 

4-(Tetrahydropyran-2-yloxy)phenol was synthesised according to a procedure described elsewhere11. 

 

Techniques: 

FT-NMR spectra were recorded with a Varian 400 MHz spectrometer or at a Bruker AM-400 

MHz spectrometer at the resonance frequencies of 400.162 MHz for 1H-resonance spectra and 

100.630 MHz for 13C-resonance spectra. All spectra were recorded in CDCl3 or DMSO-d6 at 25°C. 

All chemical shifts are reported in ppm downfield from tetramethylsilane (TMS), used as an 

internal standard (δ=0 ppm). The coupling constants J are given in Hz. Occasionally, the 

assignment of the chemical shifts was further evaluated using gCOSY or HETCOR experiments. 

Elemental analysis has been performed using a Perkin Elmer CHN analyzer type 2400. 

Refractive indices were determined with an Abbé refractometer (Atago 2T and 4T). The solid 

materials were brought into contact with the prism, molten and the respective refractive indices 

observed with the aid of a polariser. 

Thermal characterisation was performed with a Perkin-Elmer DSC-7 Differential Scanning 

Calorimeter (DSC) or Pyris1 DSC together with a CCA-7 temperature controller at standard 

heating rates ranging from 2°C/min to 10°C/min. The DSC’s were calibrated using indium, zinc, 

hexatriacontane, n-octane and n-dodecane standards of high purity. For the determination of 
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specific heat capacities, care was taken that the aluminium mass of both sample and reference 

pans were in close approximation. Transition enthalpies and transition entropies were determined 

from specific heat capacity measurements following the procedures described elsewhere52. 

Next to DSC, mesogenic transition temperatures were determined using a Zeiss MC63 polarised 

optical microscope in combination with a Linkam THMS600 hot-stage, unless stated otherwise. The 

samples were observed at heating rates not exceeding 1°C/min close to the actual transitions in 

order to determine the actual transition temperature. 

Mass spectra were determined using a Shimadzu GC-MS QP5000 mass spectrometer. 

Size Exclusion Chromatography (SEC) was performed using a Waters type 710B injector (50µl) and 

two Polymer Labs, mixed-d, 7.8x300 mm columns thermostated by a Spark Holland Mistral 

thermostat at 30°C, provided a flow velocity of 1 ml chloroform/minute. Either a Waters type 6000 

pump or a Shimadzu 10 AT pump provided a constant flow of 1 ml chloroform/min. A Waters 

model 440 UV-detector (λ=254 nm and λ=263 nm) or a Linear model 205 UV-detector (λ = 254 

nm) was used for detection. 

FT-IR spectra were recorded using a Mattson Polaris FT-IR spectrometer at 2 cm-1 resolution. 

Powder samples were mixed with dried KBr powder and pressed to disks. 

Wide angle X-ray scattering experiments were performed at Philips Research, Eindhoven, The 

Netherlands using a Siemens 2D multi-wire area detector X1000 filled with Xe-methane. A Cu-K 

alpha wavelength of 1,542 Å was used in combination with a flat graphite monochromator, 

collimated to 0.6 mm. Sample temperatures were controlled with a Linkam THMS600 hot-stage. 

Alternatively, WAXS experiments were performed at the European Synchrotron Radiation Facility 

(ESFR), Grenoble, France. The radiation source provided monochromatic X-rays of wavelength 

0.71795 Å. Each diffraction pattern was recorded for 2-5 s on a two-dimensional Princeton CCD 

detector. Using a FIT2D program, 2D X-ray patterns were transformed into one-dimensional 

patterns by performing integration along the azimuthal angle. 

 

Synthesis: 

Synthesis of ethyl-4-(4-bromobutyloxy)benzoate (BrA 4): 

134.32 g (0.972 mol) Potassium carbonate, 108.43 g (0.653 mol) ethyl-4-hydroxybenzoate and 142 g 

(0.658 mol) 1,4-dibromobutane were slowly added to 500 ml ethylmethylketone. The dispersion 

was stirred continuously. After refluxing at 105-110°C during 24 hours under an argon flow, the 

mixture was allowed to gradually cool down to room temperature. The white mash was filtrated, 

and the filtrate put aside. The residue and the remains in the flask were washed with excessive 2-

butanone and filtrated. Both filtrates were combined and washed three times with 300 ml 10% 

sodium hydroxide solution each. Flocculates obtained after the first and second washing were 

removed by filtration. The ethereal solution was washed with brine, dried with magnesium 

sulphate, filtrated and evaporated using a rotary evaporator at diminished pressure. This resulted 

in 172.9 g, slightly yellow crude brominated mixture. 

The mono-substituted ester was separated from the di-ester and excess 1,4-dibromobutane by 

vacuum fractional distillation. The first fraction, 1,4-dibromobutane, was easily obtained (110-

130°C, 6*10-2 mbar). The desired product distilled at 5.5*10-3 mbar and 157°C. The yield of ethyl-4-

(4-bromobutyloxy)benzoate was 85.0 g (43%). The collected fractions showed traces of an olefinic 

component. Despite recrystallisation experiments, no improvements in purity could be obtained. 

The NMR spectra were in accordance with the expected structure and similar to that of BrA 11. 
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Synthesis of ethyl-4-(5-bromopentyloxy)benzoate (BrA 5): 

In a three-necked 2 litre flask, equipped with a thermometer and reflux cooler, 109.3 g (0.66 mol) 

of ethyl-4-hydroxy benzoate, 151.4 g (0.66 mol) of 1,5-dibromopentane and 136.9 g (0.99 mol) of 

potassium carbonate were dispersed in 600 ml 2-butanone. The dispersion was refluxed for 44 

hours at 105°C under continuous stirring and under a continuous argon flow. After cooling down 

the mixture to room temperature, the white mixture was washed several times with 2-butanone up 

to a total of 300 ml. The filtrate was washed twice with 300 ml of a 10% sodium hydroxide solution 

each and subsequently with 300 ml of a saturated NaCl solution. The organic layer was dried over 

MgSO4 and filtrated. Subsequently, the filtrate was evaporated using a rotary evaporator at 

diminished pressure to remove excess 2-butanone. This afforded 198.1 g of a white solid (95%), 

which still contained impurities as shown by NMR. The white solid was further purified by high 

vacuum distillation. The first fraction, 1,5-dibromopentane, was distilled at 105°C (0.07 mbar). The 

second fraction, the desired benzoate, was distilled at 155°C (0.08 mbar). The residue was a brown 

solid. The total yield of the solid white BrA 5 was 73.5 g (35%). 

The NMR spectra were in accordance with the expected structure and similar to that of BrA 11. 

 

Synthesis of ethyl-4-(6-bromohexyloxy)benzoate (BrA 6): 

134 g (0.970 mol) Potassium carbonate, 108.24 g (0.6514 mol) ethyl-4-hydroxybenzoate and 100 

ml (0.650 mol) 1,6-dibromohexane (0.650 mol) were slowly added to 500 ml 2-butanone. The 

dispersion was magnetically stirred continuously. After refluxing at 95°C during 16 hours with a 

nitrogen guard, the mixture was allowed to gradually cool down to room temperature which took 

approximately two and a half hours. The white mash was filtrated, the filtrate evaporated using a 

rotary evaporator and put aside. The residue and the remains in the flask were washed with diethyl 

ether and filtrated. Both filtrates were combined and washed twice with 300 ml 10% sodium 

hydroxide solution each. Flocculates were removed by filtration. The ethereal solution was washed 

with brine, dried with magnesium sulphate, filtrated and evaporated using a rotary evaporator at 

reduced pressure. This resulted in 118.56 g crude brominated mixture. The mixture was 

transferred to a Kugelrohr set-up and distilled under high vacuum. The first fraction, 

dibromohexane, distilled at 100°C (0.068 mbar). After increasing the temperature to 140°C (0.038 

mbar) a second fraction was distilled resulting in a white solid. The brown residue solidified on 

standing. 

The yield of the fraction of ethyl-4-(6-bromohexyloxy)benzoate was 69 g (32%). 

The NMR spectra were in accordance with the expected structure and similar to that of BrA 11. 

 

Synthesis of ethyl-4-(11-hydroxyundecyloxy)benzoate (4): 
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In a 1-litre flask, 50 g (0.20 mol) of 11-bromo-1-undecanol, 36.4 g (0.22 mol) of ethyl-4-hydroxy 

benzoate and 30.4 g (0.22 mol) of potassium carbonate were added to 400 ml of dimethylsulfoxide 

(DMSO). The contents were refluxed for 24 hours at 90 °C under magnetic stirring and under 

continuous argon flow. After cooling to the air, 450 ml of water and 750 ml of dichloromethane 

were added to the light brown dispersion resulting from the reaction. The organic layer was 
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isolated, and the water layer was extracted twice with 500 ml dichloromethane each. Subsequently, 

the combined dichloromethane layers were washed successively with 400 ml of 10% sodium 

hydroxide solution, 600 ml of water and 450 ml of saturated sodium chloride solution. The 

combined organic layers were dried over magnesium sulfate, filtered and excess dichloromethane 

was removed using a rotary evaporator at diminished pressure. The resulting white solid was still 

wet from DMSO (at that time 68.1 g) and dried under vacuum. The final yield was 30.7 g (46 %), 

and 4 was used without further purification. 
1H-NMR (CDCl3; 25°C; 400.134 MHz): The spectrum was similar to that of BrA 11 and according to 

the expected structure. 
 13C-NMR (CDCl3; 25°C; 100.614 MHz): 166.6 (Cq), 163.0 (Cm), 131.6 (Co), 122.7 (Cp), 114.1 (Cn), 68.3 

(Cl), 63.2 (Cb), 60.7 (Cr), 32.9 (Cc), 29.69+29.64+29.61+29.53+29.46+29.22 (Ce+f+g+h+i+k), 26.1 (Cj), 

25.8 (Cd), 14.5 (Cs) 

 

 

Synthesis of ethyl-4-(11-bromoundecyloxy)benzoate (BrA 11): 
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30.7 g (91.1 mmol) ethyl-4-(11-hydroxyundecyloxy)benzoate (4) was dissolved in approximately 300 

ml diethylether (not explicitly dried) and charged in a three-necked 1 l flask, equipped with a gas 

trap (water) connected to a condensor. The flask was cooled with an ice/water mixture to 0-4°C. 

Using a pressure equalised dropping funnel, a solution of 27.3 g (100 mmol) phosphorus 

tribromide (as a 1.0 M solution in diethyl ether) was gradually added over one hour to the mixture. 

During the addition, the appearance of the highly acidic mixture changed from a yellow coloured 

suspension to a clear yellow-brown solution. The reaction was stirred for 4 hours at 0-4°C and left 

overnight to gradually reach room temperature. Stirring was continued for another 48 hours and 

the progression of the reaction monitored by NMR spectroscopy. A 200 ml ice/water mixture was 

carefully added to the contents of the flask until no gas evolution was noted anymore (pH<1) and 

the organic layer was separated. The ether layer was separated and washed five times with 300 ml 

water (pH=4-5; due to the strong surfactant action, a few gram of sodium chloride was added to 

facilitate the detection of the boundary layer of the two phases). Subsequently, the ethereal layer 

was diluted with an additional 250 ml diethylether, washed with a saturated solution of sodium 

bicarbonate and 300 ml brine. At this stage, any precipitates formed in the organic layer were 

removed by filtration. The corresponding filtrate was evaporated and recrystallised from distilled 

petroleum ether 60-80°C to afford 26.4 g of white oil that crystallised upon standing (73%). 
1H-NMR (CDCl3; 25°C; 400.134 MHz): 7.98 (d, 2H, 3Jnm=9.0, Hn), 6.90 (d, 2H, 3Jmn=9.0, Hm), 4.34 

(q, 2H, 3Jqr=7.1, Hq), 4.00 (t, 2H, 3Jkj=6.5, Hk), 3.40 (t, 2H, 3Jab=6.9, Ha), 1.43 (t, 3H, 3Jrq=7.2, Hr), 

1.85-1.2 (aliphatic region, 18H) 
13C-NMR (CDCl3; 25°C; 100.614 MHz): 166.6 (Cq), 163.0 (Cm), 131.6 (Co), 122.8 (Cp), 114.1 (Cn), 68.3 

(Cl), 60.7 (Cr), 34.22 (C?), 32.9 (Cc), 29.61+29.56+29.54+29.45+29.33+28.88 (Ce+f+g+h+i+k), 28.29 

(C?), 26.1 (Cj), 25.8 (Cd), 14.5 (Cs) 

 



52 Chapter 2 

Synthesis of 4-(4-mercaptobutyloxy)benzoic acid (ThA 4): 

A 1 litre round-bottomed flask equipped with a reflux condenser was charged with 85.0 g (282 

mmol) ethyl-4-(4-bromobutyloxy)-benzoate BrA 4, 55 ml water and 32.4 g (426 mmol) thiourea. 

The initially inhomogeneous mixture was guarded by a nitrogen flow and carefully stirred 

magnetically for two hours at 110°C, during which the mixture slowly turned transparent. To the 

still refluxing solution 80 ml of freshly distilled toluene was added under vigorous stirring for 25 

minutes. The mixture was allowed to cool to room temperature allowing the isothiuronium salt to 

crystallise. The salt was filtered and washed with toluene to completely remove the elimination 

products from the previous reaction step. To the purified salt, 360 ml of 10% sodium hydroxide 

solution was added and the mixture was refluxed for two hours at 100-110°C. The still hot solution 

was transferred in a 3-litre beaker while vigorously stirring. Using a cylindrical dropping funnel, a 

2,5 M hydrochloric acid solution was added dropwise until pH=1. The precipitate was filtered and 

the residue was washed twice with ca. 400 ml water each (checking pH=4-5). The white solid thus 

obtained was dried a few days under vacuum at 55-60°C. Yield after recrystallisation from 

petroleumether (60-80°C)/MEK: 23.2 g (36%), no olefinic signals were observed in NMR. 

Cr 118.8 N 139.4 I. 

The NMR spectra were in accordance with the expected structure and the signal assignments are 

similar to that of ThA 6. 

 

Synthesis of 4-(5-mercaptopentyloxy)benzoic acid (ThA 5): 

Similar to the procedure used for the synthesis of 4-(4-mercaptobutyloxy)benzoic acid (ThA 4), 

70.3 g (220 mmol) ethyl-4-(5-bromopentyloxy)benzoate (BrA 5), 27.5 g (360 mmol) thiourea and 55 

ml water were added to a 1 l flask. The mixture was heated to 115°C under continuous stirring and 

under a continuous argon flow. After two and a half hours, 400 ml 10% NaOH solution was added 

to the clear solution, which became turbid, and the solution was refluxed for another two and a 

half hours. Subsequently, 2.5 M hydrochloric acid solution was added (until pH=1), the dispersion 

filtered and the residue washed twice with 400 ml of water each. The resulting 45.8 g white 4-(5-

mercaptopentyloxy)benzoic acid was of sufficient purity (85%). Cr 117.6 N 144.9 I. 

The NMR spectra were in accordance with the expected structure and the signal assignments are 

similar to that of ThA 6. 

 

Synthesis of 4-(6-mercaptohexyloxy)benzoic acid (ThA 6): 
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Analogous to the procedure used for the synthesis of 4-(5-mercaptopentyloxy)benzoic acid (ThA 5), 

a 1 litre round-bottomed flask equipped with a reflux condenser was charged with 66.4 g (216 

mmol) ethyl-4-(6-bromohexyloxy)-benzoate BrA 6, 40 ml water and 23.2 g (305 mmol) thiourea. 

The initial inhomogeneous mixture was guarded by a nitrogen flow and carefully stirred 

magnetically for two hours at 110°C, during which the mixture slowly turned transparent. The 

mixture was allowed to cool to room temperature and 360 ml of 10% sodium hydroxide solution 

was added which resulted in a white flocculation. Again, the mixture was refluxed for two hours at 

110°C. The still hot solution was transferred in a 2 litre beaker while vigorously stirring. Using a 

cylindrical dropping funnel, a 2,5 N hydrochloric acid solution was added dropwise until pH=1. 

The addition had to be stopped several times due to excessive foaming. The precipitate was filtered 
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and the residue was washed twice with ca. 400 ml water each. The white solid thus obtained was 

dried a few days under vacuum at 55-60°C. 

The obtained 4-(6-mercaptohexyloxy)benzoic acid was of sufficient purity. Recrystallisation from 

chloroform did not result in further improvement of the purity. Yield 47.52g (93%). 

Cr 127.5 N 145.0 I. 
1H-NMR (CDCl3; 25°C; 400.134 MHz): 8.05 (d, 2H, 3Jji=9.0; nJ=2.1, Hj), 6.93 (d, 2H, 3Jij=8.9; nJ=2.0, 

Hi), 4.03 (t, 2H, 3Jgf=6.4, Hg), 2.55 (q, 2H, 3J=7.4, Hb), 1.82+1.66+1.49 (3m, 8H, Hc+d+e+f), 1.35 (t, 1H, 
3Jab=7.8, Ha), Hm not observed 
13C-NMR (CDCl3; 25°C; 100.614 MHz): 171.1 (Cl), 163.7 (Ch), 132.5 (Cj), 121.5 (Ck), 114.3 (Ci), 68.2 

(Cg), 34.0 (Cc), 29.1 (Cf), 28.2 (Cd), 25.7 (Ce), 24.7 (Cb) 

 

Synthesis of 3-buten-1-yl p-toluenesulfonate (TsE 4): 

In a 1 litre flask 31.5 g (0.165 mol) p-toluenesulfonylchloride was added to 27.3 g (0.300 mol) 

pyridine. The yellowish mixture was placed under a continuous nitrogen stream and placed in an 

ice/water bath. Over a period of approximately 30 minutes, 9.94 g of 3-buten-1-ol (0.138 mol) was 

slowly added dropwise using a cylindrical funnel with pressure-equalising tube. It was prevented 

that the temperature rose above 10°C. After the addition the stirring of the mixture was continued 

for 3 hours at 0°C. Subsequently, a 11 g ice/7 ml water mixture was added to the flask and the 

contents stirred for additional 45 minutes. Using a dropping funnel, a mixture of 13 ml 

concentrated hydrochloric acid in 35 ml water/ice was slowly added until pH=3. This was followed 

almost immediately by the addition of 100 ml diethyl ether. The organic layer was separated and 

washed with 60 ml saturated sodium chloride solution. The organic layer was dried over 

magnesium sulfate, filtrated over a sintered glass funnel and evaporated using a rotary evaporator 

at diminished pressure. 

The yield of the tosylate, obtained as yellow oil, was 28.7 g (92%). The product was stored in a 

refrigerator. 

The NMR spectra were in accordance with the expected structure and the signal assignments are 

similar to that of TsE 6. 

 

Synthesis of 4-penten-1-yl p-toluenesulfonate (TsE 5): 

This synthesis was similar to that of 3-buten-1-yl p-toluenesulfonate (TsE 4), as described 

previously. To 134.2 g (0.7 mol) of toluene-4-sulfonyl chloride dispersed in 118 g (1.5 mol) pyridine, 

50 g (0.6 mol) of 5-penten-1-ol was added. After the reaction (4-5 hours at 0°C and 6-8 hours at 

room temperature) 40 g ice/20 ml water and a 5 M HCl solution was used during further work-up, 

along with diethyl ether and brine. The tosylate was obtained as a yellow oil (101.4 g, 73%) and 

stored in a refrigerator. 

The NMR spectra were in accordance with the expected structure and the signal assignments are 

similar to that of TsE 6. 

 

Synthesis of 5-hexen-1-yl p-toluenesulfonate (TsE 6): 
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This synthesis was comparable to that of 3-buten-1-yl p-toluenesulfonate (TsE 4), as described 

previously. In this case 87.0 g (0.46 mol) p-toluenesulfonylchloride, 75.1 g (0.82 mol) pyridine and 

50 ml (0.42 mol) 5-hexen-1-ol were used. Subsequently, 30 g ice/15 ml water, 42.5 ml concentrated 

hydrochloric acid in 100 ml water/ice and 250 ml diethyl ether/150 ml saturated sodium chloride 

solution were used to afford 103.6 g of the red-brownish tosylate oil (97%). 
1H-NMR (CDCl3; 25°C; 400.134 MHz): 7.79 (d, 2H, 3Jdc=8.4, Hd), 7.35 (d, 2H, 3Jcd=8.4, Hc), 5.72 (m, 

1H, 3Jji=6.5; 3Jjm=16.9; 3Jjl=10.1, Hj), 4.96 (m, 1H, 2J=1.2; 3Jmj=16.8, Hm), 4.93 (m, 1H, 2J=1.1; 3Jlj=10.0, 

Hl), 4.03 (t, 2H, 3Jfg=6.7, Hf), 2.45 (s, 3H, Ha), 2.00+1.65+1.41 (m, 6H, Hg+h+i) 
13C-NMR (CDCl3; 25°C; 100.614 MHz): 145.0 (Cb), 138.2 (Cj), 133.5 (Ce), 130.1 (Cc), 128.2 (Cd), 115.3 

(Ck), 70.7 (Cf), 33.2 (Ci), 28.5 (Cg), 24.8 (Ch), 21.9 (Ca) 

 

Synthesis of 10-undecen-1-yl p-toluenesulfonate (TsE 11): 

Analogous to the synthesis of 3-buten-1-yl p-toluenesulfonate (TsE 4), as reported before, 285.5 g 

(1.7 mol) of toluene-4-sulfonyl chloride, 249 g (3.2 mol) pyridine and 211.5 g (1.3 mol) 10-undecen-

1-ol were brought together. After addition and reaction for 4-5 hours at 0°C and 6-8 hours at room 

temperature, a 100 g ice/50 ml water mixture and a 5 M HCl solution was used until pH=3, as 

described for the 3-buten-1-yl p-toluenesulfonate. The product was extracted with diethyl ether and 

washed with saturated NaCl solution. After drying and evaporation of the excess ether 373 g of gold 

coloured oil was obtained (92%). 

The NMR spectra were in accordance with the expected structure and the signal assignments are 

similar to that of TsE 6. 

 

Synthesis of 4-(tetrahydropyran-2-yloxyl)phenol (5b)     11: 

A 500ml round-bottomed flask guarded with a nitrogen flow was charged with 22.0 g (0.200 mol) 

hydroquinone, 0.40 g p-toluenesulfonic acid monohydrate in 200 ml diethyl ether. Over a period 

of 40 minutes 16.8 g (0.200 mol) 3,4-dihydro-2H-pyran (DHP) was added dropwise using a 

dropping funnel. During the addition the hydroquinone dissolved completely. After 90 minutes 

the solution was extracted with 2x 80 ml of nitrogen flushed NaOH/NaHSO3 solution (12 g NaOH, 

1.2 g NaHSO3 in 160 ml water). The combined water layers were washed with 50 ml diethyl ether 

and cooled in an ice bath. The solution was carefully acidified with acetic acid until pH=3 or 4 

which was accompanied by the formation of a quickly coalescing white precipitate. After filtration, 

washing with 2x 50 ml water and subsequent drying, 8.11 g was obtained as a white solid (21%). 

The NMR spectra were in accordance with the expected structure. 

Alternatively, the monoprotected phenol can be obtained through a reaction of hydroquinone (22.1 

g; 0.2 mol), 16.88 g (0.20 mol) DHP and 5.03 g (0.020 mol) of the catalyst pyridinium p-

toluenesulfonate (PPTS) in 150 ml acetone, following a procedure adapted from literature53. After 

the dropwise addition of the DHP, the reaction was continued for another 4-5 hours at ambient 

temperature. The excess acetone was evaporated and subsequently 200 ml of diethyl ether and 

200 ml water were added to the yellowish oil. The organic layer was washed twice with 100 ml of 

water each, followed by 80 ml of a sodium hydroxide solution (12.2 g NaOH in 160 ml water). The 

water layer was washed once with 60 ml of diethyl ether. Concentrated acetic acid was added until 

pH=6. The dispersion was filtered and the residue washed in 300 ml water. After additional 

filtration, washing with 400 ml water and drying under vacuum, 13.3 g (34%) of the 

monoprotected hydroquinone was obtained. 

The NMR spectrum was in accordance with that of the phenol obtained through the former route. 
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Synthesis of 4-(3-butenyloxy)phenol (PhE 4): 

In a three necked 2 litre flask equipped with a reflux cooler and a cylindrical funnel, 62.7 g (0.3 

mol) of 3-buten-1-yl-p-toluenesulfonate (TsE 4) and 61.1 g (0.6 mol) of hydroquinone were 

dissolved in 300-400 ml ethanol. The mixture was refluxed and 60 ml of a 5 M sodium hydroxide 

solution was added dropwise to the mixture. Subsequently, the mixture was refluxed for 10-12 

hours. The ethanol/water excess was removed using a rotary evaporator at diminished pressure. 

The remaining brown material was dissolved in 500 ml of 10% sodium hydroxide solution and 

washed with 600 ml diethyl ether. The black coloured water layer was separated and washed again 

with 300 ml diethyl ether. A 5M HCl solution was added until pH=3. The organic product was 

extracted with 500 ml of dichloromethane and washed twice with 500 ml water each. After drying 

over magnesium sulfate, filtering and removing the excess dichloromethane, 24.1 g of a brown 

solid was afforded (53%). 

The NMR spectra were in accordance with the expected structure. 

 

Synthesis of 4-(4-pentenyloxy)phenol (PhE 5): 

Similar to the procedure described for the synthesis of 4-(3-butenyloxy)phenol (PhE 4), 86.2 g 

(0.36 mol) of 4-penten-1-yl-p-toluenesulfonate (TsE 5) and 78.5 g (0.71 mol) hydroquinone were 

dissolved in 200 ml ethanol. After refluxing and gradual addition of 75 ml 5 M sodium hydroxide 

solution, the mixture was stirred for another 12-16 hours. Further work-up as described for PhE 4, 

gave 7.89 g (12%) of a brown solid. In the ethereal layers used for extraction, a considerable 

amount of precipitates were present that were worked up after evaporation of the diethyl ether. 

This was done in a similar fashion as described for the ‘main’ synthesis, i.e. 300 ml 10% NaOH, 

80 ml dichloromethane, 5 M HCl (pH=2), 700 ml dichloromethane, 2x 250 ml water. Another 30.1 

g of a beige coloured product was obtained. NMR showed that this also was the pure 4-(4-

pentenyloxy)phenol, increasing the total yield to 38.0 g (59%). 

The NMR spectra were in accordance with the expected structure. 

 

Synthesis of 4-(5-hexenyloxy)phenol (PhE 6): 

100 g (0.393 mol) 5-hexen-1-yl-p-toluenesulfonate (TsE 6) and 2 equivalents of hydroquinone (86.6 

g; 0.786 mol) were dissolved in ethanol, contained in a 2 litre round-bottomed flask equipped with 

a reflux condenser and a cylindrical funnel. The mixture was refluxed (silicon oil bath 105°C) for a 

few minutes and then guarded with a nitrogen flow. During 20 minutes approximately 80 ml 5 M 

sodium hydroxide solution was dropwise added to the solution. Subsequently, the solution was 

refluxed overnight. During this period the colour of the solution turned gradually from yellow to 

brown. 

The ethanol/water azeotrope was distilled in a rotary evaporator at diminished pressure yielding a 

brown crude solid. Upon dissolution in 450 ml 10% sodium hydroxide the solution was washed 

with 600 ml diethyl ether. The black water layer was washed a second time with 300 ml diethyl 

ether and acidified with 5 M hydrochloric acid (approximately 300 ml, pH=3). The acidified layer 

was extracted with 600 ml dichloromethane and washed with twice with 500ml water each. 

Finally, the organic layer was dried over magnesium sulphate and evaporated using a rotary 

evaporator. Yield of a brown solid was 11.63 g (15%). 

The NMR spectra were in accordance with the expected structure. 

An alternative method consists of the dropwise addition of 17.1 g (67.3 mmol) 5-hexen-1-yl-p-

toluenesulfonate (TsE 6) over a period of approximately two hours to a mixture of hydroquinone 

(7.79 g; 70.7 mmol) and sodium methoxide (3.82 g; 70.7 mmol) in 100 ml N,N-

dimethylformamide. After the addition of the tosylate, the initial temperature of 40°C was slowly 
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increased to 70°C and stirred for 24 hours at this temperature, followed by another 48 hours at 

room temperature. During this period, the colour of the mixture changed from pale yellow to light 

brown and a precipitate was formed. After concentration using a rotary evaporator, 200 ml of a 5 N 

NaOH solution was added. The aqueous solution was washed with 300 ml diethyl ether and 

acidified using a 5 M HCl solution until pH=1. Subsequent extraction with two portions of 200 ml 

dichloromethane each, washing of the organic phase with 500 ml water, drying with magnesium 

sulfate and concentration of the product resulted in 2.63 g of the red coloured phenol (22%). The 

NMR spectrum was in accordance with the structure. Also, 3.5 g of a fraction containing the crude 

disubstituted product could be obtained. 

 

Synthesis of 4-(10-undecenyloxy)phenol (PhE 11): 

This synthesis was similar to that of 4-(4-pentenyloxy)phenol (PhE 5). 179.9 g (o.55 mol) of 10-

undecen-1-yl-p-toluenesulfonate and 122.1 g (1.11 mol) hydroquinone were dissolved in 400 ml 

ethanol. The mixture was refluxed and 120 ml 5M sodium hydroxide solution was added dropwise. 

The mixture remained turbid after another 24 hours of reaction. Working-up in analogous fashion 

to the previous syntheses, i.e. 750 ml 10% NaOH, 250 ml water, 1400 ml diethyl ether (batchwise), 

5 M HCl (pH=2), 1500 ml dichloromethane (batchwise), 2x 700 ml water, resulted in a 

disappointing 4.0 g of the desired product. 

It was expected that the solid material in the turbid ethanol layer at the end of the reaction was the 

product. This solid was also present in the organic diethyl ether layers. After evaporation of the 

ethereal layers, the solid material was dissolved in ethanol (1 ml ethanol for 100 mg solid). The 

resulting dispersion was filtered to yield 26.6 g of a beige material. NMR analysis confirmed the 

material to be the desired product. The overall yield was increased to 21%. 

The NMR spectra were in accordance with the expected structure. 

 

Synthesis of 4-(4-(4-mercaptobutyloxy)benzoyloxy)(3-butenyloxy)-benzene (ThE 4b4): 
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In a 500 ml round-bottomed flask 9.96 g (60 mmol) 4-(3-butenyloxy)phenol (PhE 4), 14.4 g (54 

mmol) 4-(4-mercaptobutyloxy)benzoic acid (ThA 4), 660 mg (5.4 mmol) 4-N,N-

dimethylaminopyridine (DMAP) and 520 mg (2.7 mmol) toluene-4-sulfonic acid were added to 

120 ml dichloromethane. The mixture was stirred magnetically in an ice/ water bath and guarded 

by a nitrogen flow. After addition of 12.27 g (59 mmol) of N,N’-dicyclohexylcarbodiimide (DCC) 

the light-brown coloured suspension was stirred for another 10 hours at 0°C, followed by another 

12 hours at room temperature. The crude mixture was obtained after elution over a small silica 

column (4 cm). The yellow-brown filtrate was evaporated in a rotary evaporator (40°C, 5 mbar). 

The resulting oil solidified on standing and contained some impurities as a result of 

thioesterification and formation of disulfides. 

The pure product was obtained after flash column chromatography (silica) using a petroleum ether 

40-65°C / dichloromethane gradient, from 40/60 to 20/80 v/v, Rf (ThE 4b4) = 0.35. Overall yield 

after purification: 12.0 g (59%). Mesogenic transitions: Cr 58.6 N 68.4 I. 
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Previous synthesis starting from 8.0 g ThA 4 and 6.4 g PhE 4, without the use of toluene-4-

sulfonic acid, yielded 4.99 g pure monomer (petroleum ether 40-65°C / dichloromethane = 30/70 

v/v) (38%). 
1H-NMR (CDCl3; 25°C; 400.134 MHz): 8.13 (d, 2H, 3J=8.8, Hh), 7.10 (d, 2H, 3J=8.8 Hl), 6.95 (d, 2H, 
3J=8.8, Hg), 6.91 (d, 2H, 3J=8.8, Hm), 5.91 (m, 1H, 3Jqp=6.6; 3Jqs=17.3; 3Jqt=10.3, Hq), 5.18 (m, 1H, 
2J=1.1; 3Jsq=17.3, Hs), 5.11 (m, 1H, 2J=1.1; 3Jtq=10.3, Ht), 4.07 (t, 2H, 3J=6.3, He), 4.02 (t, 2H, 3Jop=6.6, 

Ho), 2.63 (d-t, 2H, 3Jba=7.7; 3Jbc=7.1, Hb), 2.55 (q-t, 2H, 3Jpo=6.6; 3Jpq=6.6; nJ=1.5, Hp), 1.94 (m, 2H, 

Hd), 1.84 (m, 2H, Hc), 1.40 (t, 1H, 3J=7.7, Ha) 
13C-NMR (CDCl3; 25°C; 100.614 MHz) : 166.0 (Cj), 163.9 (Cf), 157.2 (Cn), 145.2 (Ck), 135.1 (Cq), 132.9 

(Ch), 123.2 (Cl), 122.6 (Ci), 117.8 (Cr), 115.9 (Cm), 114.9 (Cg), 68.3+68.2 (Ce+o), 34.3 (Cp), 31.2 (Cc), 28.5 

(Cd), 25.1 (Cb) 

FTIR (KBr; 20°C; cm-1): 3059 (w) + 3012 (w) (C-H val. in vinyl; aryl-H val.), 2951 (m) + 2936 (m) + 

2925 (m) + 2870 (m) + 2853 (m) (C-H val. in -CH2-), 2573 (w) (-S-H), 1724 (s) (C=O val.), 1607 (s) + 

1580 (m) + 1512 (s) (C=C val. in aryl), 1472 (m) + 1448 (w) + 1424 (m) + 1389 (w) (C-H deform. in –

CH2-), 1283 (s) + 1252 (s) + 1197 (s) + 1171 (s) (from ester funct.), 1075 (s) (not acc.), 1009 (s) + 924 

(m) (R-CH=CH2), 846 (s) (1,4-disubst. aryl) 

Raman (20°C; cm-1): 2573 (m) (-S-H), 1718 (s) (C=O), 1641 (w) (vinyl) 

C: 67.85% (calc. 67.72%), H: 6.49% (calc. 6.49%) 

UV-VIS (CHCl3): λmax = 263 nm. 

 

Synthesis of 4-(4-(5-mercaptopentyloxy)benzoyloxy)(3-butenyloxy)-benzene (ThE 5b4): 
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This synthesis was similar to the one previously described for 4-(4-(4-mercaptobutyloxy)-

benzoyloxy)(3-butenyloxy)benzene (ThE 4b4). 5.08 g (30.9 mmol) of 4-(3-butenyloxy)phenol (PhE 

4), 6.69 g (27.8 mmol) 4-(5-mercaptopentyloxy)benzoic acid (ThA 5), 0.34 g (2.8 mmol) DMAP 

and 309 mg (1.62 mmol) PTSA monohydrate were added to 100 ml dichloromethane in a 250ml 

round-bottomed flask guarded with argon flow. 6.37 g (30.9 mmol) DCC was added and the 

suspension was stirred magnetically for approximately 4 hours in an ice/water bath. Subsequently, 

the suspension was stirred overnight at room temperature. Elution over a small silica column and 

evaporation of the dichloromethane gave 10.60 g of slightly yellowish oil that crystallised slowly on 

standing. 

Flash column chromatography (petroleum ether 40-65°C/dichloromethane = 30/70 v/v; Rf=0.28) 

gave 4.94 g of pure ThE 5b4 (46%). Transitions: Cr 60.6 N 64.2 I. 
1H-NMR (CDCl3; 25°C; 400.134MHz): 8.13 (d, 2H, 3J=8.8, Hi), 7.10 (d, 2H, 3J=8.8, Hm), 6.95 (d, 2H, 
3J=8.8, Hh), 6.92 (d, 2H, 3J=8.8, Hn), 5.91 (m, 1H, 3Jrq=6.6; 3Jrt=17.3; 3Jru=10.3, Hr), 5.18 (m, 1H, 
2J=1.1; 3Jtr=17.3; 4Jtq=1.5, Ht), 5.11 (m, 1H, 2J=1.1; 3Jur=10.3, Hu), 4.05 (t, 2H, 3J=6.3, Hf), 4.02 (t, 2H, 
3J=6.6, Hp), 2.58 (d-t, 2H, 3Jba=7.7; 3Jbc=7.0, Hb), 2.55 (q-t, 2H, 3Jqp=6.6; 3Jqr=6.6, Hq), 1.84+1.70+1.60 

(3m, 6H, Hc+d+e), 1.37 (t, 1H, 3J=7.7, Ha) 
13C-NMR (CDCl3; 25°C; 100.614MHz): 165.5 (Ck), 163.4 (Cg), 156.7 (Co), 144.6 (Cl), 134.5 (Cr), 132.4 

(Ci), 122.6 (Cm), 121.9 (Cj), 117.2 (Cs), 115.3 (Cn), 114.3 (Ch), 68.1+67.8 (Cf+p), 33.8 (Cc+q), 28.7 (Ce), 

25.0 (Cd), 24.6 (Cb) 
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FTIR (KBr; 20°C; cm-1): 3076 (w) + 3010 (sh) (C-H val. in vinyl; aryl-H val.), 2931 (m) + 2870 (m) (C-

H val. in -CH2-), 2573 (w) (-S-H), 1725 (s) (C=O val.), 1606 (s) + 1580 (m) + 1510 (s) + 1503 (s) (C=C 

val. in aryl), 1469 (m) + 1422 (m) + 1389 (w) (C-H deform. in –CH2-), 1273 (sh) + 1255 (s) + 1195 (s) + 

1170 (s) (from ester funct.), 1079 (s) (not acc.), 1010 (s) + 926 (m) (R-CH=CH2), 846 (s) (1,4-disubst. 

aryl) 

Raman (20°C; cm-1): 2570 (m) (-S-H), 1723 (s) (C=O), 1641 (w) (vinyl) 

C: 68.60% (calc. 68.37%), H: 6.75% (calc. 6.78%) 

UV-VIS (CHCl3): λmax = 263 nm. 

 

Synthesis of 4-(4-(6-mercaptohexyloxy)benzoyloxy)(3-butenyloxy)-benzene (ThE 6b4): 
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This synthesis was a slight modification of that described for 4-(4-(4-mercaptobutyloxy)-

benzoyloxy)(3-butenyloxy)benzene (ThE 4b4). The use of 5.30 g (20.8 mmol) 4-(6-

mercaptohexyloxy)benzoic acid, 4.92 g (30.0 mmol) 4-(3-butenyloxy)phenol as well as 300 mg (2.5 

mmol) DMAP, 4.95 g (24.0 mmol) DCC and 36 ml dichloromethane resulted in 3.41 g of crude 

product after crystallisation from ethanol at 0°C. 

Flash column chromatography (silica; petroleumether 40-65°C / dichloromethane = 30/70 v/v; 

Rf=0.32) of 2.73 g of the crude product gave 1.32 g (48%) of the pure monomer with transitions: Cr 

53.5 (SmA 48.3) N 67.7 I. 
1H-NMR (CDCl3; 25°C; 400.134MHz): 8.13 (d, 2H, 3J=8.8, Hj), 7.10 (d, 2H, 3J=8.8, Hn), 6.96 (d, 2H, 
3J=8.8, Hi), 6.93 (d, 2H, 3J=8.8, Ho), 5.91 (m, 1H, 3Jsr=6.6; 3Jsu=17.3; 3Jsv=10.3, Hs), 5.18 (m, 1H, 2J=1.1; 
3Jus=17.3; 4Jur=1.5, Hu), 5.12 (m, 1H, 2J=1.1; 3Jvs=10.3, Hv), 4.04 (t, 2H, 3J=6.3, Hg), 4.02 (t, 2H, 3J=6.6, 

Hq), 2.55 (m, 4H, 3Jrq=6.6; 3Jrs=6.6, Hb+r), 1.83+1.66+1.49 (3m, 8H, Hc+d+e+f), 1.35 (t, 1H, 3Jab=7.7, Ha) 

13C-NMR (CDCl3; 25°C; 100.614MHz): 165.5 (Cl), 163.5 (Cp), 144.7 (Cm), 134.5 (Cs), 132.4 (Cj), 122.6 

(Cn), 121.8 (Ck), 117.2 (Ct), 115.3 (Co), 114.4 (Ci), 68.2+67.8 (Cg+q), 34.0 (Cc), 33.8 (Cr), 29.1 (Cf), 28.2 

(Cd), 25.7 (Ce), 24.7 (Cb) 

FTIR (KBr; 20°C; cm-1): 3073 (w) + 3003 (w) (C-H val. in vinyl; aryl-H val.), 2941 (m) + 2924 (m) + 

2866 (sh) + 2858 (m) (C-H val. in -CH2-), 2572 (w) (-S-H), 1724 (s) (C=O val.), 1609 (s) + 1581 (m) + 

1512 (s) + 1505 (s) (C=C val. in aryl), 1474 (m) + 1422 (m) + 1396 (w) (C-H deform. in –CH2-), 1281 

(s) + 1259 (s) + 1249 (s) + 1198 (s) + 1172 (s) (from ester funct.), 1077 (s) (not acc.), 1009 (s) + 928 

(m) (R-CH=CH2), 846 (s) (1,4-disubst. aryl) 

Raman (20°C; cm-1): 2572 (m) (-S-H), 1715 (s) (C=O), 1643 (w) (vinyl) 

C: 69.07% (calc. 68.97%), H: 6.98% (calc. 7.05%); based upon two samples. 

UV-VIS (CHCl3): λmax = 263 nm. 
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Synthesis of 4-(4-(6-mercaptohexyloxy)benzoyloxy)(5-hexenyloxy)-benzene (ThE 6b6): 
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In a 500 ml round-bottomed flask 11.50 g (60 mmol) 4-(5-hexenyloxy)phenol (PhE 6), 13.84 g (54 

mmol) 4-(6-mercaptohexyloxy)benzoic acid (ThA 6) and 0.65 g (5.3 mmol) 4-N,N-

dimethylaminopyridine (DMAP) were added to 85 ml dichloromethane. The mixture was stirred 

magnetically in an ice/ water bath and guarded by a nitrogen flow. After addition of 11.6 g (59 

mmol) of N,N’-dicyclohexylcarbodiimide (DCC) the light-brown coloured suspension was stirred 

for another 8 hours at 0°C, followed by another 14 hours at room temperature. The crude mixture 

was obtained after elution over a small silica column. The yellow-brown filtrate was evaporated in a 

rotary evaporator (40°C, 5 mbar). The resulting oil (13.55 g) solidified on standing and contained 

some impurities as a result of thioesterification and formation of disulfides. 

The pure product was obtained after flash column chromatography (silica) using a petroleum ether 

(60-80°C)/dichloromethane gradient, from 100/0 to 70/30 v/v. Overall yield after purification: 

5.22 g (23%). Mesogenic transitions: Cr 42.5 SmA 55.4 N 69.5 I. 
1H-NMR (CDCl3; 25°C; 400.134 MHz): 8.13 (d, 2H, 3J=8.9, Hj), 7.10 (d, 2H, 3J=9.1, Hn), 6.96 (d, 

2H, 3J=9.1, Hi), 6.91 (d, 2H, 3J=9.0, Ho), 5.84 (m, 1H, 3Jut=6.6; 3Juw=17.0; 3Jux=10.2, Hu), 5.04 (m, 1H, 
3Jwu=17.0; nJ=1.6, Hw), 4.98 (m, 1H, 2J=1.4; 3Jxu=10.2, Hx), 4.04 (t, 2H, 3J=6.4, Hg), 3.97 (t, 2H, 3J=6.5, 

Hq), 2.56 (q, 2H, Hb), 2.13+1.81+1.66+1.57+1.49 (5m, 14H, Hc+d+e+f+r+s+t), 1.35 (t, 1H, 3Jab=7.7, Ha) 
13C-NMR (CDCl3; 25°C; 100.614 MHz): 163.5 (Cl), 156.9 (Cp), 144.5 (Cm), 138.7 (Cu), 132.4 (Cj), 122.6 

(Cn), 121.9 (Ck), 115.2 (Co), 114.7 (Cv), 114.4 (Ci), 68.3+68.2 (Cg+q), 34.0 (Cc), 33.6 (Ct), 29.1 (Cr), 28.9 

(Cf), 28.2 (Cd), 25.7 (Cs), 25.5 (Ce), 24.7 (Cb) 

FTIR (KBr; 20°C; cm-1): 3064 (w) + 3002 (w) (C-H val. in vinyl; aryl-H val.), 2934 (m) + 2856 (m) 

(C-H val. in -CH2-), 2570 (w) (-S-H), 1732 (s) (C=O val.), 1609 (s) + 1580 (m) + 1512 (s) (C=C val. in 

aryl), 1475 (w) + 1422 (w) + 1394 (w) (C-H deform. in –CH2-), 1275 (sh) + 1255 (s) + 1197 (s) + 1171 (s) 

(from ester funct.), 1080 (m) (not acc.), 1009 (m) + 914 (w) (R-CH=CH2), 845 (m) (1,4-disubst. aryl) 

Raman (20°C; cm-1): 2563 (m) (-S-H), 1726 (s) (C=O), 1640 (w) (vinyl) 

C: 70.73% (calc. 70.06%), H: 7.75% (calc. 7.53%) 

UV-VIS (CHCl3): λmax = 263 nm. 

 

Synthesis of 4-methoxythiophenol: 

Adapted from a procedure reported in literature44, 4-bromoanisole (25.66 g, 0.137 mol) was 

dissolved in dry diethyl ether (±70 ml). Approximately 5 ml of this solution was added dropwise to 

magnesium turnings (3.36 g, 0.14 mol) in the presence of a small crystal of iodine. The mixture 

was heated periodically with a hot air fan until the reaction started, which was concluded from 

small bubbles that spontaneously arose from the surface of the Mg-turnings while the solution has 

not been externally heated for at least a few minutes. During this first addition, no stirring was 

allowed since it negatively influences the binding of the reactants to the surface of the iodine 

catalyst. When the reaction continued by itself, the remainder of the 4-bromoanisole/ diethyl ether 

mixture was added dropwise for a period of ±2 hours. During this period the colour of the reaction 

mixture turned gradually from brown to brown/green. After the addition of the mixture the 

stirring was continued for ±3 hours, until all the magnesium had reacted. Subsequently sulphur 
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(4.43 g, 0.138 mol) was added to the solution in small portions of ±0.5 gram within a period of 1 

hour. The colour of the solution turned from brown/green to yellowish. Also a greyish precipitate 

formed on the bottom of the flask. The stirring was continued overnight. The solution was worked 

up by the dropwise addition of LiAlH4 (1.55 g, 0.041 mol) in dry diethyl ether (±250 ml) (Note: The 

LiAlH4/ diethyl ether solution was prepared by adding the desired quantity of LiAlH4 to dry diethyl 

ether. The ether was then stirred and refluxed for ±0.5 hour. The LiAlH4 did not dissolve 

completely but formed small lumps in the diethyl ether). After the addition, the solution looked 

milky. The stirring was continued for one hour. Water (±5 ml) was added dropwise to the solution 

to decompose the excess of lithium aluminium hydride. The solution turned from milky to yellow 

again. After filtration of the solution, the yellowish ether layer was separated from the water layer 

using a separation funnel. The ether layer was washed with water (±150 ml) and saturated NaCl-

solution (±150 ml). Subsequently the ether layer was dried over magnesium sulfate. After the 

magnesium sulfate was removed by filtration the yellowish ether layer was evaporated under 

diminished pressure using a rotary evaporator. The yield of the yellow oil was 11.26 g (59%) 

without further purification. 
1H-NMR (CDCl3; 25°C; 400.162 MHz): 7.29 (d, 2H, 3J=8.8; nJ=2.2, H ortho to HS-), 6.83 (d, 2H, 
3J=8.8; nJ=2.2, H meta to HS-), 3.39 (s, 1H, HS), 3.80 (s, 3H, CH3). 

Alternatively, 140 ml of a 1 M HCl solution (based on the initial 25.0 g (134 mmol) 4-bromoanisole 

present) was used instead of LiAlH4 to convert the R-SMgBr complex in a thiol. The yield of the 

yellow oil was 13.1 g (70%). 

However, the obtained 4-methoxythiophenol was less pure than when it was synthesised using 

LiAlH4 as reducing agent. 

 

Synthesis of 4-mercaptobiphenyl: 

The synthesis is comparable to that of 4-methoxythiophenol as described above. Dry diethyl ether 

(±5 ml) was added to magnesium turnings (557 mg, 23 mmol) together with small crystal of iodine. 

To this mixture, approximately 5 ml of a solution of (5.052 g, 21.7 mmol) of 4-bromobiphenyl, 

dissolved in dry diethyl ether (±100 ml), was added dropwise without stirring. The obtained 

mixture was carefully heated until the reaction started. Subsequently, the remainder of the 4-

bromobiphenyl/diethyl ether solution was added dropwise during a period of 2 hours. During this 

further addition, the solution was heated to 45 °C using an oil-bath and maintained at that 

temperature. After complete addition, the stirring was continued overnight. A brown solid 

precipitated on the bottom of the flask. The ether layer was coloured orange. Subsequently, 

sulphur (715 mg, 22 mmol) was added in small portions of ±0.5 g within a period of one hour. 

During the addition of sulphur, the colour of the suspension turned from orange to yellowish. The 

stirring was continued for about 8 hours. Subsequently, the solution was worked up by the 

dropwise addition of LiAlH4 (318.4 mg, 8.4 mmol) in 100 ml dry diethyl ether. The excess of 

LiAlH4 was decomposed with water (±10 ml) and a greyish material precipitated. After filtration of 

the solution, the yellowish ether layer was separated from the water layer using a separation 

funnel. The ether layer was first washed with water (±150 ml) and subsequently with saturated 

NaCl-solution (±150 ml). Subsequently the ether layer was dried over magnesium sulfate. After the 

magnesium sulfate was removed by filtration, the yellowish ether layer was evaporated under 

diminished pressure using a rotary evaporator. The yield of the crude 4-mercaptobiphenyl was 

2.51 g (62%). 

The NMR spectra were in accordance with the expected structure. 
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Synthesis of 4’-(3-butenyloxy)biphenyl-4-bromide (BrE 0.4): 

4’-Hydroxy-4-bromobiphenyl (26.24 g, 0.105 mol), tetrabutylammonium bromide (0.525 g, 1.6 

mmol) and potassium carbonate (29.17 g, 0.211 mol) were dissolved in 100 ml isobutyl methyl 

ketone. The reaction mixture was heated to reflux temperature and stirred for ±2 hours. Already 

after ±20 minutes a white solid precipitated. Subsequently, the mixture was cooled below 100°C 

and water (80 ml) was added. The solution was further cooled to 40°C. The organic layer was 

separated from the aqueous layer and washed with water (250 ml). This organic layer was 

subsequently washed with an aqueous hydrochloric acid solution (0.1 N, 250 ml) and then with 

water until the pH became neutral again. Finally, the isobutyl methyl ketone was evaporated from 

the white crude product under diminished pressure, using a rotary evaporator. 

Purification: a 1H-NMR spectrum of the crude white product showed traces of unreacted 4-

hydroxy-4-bromobiphenyl. The crude product was therefore washed with an aqueous sodium 

hydroxide solution (0.1 N, 500 ml) and subsequently filtered over a Büchner funnel. The filtrate 

was then washed with water until the pH became neutral again. The yield of purified 4’-(3-

butenyloxy)biphenyl-4-bromide was 24.44 g (80%). Mesogenic transitions as obtained by DSC, 

heating rate = 10 °C/min: Cr 51.0 Sx 123.6 I. Sx denotes a yet unknown LC phase, most likely E. 

The NMR signal assignments follow that of ThE 0.4 : 
1H-NMR (CDCl3, 25°C; 400.162 MHz): 7.53 (d, 2H, 3Jml=8.5, Hm), 7.47 (d, 2H, 3Jih= 8.8, Hi), 7.41 (d, 

2H, 3Jlm=8.5, Hl), 6.97 (d, 2H, 3Jhi=8.8, Hh), 5.92 (m, 1H, 3Jde=6.6; 3Jdb=17.2; 3Jda=10.2, Hd), 5.19 (m, 

1H, 3Jbd=17.2; 2J=1.5, Hb), 5.13 (m, 1H, 3Jad=10.2; 2J=1.5, Ha), 4.06 (t, 2H, 3Jfe=6.6, Hf), 2.57 (m, 2H, 
3Jed=6.6; 3Jef=6.6, He). 
13C-NMR (CDCl3, 25°C; 100.630 MHz): 159.09 (Cg), 140.10 (Ck), 134.70 (Cd), 132.83 (Cj), 132.12 

(Cm), 128.63 (Cl), 128.31 (Ci), 121.11 (Cn), 117.46 (Cc), 115.32 (Ch), 67.68 (Cf), 33.97 (Ce). 

 

Synthesis of 4’-(5-hexenyloxy)biphenyl-4-bromide (BrE 0.6): 

Sodium hydroxide (4.312 g, 0.108 mol) and 4’-hydroxy-4-bromobiphenyl (25.31 g, 0.102 mol) were 

dissolved in 300 ml ethanol. The stirred solution was then heated to reflux-temperature. 

Subsequently, 5-hexene-1-yl-p-toluenesulfonate (24.61 g, 96.7 mmol) was added dropwise during a 

period of ±30 minutes to the solution in the flask. The solution was refluxed for ±8 hours. During 

this period, the reaction product precipitated as a white solid. This solid was filtered using a 

Büchner funnel followed by a washing step with cold ethanol (200 ml) and water (400 ml). 

Purification: The crude white product (26.74 g) was suspended in pure ethanol (100 ml). The 

suspension was stirred for ±20 minutes. The white solid was then filtered using a Büchner funnel 

followed by an additional washing step with pure ethanol (200 ml). The white solid was 

subsequently dried in an oven under vacuum at a temperature of 40°C. The yield of the pure 4’-(5-

hexenyloxy)biphenyl-4-bromide was 24.01 g (75%). 

Transitions as obtained by DSC, heating rate = 10 °C/min: Cr 35.0 (approximately) E 120.7 I. 

The NMR signal assignments follow that of ThE 0.6 : 
1H-NMR (CDCl3; 25°C; 400.162 MHz): 7.52 (d, 2H, 3Jon=8.6, Ho), 7.47 (d, 2H, 3Jkj=8.8, Hk), 7.41 (d, 

2H, 3Jno=8.6, Hn), 6.96 (2H, 3Jjk=8.8, Hj), 5.84 (m, 1H, 3Jde=6.6 ;3Jdb=17.2; 3Jda=10.3, Hd), 5.04 (m, 1H, 
3Jbd=17.2; 2J=1.4, Hb), 4.98 (m, 1H,3Jad=10.3; 2J=1.5, Ha), 4.00 (t, 2H, 3J=6.6, Hh), 2.14 (m, 2H, He), 

1.83 (m, 2H, Hg), 1.59 (m, 2H, Hf). 
13C-NMR (CDCl3, 25 °C; 100.630 MHz): 159.3 (Ci), 140.1 (Cm), 138.9 (Cd), 132.7 (Cl), 132.1 (Co), 128.6 

(Cn), 128.3 (Ck), 121.1 (Cp), 115.2 (Cj), 115.1 (Cc), 68.2 (Ch), 33.8 (Ce), 29.1 (Cg), 25.7 (Cf). 
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Synthesis of 4’-(3-butenyloxy)biphenyl-4-thiol (ThE 0.4): 
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Dry THF (approximately 5 ml) was added to magnesium turnings (1.16 g, 47.6 mmol) together 

with a small crystal of iodine. To this mixture, approximately 5 ml of a solution of 4’-(3-

butenyloxy)biphenyl-4-bromide (12.04 g, 39.7 mmol) in dry THF (100 ml) was added dropwise 

without stirring. The obtained mixture was carefully heated until the reaction started. 

Subsequently, the remainder of the 4’-(3-butenyloxy)biphenyl-4-bromide/THF solution was added 

dropwise during a period of ±2 hours. During this further addition, the solution was heated to 

50°C using an oil-bath and maintained at that temperature. After complete addition, the stirring 

was continued overnight. Subsequently, sulphur (1.54 g, 48.1 mmol) was added during one hour to 

the solution in small portions of approximately 250 mg. The colour of the solution turned from 

brownish to yellowish. The stirring was continued for ±8 hours. The solution was worked up by 

the dropwise addition of LiAlH4 (1.08 g, 28.4 mmol) in dry THF (150 ml). After the addition, the 

stirring was continued for ±1 hour. The excess of LiAlH4 was then decomposed by the dropwise 

addition of water (±5 ml) resulting in a white/greyish precipitate and a slightly yellowish coloured 

solution. After filtration, drying over magnesium sulfate and subsequent evaporation at 

diminished pressure a crude product was obtained that required further purification. 

Purification: a 1H-NMR spectrum of the crude product showed traces of a biphenyl by-product. 

First, column chromatography using 80:20 % (v/v) chloroform: petroleumether(40-65°C) was 

used to purify the crude product. However, better results were obtained by using a method based 

on the acidity of the mercapto group. The crude product was dissolved in diethyl ether and washed 

with an aqueous sodium hydroxide solution (0.1 N) in an argon atmosphere to prevent RS– anions 

to react with atmospheric oxygen to form disulfides. The aqueous layer (containing the desired 

mercapto compound) was let into an aqueous acetic acid solution (0.2 N) where a white precipitate 

was formed. The remaining diethyl ether in the separation funnel was washed again several times 

with fresh NaOH-solution (0.1 N) until all the thiol was removed. The yield of the purified 4’-(3-

butenyloxy)-biphenyl-4-thiol (ThE 0.4) was 6.41 g (63%). 

Transitions as obtained by DSC, heating rate = 10 °C/min: Cr 88.5 E 117.8 I. 
1H-NMR (CDCl3, 25°C; 400.162 MHz): 7.47 (d, 2H, 3Jih=8.8, Hi), 7.42 (d, 2H, 3Jlm= 8.4, Hl), 7.32 (d, 

2H, 3Jml=8.4, Hm), 6.96 (d, 2H, 3Jhi=8.8, Hh), 5.92 (m, 1H, 3Jde=6.6; 3Jdb=17.2; 3Jda=10.3, Hd), 5.18 (m, 

1H, 3Jbd=17.2; 2J=1.5, Hb), 5.12 (m, 1H, 3Jad=10.3; 2J=1.5, Ha), 4.05 (t, 2H, 3Jfe=6.8, Hf), 3.46 (s, 1H, Ho), 

2.57 (m, 2H, 3Jed=6.6; 3Jef=6.8, He). 
13C-NMR (CDCl3, 25°C; 100.630 MHz): 158.88 (Cg), 138.79 (Ck), 134.73 (Cd), 133.21 (Cj), 130.27 (Cm), 

129.13 (Cn), 128.19 (Ci), 127.66 (Cl), 117.43 (Cc), 115.26 (Ch), 67.66 (Cf), 33.98 (Ce). 

FTIR (KBr, 20°C; cm-1): 3079 (w) + 2982 (w) (C-H val. in vinyl; aryl-H val.), 2934 (m) + 2874 (m) 

(C-H val. in -CH2-), 2554 (w) (-S-H), 1643 (m) (C=C val. in vinyl), 1607 (s) + 1524 (m) + 1485 (s) 

(C=C val. in aryl), 1470 (m) (C-H deform. in -CH2-), 1397 (m) (C-H + CH2 in plane def. in vinyl), 

1252 (s) (C-O val. from ether funct.), 990 (m) + 916 (m) (C-H and CH2 out of plane deform. in 

vinyl), 810 (s) (1,4-disubst. aryl). 
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Synthesis of 4’-(5-hexenyloxy)biphenyl-4-thiol (ThE 0.6): 
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The synthesis of 4’-(5-hexenyloxy)biphenyl-4-thiol was carried out in a similar way as described in 

for the synthesis of 4’-(3-butenyloxy)biphenyl-4-thiol. The following quantities of starting materials 

were used: magnesium turnings (966 mg, 39.7 mmol), 4’-(5-hexenyloxy)biphenyl-4-bromide 

(11.99 g, 36.2 mmol) in dry THF (150ml) together with a crystal of iodine. After finishing the 

Grignard-formation (±5 hours), sulphur (1.275 g, 39.8 mmol) was added. The residual complex was 

reduced using LiAlH4 (1.289 g, 34.0 mmol) in dry THF (250ml). 

Purification: the crude product was purified using an acid/base reaction (same method as 

described for the synthesis of 4’-(3-butenyloxy)biphenyl-4-thiol). The yield of the purified 4’-(5-

hexenyloxy)biphenyl-4-thiol (ThE 0.6) was 2.44 g (24%). 

Transitions as obtained by DSC, heating rate = 10 °C/min: Cr 85.2 E 111.4 I. 
1H-NMR (CDCl3; 25°C; 400.162 MHz): 7.47 (d, 2H, 3Jkj=8.8, Hk), 7.42 (d, 2H, 3Jno=8.4, Hn), 7.32 (d, 

2H, 3Jon=8.4, Ho), 6.95 (2H, 3Jjk=8.8, Hj), 5.84 (m, 1H, 3Jde=6.6; 3Jdb=17.1; 3Jda=10.3, Hd), 5.04 (m, 1H, 
3Jbd=17.1; 2J=1.4, Hb), 4.98 (m, 1H,3Jad=10.3; 2J=1.1, Ha), 4.00 (t, 2H, 3J=6.6, Hh), 3.46 (s, 1H, Hq), 

2.14 (m, 2H, He), 1.82 (m, 2H, Hg), 1.59 (m, 2H, Hf). 
13C-NMR (CDCl3, 25 °C; 100.630 MHz): 159.1 (Ci), 138.9 (Cd), 138.8 (Cm), 133.0 (Cl), 130.3 (Co), 129.1 

(Cp), 128.2 (Ck), 127.6 (Cn), 115.2 (Cj), 115.1 (Cc), 68.2 (Ch), 33.8 (Ce), 29.1 (Cg), 25.7 (Cf). 

FTIR (KBr, 20°C; cm-1): 3079 (w) + 2978 (w) (C-H val. in vinyl; aryl-H val.), 2934 (m) + 2870 (m) 

(C-H val. in -CH2-), 2554 (w) (-S-H), 1642 (m) (C=C val. in vinyl), 1607 (s) + 1524 (m) + 1485 (s) 

(C=C val. in aryl), 1472 (m) (C-H deform. in -CH2-), 1395 (m) (C-H + CH2 in plane def. in vinyl), 

1252 (s) (C-O val. from ether funct.), 997 (w) + 912 (m) (C-H + CH2 out of plane deform. in vinyl), 

810 (s) (1,4-disubst. aryl). 
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3.1 Thiol-Ene Polymerisation 

In the previous chapter, liquid crystalline thiol-ene monomers were introduced as 

suitable candidates for the formation of main-chain polymers. Here, the 

mechanism underlying the polymerisation of these monomers will be explained 

in more detail. 

As mentioned in the previous chapter, thiol-ene chemistry dates back to the 

beginning of the last century by reports on the addition of thiols to olefins1. The 

potential to use this addition reaction for the formation of higher molecular 

compounds was recognised slightly thereafter2-5. In the years that followed, several 

groups have been working on the further elucidation of both the thiol-ene addition 

reaction6,7 and the polymerisation mechanism8 and the topic has been thoroughly 

reviewed9. Today, although less known, thiol-ene polymerisation is indeed a 

commercially exploited step-growth process and thiol-ene polymer systems can for 

instance be found in adhesives, in protective coatings for circuit boards9,10 and in 

coatings for optical fibres11. 

In essence, thiol-ene polymerisation involves a step growth polymerisation, 

propagated by a free-radical mechanism. This apparent duality requires further 

explanation. Similar to free-radical type polymerisations, the thiol-ene 

polymerisation mechanism can be subdivided into several consecutive steps: 

initiation, propagation and termination. 

Already the initiation step shows the versatility of the thiol-ene 

polymerisation process as the polymerisation can be initiated either thermally, by 

photoinitiation with or without the use of a photoinitiator or photosensitizer, 

through the interaction with ambient oxygen or through acid or base catalysis. The 

preferred method throughout this thesis is either thermal initiation or 

photoinitiation using a suitable photoinitiator. 

Using the latter method, radical fragments are introduced either by the 

α-cleavage of a Norrish type I initiator (e.g. 2,2-dimethoxyphenylacetophenone; 

‘Irgacure 651’) or through the reaction of the excited state of a Norrish type II 

3 
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initiator (e.g. benzophenone) with the thiol present12. Scheme 3.1 schematically 

shows the processes involved for both Norrish type initiators. 
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Scheme 3.1. Two possible ways for the generation of a thiyl radical by photoinitiation. a) Norrish 
type I photocleavage, here shown for 2,2-dimethoxyphenylacetophenone (‘Irgacure 651’), 

yielding two radical fragments. The second fragment undergoes a secondary cleavage. b) Norrish 
type II initiation through the interaction of the excited state of benzophenone and a thiol. 

The Norrish type I photoinitiator generates radicals upon homolytic scission 

of the carbon-carbon bond in the excited triplet state12. In the case of 2,2-

dimethoxyphenylacetophenone shown in Scheme 3.1a, the α,α-dimethoxybenzyl 

radical is further cleaved to yield methyl benzoate and a highly reactive methyl 

radical13,14. The Norrish type II sensitizer is excited to the singlet n,π* state, 

followed by intersystem crossing to the reactive n,π* triplet state15,16. Subsequently, 

a hydrogen atom is abstracted from thiol to give ketyl and thiyl radicals. The ketyl 

radicals are involved in several subsequent reactions whereas the thiyl radical is 

used for the initiation and propagation of the thiol-ene polymerisation reaction. 
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Alternatively, small amounts of the ketyl radicals can be involved in initiation and 

termination as well, through reaction with olefin or an intermediate β-thioether 

carbon radical17. 

The radical fragments introduced by the cleavage of the Norrish type I 

initiator undergo chain transfer with the thiol present to yield a thiyl radical RS•, 

as shown in Scheme 3.1 and Scheme 3.2-II. It is yet unclear whether one or both 

radical fragments take part in the chain transfer process. Other studies reported 

on the role of so-called intermediate thiol-olefin charge transfer complexes that 

undergo the actual oxidation by the initiating radicals in the photoinitiated 

addition of thiols to olefins18,19. However, it is believed that this pathway only 

contributes to a minority of cases and that the large majority involves the direct 

chain transfer process to the free, non-complexed thiol as shown in Scheme 3.1. 
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Scheme 3.2. Schematic overview of the thiol-ene free-radical polymerisation mechanism. Further 
details are discussed in the text. 

The initiation reaction is followed by the addition of the thiyl radical to an 

olefinic moiety, yielding a β-thioether carbon radical (Scheme 3.2-III). In 

principle, this step is a reversible reaction and an equilibrium mixture of a thiyl 

radical, a β-thioether carbon radical and an olefin can be obtained20. The exact 

composition of the equilibrium mixture depends on the thermodynamic stabilities 

of the species involved. If this addition step is the rate-determining step in the 

overall reaction, the overall reaction rate of the exothermic reaction (∆H=79 

kJ/mol)21 will consequently depend on the chemical structure of the thiol, olefin 

and the formed adduct with respect to the reagents. 
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Alternatively, if no free radicals are present to fulfil the role of initiation, the 

reaction can proceed by an electrophilic or nucleophilic mechanism. The 

electrophilic mechanism involves the protonation of the olefin, followed by the 

addition of the thiol to the carbocation and subsequent deprotonisation (Scheme 

3.3). Obviously, Brønsted (e.g. H2SO4) or Lewis acids (e.g. AlCl3) are suitable 

catalysts for this reaction. 
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Scheme 3.3. Electrophilic addition of thiols to olefins in the absence of free-radicals, following 
Markovnikov’s rule. 

One of the interesting features of the electrophilic reaction is that the thiol 

addition follows Markovnikov’s rule, where the proton is added to the carbon 

atom already bearing the most protons enabling the formation of the most stable 

intermediate carbocation22. This is in contrast with the free-radical pathway where 

the thiol-olefin addition products show anti-Markovnikov orientation (Scheme 

3.4). 
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Scheme 3.4. Free-radical and electrophilic mechanisms determine anti-Markovnikov or 
Markovnikov orientation of the addition products, respectively. 

When the olefin is susceptible to nucleophilic attack, such as a Michael 

acceptor, a nucleophilic mechanism is followed that is catalysed by base. 

Alternatively, when the substrate is not sufficiently activated to Michael addition 

(e.g. allylics or vinyl ethers), oxygen present may serve to transform the thiolate ion 

to the thiyl radical, resulting in the free-radical products, similar to those that are 

discussed above23. 

In the free-radical mechanism, the β-thioether carbon radical (Scheme 3.2) 

can follow several pathways. Homopolymerisation, by addition of the olefin to the 

carbon radical is not observed, as the reaction rate khomo is smaller than the transfer 

rate ktransfer. This was also confirmed by the reported failed attempt to 

photopolymerise a liquid crystalline diolefin containing a triple phenyl mesogenic 

core (Structure 1, Chapter 2)24. Instead, in the absence of oxygen, chain transfer 
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occurs by abstraction of a proton from a thiol and a thiyl radical is regenerated 

(Scheme 3.2-IVa). The regenerated thiyl radical can be used again in Step III and 

consequently propagation is complete. Alternatively, transfer can occur to a 

species other than thiol, yielding a dormant radical species that may be unable to 

regenerate a thiyl radical by proton abstraction (Scheme 3.2-IVd). 

Another interesting feature of thiol-ene polymerisations is the effect 

illustrated in Step IVb of Scheme 3.2 which reflects a substantial advantage over 

conventional free-radical acrylate polymerisations. In the presence of dissolved or 

ambient oxygen, the β-thioether carbon radical can undergo addition by oxygen 

(cooxidation) to give an incipient peroxy radical. In turn, this β-thioetherperoxy 

radical undergoes a rapid chain transfer reaction with a thiol, yielding a 

β-hydroperoxythioether and a regenerated thiyl radical that preserves propagation. 

The β-hydroperoxythioether can also undergo rearrangement to give a 

hydroxysulfoxide (Scheme 3.2-IVc) with only a few exceptions known where an 

intermediate β-hydroperoxythioether could be isolated25. This whole process, 

referred to as thiol olefin addition-cooxidation process (TOCO)26-29, illustrates the 

insensitivity of the thiol-ene polymerisation process towards oxygen. Oxygen can 

be incorporated but due to the excellent chain transfer properties of thiols the 

overall polymerisation reaction is not inhibited. For comparison, the influence of 

oxygen on the initiation and propagation for conventional free-radical 

polymerisations is illustrated in Scheme 3.5. In the photoinitiated bulk 

polymerisation of acrylates and thiol-enes, oxygen can quench the excited state of 

the photoinitiator thus preventing the efficient generation of an initiating radical 

fragment or it can react with the initiator radical fragment to give a non-initiating 

species. However, if an initiating species has been formed in the case of 

conventional free-radical polymerisations, oxygen can still react to give a non-

propagating alkylperoxy radical, thus inhibiting the propagation, in contrast to 

thiol-ene polymerisations where the TOCO-process ensures the continuation of 

the polymerisation. 
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Scheme 3.5. The influence of oxygen on the initiation and propagation of the photoinduced free-
radical polymerisations of acrylates, here shown for the photoinitiator 

α,αα,αα,αα,α-diethoxyacetophenone9. 

The thiol-ene polymerisation continues as long as there is enough monomer 

present, as long as the mobility of the monomers is sufficiently high enough for 

diffusion to the reactive sites to occur and as long as no termination occurs. 

Termination reactions in thiol-ene polymerisations are not completely understood 

yet, but are believed to occur through variations of the reaction stoechiometry30 or 

through impurities present in monomers rather than through chain transfer to 

dormant species (Step IVd) or combination of thiyl (Step Va) or β-carbon radicals 

(Step Vb)31. 

Another remarkable feature of thiol-ene polymerisation is that, due to the 

equilibrium nature of the slow addition step (Scheme 3.2-III), the overall reaction 

rate is best described by a step-growth behaviour, despite the free-radical 

propagation mechanism. Consequently, the general Carother’s equation, based on 

Flory’s equal reactivity concept32 is applicable: 

rpr

r
X n 21

1

−+
+=  Eq. 3.1 
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where  nX  is the number averaged degree of polymerisation, p is the extent 

of the reaction (between 0 and 1) and r signifies the stoechiometric ratio between 

both reactive groups. 

The synthesised liquid crystalline monomers incorporating an intrinsic 1:1 

stoechiometry between the thiol and olefin groups, presented in the previous 

chapter, were designed to lead to main-chain liquid crystalline polymers. Logically, 

the question arises whether the synthesised monomers are indeed capable of 

polymerisation and do lead to the desired main-chain liquid crystalline polymers. 

Ultimately, it is envisaged to photopolymerise these synthesised thiol-ene 

monomers in an anisotropic environment. Therefore, in the remainder of this 

chapter, first the bulk polymerisation of the synthesised thiol-ene monomers is 

described followed by their polymerisation in solution, both in isotropic and 

anisotropic solvents. 

3.2 Bulk Polymerisation of Liquid Crystalline Thiol-Ene Monomers 

In a first attempt to study the feasibility of UV-initiated polymerisation of the 

synthesised liquid crystalline thiol-ene monomers, samples were prepared of the 

monomers containing 1% w/w photoinitiator and subsequently UV-polymerised 

in bulk at several temperatures. 

Figure 3.1a shows the DSC heating runs obtained from ThE 4b4 samples 

polymerised at respectively 80°C, 100°C and 120°C, all after prolonged UV-

irradiation (>2000 seconds) in the presence of a photoinitiator. 
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Figure 3.1. a) DSC-curves (2nd heating runs; 10°C/min) for Poly(ThE 4b4) samples (1% w/w 
photoinitiator) UV-bulk polymerised at respectively 80°C, 100°C, 120°C. b) Corresponding 

cooling runs (10°C/min). The curves have been shifted vertically for clarity. 
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A melt trajectory is visible, starting around approximately 120°C and ending 

around 170°C for the samples polymerised at higher temperatures. The broad 

melt transition can be partly contributed to the oligomeric molecular weight 

distribution that is characteristic for step-growth polymerisations. However, from 

the exothermic shifts of the signal it can be seen that also recrystallisation effects 

along with possible crystal-crystal transitions play an important role. Above 170°C 

the polymers become liquid crystalline and the transition to the isotropic phase 

occurs at approximately 188-190°C. The shift in both melt transition and clearing 

point temperatures that occurs upon increasing the polymerisation temperature 

illustrates the increasing conversion with increasing polymerisation temperature. 

The cooling runs in Figure 3.1b demonstrate the reversible character of the 

mesophase to isotropic transition. Crystallisation sets in at approximately 150°C. 

The thermal reactivity of the thiol-ene monomers and oligomers is nicely 

illustrated by the DSC-thermogram in Figure 3.2, where a ThE 4b4 sample was 

UV-polymerised for 20 seconds. 
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Figure 3.2. Thermal instability of Poly(ThE 4b4) not polymerised to full conversion. a) First 
heating run (10 °C/min) after prior irradiation at 100°C for 20 sec. b) Corresponding 2nd heating 

run (10 °C/min). 

The first heating run (Curve a) shows the transitions corresponding to the 

not fully converted monomer; the melt transition of the not yet converted 

monomer is clearly distinguished at 55°C. Upon heating, a reaction exotherm is 

detected and the polymerisation proceeds to yield a higher molecular weight 

polymer due to the thermal exposure. Upon cooling and heating once more, the 

transitions corresponding to a higher molecular weight polymer are recorded 

(Curve b, compare also Figure 3.1a). 

In an analogue fashion to the results described for Figure 3.1 the transition 

temperatures could be determined for Poly(ThE 6b6) and its transitions are 

summarised in Table 3.1 together with those of Poly(ThE 4b4) : 
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Table 3.1. Transitions of mesogenic Poly(ThE mbn)’s. 
Transitions denoted in °C.

Compound Cr →→→→ N →→→→ I

Poly(ThE 4b4) 110-175 190-197
Poly(ThE 6b6) 110-155 155-160

 
Figure 3.3. Nematic Schlieren texture of 

Poly(ThE 4b4), viewed between crossed polarisers. 

The microscope textures reveal a nematic phase for all thermotropic liquid 

crystalline thiol-ene polymers presented here, as shown in Figure 3.3 for 

Poly(ThE 4b4) , where the characteristic Schlieren texture can be observed. The 

nematic behaviour was also observed for Poly(ThE 6b6), where the corresponding 

monomer also showed a smectic A phase next to the nematic phase. 
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Figure 3.4. Size exclusion chromatograms of Poly(ThE 4b4), obtained through UV-polymerisation 
(1% w/w Irgacure 651). a) Polymerisation progress at 170°C at distinct irradiation times. 

b) Polymerisation at 150°C for 45 minutes. The molecular weights are based on polystyrene 
calibration standards. 

The occurrence of polymerisation was confirmed by size exclusion 

chromatography (SEC). Figure 3.4 shows SEC-chromatograms of two ThE 4b4 

samples, bulk polymerised at 150°C and 170°C, respectively. 

Figure 3.4a shows the progress of the polymerisation reaction at some 

distinct times. Clearly, the lower oligomeric fractions, e.g. monomer, dimer, 

trimer etc., can be distinguished. Evidently, polymerisation occurs to a significant 

degree, taken into account the step-growth polymerisation character of thiol-ene 

polymerisations. For the graph shown at the right, a nM  of approximately 26 

kg/mol is obtained with a polydispersity wM / nM  of 2.5, based on polystyrene 

calibration standards. 
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According to the discussed polymerisation mechanism for free-radical 

propagated thiol-ene polymerisations, anti-Markovnikov structures are obtained. 

This was checked by 13C-NMR, through the Attached Proton Test (APT), in 

combination with a conventional proton NMR analysis. In APT, a distinction can 

be made between secondary and quaternary carbons, both visible as positive 

signals in the NMR spectrum, and primary and tertiary carbons, visible as 

negative peaks in the spectrum. Scheme 3.6 shows the expected signals that can 

be attributed to thiol-enes with anti-Markovnikov and Markovnikov structures. 

APT: a) b) c) d)
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Scheme 3.6. Expected 13C-NMR-APT signals (‘up’ for secondary and quaternary or ‘down’ for 
primary and tertiary carbons) from a) Anti-Markovnikov orientation of a thiol-ene polymer. 

b) Markovnikov orientation. c) Homopolymerisation of the vinyl group. d) Thiol olefin addition 
cooxidation process (TOCO). The carbon assignments refer to that of the monomer as introduced 

in Section 2.5. 

In addition, the expected signals corresponding to the polymer structures 

obtained through homopolymerisation and through the TOCO-process (recall 

Section 3.1) are also depicted in this scheme. 

From the dominant signals visible in the APT measurement, it could be 

confirmed that the thiol-ene adducts obtained through the photoinitiated 

polymerisation predominantly possessed the anti-Markovnikov orientation 

(Scheme 3.6a), as shown in Figure 3.5 (see Section 3.6.3 for a detailed 

assignment). 
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Figure 3.5. APT-spectrum for Poly(ThE 4b4) in tetrachloroethane-d2 (TCE) after UV-polymerisation 
at 90°C for 1 hour. The inset shows the magnification of a 13C-NMR spectrum of the same polymer 

in the aliphatic region. For the peak assignments see Section 3.6.3. 

In comparison to the chemical shifts of the corresponding monomer 

(Section 2.5), the signals of the vinyl group (q, r) are replaced by those of the 

formed methylene groups q’ and r’ in the polymer (Scheme 3.6a). The inset in 

Figure 3.5 shows the enlargement of the aliphatic region of a 13C-NMR spectrum 

of the same polymer. Clearly, additional signals can be identified (along with 

small signals outside the range shown here at δ=79, δ=99, δ=115, δ=117 and 

δ=134 ppm) that may originate from small fractions displaying Markovnikov 

orientation (Scheme 3.6b) or originate from adducts obtained through (partial) 

homopolymerisation or through the TOCO-process (Scheme 3.6c,d). Indications 

for this are also found in the corresponding proton spectrum where small 

additional signals can be found at δ= 1.35 (doublet), δ=2.50, δ=2.75 and 

δ=3.00 ppm, and may be attributed to adducts showing a Markovnikov orientation 

and/or adducts obtained by the TOCO process. In view of the experimental 

conditions, where oxygen was not excluded from the surface of the samples, the 

occurrence of the TOCO process can certainly not be ruled out. The occurrence of 

a substantial degree of homopolymerisation (Scheme 3.6c) is not compatible with 

the almost complete absence of the resonance of the thiol group in the proton 

NMR spectrum and in the Raman spectrum of the polymer. This confirms the 

earlier reported finding where homopolymerisation of the vinyl groups of a liquid 
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crystalline diolefin as shown before in Table 2.1 was found to be an unimportant 

side reaction in thiol-ene polymerisation24. 

Although the APT measurement has no quantitative meaning due to the 

common Nuclear Overhauser Effect and the different relaxation times for 

dissimilar substituted carbons (the alternative slightly more quantitative DEPT-

NMR technique has only a limited accuracy), the fraction of different 

conformations can be estimated from the proton NMR spectra to be less than 5%. 

A quantitative analysis of the conversion was performed for in-situ UV-bulk 

polymerised thiol-ene monomers at different temperatures using time-resolved 

Raman spectroscopy. Figure 3.6 shows the Raman spectrum for ThE 4b4 , 

recorded at room temperature.  
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Figure 3.6. Raman spectrum of ThE 4b4 at room temperature. 

The Raman shifts characteristic for the aromatic ring vibration (1605 cm-1), 

the vinyl group (1641 cm-1), the carbonyl group (1729 cm-1) and the thiol group 

(2573 cm-1) are indicated. Especially with respect to the spectral band of the thiol 

functionality, Raman spectroscopy is preferred over FTIR spectroscopy as the 

intensity of the thiol band is stronger in Raman spectroscopy. Figure 3.7 shows 

the time-resolved Raman spectra for the in-situ UV-polymerised ThE 4b4 , in the 

range from 1500 to 2700 cm-1 comprising the abovementioned spectral bands. 
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Figure 3.7. Three-dimensional time-intensity-wavenumber plot for ThE 4b4 containing 1% w/w 
photoinitiator, in-situ UV-polymerised at 150°C and monitored by time-resolved Raman 

spectroscopy. 

A few dominant features of the plot shown in Figure 3.7, which is 

representative for plots obtained at other temperatures, stand out. An absolute 

decrease of the spectral bands of both reactive groups is visible, confirming the 

polymerisation of the monomer. By comparison of the ratio of either the vinyl or 

thiol group to an internal standard, such as the carbonyl band or the band of the 

aromatic ring vibration, the conversion can be monitored as a function of time. 

Equation 3.2 shows this calculation for the partial conversion of the thiol group 

and the vinyl group, neglecting end-group contributions: 
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where t
SHp  and t

CCp =  are the partial conversions of the thiol and vinyl group, 

respectively, t
SHI  and t

CCI =  are the peak intensities or peak areas of the thiol and 

vinyl spectral bands and t
RfI  refers to the spectral band of an internal standard, all 

at time t during polymerisation. This ratio is compared to the initial ratio before 

polymerisation of both spectral bands, at time t=0 seconds. 
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The overall intensity of the spectral bands drops relatively fast (in the order 

of 10 seconds) after the polymerisation is initiated. This effect results from phase 

separation of the oligomeric/polymeric species from the initially isotropic 

monomeric liquid. As the phase separation sets in, the sampling volume changes 

and consequently a lower overall intensity is detected. This phase separation is 

observed for all samples polymerised at the investigated temperatures but the 

onset of phase separation is shifted to longer times with increasing 

polymerisation temperature (a shift from approximately 7 seconds at 90°C to 

about 15 seconds at 150°C). Whereas there is no shift of all peak positions over 

time, the carbonyl band starts at 1729 cm-1, notably shifts to 1720 cm-1 immediately 

after the phase separation sets in, and gradually returns to its original position at 

1729 cm-1 as the polymerisation progresses. This indicates that the environment of 

the carbonyl group changes immediately upon phase separation due to the 

formation of the oligomeric species. This introduced heterogeneity declines with 

increasing conversion, which is reflected by the return of the carbonyl band to its 

original position. 

Although in principle the carbonyl band can function as the internal 

standard, the aromatic ring vibration band at 1602 cm-1 was taken as the internal 

standard since the more asymmetric carbonyl band is more susceptible to changes 

in the carbonyl group environment. Figure 3.8a shows the conversion of both the 

vinyl and the thiol group as a function of time for several polymerisation 

temperatures. 
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Figure 3.8. Conversion of isothermal in-situ UV-polymerised ThE 4b4, containing 1% w/w 
photoinitiator. a) Conversion of the vinyl and thiol group vs. time, polymerised at the indicated 
temperatures as determined by time-resolved Raman spectroscopy. b) Ultimate conversion of 

both reactive groups at the indicated temperatures, based on time-resolved Raman spectroscopy 
and 1H-NMR analysis. 
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The time-resolved Raman experiments show that high overall conversions 

are obtained in a short period of time. The reaction rate increases with increasing 

temperature, as can be deduced from the slope of the curves at the early stages of 

the reaction. The scattering in the data results from the decreased signal to noise 

ratio immediately after phase separation sets in. Also, as the reaction progresses, 

the baseline of the spectra rises due to fluorescence effects, especially around the 

thiol peak position. Moreover, the nature of the peak shapes does not allow for a 

simple peak fitting procedure and a combined Gaussian and Lorentzian peak 

fitting routine has to be used instead. This is complicated even further in the vinyl 

band region, where several peaks overlap. Despite correction of the curved 

baseline, reducing of the noise by filtering and the use of combined peak fitting 

routines a certain degree of scattering remains. 

When a differentiation is made between the conversions of both reactive 

groups, it is noted that the partial conversion of the vinyl group exceeds that of the 

thiol group. The higher consumption of the vinyl group in comparison to the thiol 

group could be the result of impurities still present in the monomer or from side 

reactions such as the formation of carbon-carbon bonds due to 

homopolymerisation of the vinyl group, as suggested in literature33. This would 

explain the lower ultimate partial thiol conversion. This effect is more prevalent at 

the lower polymerisation temperature suggesting that the ratio between thiol-ene 

addition and homopolymerisation of the vinyl bond shifts in favour of the thiol-

ene reaction at higher temperatures. On the other hand, the higher thiol 

consumption at higher temperatures could also be due to side reactions involving 

the thiol moiety such as disulfide formation or a transesterification reaction where 

the thiol group reacts with the aromatic ester moiety to yield a thioester adduct24. 

This may explain why the conversion of the thiol group gets closer to that of the 

vinyl group. The difference in partial conversions of the thiol and vinyl groups is 

confirmed by an earlier study involving a triple phenyl ring thiol-ene34 (structure 1, 

Table 2.1). It was found that by adjusting the thiol-olefin stoechiometry in favour 

of the vinyl group to compensate for the higher vinyl consumption, the overall 

conversion was increased. 

The ultimate conversion increases with increasing polymerisation 

temperature for the investigated temperature range and reaches almost complete 

conversion of the vinyl bonds at higher temperatures, as determined by the time-

resolved Raman spectroscopy and also independently by proton NMR analysis 

(Figure 3.8b). The term ‘ultimate’ conversion should be used with care since post-

polymerisation processes are not uncommon in free radical based 

polymerisations, once the irradiation is stopped11. However, from the conversion 

curves (Figure 3.8a) it seems justified to speak of an ultimate conversion in view 
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of the long polymerisation times and the reached plateau values for the 

conversions. The higher values for the ultimate conversion at higher temperatures 

suggest that there is an effect of crystallisation on the polymerisation. The 

crystallisation reduces the monomer mobility and retards the polymerisation 

leading to a lower overall conversion. This is supported by the earlier mentioned 

delay in the onset of crystallisation when the temperature is raised. The 

polymerisation temperature is closer to the crystallisation temperature of the 

polymer (Figure 3.1b). The driving force for crystallisation is lower and 

crystallisation is delayed thus enabling a higher overall conversion at higher 

polymerisation temperatures. Although the influence is not detected here, a 

ceiling temperature effect may start to play a more pronounced role above the 

crystallisation temperature of the polymer. From that point on, the contribution 

from the crystallisation process to the free energy change for the propagation 

process is diminished, thus making the free energy change less negative, similar 

to the situation described for addition polymerisations35,36. A further increase in 

temperature could then be reflected in a lower molecular weight of the polymer as 

the reverse reaction in the usual rate-determining step (Scheme 3.2-III) becomes 

more significant. 

In summary, the synthesised liquid crystalline thiol-ene monomers based on 

a phenyl benzoate core can be polymerised to a substantial degree in bulk and the 

polymerisation can be initiated by UV-irradiation at demand. Still, the 

contribution from thermal initiation should not be neglected, especially at higher 

temperatures. In view of the objective to polymerise the thiol-ene monomers in 

solution, the polymerisation behaviour under more dilute conditions is also 

studied and is shown in following sections. 

3.3 Polymerisation in Isotropic Solvents 

Prior to the investigations of the polymerisation behaviour of thiol-ene monomers 

in anisotropic solvents, a brief intermediate study was undertaken on the 

polymerisation of these thiol-ene monomers in isotropic solvents. Unfortunately, 

the choice of solvent is less straightforward than may appear at first sight. The 

solubility of the synthesised thiol-ene monomers is low, which is not uncommon 

for MCLCPs, and only a few solvents were found that were able to dissolve the 

monomers and oligomers/ polymers sufficiently. Among these solvents were 

chloroform (or dichloromethane to a lesser extent), benzene and the more exotic 

solvents such as 4-chloroanisole, 1,1,2,2-tetrachloroethane and hexafluoro-

isopropanol. 
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In Figure 3.9 size exclusion chromatograms are shown of ThE 6b4 , 

containing 1% w/w photoinitiator and in this particular case a small amount of 

thioester still possessing a 1:1 olefin to thiol ratio. Solutions of 5% w/w monomer 

in the selected isotropic solvents were UV-polymerised at 25°C for 15 minutes. 
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Figure 3.9. Size exclusion chromatogram of 5% w/w ThE 6b4, UV-polymerised for 15 minutes at 
25°C in chloroform ( ), benzene ( ), 4-chloroanisole ( ) and αααα-methylnaphtalene ( ). The inset 

shows a magnification of the main graph. The photoinitiator, Irgacure 651, is shown for 
comparison. 

From the four solvents, two solvents display a substantial degree of 

polymerisation after a polymerisation time of 15 minutes. In chloroform and 

benzene, a decrease of the monomer signal at the retention time of 546 seconds is 

visible together with the appearance of higher molecular weight fractions at 

shorter retention times ( nM =11300 g/mol for chloroform, nM =6900 g/mol for 

benzene). 4-Chloroanisole is only a poor solvent, which is reflected in the sparse 

polymerisation of the monomer ( nM =2500 g/mol). α-Methylnaphtalene is a 

reasonable solvent for the monomer but has a strong UV-to-visible absorption and 

consequently polymerisation hardly occurs. Based on the obtained results, further 

experiments were carried out in chloroform, neglecting benzene for its higher 

toxicity. 
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Figure 3.10. a) Size exclusion chromatogram for ThE 6b6, UV-polymerised during the indicated 
times as a 5% w/w solution in chloroform. Photoinitiator content 1% w/w, temperature 25°C. 

b) Size exclusion chromatogram for ThE 6b4 ( ) and ThE 6b6 ( ) (containing 1% w/w 
photoinitiator each), UV-polymerised for 15 minutes at 25°C as 5% w/w solutions in chloroform. 

In Figure 3.10a the UV-initiated polymerisation of 5% w/w ThE 6b6 in 

chloroform is presented for several distinct irradiation times. As seen before in 

Figure 3.9, polymerisation occurs to a reasonable degree but it appears that in 

chloroform solution the ultimate degree of polymerisation is reached after 

approximately 10 minutes as hardly any increase in molecular weight is detected 

when comparing the molecular weight distributions corresponding to irradiation 

times of 10 and 15 minutes. It should be noted that chloroform can play a role in 

free radical propagated polymerisations by acting as a transfer agent (see also 

Scheme 3.2-IVd), as is not uncommon in for instance acrylate polymerisations37. A 

similar situation may be valid for 4-chloroanisole. Although the polymerisations 

were performed at 25°C there was no notable increase in monomer conversion 

when the experiments were repeated at 60°C. On the contrary, this could be well 

related to the influence of the temperature on the composition of the equilibrium 

of the rate-determining step in the thiol-ene reaction, as will be discussed in more 

detail in the next section. 

In the right part of Figure 3.10, a comparison is made between the 

monomers ThE 6b6 and ThE 6b4 , both polymerised for 15 minutes under 

identical conditions. Under the same conditions, a larger degree of polymerisation 

is noted for ThE 6b6 compared to its analogue ThE 6b4 . This indicates that the 

larger flexibility in the aliphatic chain of ThE 6b6 , due to its larger spacer length, 

favours the polymerisation. 
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Consequently, the shift from bulk polymerisation to polymerisation in 

isotropic solution does not negatively influence the ability to polymerise the 

synthesised thiol-ene monomers. In view of the step-growth polymerisation 

behaviour, an adequate degree of polymerisation is obtained, after a relatively 

short period of time. These results are encouraging to direct the investigation 

towards polymerisations in anisotropic solvents rather than in isotropic solvents. 

3.4 Polymerisation in Anisotropic Media 

Ultimately, it is the objective to polymerise the synthesised liquid crystalline thiol-

ene monomers in an anisotropic, liquid crystalline environment. As it is 

envisaged to initiate the polymerisation in-situ, possibly by photoinitiation, an 

initial situation is required where both monomer and anisotropic solvent form a 

homogeneous mixture. The commercially available cyanobiphenyls are ideal 

candidates for the role of the anisotropic solvent as they possess low melting 

temperatures and display a variety of mesophases depending on the spacer 

lengths. Figure 3.11a-d shows the binary phase diagrams obtained upon mixing of 

the thiol-ene monomers ThE 4b4 and ThE 6b6 with either of the cyanobiphenyls 

6CB (K18) or 8CB (K24). In each case, the pure materials display either a single 

nematic phase or a nematic and a smectic A phase, depending on the 

temperature. The binary phase diagrams were obtained by combining differential 

scanning calorimetry (DSC), polarised optical microscopy and occasionally wide 

angle X-ray spectroscopy. To approach the thermodynamic equilibrium state as 

much as possible, the transitions were determined in heating mode at slow 

speeds, thus avoiding supercooling effects that can frequently be found in cooling 

mode. 
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Figure 3.11. Phase diagrams of combinations of the liquid crystalline thiol-ene monomer ThE 4b4 
with the cyanobiphenyls 6CB and 8CB. a) ThE 4b4 + 6CB. The open circles -o- indicate the 

calculated melting curve. b) ThE 4b4 + 8CB. The two-phase SmA-N region and two-phase regions 
in the crystal-crystal transition region are omitted for clarity. 
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Figure 3.11. Phase diagrams of combinations of the liquid crystalline thiol-ene monomer ThE 6b6 
with the cyanobiphenyls 6CB and 8CB. c) ThE 6b6 + 6CB. d) ThE 6b6 + 8CB. 
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Figure 3.11a, showing the miscibility behaviour of ThE 4b4 and 6CB, depicts 

the typical eutectic phase diagram that is obtained when two well miscible 

nematic materials are mixed. At 17.3% w/w ThE 4b4 , the eutecticum can be 

found resulting in a melt transition that is substantially lower than that of the 

pure compounds separately. It is also possible to calculate the melting curves 

(liquidus) and the eutecticum as shown by Demus et al.38 Based on certain 

assumptions such as the occurrence of an ideally mixed liquid phase and the 

absence of the formation of mixed crystals upon crystallisation, they were able to 

derive the relationship between the upper melting temperature Ti of the 

crystalline-nematic two-phase region and the concentration xi of one of the 

components in the binary system: 
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Eq. 3.3 

where ∆H0i is the molar heat of fusion, T0i is the melting point and xi is the 

mole fraction, all of component i. R is the gas constant. The construction of the 

intersection of the temperature-mole fraction curves (using 31.8 kJ/mol and 20.1 

kJ/mol for the molar heats of fusion of ThE 4b4 and 6CB, respectively and 

331.8 K; 286.7 K for the respective melting points) results in the calculated 

eutecticum at T=8.6°C and 17.4% w/w ThE 4b4 (see the open circles -o- in Figure 

3.11a). Both values are in close approximation with the experimental values (5.1°C; 

17.3% w/w), confirming the almost ideal mixing behaviour of the two 

components. 

The two-phase regions in this phase diagram enclose a homogeneous 

nematic phase region that exists at ambient temperatures over the entire 

concentration composition. The nematic to isotropic transition shows a linear 

dependency on the concentration, indicating the perfect interaction between the 

two components on a molecular level. Combined with the melting point 

depression due to the eutectic behaviour, the resulting nematic existence gap is 

extended in comparison to the nematic phase existence of the two individual 

components separately. 

The ideal miscibility behaviour as observed for the ThE 4b4/6CB 

combination is certainly not observed when the 6-spacered cyanobiphenyl is 

replaced by its 8-spacered homologue, 8CB (Figure 3.11b). In essence, the eutectic 

behaviour is observed again, combined with a crystal-crystal transition region, but 

the unsymmetrical nematic to isotropic transition curve already suggests the less 

perfect molecular interaction between the thiol-ene monomer and the anisotropic 

solvent. Moreover, the occurrence of the smectic A phase, originating from 8CB, 

is almost immediately extinguished when the monomer concentration is 
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increased, also indicating the less well-defined miscibility behaviour between the 

two components. In addition, although a homogeneous nematic phase is visible 

over the entire concentration composition, its existence gap is almost diminished 

at a 1:1 ratio. Apparently, the increased difference of the spacer lengths is 

responsible for a less favourable packing of the two components in the liquid 

crystalline phase. 

In turn, replacing the ThE 4b4 monomer with its ThE 6b6 counterpart and 

mixing it with 6CB results in the diagram as shown in Figure 3.11c. Again, a 

homogeneous nematic phase is obtained that extends over the entire 

concentration gradient. The smectic A phase, originating from ThE 6b6 extends 

slightly into the phase diagram, although the real situation in the smectic A region 

may differ slightly from that depicted in Figure 3.11c, as the depicted course is an 

estimation based on only a few observations. 

The binary phase diagram of ThE 6b6 and 8CB (Figure 3.11d) notably 

contains both a homogeneous nematic phase and a smectic A phase over the 

entire concentration gradient. Again, the two mesophase regions are accessible at 

ambient temperatures. 

From the four binary phase diagrams it is learned that all combinations of 

thiol-ene monomers and cyanobiphenyls result in homogeneous mesophases over 

the entire concentration gradient, accessible at ambient temperatures. In 

particular, the type of mesophase can be varied between a nematic phase and a 

smectic A phase, depending on the choice of the combination of the thiol-ene 

monomer and the cyanobiphenyl solvent. In particular, the ThE 4b4/6CB (Figure 

3.11a) and the ThE 6b6/8CB (Figure 3.11d) combinations are useful mixtures for 

their widely extended nematic and/or smectic phase, for each monomer/solvent 

ratio. These liquid crystalline thiol-ene/ cyanobiphenyl combinations form unique 

reactive room temperature LC mixtures with variable mesophases. 

Having established the mixing behaviour of the ester type thiol-ene 

monomers with inert anisotropic solvents, the ability for polymerisation of these 

monomers in their anisotropic environment is investigated. Figure 3.12 shows a 

SEC-curve for a 25% w/w mixture of ThE 4b4 in 6CB, containing 1% w/w 

photoinitiator, based on the monomer. From the corresponding phase diagram, 

Figure 3.11a, it can be observed that this mixture exhibits a nematic phase at the 

polymerisation temperature of 25°C. Strictly spoken, this mixture is not a binary 

mixture but a ternary mixture since it contains a third component, the 

photoinitiator. However, due to the minute amount of this component (1% w/w 

based on the monomer) it is assumed that the addition of this component has no 

noticeable influence on the phase behaviour and phase transition temperatures of 

the binary mixture and consequently, the mixture is treated as a binary mixture. 
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This assumption was checked in several occasions and for instance shifts in the 

clearing point were at large 0.5°C for a mixture containing 1% w/w photoinitiator 

in comparison to the true binary mixture containing no initiator. 
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Figure 3.12. Size exclusion chromatogram of 25% w/w ThE 4b4 in 6CB, polymerised for 25 
minutes at 25°C. Photoinitiator content 1% w/w based on the monomer. 

From the SEC-analysis it can be concluded that also in an anisotropic 

environment, in this case in the cyanobiphenyl 6CB, polymerisation occurs to a 

substantial degree, here shown after 25 minutes at 25°C. The chromatogram 

shows a large signal (578 seconds, intensity off-scale) belonging to the residual 

solvent 6CB, next to the signals of the monomer (562 seconds), oligomeric species 

(i.e. dimer, trimer etc.) and polymeric fractions ( nM =5800 g/mol). 

A quantitative analysis was made based on SEC-analysis of polymerised 

samples of ThE 4b4 in 6CB. Other techniques, such as Raman spectroscopy and 

NMR-analysis, are less suited. Since polymerisations are performed in solution 

rather than in bulk, the spectral bands of reactive groups in the monomer are not 

detected any more in the Raman spectra. NMR has the disadvantage that for a 

reliable determination of the conversion all the higher molecular weight fractions 

should be dissolved. Taken into account the aforementioned solubility difficulties 

with the polymers (recall Section 3.3) and the relatively high concentrations (3-10 

g/ml) required for an acceptable signal-to-noise ratio in a reasonable time span, 

NMR is not the first choice either. Conversely, size exclusion chromatography 

(SEC) offers the benefit of requiring lower sample concentrations (e.g. 0.1 mg/ml). 

Overall conversions can be based on two calculations. One approach is to compare 

the area of the monomer peak to the total area of the chromatogram42. However, 

this also requires a completely dissolved sample, including the higher molecular 

weight fractions. In addition, because of the UV-detection method used in the 

SEC-analysis, it is assumed that the extinction coefficients of the higher molecular 
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weight species do not differ from that of the monomer. This assumption seems 

reasonable since the only chromophore differences between the monomer and the 

oligomers/polymers are the disappearance of the carbon-carbon double bond and 

the replacement of the thiol group by a sulfide group. Usually, the excitation 

bands for the (n,π*)-transition and (n,σ*)-transition of these isolated 

chromophores are located respectively at wavelengths under 200 nm and around 

235 nm39, much lower than the wavelength of 263 nm used for detection during 

the analysis. 

A second approach is based on the comparison of the monomer peak area at 

time t to the monomer peak area before polymerisation (t=0). Provided both 

samples have a known concentration in the eluent used for analysis, the advantage 

is that it is not necessary for the higher molecular weight fractions to dissolve 

completely for determination of the conversion as long as the (residual) monomer 

is completely dissolved. This seems certainly most likely at the low concentrations 

used for analysis. 

In Figure 3.13 the overall conversion is shown for several concentrations of 

the thiol-ene monomer ThE 4b4 in 6CB. The overall conversion is determined 

after polymerisation for the indicated period of time at 30°C. 

0 20 40 60 80 100 120
0

20

40

60

80

100

 5%
 10%
 20%

Co
nv

er
si

on
 (%

)

Irradiation time (min)  

Figure 3.13. Overall conversion for several concentrations of monomer ThE 4b4 in 6CB, 
polymerised at 30°C for distinct irradiation times as obtained by SEC. Photoinitiator content 

1% w/w based on monomer. 

Similar to the results seen for polymerisation in isotropic solvents and 

indicated by the SEC-trace in Figure 3.12, a high degree of polymerisation is 

obtained when a thiol-ene monomer is polymerised in an anisotropic solvent as 

indicated by the high overall conversions after prolonged irradiation. The usual 

monomer concentration – conversion relationship is observed where a higher 

monomer content results in a higher polymerisation rate, indicated by the 

increasing steepness of the curves for higher monomer percentages. Also, a 
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higher ultimate overall conversion is obtained for higher monomer 

concentrations. In Figure 3.14 a comparison is made for two monomer 

concentrations at different polymerisation temperatures. 
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Figure 3.14. Overall conversion diagrams as obtained by SEC for ThE 4b4, polymerised for 
distinct irradiation times at the indicated temperatures. a) 5% w/w in 6CB. b) 20% w/w in 6CB. 

Clearly, the overall polymerisation rate decreases with increasing 

temperature. This reflects the influence of the temperature on the composition of 

the equilibrium of the rate-determining step in the thiol-ene step-growth 

polymerisation (Scheme 3.2-III). As the temperature increases, the backward 

reaction becomes more important since its rate constant depends more on the 

temperature, due to its usually higher activation energy, than the rate constant for 

the forward reaction36,40,41. Consequently, the net rate of polymerisation decreases 

until it falls to zero at the ceiling temperature Tc. This effect may become more 

pronounced with lower monomer concentrations similar to the situation for 

addition polymerisations where the ceiling temperature generally is lowered with 

decreasing monomer concentrations35. This may explain why the ceiling 

temperature effect is not yet experienced for bulk polymerisations of ThE 4b4 

(bulk monomer concentration [M]bulk approximately 3.5 M for an estimated 

monomer density of 1.3 g/ml) but is more pronounced for polymerisations of 

ThE 4b4 in solution ([M] approximately 0.15-0.30 M) as shown here. 

Higher conversions at lower temperatures are actually advantageous, as it 

does not limit the use of the thiol-ene/anisotropic solvent mixtures as outlined by 

their phase diagrams. After all, higher polymerisation temperatures would imply 

the polymerisation of thiol-ene monomers in their isotropic phase whereas it is 

the objective to make use of the molecular organisation that is only available at 

ambient temperatures. 

Although the obtained conversions are high, taken into account the step-

growth polymerisation mechanism, they will at first still appear to be insufficient. 

Normally, taken the envisaged applications into account, the anisotropic mixtures 
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presented here will be polymerised between two glass slides (‘cells’) and it is 

foreseen to control the resulting morphology in a way as for instance presented 

before in Figure 1.8.  When considering the typical cell gaps involved, usually 5-

20 µm, a simple estimation shows that this corresponds with a degree of 

polymerisation of at least 2000 and a conversion of at least 99.95%. These figures 

indicate that it is highly unlikely to bridge the conventional cell gaps based on the 

degree of polymerisation alone. However, it is not the molecular weight of the 

formed polymers that is the most essential parameter involved here. Other 

processes involved in determining the resulting morphology are at least equally 

important and will play an important role in providing a solution to the apparent 

problem brought up here, as will be shown in the next chapter. 

3.5 Conclusions 

The synthesised liquid crystalline thiol-ene monomers are stable materials at 

ambient temperatures and can be polymerised at demand by for instance 

photoinitiation. As has been shown, polymerisation can proceed in bulk, in 

isotropic solvents or in anisotropic solvents. High conversions are obtained in all 

cases although an analysis of the bulk polymerisation reveals the influence of side 

reactions during polymerisation. A ceiling temperature effect is noted but only for 

the systems containing low concentrations of the thiol-ene monomers. This 

results in higher conversions for thiol-ene monomers polymerised in anisotropic 

solvents at lower temperatures. 

3.6 Experimental Section 

3.6.1 Materials 

The liquid crystalline thiol-ene monomers ThE 4b4 , ThE 6b4 and ThE 6b6 were synthesised 

according to the procedures described in Chapter 2 of this thesis. The liquid crystalline 

cyanobiphenyl solvents 6CB (4-hexyl-[1, 1-biphenyl]-4-carbonitrile; K18) and 8CB (4-octyl-[1, 1-

biphenyl]-4-carbonitrile; K24) were supplied by Merck (Poole, England or Darmstadt, Germany). 

The isotropic solvents that were used for the polymerisations, chloroform (LiChrosolv grade) and 

benzene, were obtained through Merck, Darmstadt, Germany or Merck-Schuchardt, Hohenbrunn, 

Germany. Hydroquinone was also obtained from this supplier. 4-Chloroanisole and α-

metyhlnaphtalene were supplied by Fluka Chemie AG, Buchs, Switzerland. The photoinitiator 

Irgacure 651 (α,α-dimethoxydeoxybenzoin), used for the photoinitiation of the polymerisations, 

was obtained from Ciba Specialty Chemicals, Basel, Switzerland. 
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For the NMR analysis, either deuterated chloroform-d (Merck, Darmstadt, Germany) or 

deuterated 1,1,2,2-tetrachloroethane-d2 (Aldrich Chemie, Zwijndrecht, The Netherlands) was used. 

A special chloroform HPLC-grade was used as the eluent for the size exclusion 

chromatography (SEC) and was obtained from Biosolve, Valkenswaard, The Netherlands. 

All commercially available materials were used as supplied, without further purification. 

3.6.2 Techniques 

For details regarding polarised optical microscopy and differential scanning calorimetry, see 

Section 2.5. For basic details regarding FT-NMR-analysis, see also Section 2.5. Here, a Varian 400 

MHz spectrometer or an Inova 500 MHz spectrometer was used at the resonance frequencies of 

400.162 MHz and 499.799 MHz for 1H-resonance spectra and 100.630 MHz and 125.686 MHz 

for 13C-resonance spectra. All spectra were recorded in tetrachloroethane-d2 at 25°C. The reported 

chemical shifts are based on the chemical shift of the deuterated solvent (δ=5.93 ppm for proton 

and δ=73.76 ppm for carbon NMR). For the polymeric samples, the parameter d1 was set to 3 

seconds. 

Size exclusion chromatography (SEC) was used to determine the conversions of the UV-

polymerised liquid crystalline thiol-ene monomers both in bulk and in anisotropic solvents. 

Samples were prepared by dissolution of the irradiated samples in 40 µl DSC sample pans in an 

exact known quantity of chloroform (HPLC grade) to a concentration of approximately 0.1 mg/ml. 

A small amount of the inhibitor hydroquinone was added to prevent possible further 

polymerisation of the samples. Subsequently, 3-4 ml of these solutions were transferred by a 

hypodermic syringe with a 2 µm filter into SEC vials. A Waters type 710B injector injected 50 µl of 

solution on two Polymer Labs, mixed-d, 7.8x300 mm columns, thermostated by a Spark Holland 

Mistral thermostat at 30.0 °C. A Waters type 6000 pump provided a flow velocity of 1 ml 

chloroform / minute. A Waters model 440 UV-detector (λ = 254 nm and 263 nm) is used for 

detection of the samples. Provided the prepared sample showed total dissolution, as determined by 

a visual check, the conversion of the irradiated samples was determined by dividing the peak area 

of the residual monomer peak to the total peak area originating from the monomer, oligomeric 

and polymeric fractions, analogue to a reported procedure42. In case a sample showed only partial 

dissolution, the conversion was based on the ratio of the residual monomer peak area to the peak 

area of a non-polymerised reference sample. Peak-fitting routines were used to separate the 

monomer peak from that of the anisotropic solvent peak. The columns were calibrated using two 

polystyrene calibration standard mixtures (Polymer Labs) in the range 104-1 million g/mol. 

In the case of the thiol-ene monomers polymerised in isotropic solvents and for the analysis 

presented in Figure 3.12, use was made of a Shimadzu LC-10AT liquid chromatograph equipped 

with a Polymer Laboratories Plgel 5u 500Å column in combination with a Linear UVIS-205 

absorbance detector (λ=254 nm). 

UV-Polymerisations were carried out in small 30-50 µl aluminium DSC sample pans. The 

quantities, typically 0.5-1.5 mg for the bulk experiments to 6-13 mg for the anisotropic solvent 

experiments, were sufficiently small to ensure the formation of a small film of equal thickness in 

each case. The reflecting aluminium substrate also functioned to level out possible intensity 

gradients throughout the sample. The samples were irradiated with a Philips PL-S 10 UV-light 

connected to a timer at an approximate sample-light source distance of 10 cm. Except in the case of 

the conversion measurements, all irradiations were carried out in an inert argon environment. For 

the experiments with isotropic solvents, polymerisations were performed in sealed flat glass slides 
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(Camlab Ltd., Cambridge) with a known thickness varying between 0.3 and 2 mm. In all cases, the 

photoinitiator (Irgacure 651) content was 1% w/w on monomer basis, unless stated otherwise. 

Time-resolved Raman spectroscopy was performed using a Dilor Labram spectrometer, 

equipped with a Peltier air cooled CCD array detector and a Spectra-Physics laser with an 

excitation line of 532 nm. Samples were prepared in sealed capillaries and thermostated with a 

Linkam THMS 600 hot-stage. Irradiation of the samples was performed with a UV-light source 

(Oriel Instruments) with the aid of an interference filter (λ=365 nm). Data analysis involved a 

polynomial baseline correction and filtering of the raw data using a Savitsky-Golay filtering 

routine. All peak areas were fitted as a combination of Gaussian and Lorentzian peak shapes using 

both in-house developed software routines (Matlab library) and commercial software peakfitting 

routines (GRAMS/32AI 6.00, Galactic Industries Co.). 

3.6.3 Polymer Characterisation 

Synthesis of Poly(ThE 4b4) : Mesogenic transitions: Cr 110-175 N 190-197 I. 
13C-NMR (CDCl2CDCl2; 25°C; 100.614MHz): 165.2 (Cj’), 163.2 (Cf’), 156.4 (Cn’), 144.1 (Ck’), 132.1 

(Ch’), 122.5 (Cl’), 121.4 (Ci’), 115.0 (Cm’), 114.2 (Cg’), 67.74+67.66 (Ce’+o’), 31.7+31.6 (Cb’+r’), 28.3+28.1 

(Cd’+p’), 26.0+25.9 (Cc’+q’) (see Section 2.5 for the carbon assignments in the non-aliphatic region, 

which follow that of the corresponding monomer. See Scheme 3.6 for the assignment in the 

aliphatic region). 

Synthesis of Poly(ThE 6b6) : Mesogenic transitions: Cr 110-155 N 155-160 I. 
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4.1 Introduction 

The previous chapters have shown that liquid crystalline materials can be 

synthesised with the intrinsic ability to form main-chain liquid crystalline 

polymers. These liquid crystalline thiol-ene monomers are stable materials under 

normal handling conditions but can be polymerised at demand, triggered through 

for instance UV-initiation. Considering the step-growth characteristics of thiol-ene 

polymerisation, a substantial degree of polymerisation is achieved and 

consequently a considerable molecular weight can be obtained. 

In Chapter 1, the objective to generate main-chain polymeric structures in an 

anisotropic environment was already elucidated; the mesogenic moieties in the 

main-chain polymers are potentially more perfectly aligned giving rise to an 

increased overall degree of order in the system. 

In view of the concept of in-situ generation of these morphologies an initial 

homogeneous phase is required consisting of both monomer and an inert 

anisotropic solvent. At least two suitable monomer/solvent combinations were 

introduced in the previous chapter that result in a homogeneous phase behaviour 

with an enantiotropic nematic or smectic A phase, depending on the temperature 

(Section 3.4). However, these phase diagrams are limited to combinations of 

monomers and liquid crystalline solvents. The phase diagram will change 

immediately upon polymerisation and several monographs have been devoted to 

the phase diagrams for liquid crystalline polymers in solution1,2. As soon as 

oligomeric species are formed, phase separation sets-in, as the solubility of liquid 

crystalline polymers is generally not very good in LC solvents originating from the 

only small increase of the entropy term of the free energy of mixing. 

At a first glance this phase separation may be interpreted to be undesirable 

but actually phase separation is essential for the creation of the linear polymeric 

structures in mind. The key factor in the polymerisation process is the control of 

the resulting morphology. Specifically, it is desired to engineer the morphology 

both macroscopically and down to nanometer level. Consequently, the focus in 

4 
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this chapter is directed to the resulting morphology of these in-situ generated 

systems, obtained from the polymerisations of anisotropic thiol-ene based 

solutions. 

4.2 In-Situ Polymerisation Experiments 

4.2.1 Morphologies 

Based on the suitable monomer/solvent combinations, introduced in Section 3.4, 

UV-polymerisations were performed and the resulting morphologies investigated 

using polarisation optical microscopy and scanning electron microscopy. Figure 

4.1 depicts a selection of scanning electron micrographs of mixtures of ThE 4b4 in 

6CB, containing 1% w/w photoinitiator. The mixtures were UV-polymerised from 

the initial nematic phase with a homogeneous planar orientation (Figure 3.11a). 

The architectures found and depicted here are representative for all monomer 

concentrations investigated, ranging from 5-40% w/w ThE 4b4 . The micrographs 

were obtained after extraction of the low molecular weight components (e.g. 

solvent and residual monomer) following a procedure described in more detail in 

Section 4.5. As a result, the remnants in the micrographs correspond to the 

polymeric fragments being formed during the polymerisation process. 

a cb  

Figure 4.1. A selection of scanning electron micrographs showing Type I structures obtained from 
ThE 4b4/6CB mixtures, UV-polymerised (>70 min) in a planar oriented nematic phase containing 

1% w/w photoinitiator on a monomer basis. a) 20% w/w ThE 4b4 (scale bar 500µµµµm, rubbing 
direction up-down). b) 40% w/w ThE 4b4 (scale bar 100µµµµm, rubbing left-to-right). c) Detail (scale 

bar 5µµµµm) of micrograph shown in a). 

These figures clearly show that linear structures, here defined as Type I 

structures, have resulted from the polymerisation process, as intended. Also, on 

average a preferential direction of these Type I structures is visible that coincides 

with the rubbing direction of the polyimide alignment layer used to align the 

mesophase. Deviations from the preferential direction are noted. The scattering in 
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the predominant direction of the polymeric fibre-like structures is probably related 

to director fluctuations present in the nematic mesophase. Upon closer 

inspection, also occasional threads are detected that branch off from the main 

structure at an approximate average angle of 75°. This points towards the 

incorporation of defects during the polymerisation process. 

Based on the dimensions noted from the electron micrographs, e.g. a 

diameter of approximately 800 nm, the thread-like architectures cannot simply be 

single polymer chains (since these would be impossible to see) and must consist 

of aggregates of polymer chains. However, attempts to isolate the thread-like 

architectures in order to investigate their properties failed. Consequently, the 

internal structure, i.e. the alignment of the mesogens, the degree of order etc., of 

these thread-like structures is yet unresolved. However, it will be clear from for 

instance Figure 4.1a, that in case the initial orientation of the liquid crystal 

mixture was chosen perpendicular to substrate surface, the obtained fibril lengths 

(> 0.5 mm) in potential can exceed typical cell-gaps used for device construction 

by a multitude. This supports the statement made in the previous chapter that the 

molecular weight of the polymers is not the only key-factor involved in the 

morphology control, as larger distances can be overcome by aggregation processes 

to yield the thread-like architectures shown here. 

However, the picture as sketched here is not complete yet. Irrespective of the 

polymerisation conditions, all samples predominantly also show different Type II 

structures as can be seen in Figure 4.2. 

a b  

Figure 4.2. Scanning electron micrographs showing Type II structures typically obtained from the 
UV-polymerisations of thiol-ene monomers in anisotropic media. a) Combination of Type I and 

Type II structures, here shown for a planar oriented 10% w/w ThE 4b4 mixture (scale bar 50µµµµm). 
b) Magnification of a Type II, ‘cauliflower’ structure (scale bar 10µµµµm). 

These Type II structures are undesirable since the overall degree of order is 

decreased and the uncontrollable size and position of the structures causes the 

absorption and scattering of light on a large scale. These dendritic ‘cauliflower’ 

structures appear to originate from a nucleation and aggregation mechanism 

involved during the polymerisation process, which was confirmed by optical 
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microscope observations. Already the DSC measurements (Section 3.2) showed 

that the pure polymers were semi-crystalline materials.  This was confirmed by X-

ray spectroscopy, as shown in Figure 4.3 where the diffraction patterns of a 

crystalline thiol-ene polymer obtained from bulk polymerisation and that of a 

thiol-ene monomer/anisotropic solvent mixture, before and after polymerisation, 

can be seen. The diffraction pattern of the mixture is predominantly determined 

by the nematic cyanobiphenyl and to a lesser extent by the semi-crystalline 

structures. Yet, the superposition of the diffraction pattern of the pure polymer is 

clearly visible (taking into account that the diffraction patterns were measured at 

different temperatures), confirming the semi-crystalline character of the 

polymeric structures in the mixture. 

a b c
 

Figure 4.3. a) Poly(ThE 4b4) at 80°C, after UV-polymerisation in bulk at 150°C. b) Diffraction 
pattern of 5% w/w ThE 4b4 in 6CB (1% w/w photoinitiator on a monomer basis) at 25°C . 

c) System shown in b) after UV-polymerisation, as determined by wide angle X-ray spectroscopy. 

Crystallisation processes are involved in the morphology development 

during the in-situ UV-polymerisation of the thiol-ene/cyanobiphenyl mixtures that 

are used here. These crystallisation processes by itself are not detrimental, as long 

as they occur in a controlled, ordered fashion giving rise to for instance structures 

such as the Type I structures seen before. Unfortunately, this is certainly not the 

case for the situations sketched here. The balance between the Type I and Type II 

structures needs to be shifted in favour of the thread-like Type I structures. 

Therefore, the following sections deal with several approaches directed to the 

enforcement of this shift towards the thread-like architectures and consequently to 

an enhanced morphology control. 

4.2.2 Kinetic Approach 

The Type II structures originate from a crystallisation process of the formed 

polymer chains during the course of polymerisation. Crystallisation is a kinetic 

process that involves rearrangement of polymer chains in favourable packing and 
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consequently requires time. An interesting approach occurs when the 

polymerisation process is faster than the crystallisation process. If the growth of 

the polymer chains enforced and imposed by the molecular organisation can be 

increased such that it exceeds the rate of crystallisation, it may result in the linear 

Type I structures. After all, if the length of the formed oligomeric/polymeric 

chains becomes sufficiently large, the mobility of the chains decreases to such an 

extent that the tendency for crystallisation is diminished. The time required for 

rearrangement and folding of the polymer chains necessary for Type II 

crystallisation is not sufficient compared to the growth rate of the polymer chains. 

This enables the formation of the aggregates of elongated polymer chains and 

consequently further immobilises the formed architectures. 

The kinetics can be increased by increasing the monomer concentration. 

However, high monomer contents (up to 40%) were already used in the previous 

section. A further increase would lead to an almost complete immobilisation of 

the mobile LC fraction due to the increased polymer area. Alternatively, the 

amount of photoinitiator used for the initiation of the thiol-ene polymerisation 

can be increased and its effect on the polymerisation rate has been shown for 

conventional free radical polymerisations3. Accordingly, several polymerisations 

were performed with variable photoinitiator contents, ranging from 0.5-5% w/w 

based on the monomer contained. However, the increase in polymerisation rate 

was still insufficient to shift the morphological balance towards Type I structures. 

Crystallisation of Type II structures still occurred as illustrated by Figure 4.4. 

a b
 

Figure 4.4. Scanning electron micrographs showing both Type I and Type II structures obtained 
after polymerisation of a planar oriented 5% w/w ThE 4b4 / 6CB mixture containing 5% w/w 

photoinitiator (based on monomer) (scale bar in both micrographs 50µµµµm). 

Alternatively, an increase in the light intensity of the UV-light sources used 

for the initiation of the thiol-ene polymerisation did not offer relief. The overall 

polymerisation time that is required for reaching full conversion decreased 

significantly when high pressure mercury UV-light sources were used. However, 

the obtained morphologies also resemble those of Figure 4.4. 
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The radical flux obtained from the initiation process can be increased even 

more by electron beam (EB) initiation4. Attempts to polymerise the thiol-ene 

monomers initiated by EB-radiation resulted in the formation of polymeric 

species but also in this case crystallisation was observed, predominantly of Type II 

structures. 

Based on the approaches presented here, suppression of crystallisation of 

the formed thiol-ene polymers resulting in Type II structures appears not feasible 

using a kinetic approach alone. A different approach is to change the 

thermodynamics rather than the kinetics of the system by making use of different 

thiol-ene monomers, of which the synthesis was already described in Chapter 2. 

4.2.3 Thermodynamic Approach 

One of the critical moments during the polymerisation process is the onset of 

phase separation. From that point on, either Type I or Type II structures will be 

formed. If it would be possible to delay the onset of phase separation, the growing 

polymer chains will remain in solution for a longer period and consequently the 

length of the polymer chains will increase before phase separation sets in. This 

would imply that when the point of phase separation is approached, the 

probability for rearrangement and folding of the polymer chains to Type II 

structures decreases due to the reduced mobility of the longer polymer chains. 

The thiol-ene monomers used so far, comprising the phenyl benzoate core, 

structurally do not resemble the chemical structure of the anisotropic 

cyanobiphenyl solvent. If instead a thiol-ene monomer would be used that closely 

mimics the chemical structure of the cyanobiphenyl solvent, the onset of phase 

separation may be deferred with the positive consequences discussed above. 

Liquid crystalline biphenylene thiol-ene monomers were introduced in 

Chapter 2. They possessed highly ordered smectic phases, as is not uncommon 

for these types of biphenyl compounds. Obviously, in order to polymerise these 

monomers in-situ from an anisotropic solvent, it is necessary for the monomers to 

form one homogeneous liquid crystalline phase with the used cyanobiphenyl 

solvents. Unfortunately, the probability of mixing of highly ordered smectic 

phases and nematic mesogens is in general not very high5. Nevertheless, from a 

thermodynamic standpoint there will exist a region where a homogeneous 

nematic phase exists for low monomer concentrations in the anisotropic solvent. 

It only remains to be seen how large this region will be to assess whether it is 

experimentally accessible. 

Figure 4.5 portrays the binary phase diagram for the liquid crystalline thiol-

ene monomer 4’-(5-hexenyloxy)-biphenyl-4-thiol, ThE 0.6, with the cyanobiphenyl 

6CB, as determined by DSC, optical microscopy and X-ray spectroscopy. Note that 
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the phase diagram is not complete for high monomer concentrations. The 

positions of most lines in the phase diagram are estimations based on the 

measured transitions and may therefore not correspond with the real positions. 
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Figure 4.5. Binary phase diagram of ThE 0.6 and 6CB. The inset shows a magnification of the 
region low in monomer. ‘Cr’ denotes a crystalline phase (‘I’ is ThE 0.6, ‘II’ is 6CB), ‘N’ the nematic 

phase, ‘E’ the crystal E phase and ‘Iso’ the isotropic phase. 

Extensive two-phase regions are present in the binary phase diagram 

pointing towards the expected difference between the molecular order of the 

monomer and the solvent. In addition, the large gap between the transition 

temperatures of both components certainly influences the non-mixing behaviour. 

Moreover, no homogeneous nematic phase is experimentally accessible thus 

eliminating this monomer/solvent combination for practical use. 
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Figure 4.6. Low monomer region of binary phase diagram of ThE 0.4 and 6CB. ‘Cr’ denotes a 
crystalline phase (‘I’ is ThE 0.6, ‘II’ is 6CB), ‘N’ the nematic phase, ‘E’ the crystal E phase and ‘Iso’ 

the isotropic phase. 
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The low monomer region (up to 25% w/w ThE 0.4) of the ThE 0.4/6CB 

combination was also investigated and resulted in the partial binary phase 

diagram of Figure 4.6. Again, no homogeneous nematic phase is detected that is 

experimentally accessible. Mixing attempts of ThE 0.4 with the eutectic mixture 

E7 6, displaying a nematic mesophase, were also unsuccessful in giving a 

homogeneous mesophase region. Although E7 has a larger nematic phase gap, 

the difference in order between E7 and the mesophase of ThE 0.4 is too large to 

result in a homogeneous mesophase. 

Although no homogeneous low ordered mesophases are observed when the 

two liquid crystalline thiol-ene monomers ThE 0.4 and ThE 0.6 are mixed with 

commercial cyanobiphenyl solvents, the monomers may be combined with an 

inert crystal E mesophase instead. In this way, the crystal E ‘solvent’ may be 

removed after polymerisation by extraction and replaced by a nematic solvent. 

Unfortunately, crystal E type mesophases are not commercially available and 

require synthetic efforts. Yet, a few miscibility experiments were performed with a 

commercial SmB mixture7 since the hexagonally packed SmB phase is closely 

related to the orthogonally packed crystal E phase5. However, no homogeneous 

phase was observed for mixtures with low monomer concentration (up to 

10% w/w monomer). 

The kinetic and thermodynamic approaches presented here do not offer a 

solution for the desired morphological shift from the crystalline Type II structures 

to the linear Type I architectures as shown before in Figure 4.1. The major cause 

of concern appears to be more fundamental: the intrinsic crystallisation behaviour 

of the thiol-ene polymers. If the intrinsic crystallisation behaviour can be altered, 

it may be possible to grow long polymer chains that will aggregate to form the 

desired linear structures. This approach in general is similar to that presented in 

Section 4.2.2 but now the crystallisation component is removed. Therefore, the 

next section focuses on the elimination of the intrinsic driving force for 

crystallisation in the thiol-ene polymers. 

4.3 System Modifications 

4.3.1 Copolymerisation 

Random copolymerisation can be an effective way to lower the crystal-to-

mesophase transition temperature of liquid crystalline copolymers and to extend 

the mesophase temperature range with respect to the corresponding 

homopolymers8. The effect increases when the difference in length of the flexible 
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spacers of the comonomers increases8. In this way, it may be feasible to lower the 

melt and crystallisation temperature, thereby lowering the driving force for 

crystallisation of the copolymers, or to suppress the crystallisation of the liquid 

crystalline thiol-ene copolymers at all. This in turn could eliminate the formation 

of the ‘cauliflower’ Type II structures during the in-situ polymerisation process of 

the thiol-ene monomers. 

Figure 4.7a shows the temperatures at which copolymers synthesised from 

ThE 0.4 and ThE 0.6 are completely molten. The crystallisation enthalpy was 

difficult to assess since the temperature range of crystallisation was very broad. 

Nevertheless, a decrease in the melt completion temperature is noted with a 

minimum around a 75% w/w ThE 0.6 fraction, indicating the positive effect of 

copolymerisation on lowering the melt temperature of the copolymer with respect 

to the homopolymers. 

a b
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Figure 4.7. Crystallisation and melt completion temperatures, crystallisation enthalpies and 
glass transitions for different copolymer compositions (w/w) of a) Poly(ThE 0.4-co-ThE 0.6). 

b) Poly(ThE 4b4-co-ThE 6b6). 

Figure 4.7b pictures the nematic-to-isotropic transition and the 

crystallisation temperature and enthalpy of copolymers synthesised from ThE 4b4 

and ThE 6b6 . There is a visible decrease in the crystallisation enthalpy with a 

minimum enthalpy at an approximate 50/50 w/w ThE 4b4 fraction. The 

crystallisation enthalpies did not increase significantly when the samples were 

measured again after storage at ambient temperature for over a week. However, in 

both cases the tendency for crystallisation is not completely diminished. 

Alternatively, monomers with spacers of comparable length but different parity 

(odd vs. even) can decrease the tendency for crystallisation even more since it 

negatively affects the packing requirements of the solid state of the copolymer. 

Although not shown here, the crystallisation enthalpy also decreases for a 

Poly(ThE 4b4- co -ThE 5b4) copolymer with respect to the two homopolymers but 
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crystallisation is still not eliminated despite the different parity in the spacers of 

the comonomers. 

Finally, crystallisation can also be suppressed by copolymers comprised of 

monomers with different mesogenic cores. In this context, the synthesised phenyl 

benzoate core monomers can be combined with the biphenyl core monomers. 

However, for a successful in-situ polymerisation a homogeneous mesophase has 

to be obtained, something that is highly unlikely for this combination of 

monomers. Yet, it would be possible to polymerise these monomers in the 

homogeneous isotropic phase at elevated temperature but the enforcing molecular 

order would be lost and this is considered beyond the scope of this work. Another 

important aspect of copolymerisation of monomers with different mesogenic 

cores is the possibility for composition drift. This may lead to the incorporation of 

large blocks of homopolymers within the copolymers that may again give rise to 

crystallisation. 

4.3.2 Flexibility Concept 

Crystallisation of a polymer involves the rearrangement and folding of flexible 

polymer chains into favourable packing. Chain folding is supposed to be 

stimulated by the presence of the flexible spacers in the polymer chain. Yet, if this 

intrinsic flexibility can be brought down to a minimum or even completely 

removed, an extremely rigid polymer would be obtained and crystallisation 

through folding processes would be minimised or become completely absent. In 

this way, an intrinsic rigid and elongated polymer would result and the chances 

for the formation of linear Type I structures would be highly increased whilst the 

formation of Type II structures would be greatly reduced or even impossible. 

Therefore, it is attempted to synthesise a thiol-ene monomer that fulfils several 

functions. The polymerisation should result in the formation of an intrinsically 

rigid polymer that has a linear or helical conformation, reducing the flexibility. In 

addition, it should still be possible to trigger the polymerisation of the thiol-ene 

monomer at demand, for instance by UV-initiation. Figure 4.8 shows a possible 

thiol-ene candidate. 

R
HS

 

Figure 4.8. Thiol-ene monomer potentially forming an intrinsically rigid thiol-ene polymer. 

The thiol group has been deprived of any methylene groups by attaching it 

directly to the rigid aromatic ring. The two methylene groups that are introduced 

by the polymerisation of the vinyl group have been immobilised by incorporating 
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the double bond in a ring structure. A five-membered ring structure was chosen 

for its expected stability over a six-membered ring that would be more prone to 

aromatisation. The generic group R can be substituted for an alkyl group to 

introduce steric hindrance and further enforce the anti-Markovnikov addition 

during thiol-ene polymerisation. Scheme 4.1 depicts two syntheses routes leading 

to thiol-ene monomer derivatives of the structure shown in Figure 4.8, starting 

from commercially available materials10. Compound 10 differs from 8 in having 

an additional methyl substituent in the 3-position of the indene derivative. 
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Scheme 4.1. Synthesis of a) 5-mercaptoindene (8) from 1-indanone (7). b) 6-mercapto, 
3-methylindene (10) from 5-bromoindanone (9). i) ClSO3H, ii) LiAlH4, iii) H+, 

iv) p-methoxybenzylthiol, base, v) 1. BrMgMe, 2. p-TsOH, vi) 1. TFA, anisole, 2. AgBF4. 

Starting from 1-indanone (7), the introduction of an aromatic thiol group is 

attempted with chlorosulfonic acid. Subsequent conversion of the intermediate 

sulfate by lithium aluminiumhydride would yield the mercaptoindene. However, 

the introduction of the sulfate group was not feasible, probably due to deactivation 

of the aromatic ring by the carbonyl group. Alternatively, the methyl-substituted 

mercaptoindene 10 can be synthesised starting from 5-bromoindanone (9). 

p-Methoxybenzylthiol is introduced by nucleophilic aromatic substitution (iv) and 

the carbonyl functionality is converted into the methyl substituent by Grignard 

synthesis followed by elimination of water to the indene derivative. However, the 

conditions for deprotection of the thiol group, trifluoroacetic acid as the acid 

catalyst and anisole as the protective group scavenger, are unsuccessful in yielding 

the product 10. A bisphenylmethylene derivative was identified yet no product and 

no starting compound could be isolated. Apparently, the target thiol is intrinsically 

unstable. 

Alternatively, a slightly modified target monomer was envisaged where three 

methyl-substituents are introduced to stabilise the monomer with respect to the 

former indene derivatives and to increase the solubility of the monomer. The 

synthesis starting from bromobenzene (11) is pictured in Scheme 4.2, below10. 
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Scheme 4.2. Synthesis of the thiol-ene monomer 1,1-dimethyl, 6-mercapto, 3-methylindene (15) 
from bromobenzene (11). i) 1. AlCl3, 2. CS2, 3. mesityloxide, ii) NaOBr, iii) SOCl2, iv) 1. AlCl3, 

2. CS2, v) sublimation, vi) MeMgBr, p-TsOH, vii) 1. t-BuLi, 2. S. 

The initial steps converting bromobenzene (11) to the bromo, 

3,3-dimethylindanone, through the intermediate acid chloride 12, are described in 

literature11. A mixture is obtained consisting of the 5-bromo (13) and 6-bromo 

compound in a statistical 2:1 ratio, as well as a third component (less than 5%) 

being either the 4-bromo or the 7-bromo compound. The 5-bromo, 

3,3-dimethylindanone could be isolated through sublimation. The 5-bromo and 6-

bromo mixture was used for the conversion to the bromoindene derivative 14 

using a Grignard synthesis and subsequent elimination. Reaction of 14 with 

tert-butyllithium and elemental sulfur12 gave the relatively stable target thiol 

monomer 15 after work up. The thiol was obtained as a mixture of the 5-mercapto 

and 6-mercapto compounds. 1H-NMR showed a singlet at δ=3.5 ppm together 

with the expected signals in the 13C-NMR. TLC revealed a single spot that can be 

attributed to the target thiol along with a spot corresponding to a debrominated 

precursor (debrominated 14). Further purification using column chromatography 

on alumina did not result in a pure isolated product and it was found that the 

alumina catalysed polymerisation, as indicated by the oligomeric traces visible in a 

SEC-analysis. Polymerisation did not proceed beyond the oligomeric stage, even 

after stirring in chloroform with some alumina. The presence of some 

debrominated precursor material containing a single double bond probably 

functions as a chain-stopper.  

In a preliminary experiment, approximately 5-20% w/w of the thiol-ene 

monomer 15 was mixed with cyanobiphenyl 6CB and photopolymerised using 1% 
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photoinitiator. Upon inspection by polarised optical microscopy, contraction of the 

liquid crystalline mixture was noted on the polyimide surface used to enforce 

planar alignment. SEM-analysis did not reveal linear polymeric architectures, at 

least within the resolution limits. However, the presence of the debrominated 

precursor material as discussed above, may prevent the formation of material with 

substantial molecular weight. Further investigations towards finding suitable 

purification techniques, the design of materials with improved thermal stability 

and the evaluation of the morphology obtained from polymerisation are required 

to assess the potential of reducing the flexibility of the thiol-ene monomers. 

4.3.3 Crosslinking 

It is known that crosslinking is an effective way to suppress crystallisation in 

polymers and this concept has been successfully applied to thiol-ene polymers in 

bulk13. This concept can be extended to the thiol-ene based systems used here. The 

addition of a thiol-ene based crosslinker could fixate growing elongated thiol-ene 

polymer chains before they rearrange to crystalline structures such as the Type II 

organisations, thus yielding the desired linear polymeric Type I structures. In this 

way, liquid crystalline elastomers are formed, similar to the structures predicted 

by De Gennes14 and reported later on by Finkelmann and others15-18. 

An initial experiment was performed using the thiol-ene crosslinker shown 

in Figure 4.9 in combination with the used thiol-ene monomer/cyanobiphenyl 

mixtures. 
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Figure 4.9. Thiol-ene crosslinker, synthesised according to literature13. 

Again, Type II structures were obtained upon the UV-polymerisation of the 

mixture (Figure 4.10). However, the transition temperatures of the crosslinker are 

comparatively high; it possesses a melt transition of 124°C and a nematic-to-

isotropic transition of 145°C. It was noted that the crosslinker was not completely 

miscible with the ester type thiol-enes, in contrast to the reported miscibility of the 

thiol-ene crosslinker with triple-phenyl thiol-ene monomers depicted in Table 2.1 

(structure 1)13. In that case however, the transition temperatures are deviate less 

and the chemical structures are very similar. Here, the chemical structure of both 

materials differs and there is a substantially bigger difference between the 
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transition temperatures of the crosslinker and the used phenyl benzoate thiol-ene 

monomer. This may explain the immiscibility and consequently it would be 

premature to draw a conclusion from this initial experiment. 

 

Figure 4.10. Scanning electron micrographs showing ‘cauliflower’ Type II structures obtained 
after polymerisation of a planar oriented 10% w/w ThE 4b4 / 6CB mixture containing 1% w/w 

photoinitiator and 5% w/w crosslinker (based on monomer) (scale bar in both micrographs 
10µµµµm). 

4.3.4 Future Directions 

In the previous sections, experimental attempts were described directed to the 

enhancement of the control over the morphology that evolves during the in-situ 

polymerisation of thiol-ene monomers. Here, future directions are suggested 

based on the findings of the previous sections. 

In order to fully evaluate the crosslinking approach, further attempts should 

be carried out using completely miscible thiol-ene based crosslinker/ 

cyanobiphenyl systems. For this purpose, commercially available crosslinker 

combinations can be used (e.g. trimethylolpropane triacrylate and 

trimethylolpropane tris(2-mercaptoacetate)). Alternatively, simple crosslinkers can 

be synthesised relatively easy, as pictured in Scheme 4.3 for a spacer length 

containing six carbon atoms.  
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Scheme 4.3. Proposed synthesis route for simple thiol-ene crosslinkers with spacer length 6. 
i) 1. DMF, K2CO3, α,ωα,ωα,ωα,ω-dibromohexane, 2. Thiourea, 3. NaOH, ii) 1. MIBK, K2CO3, TsE 6, tetrabutyl 

ammonium bromide. 
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Starting from the commercially available phloroglucinol (16), a trifunctional 

thiol can be obtained using the chemistry explained in Chapter 2. In a similar way, 

a trifunctional vinyl compound can be obtained from the tosylate TsE 6 (recall 

Chapter 2). Addition of a stoechiometric mixture of the two trifunctional materials 

17 and 18 to a thiol-ene monomer/anisotropic solvent mixture as seen before 

would provide a suitable mixture for polymerisation. 

Also, thiol-ene based crosslinkers can be synthesised that closely resemble 

the chemical structure of the used ester type thiol-ene monomers to further 

increase the chances for complete miscibility at ambient temperatures. In 

Scheme 4.4, a possible synthesis route for 6-spacered phenyl benzoate based 

thiol-ene crosslinkers is pictured based on the chemistry already used in 

Chapter 2. 
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Scheme 4.4. Proposed synthesis scheme for phenyl benzoate based thiol-ene crosslinkers. 
i) TsE 6, DMF, NaOMe, ii) DCC, DMAP, CH2Cl2, iii) 1. MeOH, H2SO4, 2. K2CO3, α,ωα,ωα,ωα,ω-dibromohexane, 

acetone, 3. thiourea, NaOH, iv) DCC, DMAP, CH2Cl2. 

Again starting from phloroglucinol (16) the double tailed vinyl 

functionalised phenol PhE2 6 can be obtained using a previously synthesised 

tosylate (recall Chapter 2). Coupling of the phenol with the benzoic acid ThA 6 

yields the thiol-ene crosslinker ThE2 6b6. 
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Next to their closely related chemical structure in comparison to the phenyl 

benzoate based thiol-ene monomers, these thiol-ene crosslinkers also may display 

interesting liquid crystalline properties due to their ‘swallow-tail’ like structure, 

which may induce higher ordered mesophases19. 

Certainly, the approach to use the thiol-ene monomer/anisotropic solvent 

combinations introduced in Chapter 3 (Figure 3.11a-d) in combination with thiol-

ene based crosslinkers still appears promising and justifies further investigation. 

Alterations to the thermodynamic approach used in Section 4.2.3 can be 

accomplished by chemical modification of the biphenyl thiol-ene monomers. 

Lateral substituents may alter the liquid crystalline behaviour of the biphenyl 

monomers and consequently improve the solubility of these materials in the 

cyanobiphenyl solvents. In this way, the onset of phase separation may still be 

influenced. 

Alternatively, the basic monomer/solvent combination can be changed 

completely. For instance, the previously reported triple phenyl ring containing 

thiol-ene monomers are possible alternatives but their relatively high transition 

temperatures may obstruct the practical implementation. 

4.4 Conclusions 

The in-situ polymerisations of liquid crystalline thiol-ene monomers in anisotropic 

environment can lead to the formation of linear, thread-like architectures, defined 

as Type I structures in this chapter. However, complex morphological changes 

occur during the polymerisation process. Crystallisation processes are involved 

that induce the formation of uncontrolled crystalline structures, defined as Type II 

structures in this chapter. Several approaches directed to the elimination of these 

Type II structures in favour of Type I structures have been presented here. 

Obvious approaches such as the modification of the polymerisation kinetics of the 

systems or the exchange of the phenyl benzoate based monomers for the biphenyl 

thiol-ene monomers do not result in the intended morphological shift. Other 

attempts were directed to the use of crosslinkers and the adaptation of the 

chemical structure of the monomer. Without doubt, the successfully obtained 

linear, thread-like architectures stimulate further research towards the 

optimisation of the morphology control during the in-situ polymerisation of liquid 

crystalline thiol-ene monomers. 
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4.5 Experimental 

Materials: 

For details about the used photoinitiator and cyanobiphenyls see Section 3.2.1. 

The thiol-ene crosslinker used in Section 4.3.3 was synthesised according to literature13. 

 

Techniques: 

For details concerning polarised optical microscopy, DSC, NMR analysis and WAXS, see Section 

2.5. For basic details about UV-polymerisations, see Section 3.6.2. Here, polymerisations were 

carried out in display cells (Linkam Scientific; cell gap 4.7-4.8 µm) where a rubbed polyimide 

alignment layer ensured a planar orientation of the liquid crystalline mixture. 

Scanning electron microscopy was performed using a Cambridge Stereoscan 2000 electron 

microscope. To study the morphologies of samples confined between glass substrates (‘cells’) an 

extraction method was performed first, analogue to procedures described elsewhere20. The low 

molecular weight components were extracted by n-hexane, a reasonable solvent for the 

cyanobiphenyls but a non-solvent for the thiol-ene polymers. The extracted cell was dried in 

vacuum, carefully cleaved and coated with a thin gold/palladium alloy. 

 

Synthesis10: 

Synthesis of 5-bromo, 3,3-dimethylindanone (13): 

24.3 g of the acid chloride 12 in 20 ml CS2, prepared according to literature11, was added to a stirred 

suspension of 70 ml CS2 and 16.1 g AlCl3. The temperature remained constant but foaming was 

noticed. The mixture was stirred overnight and subsequently poured in HCl/ice, extracted with 

diethylether and the ethereal layer dried over sodiumsulfate. After filtration (acetic acid/hexane=1:2 

over Al2O3) and evaporation, 16.7 g of the slightly yellow coloured crude mixture was obtained 

(60%). The mixture consisted of the 5-bromo and 6-bromo compound in a statistical 2:1 ratio. Less 

than 5% of a third compound was also detected, being either the 4-bromo or 7-bromo compound. 

By sublimation only the pure 5-bromo compound could be isolated (>95% purity). The 6-bromo 

compound (40%) could only be obtained as a mixture with the 5-bromo compound (50%) and a 

small fraction of the 7-compound (10%). 
1H-NMR (CDCl3; 25°C; 300 MHz): 7.65 (1H, s, Br-CH pos.4), 7.54 (1H, d, CH meta to Br), 7.48 

(1H, d, Br-CH pos.6), 2.58 (2H, s, O=C-CH2), 1.41 (6H, s, C(CH3)2-CH2-C=O) 
13C-NMR (CDCl3; 25°C; 75 MHz): 204.3 (C=O), 165.3 (C, pos.3a), 134.0 (C, pos.7a), 131.0, 130.1 (C-

Br), 127.1, 124.7, 52.7 (O=C-CH2), 38.5 (C-(CH3)2), 29.8 (CH3) 

 

Synthesis of 6-bromo, 1,1-dimethyl, 3-methylindene (14): 

800 mg 5-bromo, 3-dimethylindanone was dissolved in approx. 30 ml diethylether (previously 

dried). Ca. 2.4 ml of a 3M methylmagnesiumbromide solution was added to this solution. The 

white suspension was stirred for 1 hour at room temperature. Complete conversion was confirmed 

by GC/MS. The reaction mixture was added to a diethylether/water mixture and twice extracted 

with diethylether. After evaporation of the diethylether the intermediate alcohol was refluxed for 

90 minutes in toluene with p-toluenesulfonic acid. After work up (precipitation hexane, filtration, 

evaporation and filtration over Al2O3 using hexane/diethylether) 700 mg of the indene derivative 

was obtained (88%). 
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1H-NMR (CDCl3; 25°C; 300 MHz): 7.42 (1H, s, Br-CH pos.7), 7.40 (1H, d, CH meta to Br), 7.10 

(1H, d, Br-CH pos.5), 6.03 (1H, s, C(CH3)=CH), 2.10 (3H, s, CH=C(CH3)), 1.30 (6H, s, C(CH3)2-

CH=C(CH3)) 

 

Synthesis of 1,1-dimethyl, 5-mercapto, 3-methylindene  and 1,1-dimethyl, 6-mercapto, 

 3-methyl-indene (15): 

400 mg of the bromide mixture, containing the 5-bromo and 6-bromo (14) isomers obtained from 

the Grignard reaction of 13, was added to 10 ml dried tetrahydrofuran in a previously dried flask. 

The mixture was stirred in an argon atmosphere at –78°C (acetone/liq. N2). 2.5 Eq. (2.8 ml) 

tert-butyllithium was added with a dry syringe and the mixture was stirred for another 30 minutes 

at –78°C before letting it gradually warm up to –35°C. At this temperature 1.11 eq. (60 mg) sulfur 

was added and the mixture was stirred for an additional 4 hours, meanwhile allowing the 

temperature to return to room temperature. 10 ml of a 0.3 M NaOH-solution (flushed with 

nitrogen) was added to the reaction mixture followed by 5 ml of a nitrogen flushed hexane/diethyl 

ether (1:2 v/v) mixture. The water layer was extracted and added dropwise to nitrogen flushed 0.2 

M acetic acid, resulting in a white dispersion. After extraction by hexane/dichloromethane (2:1 

v/v), drying over sodium sulfate and filtration approximately 180 mg of the oily indene derivative 

was obtained (56%). To reduce the chances for premature polymerisation to a minimum, the 

product was stored in a refrigerator.  
1H-NMR (CDCl3; 25°C; 300 MHz; mixture): 7.30-7.00 (3H, m, aromatic region), 6.03 (1H, s, 

C(CH3)=CH), 3.50 (1H, s, HS-Ar), 2.08 (3H, s, CH=C(CH3)), 1.29 (6H, s, C(CH3)2-CH=C(CH3)) 
13C-NMR (CDCl3; 25°C; 75 MHz; mixture; major signals): 155.2, 152.1, 145.4, 144.0, 143.4, 142.4, 

142.0, 135.3, 135.1, 130.0, 128.1, 127.6, 126.5, 126.2, 125.8, 123.2, 121.6, 121.1, 119.7, 119.1, 68.0, 48.2, 

48.0, 25.7, 24.8, 24.7, 17. 2, 12.8, 12.7 
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 Patterned Alignment of Liquid Crystals using 
Self-Assembled Monolayers 

 

5.1 Introduction 

5.1.1 Patterned Alignment Layers 

In the previous chapters, the synthesis and polymerisation of liquid crystalline 

thiol-ene monomers was described. In addition, attempts were described to 

control the morphology obtained upon in-situ polymerisation of these monomers. 

However, the chemical nature of the synthesised thiol-ene materials can be 

exploited in a different way for further morphology control. So far, the lateral 

position where polymeric architectures were formed was determined 

spontaneously on the used polyimide alignment surfaces as the boundary 

conditions for alignment were uniform over the entire substrate. It would be 

highly desirable if the spontaneous and random positioning of liquid crystals, and 

ultimately polymeric structures, could be replaced by an organisation that is 

determined and enforced in advance. This would involve the exact and selective 

arrangement of where and how liquid crystals would be directed. Evidently, both 

the lateral position and the directional control over the developing organisation 

are important parameters in the morphology process that is involved here. In this 

context, it is especially interesting to develop a method that enables the specific 

modification of existing alignment layers such that the directional orientation of 

the liquid crystals can be laterally controlled. 

Currently, several methods exist for the fabrication of alignment layers for 

liquid crystal devices. The current method of choice is still the mechanical 

rubbing process of a surface on which a liquid crystal is subsequently deposited 

(Figure 5.1)1,2. Conventionally, polymers such as polyimide are used as alignment 

layers. Both planar (in the plane of the substrate) and homeotropic (along the 

substrate’s normal) alignment of the liquid crystal can be achieved by a proper 

choice of the alignment materials. However, the mechanical contact method, that 

is required to obtain planar alignments, is a source of electrostatic discharge and 

5 
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dust, making it incompatible with clean-room environments, and introduces 

defects in the alignment layers. 

substrate

polymer film

rubbing roll
with velvet cloth

 

Figure 5.1. The conventional used method for liquid crystal alignment: rubbing of polymer films 
deposited on a substrate by a velvet cloth.  

The exact control of the orientation of liquid crystal molecules is especially 

interesting to display devices where the optical performance can be enhanced by 

the pre-tuned patterned alignment of liquid crystals. For instance, the viewing 

angle of conventional Twisted Nematic (TN) displays3,4 has been improved by 

dividing each pixel in two or four sub-domains, each with a planar alignment and 

a pre-tilt directed orthogonal to the other5-8. For the fabrication of these and other 

devices, it is therefore necessary to make use of patterned alignment layers. 

However, it is extremely cumbersome to fabricate patterned substrates with 

different alignment directions. Photoresist techniques are required in between the 

rubbing steps, making it a laborious process. 

An alternative method uses photoalignment techniques to align the polymer 

films on the substrates5,9,10. This method benefits from being a non-contact 

method in contrast to the mechanical rubbing process and it provides for instance 

an easy way to produce multi-domain displays (see also Section 5.5). However, the 

technique is not yet matured and has not been implemented in large-scales. In 

addition, the conditions for photoalignment of surfaces need to be accurately 

controlled and the technique is difficult to use on curved substrates. And although 

combinations of various pre-tilt angles and directions have been reported, it 

appeared to be extremely difficult to establish combinations of locally planar and 

homeotropic alignment. 

Only just, a novel non-contact alignment process was reported that uses low-

energy ion-beams on amorphous inorganic films such as diamond-like carbon11, 

enabling liquid crystal tilt angles between 0-10°. Yet, processing costs, time and 

reliability, product durability and image quality will determine whether this 

technique can replace the conventional rubbing process in time. 

A fourth method for the fabrication of patterned alignment layers is based 

on the application of self-assembled monolayers on mostly metal surfaces. Since 
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this technique will be used predominantly throughout this chapter, the next 

section will deal with these organisations in more detail. 

The overview as described here is not intended to be complete and several 

other methods have been reported, such as direct laser writing on oriented 

alignment layers12,13, spincoating of polymer blends14 and various other 

methods15-17. However, the use of these methods is for instance limited due to 

resolution restrictions, the need for specialised and expensive equipment or 

simply from being unable to attain lateral control over the anchoring of liquid 

crystals. 

5.1.2 Self-Assembled Monolayers for Patterned Alignment 

Self-assembled monolayers (SAM’s) consist of spontaneously aggregated and 

organised molecules into well-defined structures18. The principle driving force for 

these films to form is the interaction between the substrate surface and specific 

functional groups present in the adsorbed molecules. If these interactions are 

strong enough, thermodynamically stable films can be obtained. 

Ever since the initial investigations in the late 1940’s19, many types of 

molecules have been reported capable to form self-assembled organisations on 

specific surfaces, e.g. siloxanes on glass20, fatty acids on metal oxides21 and alcohols 

and amines on platinum22. Yet, the interaction between thiols and gold surfaces is 

the most extensively investigated SAM system by far18,23,24. 

In contrast to the physisorbed Langmuir-Blodgett layers25,26, SAM’s are 

formed through a chemisorption process. However, there is still debate over the 

exact nature of the binding of sulfur to gold (bond strength approximately 189 

kJ/mol27). It is generally accepted that alkanethiols adsorb as alkanethiolates27,28 

and the sulfur atom is positioned in the three-fold hollow site of the Au(111) 

lattice24 in a hexagonal packing29. The alkyl chains adopt an all-trans conformation 

with a tilt angle of 30-34° with respect to the surface normal (Figure 5.2). The 

angle is both chain-length and substrate dependent30,31. Moreover, the monolayer 

structure can differ considerably for other functional groups contained in the 

adsorbate, both along the alkyl chain32 and as terminal tail-group33.  
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Figure 5.2. Schematic representation of the molecular packing of an alkanethiol on Au(111). 

Recently, Abbott and co-workers showed that it is possible to use SAM’s of 

alkanethiols on gold to induce the controlled alignment of liquid crystals 

deposited on the monolayers. They were able, through for instance micro-contact 

printing techniques34-38, to induce both homeotropic and planar alignments within 

one substrate. Depending on the type of alkanethiol and the method of gold 

deposition, both the azimuthal (in the plane of the substrate) and the polar (away 

from the surface) angle of the anchoring liquid crystal can be controlled39. For 

instance, homogeneous planar aligned liquid crystal regions were obtained by 

variation of the angle of incidence of the gold deposition and the chain-length of 

the used alkanethiol (Figure 5.3a & b)39,40. In turn, homeotropic liquid crystal 

orientations were obtained by using mixed SAM’s consisting of alkanethiols with 

different chain-lengths (Figure 5.3c)41,42. 

 

Figure 5.3. Patterned alignment method for liquid crystals using SAM’s on thick (>100 Å) gold 
layers, as reported by Abbott and coworkers39. a) Planar alignment orthogonal to the deposition 
direction of gold using a SAM with an odd number of carbon atoms. b) Planar alignment parallel 

to the deposition direction using an even numbered SAM. c) Homeotropic alignment using a 
mixed SAM of alkanethiols with different chain-lengths. 



Patterned Alignment of Liquid Crystals using Self-Assembled Monolayers 123 

The use of SAM’s for the alignment of liquid crystals has several advantages 

over the other techniques that were mentioned in the previous section38. SAM’s 

are easy to prepare and form readily on flat and curved substrates from solutions 

containing the surfactant molecules. Since they are thermodynamically stable 

minimum structures, SAM’s form spontaneously and tend to reject defects. 

Moreover, by variation of the length of the used molecules, the film thickness can 

be controlled accurately within approximately 0.1 nm. In addition, the surface 

properties can be controlled by modification of the exposed surface functional 

groups. This advantage is especially interesting for further morphology control of 

in-situ formed thiol-ene polymers. By application of a thiol-ene monomer as the 

SAM, using for instance the synthesised molecules introduced in Chapter 2, vinyl 

groups become exposed on the SAM surface. These functional groups can be used 

to grow polymeric structures in a controlled fashion, for instance by making use 

of the homeotropic alignment of the liquid crystal environment. In addition, the 

patterning ability of SAM’s provides additional degrees of freedom for the control 

of the morphology, enabling the exact positioning of growing polymeric 

architectures. 

However, the methods reported by Abbott and others are restricted with 

respect to the optical properties of these assemblies. The thickness of the gold 

layers that are used is equal to or significantly above 100 Å, the layers are only 

semi-transparent and possess a strong absorption band in the visible wavelength 

region (≈50% absorption at λ=500 nm)43. Of course, this light absorption 

influences the performance of flat panel displays independent of whether they are 

used in the transmissive, transflective or reflective mode. In all cases, the light 

absorption causes light losses and a reduction in energy efficiency or battery life of 

the liquid crystal display. More importantly, the production of full-colour displays 

with high colour purity becomes at least very problematic. 

Therefore, in the remainder of this chapter, it will be attempted to fabricate 

patterned alignment layers, inducing both planar and homeotropic alignment of 

liquid crystals with a high transparency in the visible wavelength range. For this 

purpose, the specific interaction of thiols on ultra-thin gold layers resulting in self-

assembled monolayers will be exploited. Ultra-thin gold layers are required to 

reduce the absorption loss of light in order to apply the substrates in bright liquid 

crystal displays with a high efficiency in light, energy and colour purity. In 

addition, it is attempted to build the foundation for the selective patterning of 

functionalised alignment layers, enabling the localised polymerisation of thiol-ene 

monomers44 and thus enhancing the morphology control of the resulting polymer 

architectures. 
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5.2 Gold Deposition 

5.2.1 Thickness Evaluation 

The thickness requirement for gold layers was elucidated in the introduction of 

this chapter: ultra-thin gold layers are required to minimise the absorption loss of 

light. Throughout this chapter, four different methods of gold deposition will be 

applied: sputtering of gold and vapour deposition of gold, either perpendicular to 

the substrate surface or at an oblique angle to it. To ensure the optimal adhesion 

of the deposited gold layers on the indium tinoxide covered glass substrates (see 

Section 5.8.3), a chromium adhesion interlayer is applied. To determine the 

optimal thickness of the chromium layer, a block test and a scratch test were 

performed. A chromium layer thickness of 10 Å was found to adequately adhere a 

gold film of at least 100 Å. 

X-ray photoelectron spectroscopy (XPS) was used to verify the presence of 

chromium and gold on the ITO covered substrates. Figure 5.4 shows a 

representative XPS spectrum for a 2 Å gold layer. 
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Figure 5.4. XPS spectrum of an ITO covered substrate on which non-rubbed polyimide, 10 Å Cr 
and 2 Å gold is deposited. 

Clearly, the presence of gold and the underlying chromium layer is 

confirmed by the corresponding gold and chromium signals. The presence of the 

polyimide layer can be concluded from the carbon, nitrogen and oxygen signals. 

The detection of the latter signals can be contributed to the finiteness of the gold 
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and chromium layer and/or to the discontinuity, as the usual detection depth 

(IMFP) of XPS is approximately 20-30 Å. 

The layer thickness reported so far for gold or chromium refers to the 

deposition equipment settings and may not represent the actual thickness. In fact, 

a homogeneous gold layer thickness of 1 or 2 Å appears to be improbable since the 

diameters of single gold and single chromium atoms are 2.88 Å and 2.50 Å, 

respectively. The actual layer thickness was determined by step-height 

measurements and verified by XPS. 

From step-height measurements, an average film thickness of 0.72 Å for 

chromium and 1 Å for gold was determined for each rotation of the substrate 

through the deposition beam. These values were used to set the deposition 

conditions for each substrate in advance. However, using these values it is 

assumed that the film growth rate is independent of the exposure time of the 

substrate to the deposition beam. This may not necessarily be correct as for short 

exposure times the growth rate of the metal films can significantly deviate from 

the average growth rate, e.g. due to nucleation effects. XPS was used to verify the 

actual average gold film thickness of the ultra-thin films. The determined layer 

thickness for sputtered gold films using the step-height measurements and XPS is 

summarised in Table 5.1. 

Table 5.1. Average sputtered gold layer thickness, determined by step-height measurements 
and XPS. 

based on step-height
measurements (Å)

obtained from
XPS spectra (Å)

0 0
2 4 (±2)

15 15 (±5)
100 100 (±10)

Gold film thickness

 

From Table 5.1 it can be seen that the used set values for the deposition 

equipment, obtained from the extrapolated step-height measurements, are in 

good agreement with the values found by XPS. Similar results were obtained for 

vapour deposited gold films and an accuracy of ±5 Å was estimated. 

It certainly appears justified to use the set values for both sputtered and 

vapour deposition as the actual thickness values, despite their limited accuracy. 

For this reason, the thickness values used in the remainder of this chapter will 

refer to the equipment set values, as determined by the extrapolation of the step-

height measurements. 
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5.2.2 Morphology Evaluation 

Especially in view of the ultra-thin gold films used and the diameter of one gold 

atom (2.88 Å), it is of interest to take a closer look at the actual morphology of the 

gold layers. Upon visual inspection, there appears to be no difference between 

films deposited by sputtering or through evaporation. AFM images of substrates 

covered with a polyimide sublayer, 10 Å chromium and 100 Å sputtered gold 

show a homogeneous layer with a crack-like morphology and a root-mean-square 

(RMS) roughness of approximately 1.1 nm (Figure 5.5a). A 15 Å sputtered gold film 

(the thickness predominantly used throughout this chapter) also shows a 

continuous morphology, with a RMS roughness of approximately 0.6 nm 

(Figure 5.5b). 

a b c

Figure 5.5. a) 100 Å gold. Micrograph 1 µµµµm x 1 µµµµm. b) 15 Å gold. Micrograph 100 nm x 100 nm. 
c) 2 Å gold. Micrograph 2 µµµµm x 2 µµµµm. 

Conversely, discontinuous films were observed for 1 Å and 2 Å (Figure 5.5c) 

gold layers. In both cases small nuclei were found with an increasing number for 

the gold layer with an average thickness of 2 Å in comparison to the 1 Å layer. The 

discontinuity of the layers agrees with an average gold film thickness smaller than 

the diameter of a single gold atom. 

5.2.3 Optical Characterisation 

The optical characteristics will determine the applicability of these ultra-thin gold 

layers in actual devices. The transmission characteristics are not reduced upon 

application of the additional chromium layer (rapidly converted to chromium 

oxide when exposed to air), as can be seen in Figure 5.6a. 
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Figure 5.6. a) Transmission characteristics of an ITO covered glass substrate compared to 
substrates covered with polyimide and both polyimide and chromium (oxide). b) Transmission 

characteristics for glass/ITO/Cr substrates covered with the indicated sputtered gold layer 
thickness. 

In addition, the influence of the polyimide interlayer is visible by the 

transmission increase, especially between 400-550 nm. Possibly, the polyimide 

layer functions as a planarisation layer for the relatively rough ITO sublayer, 

thereby decreasing the light scattering. Alternatively, the presence of the 

polyimide layer affects the optical layer thickness, thus changing the position of 

the maxima and minima in the interference spectrum. 

Figure 5.6b shows the transmission characteristics for substrates with 

different sputtered gold film thickness. Similar results were obtained for gold 

films applied by vapour deposition. Evidently, the transmission decreases for 

increasing film thickness. However, a higher transmission can be seen for films 

thinner than reported so far in literature (100 Å). For instance, a gold film 

thickness of 15 Å still has a transmission of approximately 80% in the visible 

wavelength range, whereas a 100 Å gold film only transmits about 50-55% of the 

incoming light. Based on these considerations, a gold film thickness of 15 Å was 

adopted for further use throughout this chapter, unless stated otherwise. This 

thickness does affect the optical properties of the substrates to a minimum and 

consequently implies a considerable light loss reduction in comparison to the 

conventional used thickness of 100 Å or beyond. 

5.3 Patterned Rubbed Polyimide Alignment Layers 

When attempting to fabricate patterned alignment layers using the specific thiol-

gold interaction, there are two basic approaches to introduce the patterning. The 

gold is deposited in selective areas using conventional masking techniques or 

applied on the entire surface and subsequently selectively removed by lithographic 
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techniques. Alternatively, the gold is applied on the entire substrate and the SAM 

is selectively deposited using micro-contact printing techniques. Initially, it was 

attempted to pattern gold by vapour deposition using a simple mask. Thus, an 

ITO/rubbed polyimide/chromium covered glass substrate was covered for one 

half with an ultra-thin gold film (15 Å) and subsequently a cell was constructed as 

shown in Figure 5.7. Consequently, a cell is obtained in a ‘twisted’ configuration 

displaying four pixels. Upon filling of the cell with a liquid crystal, e.g. a nematic 

LC E7, one pixel yields a standard twisted nematic configuration due to the 

orthogonal arranged planar polyimide alignment layers. One pixel presents two 

gold layers opposite to each other and two pixels possess hybrid boundary 

conditions consisting of a planar polyimide layer and a gold layer (Figure 5.7). 

a b c
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Figure 5.7. Cell construction based on patterned deposition of gold on a rubbed planar polyimide 
alignment layer. a) Selective deposition using masking techniques. b) Twisted cell construction. 

c) Theoretical obtained alignment after cell construction. PI: rubbed planar polyimide surface, 
Au: gold surface. The crosses and arrows indicate the resulting liquid crystal alignment direction 

of each substrate in each pixelated area. 

Initially, a ‘simple’ model compound, n-dodecanethiol, was chosen to 

construct a SAM on the ultra-thin gold layers. The presence of the thiol on the 

gold surface was confirmed by contact-angle measurements45, as can be derived 

from Table 5.2. Here, a substrate was used covered with a polyimide layer that was 

partly patterned with a thin gold layer, as shown in Figure 5.7b. A thiol solution 

was applied over the entire substrate and the contact angles were subsequently 

measured in both areas, after thorough rinsing with the pure solvent. 

Table 5.2. Contact angles of water on the indicated surface following the arrangement of 
Figure 5.7b, after immersion in a thiol-tetrahydrofuran (THF) solution and subsequent rinsing. 

Thiol concentration
in THF (mM) Polyimide area (no gold)

vapour deposited gold area 
(on top of polyimide)

0 22° 28°
1 19° 93°
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The almost identical contact angles of the polyimide areas (22° and 19°), 

demonstrate the non-adsorption of the thiol on a bare polyimide layer. The 

relatively low contact angle (28°) of water on an untreated (i.e. not brought into 

contact with a thiol), high surface free energy gold surface shows a tendency 

towards complete wetting, in line with earlier findings for wetting of gold by 

water46. It is believed that pure and clean gold shows complete wetting by water 

whereas contaminants are believed to cause slight non-wetting, demonstrating the 

ease with which gold surfaces can adsorb impurities47. On the other hand, the 

immersion of the gold surface in a 1 mM thiol solution clearly results in a 

substantial increase of the contact angle (93°), proving the presence of the SAM 

on the gold layer. 

Polarised micrographs of a cell using the four-pixelated design as shown in 

Figure 5.7, after washing the excess thiol and filling with a nematic liquid crystal, 

are shown in Figure 5.8, below. 

SAM-SAM SAM-SAM

PI-PI PI-PIPI-PI

SAM-SAM

a b c
 

Figure 5.8. Polarised optical micrographs showing the liquid crystal alignment resulting from an 
n-dodecane SAM on vapour deposited gold adjacent to a planar polyimide alignment layer 

conform the configuration of Figure 5.7. a) Parallel polarisers. b) Crossed polarisers, cell rotated 
by 45°. c) Crossed polarisers, cell not rotated. 

Although the situation as shown in the figure above is that of a gold layer 

acquired by vapour deposition, identical results were obtained for sputtered gold 

layers. The pixel with the mutual rubbed planar polyimide alignment layers shows 

the expected twisted configuration between parallel (Figure 5.8a, lower left pixel) 

and crossed polarisers (Figure 5.8c, lower left). The pixel with SAM’s deposited on 

the gold surface of both substrates shows a clear homeotropic arrangement 

(Figure 5.8a & c, upper right): the incident polarised light is not affected by the 

liquid crystal. The homeotropic character is confirmed by the observation between 

crossed polarisers after rotation of the cell by 45° (Figure 5.8b, upper pixel). In this 

position, the polarisation direction of the incident light is still not affected whereas 

the two hybrid pixels (Figure 5.8b, left and right pixels) clearly display retardation 

colours. This indicates the hybrid liquid crystal arrangement originating from a 
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planar alignment layer opposite to a homeotropic alignment layer. Reference 

experiments, omitting for instance the gold layer, the SAM or the polyimide layer, 

all failed to give the same results, showing the unique combination of gold layer 

and SAM to induce homeotropic alignment of the liquid crystal. 

So far, the patterning originated from the patterned deposition of gold. 

Alternatively, micro-contact printing techniques provide an easy method to 

pattern the thiol, used to create a SAM, on a gold film covering the entire 

substrate38. Usually, an elastomeric stamp, e.g. polydimethylsiloxane (PDMS), with 

a surface relief structure is inked with a thiol and is subsequently printed to 

generate a SAM on the designated areas. In this way, only the printed regions bear 

the SAM, leaving the unprinted areas uncovered. To demonstrate the feasibility of 

micro-contact printing, a rubbed planar polyimide alignment layer was covered 

with vapour deposited gold and subsequently stamped with a PDMS stamp 

bearing n-dodecanethiol (Figure 5.9). 

6 µm
 

Figure 5.9. Optical micrograph showing the liquid crystal alignment between crossed polarisers 
resulting from micro-contact printed n-dodecanethiol on vapour deposited gold on a rubbed 

planar polyimide alignment layer. Line width 1.2 µµµµm. 

Clearly, an induced homeotropic orientation of the liquid crystals is obtained 

between crossed polarisers (black lines) in those areas where the thiol is printed. 

The surrounding white lines represent the twisted configuration of the liquid 

crystal resulting from the planar polyimide layer. It is interesting to note that 

despite the presence of the gold layer, the polyimide sublayer still influences the 

orientation of the liquid crystal layer above. This feature was noted before during 

reference experiments of the patterned gold deposition where the thiol was 

omitted. A planar orientation, albeit less pronounced, was still noted in those 

areas where the gold was covering the planar polyimide sublayer. 

The results presented here clearly demonstrate the ability to induce both a 

planar (using the planar polyimide alignment layer) and a homeotropic alignment 

(using the gold/SAM combination) in a low molecular weight liquid crystal layer. 

The azimuthal and polar angle of the induced alignment can be easily controlled 
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by the choice of alignment layer materials and the conventional rubbing 

conditions. 

Moreover, the use of ultra-thin gold layers demonstrates the advantage over 

the controlled alignment demonstrated by Abbott and co-workers (recall 

Section 5.1.2). The reduced light absorption facilitates the application of these 

systems in bright liquid crystal displays since the light and energy efficiency as 

well as the colour purity is enhanced. In addition, the applicability of 

functionalised SAM’s shows the potential for improved morphology control 

during the creation of polymeric architectures. 

5.4 Patterned Alignment Layers without Rubbed Polyimide 

The previous section showed the prospect of generating patterned homeotropic 

and planar alignments in liquid crystal layers using ultra-thin gold layers. 

Although the principle is effective, a conventional rubbing step of the polyimide 

alignment layer is still required. It would be beneficial if the rubbing step could be 

omitted completely whilst the concept of induced patterned alignment of a liquid 

crystal layer remains intact. The ideal situation would consist of a substrate 

completely covered with an ultra-thin layer of gold (keeping in mind the 

transmission requirements) while the alignment condition can be determined 

solely by the applied SAM or combination of SAM’s. In this section, the feasibility 

of this concept is investigated, based on sputtered as well as vapour deposited gold 

layers and using both polar and apolar thiols with different chain-lengths. To 

simplify the notation of the different thiols used, the abbreviations C10, C12, C15, 

C16, C6OH and C11OH will be used for 1-decanethiol, 1-dodecanethiol, 1-

pentadecanethiol, 1-hexadecanethiol, 6-mercapto-1-hexanol and 11-mercapto-1-

undecanol, respectively. 

5.4.1 Sputtering Deposition Method 

To compare the effect of gold deposition with the vapour deposition method of 

Abbott et al., substrates were prepared with a, perpendicular to the main flux, 

sputtered gold layer of 100 Å on top of a 10 Å chromium layer and a non-rubbed 

polyimide layer that merely functioned as a planarisation layer (recall 

Section 5.2.3). Cells were constructed from substrates covered with SAM’s created 

from different thiols, e.g. the apolar C12, C15, C16 and the polar C11OH, but 

irrespective of the thiol used, a homogeneous planar alignment was obtained. 

Figure 5.10 shows the polarised optical micrographs of one of these cells, 
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constructed in a twisted configuration implying the orthogonal alignment 

directions of the mutual substrates.  

a b c  

Figure 5.10. Polarised optical micrographs showing the alignment of a liquid crystal resulting 
from a SAM consisting of C12 on a ‘thick’ (>100 Å) sputtered (perpendicular to the main flux) gold 
layer. Sublayers consisted of 10 Å chromium, non-rubbed polyimide and ITO, from top to bottom. 

a) Viewed between crossed polarisers. b) Parallel polarisers. c) Cell rotated by 45° between 
crossed polarisers. 

The liquid crystal alignment behaviour shown in Figure 5.10a-c is identical 

to the alignment behaviour conventionally found in Twisted Nematic (TN) 

displays where mutual orthogonal rubbed planar polyimide alignment layers 

induce a 90° twist in the liquid crystal layer. It is not yet understood where the 

alignment observed in the sputtered cells (Figure 5.10a-c) originates from. It 

appears that during the deposition process anisotropy is introduced giving rise to 

the uniaxial planar alignment. Although the substrates are rotated during the 

deposition process, it seems highly unlikely that anisotropy is introduced by the 

uncollimated sputtering beam. The gold particles arrive randomly at the surface 

with no preferred direction and with a velocity exceeding that of the substrate with 

a multitude of magnitudes. Yet, a control experiment where the gold was 

deposited without rotation of the substrate revealed an uncontrolled 

heterogeneous alignment contrary to the homogeneous alignment found in 

Figure 5.10. Further investigation to the cause of this phenomenon was not 

undertaken. 

Keeping in mind the objective to reduce light absorption by creating ultra-

thin gold films, substrates with a gold film thickness between 2 and 25 Å were 

covered with an apolar SAM (e.g. C12, C15, C16). All cells with a gold film 

thickness within the stated range showed a homeotropic texture as shown in 

Figure 5.11. 

Thinner gold films, e.g. average film thickness 1 Å, did not reveal an induced 

homeotropic alignment but resulted in an uncontrolled heterogeneous alignment. 

Similar behaviour was observed for polar SAM’s (e.g. C11OH) applied on ultra-thin 

gold layers with a thickness between 1 and 25 Å. Again, an uncontrolled 
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heterogeneous alignment was observed making these cells unsuitable for display 

applications. 

a b c
 

Figure 5.11. Polarised optical micrographs showing the alignment of a liquid crystal resulting 
from a C12-SAM on a 15 Å sputtered (perpendicular to the main flux) gold layer. Sublayers 
consisted of 10 Å chromium, non-rubbed polyimide and ITO, from top to bottom. a) Viewed 
between crossed polarisers. b) Parallel polarisers. c) Cell rotated by 45° between crossed 

polarisers. 
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Figure 5.12. Schematic overview of induced alignment of liquid crystals resulting from different 
SAM’s deposited on sputtered gold films with indicated thickness. 

The results of the experiments described here are summarised in 

Figure 5.12. Homeotropic monodomains are obtained upon the application of an 

apolar SAM on an ultra-thin gold film with a thickness between 2 and 25 Å. The 

parity and length of the aliphatic tail of the thiol used to construct the SAM has no 

influence on the resulting alignment of the liquid crystal. This is in contrast with 

findings of Abbott et al., where mixed SAM’s were required to induce a 

homeotropic orientation39,42. In addition, a transition in alignment behaviour is 

observed for apolar SAM’s around 1 Å, going from an uncontrolled heterogeneous 

to a homeotropic alignment, and above 25 Å where the homeotropic alignment is 

gradually replaced by a unidirectional planar alignment. 
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Apparently, the type of SAM used and the layer morphology (Section 5.2.2) 

determines the actual anchoring of the liquid crystal. The factors affecting the LC 

anchoring are complex and include dispersive (Van der Waals), steric, polar, 

electric and ionic terms. It seems conceivable that the organisation of the 

monolayers on the thin gold layers is less well defined compared to the 

monolayers on the thick 100 Å gold films. Consequently, the homeotropic 

anchoring of the liquid crystal may result from short-ranged steric and Van der 

Waals interactions between the liquid crystal and the monolayers42. The reduced 

packing density of the monolayers on the thin gold films results in cavities that 

could fit the aliphatic tail of the liquid crystal molecules. In turn, the 100 Å gold 

films show highly organised monolayers with an increased packing density. The 

short-ranged steric and Van der Waals contributions for SAM’s on thin gold films 

are no longer valid for these better organised SAM’s on thicker gold layers. 

Consequently, no interdigitation effects can occur and a planar anchoring results. 

It appears that a lower critical packing density also exists, as for SAM’s on gold 

films with an average thickness below 2 Å unidirectional anchoring is no longer 

observed. 

In the case of polar SAM’s a different mechanism appears to prevail. The 

nematic order of the liquid crystal is distorted due to the different affinity of the 

polar cyano head-group and the apolar tail of the mesogen for the SAM. The head-

group interacts with the polar terminal hydroxy-group of the SAM thus impeding 

interdigitation of the aliphatic tail with the monolayers and consequently resulting 

in a heterogeneous alignment of the mesogen. 

Both the homeotropic anchoring for liquid crystals on SAM’s deposited on 

thin gold films and the observed transitions in alignment behaviour dependent on 

the film thickness constitute features previously not described in the field of self-

assembled monolayers. The sputtering experiments clearly show that homeotropic 

anchoring of mesogens can be induced solely by the interaction with SAM’s on 

ultra-thin gold films. However, unidirectional or controlled bi-directional planar 

anchoring of mesogens on thin gold films is not yet possible. The group of Abbott 

previously showed the possibility to anchor mesogens both in a homeotropic 

fashion and in a bi-directional planar fashion39. They used thick (>100 Å) 

obliquely vapour deposited gold layers and the question arises whether thus 

produced ultra-thin gold films can also realise the aforementioned anchoring. 

5.4.2. Vapour Deposition Method 

To verify the findings of Abbott et al., thick (>100 Å) substrates were prepared 

with gold deposited both obliquely and along the surface normal. Whereas the 

latter deposition condition resulted in isotropic gold films and consequently in 
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heterogeneous multi-domain cells, well-defined anchoring characteristics (with 

respect to the azimuthal direction), were obtained for a cell with a vapour 

deposited gold film at an angle of 50° (Figure 5.13; see Section 5.8.3 for the 

definition of deposition angle). On one substrate, a grid structure was micro-

contact printed using a C16 thiol while the remainder of the substrate was 

subsequently immersed in a C15 thiol. The opposite substrate was completely 

covered with a C15 thiol. The reported odd-even effect39 is clearly visible. The 

twisted configuration, where the gold deposition directions of both substrates are 

constructed perpendicular to each other, gives rise to the optical micrographs as 

shown in Figure 5.13. 

a b c
 

Figure 5.13. Polarised optical micrographs showing the liquid crystal anchoring resulting from a 
micro-contact printed pattern (lines: C16; remainder: C15) on obliquely (50°) evaporated gold 

(>100 Å). a) Crossed polarisers. b)  Parallel polarisers. c) Crossed polarisers, cell rotated by 45°. 

Again, homeotropic anchoring of liquid crystals was observed when the 

average gold thickness was brought down to similar values as used for the ultra-

thin sputtered gold films (e.g. 15 Å). The anchoring behaviour was irrespective of 

the deposition angle and the parity of the apolar thiols used to form the SAM. 

However, planar anchoring was obtained for polar SAM’s (e.g. C6OH, 

C11OH) deposited on obliquely evaporated ultra-thin gold films (Figure 5.14). 

a b c
 

Figure 5.14. Polarised optical micrographs showing the alignment of a mesogen resulting from a 
polar C11OH-SAM on an obliquely (60°) evaporated ultra-thin gold layer (15 Å). a) Viewed 
between crossed polarisers. b) Parallel polarisers. c) Cell rotated by 45° between crossed 

polarisers. 
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The induced perpendicular alignment direction of the mesogen by the polar 

SAM with respect to the deposition direction of the gold was confirmed by 

constructing a cell with the substrate facing a rubbed planar polyimide alignment 

layer. This suggests that no odd-even effect is present for the polar SAM’s as both 

the even C6OH and the odd C11OH showed a planar alignment perpendicular to 

the gold deposition direction. The planar anchoring of the mesogens depends 

both on the deposition angle of the gold and on the average gold film thickness. 

Experiments using thinner gold films and increasingly steeper deposition angles 

or deposition angles approaching the substrate’s normal resulted in qualitatively 

deteriorating planar alignment of the mesogens. Optimal planar alignments were 

found for deposition angles of 40°-60°. This is related to the decreasing thickness 

with increasing deposition angle, leading to less organised SAM’s and to probably 

reduced anisotropy of the gold films. Anisotropy is completely absent for 

substrates with gold deposited at zero angle and hence heterogeneous alignment 

is obtained. The results presented here for thin vapour deposited gold layers are 

summarised in Table 5.3. 

Table 5.3. Schematic overview of induced alignment of liquid crystals resulting from SAM’s 
deposited on thin (10-50 Å) vapour deposited gold films at the indicated deposition angle. 

SAM Parity Deposition angle
< 40° 40° - 60° > 60°

odd
even

odd
even

Apolar

Polar

homeotropic homeotropic homeotropic

heterogeneous heterogeneous
planar, perpendicular to
gold deposition direction  

To demonstrate the potential of these ultra-thin gold films, planar and 

homeotropic domains were created through micro-contact printing using a polar 

SAM (C11OH) for the planar lines and an apolar SAM (C16) for the homeotropic 

regions (Figure 5.15). 

 

Figure 5.15. Optical micrograph showing the liquid crystal anchoring between crossed polarisers 
resulting from micro-contact printed polar (C11OH) and apolar (C16) thiols on an obliquely 

evaporated ultra-thin gold layer. Line width 1.5 µµµµm, scale bar 50 µµµµm. 
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The results presented here demonstrate the ability to fabricate complex 

liquid crystal structures using a simple technique. Depending on the proper 

choice (e.g. polar or apolar) of SAM, homeotropic and unidirectional planar 

induced alignments of mesogens can be accomplished with lateral resolutions of 

50-300 nm on the lower end38 and virtually unlimited dimensions on the upper 

end. Moreover, by using ultra-thin evaporated gold films, a substantial reduction 

of light absorption in the visible wavelength can be realised making the 

techniques presented here of great interest for display fabrication. 

5.5 All-Organic Patterned Alignment Layers using Photoalignment 

The previous sections demonstrated the possibility for inducing both homeotropic 

and planar anchoring in liquid crystals by a proper choice of the SAM and the 

deposition conditions of the gold film. Although this already provides a powerful 

tool for the optimisation of liquid crystal devices, certain improvements can still 

be made. The planar alignment obtained so far has a unidirectional character 

meaning that only a single planar direction can be realised. Rather, it would be 

desirable to accomplish a bi-directional control over the planar alignment. This is 

especially interesting for those applications that require areas with orthogonal 

planar alignment, as is the case for multi-domain devices (Section 5.1). In 

addition, the challenge to construct a device completely based on organic 

materials would require the omission of the deposited gold layers. With respect to 

the omission of gold layers used for the liquid crystal alignment, photoalignment 

techniques form a promising alternative. Three main classes of photoalignment 

materials are distinguished: azo group containing polymers showing 

photoinduced E/Z isomerism, materials that undergo photodegradation such as 

polyimides and crosslinkable materials such as cinnamates and coumarins10. 

Especially the cinnamates and coumarins form an interesting class of materials 

because of the possibility to control the alignment direction of liquid crystals 

through the irradiation conditions. Figure 5.16 schematically shows the basic 

chemistry involved in the photoinduced reactions of cinnamates and coumarins. 
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Figure 5.16. Schematic overview of photochemical reactions of photoalignment materials. a) The 
E/Z isomerisation of cinnamates. b) The 2+2 cycloaddition of cinnamates. c) The 2+2 

cycloaddition of coumarins. 

Whereas it is believed that the azimuthal LC alignment originates from the 

cycloaddition reaction for cinnamates and coumarins (Figure 5.16b & c), the 

photoinduced E/Z isomerisation also plays a role in the LC alignment by 

cinnamates (Figure 5.16a)10. Generally, planar alignment of liquid crystals is 

achieved using linearly polarised UV-light and alignment directions both parallel 

and perpendicular to the polarisation direction of the light can be established. 

However, high pre-tilts of anchoring liquid crystals leading to homeotropic 

alignment have been difficult to accomplish, certainly by using only one 

photoalignment material within a substrate. To illustrate the patterning options, a 

photoalignment material was irradiated with polarised UV-light. Although the 

exact nature of the photoalignment material was not known48, the class of 

materials is described in literature49. The material demonstrates alignment of the 

liquid crystal parallel to the direction of the electrical field of the polarised light to 

which it was exposed, as was shown for the coumarin derivative7. The material 

will be referred to as linear photopolymerised (LPP) material. Figure 5.17 shows 

the polarised optical micrographs of a substrate UV-irradiated with different 

polarisation directions. 
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a b c  

Figure 5.17. Polarised optical micrographs of patterned liquid crystal alignments obtained by 
photoalignment of a LPP material. The left region was obtained by irradiation of both substrates 

using identical polarisation directions of the UV-light. For the region to the right, orthogonal 
polarisation directions were used. The middle region shows an unstable homeotropic anchoring 

resulting from short irradiation times. a) Cell viewed between crossed polarisers. b) Parallel 
polarisers. c) Cell rotated by 45° between crossed polarisers. 

It was found that the irradiation conditions are an important parameter for 

the outcome of the liquid crystal anchoring. Irradiation of the LPP precursor by 

uncollimated, unpolarised UV-light resulted in random alignment of liquid 

crystals, as expected. The alignment resulting from irradiation by (uncollimated) 

linearly polarised UV-light strongly depended on the exposure time. Short 

exposure times (e.g. 35 minutes) resulted in a homeotropic anchoring (Middle 

region in Figure 5.17). However, the homeotropic anchoring does not represent a 

stable, fully cured state, as the LC alignment changed from homeotropic to planar 

upon continued UV-exposure (e.g. additional 25 minutes). Similar observations 

have been reported before where the direction of planar alignment with respect to 

the polarisation direction of the UV-light was changed upon longer exposure50. 

Yet, transitions from homeotropic to planar alignment were not reported. The 

versatility of the photoalignment technique is demonstrated by the right and left 

region of the cells shown in Figure 5.17. In the left region, both substrates were 

exposed to UV-light with identical polarisation directions. In the region to the 

right, the polarisation direction of the UV-light used for the irradiation of the 

upper substrate was perpendicular to that of the lower substrate, resulting in the 

90° twist of the liquid crystal layer. Clearly, bi-directional planar alignment can be 

readily obtained by adjusting the polarisation direction of the UV-light. Yet, high 

pre-tilts leading to homeotropic anchoring are still difficult to establish, as the 

demonstrated homeotropic anchoring results from an unstable intermediate state 

that degenerated upon further exposure to yield a planar anchoring. 

Here, a novel concept is introduced that may result in stable patterned 

homeotropic and bi-directional planar aligned areas within one substrate. For this 

purpose, the thiol-ene addition reaction, as introduced in Chapter 3, is utilised to 
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covalently link a SAM to the photoalignment layer. The concept is illustrated 

schematically in Figure 5.18. 

a b c

∆

 

Figure 5.18. Concept of covalently linking a SAM to a photoalignment layer using a thiol-ene 
addition reaction. Using conventional masking techniques, planar orientated areas are 

established through photoalignment (a). At the uncovered area, thiol-ene addition covalently 
links a SAM to the unreacted vinyl groups (b) inducing a homeotropic anchoring (c). 

First, planar anchoring is introduced by conventional photoalignment 

through linear polarised UV-light (Figure 5.18a). Subsequently, the substrate is 

covered with a thiol and the thiol-ene addition reaction is initiated (Figure 5.18b). 

After removing the excess thiol and subsequent cell construction, planar 

anchoring should be observed at the photo-aligned areas whereas homeotropic 

anchoring should be observed at those areas where the SAM is covalently linked 

to the photoalignment material (Figure 5.18c). 

To verify this concept, the LPP material was spun on a substrate and partly 

aligned in a planar fashion using linear polarised UV-light. To initiate the thiol-

ene addition reaction, several methods are possible (recall Chapter 3). The 

addition can be initiated by direct UV-initiated coupling, with or without the aid of 

a photoinitiator, or by other sources of free radicals, such as thermal initiators. 

After immersion of the partly planar aligned substrate in n-dodecanethiol, direct 

coupling of the thiol to the not yet reacted double bonds of the LPP material was 

attempted by direct UV-exposure with and without a photoinitiator added to the 

liquid thiol. Unfortunately, this did not result in a homeotropic alignment of the 

designated area. Apparently, the cycloaddition reaction of the LPP material 

predominates the thiol-ene addition. In addition, attempts to selectively excite the 

thiol-ene addition reaction by UV-exposure of a single wavelength (365 nm) gave 

the same negative result. 

An alternative method for initiation of the thiol-ene addition reaction is 

through thermal initiation. In this way, the substrate can be shielded from 

premature UV-exposure and the cycloaddition of the LPP material may be 

decoupled from the thiol-ene addition. The thermal stability of the LPP precursor 

certainly favours the decoupling approach, as was confirmed by monitoring by 
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UV-VIS spectroscopy of the absorption band of the LPP precursor at elevated 

temperatures (e.g. 100°C) for at least one hour. After the thermal processing step, 

a cell was constructed as shown in Figure 5.19. Note that the thus treated LPP 

layer constitutes only of one substrate whereas the opposite substrate comprises a 

conventional rubbed planar polyimide layer with an orientation direction 

perpendicular to the photoaligned substrate. The lines were exposed to linearly 

polarised UV-light using a photomask whereas a SAM was attached to the yet 

unexposed square areas. SAM’s consisting of a single thiol (i.e. C12) or a mixed 

thiol (i.e. C16/C10) gave identical results. The lines in Figure 5.19 clearly show the 

90° twisted arrangement of the liquid crystal layer. The areas where the SAM was 

covalently linked evidently demonstrate a hybrid orientation, resulting from the 

local planar and homeotropic boundary conditions. Contrary to the photoaligned 

materials without a SAM, the homeotropic anchoring was preserved even after 

prolonged UV-exposure overnight, demonstrating the stability of the homeotropic 

alignment (see for instance Figure 5.19d). 

a b c d  

Figure 5.19. Polarised optical micrographs showing the liquid crystal anchoring resulting from 
covalently linking a SAM to a photoalignment layer using a thiol-ene addition reaction. The lower 
substrate contained the exposed LPP material, the upper substrate a conventional rubbed planar 

polyimide alignment layer. Line width 100 µµµµm. a) Cell viewed between crossed polarisers. 
b) Parallel polarisers. c) Crossed polarisers, cell rotated by 45°. d) Micrograph showing a C12 

SAM linked to a LPP material on both substrates, cell rotated by 45° between crossed polarisers. 

The results presented here demonstrate the versatility of photoalignment 

materials. Planar anchoring of liquid crystals can be accomplished in every 

direction by adjusting the polarisation direction of the UV-light. A novel concept, 

enabling the stable homeotropic anchoring by using covalently linked SAM’s 

within a single substrate, opens a new field for the complete control of anchoring 

of liquid crystals. This is especially important for the further improvement of the 

optical characteristics of liquid crystal devices and could be the starting point for 

the development of completely novel display concepts. 
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5.6 Functionalisation of Alignment Layers 

So far, the induced alignment of liquid crystals, i.e. homeotropic or planar, can be 

controlled laterally in a patterned fashion. However, the choice with respect to the 

type of molecule used to construct the self-assembled monolayers is not limited to 

the molecules described in this chapter so far. If it would be possible to induce 

laterally patterned orientations in liquid crystal layers by using functionalised 

monolayers, this would provide a versatile and powerful tool to further control the 

polymerisation of for instance thiol-ene monomers and consequently the 

corresponding morphology. Figure 5.20 illustrates this concept schematically for a 

patterned surface inducing both planar and homeotropic orientations in the liquid 

crystal layer. By selectively introducing chemical functionalities to one of the 

areas, it may ultimately be possible to grow polymeric structures from distinct 

sites and in the direction that is enforced by the local alignment layer. 

substrate
ITO

functionalised
homeotropic
alignment layer

non-functionalised
alignment layer

 

Figure 5.20. Schematic representation of laterally induced functionalised homeotropic and non-
functionalised (e.g. planar) alignment in liquid crystal layers. The functionalised homeotropic 

region can be exploited to start polymerisation in a homeotropic direction.  ITO (indium tinoxide) 
is the transparent electrical conductor. 

To illustrate the flexibility of the process described in this chapter and its 

extension to SAM’s having a functionalised tail-group, similar alignment 

experiments were performed with thiols introduced before in Chapter 2. A 

benzoic acid derivative ThA 6 and the thiol-ene monomer ThE 4b4 (Figure 5.21) 

were used to create SAM’s on vapour deposited gold on rubbed polyimide, 

following the method introduced in Section 5.3. 
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Figure 5.21. Benzoic acid derivative ThA 6 and thiol-ene monomer ThE 4b4. 
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Whereas attempts to use the benzoic acid derivative ThA 6 failed, probably 

due to the concurrent adsorption of the carboxylic acid group, the use of the 

monomer ThE 4b4 was successful in inducing a homeotropic alignment 

(Figure 5.22). 

SAM-SAM SAM-SAM

PI-PI PI-PIPI-PI

SAM-SAM

a b c  

Figure 5.22. Polarised optical micrographs showing the liquid crystal alignment resulting from a 
ThE 4b4 SAM on vapour deposited gold adjacent to a planar polyimide alignment layer conform 
the configuration of Figure 5.7. a) Parallel polarisers. b) Crossed polarisers, cell rotated by 45°. 

c) Crossed polarisers, cell not rotated. 

Again, the same observations are made as before for the alkanethiol (recall 

Figure 5.8). An induced homeotropic alignment is obtained for that part of the cell 

where both substrates consist of an ultra-thin gold layer covered with the ThE 4b4 

SAM. Furthermore, the presence of a vinyl tail-group, originating from the thiol 

used, opens up an interesting range of possibilities. The reactive group can be 

used to further modify the surface of the SAM, for instance to adjust the surface 

free energy and hence its wetting properties by replacing the apolar vinyl group by 

a more polar tail-group. In addition, the vinyl group can be exploited as starting 

point for thiol-ene polymerisation or as starting point of conventional free-radical 

polymerisation, thus extending the possibilities for further morphology control. 

5.7 Conclusions 

In this chapter, it was attempted to fabricate patterned alignment layers, 

inducing both planar and homeotropic alignment of liquid crystals with a high 

transparency in the visible wavelength range. Already, the combination of self-

assembled monolayers on ultra-thin gold films (<25 Å) with conventional 

alignment materials (e.g. rubbed polyimide) demonstrated the possibility to 

control the anchoring of liquid crystals in a homeotropic and uniaxial planar 

fashion. Nevertheless, the rubbing process necessary to align the polymeric 

alignment layers could be avoided by a proper choice of the type of SAM used and 
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the deposition conditions of the ultra-thin gold layers. Homeotropic alignment 

was already demonstrated for apolar SAM’s deposited on ultra-thin sputtered gold 

layers, irrespective of the parity of the thiols used. However, control of the planar 

alignment was still absent. 

Unidirectional control of the induced planar alignment was realised by polar 

SAM’s on ultra-thin gold layers prepared by vapour deposition at oblique angles. 

Contrary to the observations made for thick gold layers (>100 Å), the parity of the 

thiols did not affect the planar anchoring direction. Homeotropic anchoring was 

achieved for apolar SAM’s, also irrespective of the parity of the thiols. 

Thus, homeotropic and unidirectional planar induced alignments of 

mesogens can be accomplished with lateral resolutions down to 50-300 nm. This 

provides the ability to fabricate complex liquid crystal structures using for instance 

simple conventional micro-contact printing techniques. Moreover, by using ultra-

thin evaporated gold films, a substantial reduction of light absorption in the 

visible wavelength can be realised making the techniques presented here of great 

interest for display fabrication. 

Bi-directional control of the planar alignment was achieved by using 

photoalignment layers. Moreover, a novel concept of covalently linking SAM’s to 

double bonds of the photoalignment material enabled stable homeotropic 

anchoring within the same substrate. 

In summary, the results presented here provide new opportunities for the 

complete control of anchoring of liquid crystals. In addition, by using for instance 

functionalised SAM’s, the control over the morphology within liquid crystal 

devices can be even further extended. This is especially important for the 

improvement of the (electro-)optical properties of liquid crystal devices and may 

provide new opportunities for the development of display concepts. 

5.8 Experimental Section 

5.8.1 Materials 

Glass substrates were supplied by Applied Film Corporation, Boulder, USA. The slides (thickness 

0.7 mm) were coated with an ITO film with a surface resistance smaller than 30 Ω/sq. 

The cleaning detergent, Extran MA 01 alkalic soap, the nematic liquid crystal mixture E7 51 

and the chiral dopant ZLI 811 were supplied by Merck, Amsterdam, The Netherlands. 

The thiols 1-decanethiol (96%), 1-dodecanethiol (98%), 1-pentadecanethiol (98%), 1-

hexadecanethiol (95%; Fluka Chemika) and 11-mercapto-1-undecanol were purchased from Sigma-

Aldrich Chem. Co., Zwijndrecht, The Netherlands.  
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The solvents ethanol (99.9%), 2-propanol (99.8%) and tetrahydrofuran (99%) were 

obtained from Biosolve B.V., Valkenswaard, The Netherlands. All chemicals were used as 

delivered. 

A photoalignment precursor LPP JP-265 was obtained from Rolic Ltd., Basel, Switzerland48. 

5.8.2 Techniques 

UV-VIS transmission spectra were determined using a Shimadzu UV-3102 PC UV-VIS-NIR 

scanning spectrophotometer. All measurements were conducted at room temperature against air. 

The wavelength range was set at 300-700 nm with a slit width of 2 mm at a fast measurement 

speed. The error in the obtained transmittance values was determined to be within 4%. 

Polarised optical microscopy was performed with an Axioplan 2 imaging microscope 

equipped with a digital camera. 

Step-height measurements were performed to determine the actual thickness of deposited 

metal films. The average metal deposition per rotation was determined from substrates rotated 

1100 times. The deposited film thickness of an uncovered area of the substrate was compared with 

a previously covered area using a Sloan type Dektak surface profile measurer equipped with a 

diamond stylus sensing head. From this the average deposition per rotation could be determined 

and yielded 0.72 Å and 1 Å for chromium and gold, respectively. 

X-ray photoelectron spectroscopy (XPS) was used to verify the presence of chromium and 

gold on the substrates. A VG-Escalab 200 spectrometer was used with an aluminium anode (Al 

Kα=1486.3 eV) operating at 510 W with a background pressure of 2•10-9 mbar. XPS was also used 

to determine the gold layer thickness. A buried layer model was used where the morphology of the 

substrate is supposed to consist of a semi-infinite polyimide substrate, a gold film and a top layer 

with unknown thickness representing physisorbed organic contaminants that are undoubtedly 

present on the high-energy gold surface. The determined spectra were assessed using Quases 4.4 

software (Quases Tougard group, Denmark) and background fits were made for different gold 

peaks in the original spectra. Used fit parameters: inelastic mean free path (IMFP) 16 Å for the 

Au-4f peak and 14 Å for the Au-4d peak, angle of emission is zero, universal inelectric cross 

section and x-scale is 0.93. 

Morphology evaluations of the deposited layers were performed by atomic force microscopy 

(AFM; Digital Instruments, Santa Barbara, California, type nanoscope IIIa). Films were studied in 

tapping and contact mode. 

Contact angle measurements (Krüss drop shape analysis system DSA 10) were performed 

by measuring the angle between a water droplet and the surface through a microscope objective. 

The results from several measurements were averaged to give the contact angle. 

Self-assembled monolayers were prepared from 1 mM solutions of a thiol in ethanol or 

tetrahydrofuran. Substrates with a deposited gold film were immersed in approximately 15 ml of 

the solution for three minutes. Subsequently, the substrates were rinsed with the corresponding 

solvent and dried under nitrogen. 

Micro-contact prints were prepared from polydimethylsiloxane (PDMS) stamps, inked with 

the appropriate thiol. 

5.8.3 Substrate Design & Manufacturing 

The substrates used throughout this chapter consist of several layers deposited on a glass 

substrate. A typical configuration is indicated in Figure 5.23. On top of the glass substrate, a 

transparent electrical conductor, indium tinoxide (ITO) is applied. Covering the ITO is a spun 
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polyimide layer that serves as a planarisation layer. When rubbed and omitting any additional 

layers, the polyimide layer also serves as an alignment layer for the liquid crystals. Gold layers were 

deposited by sputtering or vapour deposition over a thin chromium adhesion promotion layer. 

substrate ITO

polyimide

CrAu

 

Figure 5.23. Typical substrate configuration predominantly used throughout this chapter. 

The glass substrates, already containing the ITO layer, were cleaned with a 5% v/v Extran MA-01 

alkalic soap solution, rinsed extensively with demineralised water, washed with isopropanol and 

dried under vacuum (30 minutes, 40°C). Polyimide layers were deposited by spinning (Karlsuss 

RC 8, CT 62 spincoater) a polyimide precursor solution (AL 1051; JSR; 1000 rpm (5 sec., open), 

5000 rpm (40 sec., closed)), evaporating the solvent and curing at 175°C overnight. Thin films (ca. 

70 nm) of a photoalignment precursor (LPP JP-265)48 were deposited by spinning (500 rpm (5 

sec., open), 1100 rpm (30 sec., closed), 900 rpm (17 sec., open)) and subsequent drying at 100°C 

for 20 minutes. 

For the sputtered deposition of the chromium and gold, a sputtering machine of Material 

Research Corporation, Toulouse, France, model 8776/71 was used. The substrates were placed at a 

rotating plate (3.75 rpm) at a distance of 71 mm to the RF Planar Magnetron cathode. The 8-inch 

chromium target (Cerac, Milwaukee, USA) was cleaned by a dummy sputtering cycle for 2 

minutes, to create a stable chromium flux. This cleaning step was omitted for the 6-inch gold 

target (Drijfhout, Amsterdam, The Netherlands). The film thickness was determined by the 

number of rotations of the substrates through the sputtering beam. 

For the vapour deposition of chromium and gold, a Balzers BA 510 vapour deposition 

machine was used. Chromium and gold were deposited at a rate of 1 Å/s (p<5·10-6 mbar). The 

deposition angle was defined as the angle between the incident deposition beam and the 

substrate’s surface normal. The actual gold film thickness varied with the deposition angle with 

decreasing thickness at increasing deposition angles. 

Curing of the photoalignment material was done by placing the substrate under an 

uncollimated UV-light source (Philips type HB 172, 75 W, 4x Philips 15 W UV-type 3) and 

irradiating the surface through a UV-polariser. 

Covalent attachment of a SAM to the not yet reacted photoalignment material was done by 

dissolution of 1% w/w of a thermal initiator (2,2-azobis(isobutyronitrile); AIBN; half-life 12 

minutes at 101°C) in a thiol by placing the solution in an ultrasonic bath for at least 10 minutes. 

The thiols used were n-dodecanethiol or a 20/80 w/w mixture of 1-hexadecanethiol and 

1-decanethiol. The thiol solution was added to the substrate, placed on a thermostated hot-stage 

(95-120°C), using a syringe equipped with a 0.2 µm filter to cover the entire surface. Occasionally, 

thiol solution was added if dewetting of the surface was noted. After 2 hours, the substrate was 

removed and the excess thiol and initiator gently removed by rinsing with ethanol and subsequent 

drying under nitrogen. 

Cells were constructed by pairing two substrates and fixing them using a UV-curable 

acrylate based adhesive (Bisphenol A ethoxylate diacrylate containing 0.5% w/w 1-hydroxy 

cyclohexyl phenylketone). The cell gap was set using glass spacers (typically 4-15 µm; Philips 

Research, Eindhoven, The Netherlands). The cells were filled using capillary motion with a liquid 
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crystal at elevated temperature, well above the clearing point of the mesogen. After complete 

filling, the cell was allowed to gradually cool down to room temperature. 
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 Photopolymerisation of Liquid Crystalline 
Monomers in Anisotropic Solvents under 
Dynamic Conditions 

 

6.1 Introduction 

A substantial amount of research has been focussed on polymer stabilised liquid 

crystal effects for the further optimisation of liquid crystal devices with respect to 

switching voltages, switching kinetics and angular dependent contrast. Hitherto, 

these polymer / liquid crystal composites are made of combinations of low 

molecular weight liquid crystals and either side chain liquid crystal polymers, 

(isotropic or anisotropic) network type structures or dispersed polymer particles. 

As the properties of these polymer stabilised liquid crystal systems are determined 

by their morphology, it is desired to develop new methods leading to a better 

morphology control and consequently to an enhanced electro-optical performance. 

In Chapter 1-4, a novel concept was introduced where the polymeric component in 

the polymer / liquid crystal composite consists of a main chain liquid crystalline 

polymer. However, the generation of these linear polymers required the design 

and synthesis of novel monomers and the subsequent control of the morphology 

of these systems through in-situ polymerisation. 

Instead of changing the basic chemistry of the system, a process is described 

here that extends the morphology control of an existing anisotropic gel system. To 

understand this novel process it is first necessary to introduce the principle of 

conventional anisotropic gels. 

Hikmet showed that when small amounts of liquid crystalline monomers 

are photopolymerised in the presence of a non-reactive, low molecular weight 

liquid crystalline solvent1-3, phase separation of the liquid crystalline polymeric 

structure occurs into polymer-rich and polymer-poor phases4. Based on the 

bifunctional character of the used monomers, the formed polymers are network-

type structures consisting of a polymer backbone to which mesogenic cores are 

attached. The formation of so-called anisotropic gels or plasticised liquid 

crystalline networks out of bifunctional mesogens is schematically depicted in 

Figure 6.1. 

6 
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Figure 6.1. Photopolymerisation of liquid crystalline diacrylates in an anisotropic solvent. Details 
regarding the photoinitiation process were discussed in Chapter 3. 

Upon photo-initiation, polymerisation of the mesogenic diacrylates 

commences and an anisotropic network is formed dispersed in a continuous low 

molecular weight liquid crystalline phase. The network consists of a polymer 

backbone connecting the mesogenic cores originating from the monomer. The 

alignment direction of the mesogens in the network reflects the initial alignment 

of the mixture. In this way, a planar (horizontally, in the plane of the substrate) or 

a homeotropic (vertically, perpendicular to the plane of the substrate) network can 

be created. The initial alignment is dictated by interfacial interactions of the LC 

mixture with for instance rubbed polyimide or surfactant-type polyimides. 

After the polymerisation is completed and no electrical field is applied (off-

state), the inert LC solvent molecules are aligned parallel to the mesogenic units of 

the network. Consequently, incident light is not scattered and the system will 

appear transparent. In the presence of an electrical field, the LC solvent molecules 

will reorient along the field lines. Light scattering will occur due to induced 

domain formation and the refractive index mismatch between the mesogenic 

units of the network and the LC solvent molecules. As a result, the system will 

become opaque (Figure 6.2). 

a b  

Figure 6.2. Light scattering in anisotropic gels upon application of an electrical field. The 
mesogenic network moieties are shown in grey, the non-reactive mesogens are depicted in dark 

grey. a) Off-state when no electrical field is applied. b) Scattering on-state upon application of an 
electrical field. The situation pictured here is valid for a non-reactive mesogen with ∆ε∆ε∆ε∆ε>0. 
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Nowadays, these systems are commercially used in for instance non-

mechanical light shutters for cameras. The advantages of anisotropic gels over 

competitive systems as polymer dispersed liquid crystals (PDLCs) are their low 

viewing angle dependence due to the refractive index matching between the low 

molecular weight LC component and the mesogenic moieties of the network. In 

addition, a faster relaxation of the LC solvents is observed as the mesogenic units 

in the polymer network provide the internal director field that forms the driving 

force for relaxation to the aligned state in the field-off condition. The type of 

mesogenic monomers and mesogenic solvent that is used for polymerisation is 

not limited to nematic materials alone. Similar concepts have been developed 

using for instance smectic5, cholesteric6-8 and ferroelectric9-11 materials. 

Since the electro-optical characteristics, e.g. transmission characteristics and 

switching kinetics are determined by the morphology, it obviously is of utmost 

importance to further enhance the control over this final morphology. Although 

the morphologies obtained so far certainly are three-dimensional, the control over 

the morphology development is of a two-dimensional nature. During the 

polymerisation process, the direction is enforced by boundary conditions such as 

alignment layers, shear forces and magnetic or electrical fields. However, once 

established, these boundary conditions remain unchanged in time during the 

polymerisation process. 

Here, the morphology control is extended to three dimensions by changing 

the polymerisation direction of the LC monomer during the polymerisation 

process, before the monomer is depleted. This can be accomplished by a 

continuous alteration of the abovementioned boundary conditions; for instance by 

changing the direction of a magnetic field or by continuous or discontinuous 

switching between a field-on and a field-off state (or vice versa) when using 

electrical fields. Hence, the process is referred to as polymerisation under 

‘dynamic conditions’. Figure 6.3 schematically pictures this concept for an initially 

planar oriented homogeneous monomer/LC solvent mixture.  
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Figure 6.3. Polymerisation of mesogenic monomers in an anisotropic environment under dynamic 
conditions by using an electrical field. The polymerisation direction is changed back and forth by 

reorientation of the not yet reacted mesogenic monomers. Once the polymerisation is 
completed, the mobile LC fraction can be switched using an electrical field. 

Upon photo-initiation a planar anisotropic network is initially formed. By 

application of an electrical field, the remainder of the monomer is redirected 

along the field lines and polymerised in a homeotropic direction. Removal of the 

field results in relaxation of the mobile LC phase and polymerisation continues 

again in a planar fashion, etc. The polymerisation of mesogenic monomers under 

dynamic conditions as shown in Figure 6.3 would result in two populations of 

anisotropic network: a planar oriented network and a homeotropic oriented 

network. Especially the homeotropic population can be of interest with respect to 

the switching characteristics of these anisotropic gels once the polymerisation 

process is completed and the anisotropic gel is created. The internal director field 

can thus be tuned, controlling the switching behaviour of the free liquid crystal 

molecules. The mesogenic moieties of the homeotropic network fraction provide 

an additional driving force for the inert liquid crystalline solvent molecules to 

orient along the electrical field lines once an electrical field is applied to induce 

scattering. This may have positive consequences for electro-optical characteristics 

such as threshold voltage (the voltage required to induce switching) and the 

response time (the time required for the LC solvent molecules to align along the 

electrical field lines). Naturally, these benefits may be accompanied by sacrifices 

in the relaxation times due to the decreased fraction of planar network. 

The remainder of this chapter is concerned with the investigation of these 

novel systems and the evaluation of the morphology and its effect on the electro-

optical characteristics in comparison to conventional anisotropic gels. To simplify 

the approach, initial orientation will be accomplished by interfacial mechanisms 

and the reorientation of the mesogens during polymerisation by an electrical field. 

However, in principle also other combinations of alignment-inducing principles 

can be utilised. 
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6.2 Photopolymerisation under Dynamic Conditions 

6.2.1 Materials 

In this study, a model system is used consisting of a liquid crystalline diacrylate 

monomer C3M and a commercially available inert mesogenic cyanobiphenyl 5CB 

(Figure 6.4). 

NC

5CB

O
O

O

O O

O O

O

O

O

CH3

C3M

 

Figure 6.4. Materials used in this study: liquid crystalline diacrylate monomer C3M and liquid 
crystalline solvent 5CB. 

Upon mixing of the monomer and the cyanobiphenyl, a homogeneous 

nematic phase is obtained for all monomer/cyanobiphenyl ratios. The phase 

diagram presented in Figure 6.5, shows the temperature region at which a stable 

nematic phase is obtained. 
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Figure 6.5. Binary phase diagram of monomer C3M and cyanobiphenyl 5CB. ‘N’ denotes the 
nematic phase, ‘Cr’ the crystalline phase and ‘g’ the glass region. Single crystal phases are 

omitted for clarity. 
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Eutectic melt behaviour is observed with an eutecticum at approximately 

17% w/w C3M and 0°C. Mixtures with high monomer contents (>30% w/w C3M) 

showed a strong tendency for supercooling and crystallisation of these 

compositions was only occasionally observed for highly aligned mixtures. Upon 

further cooling, a glass transition was noted. Again, it is assumed that the phase 

diagram does not change significantly when a small amount of photoinitiator 

(typically 1% w/w based on monomer) is added to the binary mixture. 

In Figure 6.6 the birefringence of the monomer/cyanobiphenyl mixtures is 

shown versus the reduced temperature, as determined by optical dichroism. 
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Figure 6.6. Birefringence at 589 nm versus the reduced temperature of mixtures containing the 
indicated weight fraction of monomer C3M in 5CB, as determined by optical dichroism. Tc 

indicates the clearing temperature of the mixture. 

A decrease in the birefringence is visible for increasing monomer contents, 

as the pure monomer has a lower value for the birefringence than the 

cyanobiphenyl. In addition, the birefringence, which is a measure for the degree 

of order, decreases with increasing temperature until it drops discontinuously at 

the clearing point. Similar observations were reported for the 6-spacered 

diacrylate homologue C6M in 5CB 3. The undulation around T/Tc=0.89 for a 

mixture containing 70% C3M can be attributed to the entering of the two-phase 

region which is accompanied by crystallisation of a monomer-rich fraction. This 

effect is less pronounced for other compositions, which is probably related to 

supercooling phenomena. 
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6.2.2 Photo-Initiated Polymerisation 

Previous studies showed that after polymerisation a substantial amount of the low 

molecular weight LC fraction can be physically bound to the anisotropic network 

whereas another fraction still behaves like the bulk material3. The immobilised 

fraction does not undergo the first order nematic-to-isotropic transition and 

consequently the extent of immobilisation can be estimated from the nematic-to-

isotropic transition enthalpy of the remaining mobile LC fraction. Therefore, DSC 

analysis was performed on anisotropic gels containing various amounts of 

network. Figure 6.7a shows the detected clearing temperatures of 5CB for 

different network concentrations. Figure 6.7b shows the corresponding nematic-

to-isotropic transition enthalpies of 5CB. 
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Figure 6.7. a) Clearing point of embedded 5CB after polymerisation of a planar C3M/5CB mixture 
containing the indicated monomer content. b) Nematic-to-isotropic transition enthalpy of 5CB 

and percentage of 5CB physically absorbed by the anisotropic network. 

Figure 6.7a demonstrates the influence of the network on the clearing point 

(TNI) of the mobile LC fraction predominantly consisting of 5CB. An increase of 

the transition is noted for increasing network concentrations. Typically, the final 

conversion of the acrylate groups is approximately 70% or higher, depending on 

the initial monomer concentration2. To a certain degree, the increase of the 

clearing point can be contributed to non-converted monomer. From Figure 6.5, an 

increase of TNI of approximately 3-5°C is expected for an initial monomer 

concentration of 10% where a final conversion of 70% is realised. In this 

estimation, the non-converted monomer (30%) corresponds to acrylate monomers 

possessing two non-reacted double bonds. This is certainly a non-realistic 

estimation. It is much more likely that part of the unreacted acrylate groups will 

belong to a LC diacrylate monomer that has been incorporated in the polymer 

network via its other acrylate moiety. Yet, the increase of the clearing point cannot 
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be accounted for by residual monomer resulting from a 70% conversion; a 

discrepancy in TNI of approximately 2.5°C remains. Similar offsets are found for 

other network concentrations, which points towards actual lower final conversions 

of the acrylate monomers than the estimated 70%. 

From the nematic-to-isotropic transition enthalpy of 5CB, the percentage of 

5CB that is immobilised by the network can be estimated, assuming that 5CB is 

not contaminated with monomer, as a first approximation. For a network 

concentration of 30%, a substantial amount of 5CB, about 70%, is physically 

adsorbed by the network. This has important consequences for the practical 

concentration range. Low monomer concentrations (≤10%) should be used to 

provide enough mobility of the continuous low molecular weight liquid crystalline 

phase for switching once the anisotropic gel is established. 

The initially homogeneous liquid crystalline mixtures are UV-polymerised 

while confined between two glass substrates each coated with a transparent 

electrical conductor and an alignment layer inducing planar alignment. Although 

in principle the applied electrical field can be switched on and off continuously 

during the polymerisation process, a simplified approach is chosen here. The 

field-on condition will be applied once, either at the beginning of the 

polymerisation until the electrical field is removed or by application after a distinct 

period during which no voltage is applied. In this way, the polymerisation 

conditions can be described by the ‘initial homeotropic polymerisation time’ or by 

the ‘initial planar polymerisation time’, respectively. This is illustrated 

schematically in Figure 6.8. 
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Figure 6.8. Definitions of initial homeotropic (a) and initial planar polymerisation time (b), used 
throughout this chapter. 
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 To clarify this further, consider the example of a total polymerisation time 

of 45 minutes and an initial planar polymerisation time of 10 minutes. This 

corresponds to exposure of the mixture to UV-irradiation at the start of the 

polymerisation without any voltage present (Figure 6.8b). After 10 minutes, a 

voltage is applied and held for the remainder of the total polymerisation time, in 

this case for an additional 35 minutes. Also note that an initial planar 

polymerisation time of zero minutes corresponds to a completely homeotropic 

oriented cell and that an initial homeotropic polymerisation time of zero minutes 

in turn corresponds to a completely planar oriented cell. With respect to the 

redirection of the liquid crystalline mixture during the polymerisation, relatively 

strong electrical fields are required (e.g. 100 V). Lower voltages would not be 

sufficient to induce homeotropic alignment of the mixture, especially when an 

initial planar network has already formed. 

To assess whether it is possible to redirect the polymerisation direction 

during the course of polymerisation, initial homogeneous C3M/5CB mixtures 

were UV-polymerised in the nematic phase and subsequently evaluated for their 

retardation (=cell thickness*birefringence) characteristics. To assess only the 

anisotropic network contribution and that of the physically absorbed liquid 

crystalline fraction of the network/LC matrix composite, the cell is analysed at 

elevated temperature, well above the clearing point of the nematic cyanobiphenyl 

(TNI=35°C for the pure compound). When viewed on top between crossed 

polarisers, a cell rotated 45° containing a fully homeotropic oriented network will 

hold a retardation value d∆n equal to zero. Similarly, a completely planar oriented 

network will show a distinct retardation value, indicating the (partially) planar 

nature of the polymerised network. Figure 6.9 shows the residual birefringence 

(referring to the network contribution when measured above TNI of the matrix LC) 

as a function of the initial polymerisation condition. In each case, the total 

polymerisation time was approximately 24 hours. This period should be sufficient 

to interpret the birefringence measurements to correspond with fully converted 

monomer. 
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Figure 6.9. Residual birefringence as a function of initial polymerisation conditions for C3M/5CB 
mixtures initially containing 5% w/w and 10% w/w monomer. a) Initial planar polymerisation 

condition (hence, initially no E-field). b) Initial homeotropic polymerisation condition (hence, E-
field applied right at beginning). 

For an increasing initial planar polymerisation time (Figure 6.9a) an 

increase in the residual birefringence is noted until the limiting value for a 

completely planar oriented network is reached. This is not surprising since the 

network formation in the planar direction can proceed for a longer period, thus 

reducing the formation of a homeotropic oriented network once the electrical field 

is applied. In an analogous fashion, a decreasing network birefringence is 

detected for increasing homeotropic polymerisation times (Figure 6.9b). In this 

case, the ratio between homeotropic and planar oriented network fractions is 

shifted towards the homeotropic oriented network population. 

The residual birefringence, corresponding to the anisotropic network 

contribution, is higher for larger initial monomer contents. This can simply be 

explained by the increased amount of mesogenic network moieties resulting in a 

larger contribution to the total network birefringence. Accordingly, the 

birefringence values for 10% monomer are about twice as large as the values 

found for an initial 5% monomer content. 

At certain points in time, defined here as ‘transition points’, the residual 

birefringence is diminished and a zero residual birefringence remains. At this 

transition, the overall planar appearance changes to a predominant homeotropic 

network orientation and vice versa. The transition point could also be assessed 

qualitatively by a visual inspection between crossed polarisers. Cells polymerised 

at times before the transition point showed a texture (e.g. planar) different from 

cells polymerised beyond the transition point (e.g. homeotropic). 

When comparing the graphs for both initial polymerisation conditions, it is 

noted that the transition points for an initial homeotropic polymerisation 
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condition (Figure 6.9b) are located at longer times than the corresponding 

transition points for initial planar polymerisation conditions (Figure 6.9a). 

A possible explanation originates from the two different driving forces for 

the mesogenic molecules to direct in a particular direction. The alignment layer 

directs the mesogens in a planar direction with a directing force that originates 

from the substrate’s surface. The electrical field induces a local field throughout 

the whole cell and directs the mesogens in a homeotropic direction, since the 

materials used here display a positive dielectric difference. Suppose the 

polymerisation time t of the initial polymerisation direction is the same for both 

situations, i.e. for an initial planar direction and an initial homeotropic direction, 

and the time t lies before the transition point. If at time t a voltage is applied to the 

planar cell, the LC molecules will redirect to a homeotropic arrangement due to 

the local field present throughout the whole cell. If at the same time t the initial 

applied voltage is removed from an initial homeotropic cell, the LC molecules will 

relax back to the planar orientation enforced by the polyimide alignment layers 

present at the glass substrates. However, the LC molecules are confined in a 

homeotropic network and the driving forces for this relaxation are consequently 

less pronounced due to their origin from the substrate interfaces, in contrast to 

the situation of a local electrical field that is present throughout the whole cell. 

Due to this reduced driving force in the case of cells initially polymerised in a 

homeotropic direction, the lasting homeotropic texture is obtained sooner than in 

the case of cells initially polymerised in a planar direction. Consequently, the 

transition points for cells initially polymerised in a homeotropic direction precede 

the transition points of cells initially polymerised in a planar direction (compare 

Figure 6.9a & b). 

The effect of the monomer concentration on the transition point is related to 

the polymerisation rate of the acrylates. In general, a lower reaction rate is 

observed for lower monomer concentrations2. Hence, in the case of low initial 

monomer concentrations, less network will be formed after a certain time and the 

mobility of the low molecular weight fraction is higher than in the case of higher 

network concentrations resulting from higher initial monomer concentrations. 

Consequently, reorientations of the mobile molecules to different directions (i.e. 

homeotropic or planar) is facilitated for lower initial monomer concentrations 

leading to a shift of the transition points to longer times for lower initial monomer 

concentrations. 

In conclusion, Figure 6.9 clearly demonstrates the ability to redirect the 

network orientation during the polymerisation process using dynamic conditions 

such as the application of an electrical field. Therefore, the remainder of this 
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chapter is directed to the evaluation of the resulting morphologies and their effect 

on the electro-optical characteristics. 

6.3 Morphology Evaluation 

The resulting morphologies of the obtained anisotropic gels, polymerised under 

dynamic conditions, were investigated using scanning electron microscopy (SEM). 

Figure 6.10 shows the micrographs corresponding to the two ‘extreme’ 

polymerisation conditions: a completely planar polymerised cell and a completely 

homeotropic polymerised cell. 

a b c  

Figure 6.10. Scanning electron micrographs of a polymerised mixture of 5% C3M in 5CB, 
photographed at a 45° angle. a) Planar aligned cell. b) Homeotropic aligned cell. c) Planar 

aligned cell after polymerisation of a 10% C3M/5CB mixture. Scale bars 10µµµµm. 

 The planar cell (Figure 6.10a & c) shows the formation of fibril-like 

architectures that mimic the anisotropy of the nematic mixture during 

polymerisation. Despite the relatively low monomer concentrations, phase 

separation between polymer-rich and polymer-poor phases occurs. The 

preferential direction of the fibre-like structures follows that of the buffing 

direction of the polyimide alignment layers, confirming the earlier reports for 

completely planar polymerised nematic mixtures4. A similar picture is seen for a 

homeotropic situation, as shown in Figure 6.10b. Pillar-like structures are formed, 

originating from the glass substrates and extending in an upward direction 

throughout the cell. The difference in fibril length observed for the homeotropic 

situation reflects the sample preparation where the cell is cleaved prior to 

observation. The pillar-like structures are fractured close to one of the substrates 

and the observed length (approximately 5 µm) confirms the bridging of the entire 

cell as the used cell gaps was 5 µm. 
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a b

d

c

e  

Figure 6.11. Scanning electron micrographs of polymerised mixtures of 5% C3M in 5CB, 
photographed at 45° angles and for various initial homeotropic polymerisation times. 

a) 0 minutes. b) 10 minutes. c) 15 minutes. d) 25 minutes, e) 24 hours. Scale bars 1µµµµm. 

The diameter of the network fibres varies from approximately 100 nm to 

1 µm. However, possible collapse of the fibres resulting in the larger structures 

after removal of the LC solvent by extraction, the adhesion of residual liquid 

crystalline material and the influence of the used coating for the SEM-analysis 

cannot be excluded. Consequently, the actual fibre dimensions will be smaller and 

Yang20 and Jákli12 were able to show that the actual size of the fibre architectures 

varies between 30 nm to 100 nm whereas Crawford13 reported the fibres to consist 

practically of single molecular chains. 

The interfibril distance decreases for increasing network concentration as 

can be seen in Figure 6.10c. This corresponds well with the increasing 

confinement of the continuous low molecular weight liquid crystalline phase 

following the discussion of Figure 6.7. 

Figure 6.11 pictures the development of the morphology upon polymerisation of a 

5% C3M/5CB mixture as a function of the initial planar polymerisation time. Note 

that the conditions of zero minutes and 24 hours initial homeotropic 

polymerisation time correspond to fully planar and fully homeotropic cells, 

respectively. The gradual transformation of the initial planar morphology to the 

homeotropic morphology is clearly visible. For the cells polymerised before the 

transition point (recall Figure 6.9b), the planar characteristics prevail. Close to the 

transition point (Figure 6.11c), the superposition of the pillar-like structures 

corresponding to a homeotropic network direction is already starting to evolve. 
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Beyond the transition point, the pillar-like architectures prevail although the 

planar characteristics can still be visible (Figure 6.11d). This series clearly 

demonstrates the gradual changing morphology for different polymerisation 

conditions and the ability to influence the resulting morphology by a proper 

choice of these polymerisation conditions. 

6.4 Electro-Optical Characterisation 

Over the years, the influence of polymer networks on the electro-optical 

characteristics of liquid crystalline cells has been thoroughly investigated20,14. 

Here, a further modification of these polymer stabilised liquid crystals was 

introduced by the formation of anisotropic networks under so-called dynamic 

conditions. Based on theoretical considerations, enhanced electro-optical 

properties can be envisaged. Consequently, it is necessary to evaluate these 

characteristics and compare them with conventional anisotropic networks 

dispersed in liquid crystalline phases. 

6.4.1 Transmission-Voltage Characteristics 

Important optical characteristics of LCD’s are transmittance and contrast ratio 

(ratio between the transmittance corresponding to a translucent and a scattering 

state) of a cell. Figure 6.12 depicts the maximum contrast ratio and other 

characteristics for cells initially polymerised in a planar direction. 

The contrast ratio as depicted in Figure 6.12a can be determined from 

transmission-voltage curves for various network concentrations. Although not 

shown here, the transmission-voltage curves were similar to earlier reported 

curves obtained for completely planar anisotropic gels with comparable network 

concentrations3 and showed a decrease in transmittance down to 50% when 

switched from the transparent V=0 state to the scattering state. Here, the derived 

contrast ratios increase for prolonged planar polymerisation times as shown in 

Figure 6.12a. This is not surprising, as a planar network is necessary after 

polymerisation to obtain the necessary scattering between the anisotropic network 

and the low molecular weight liquid crystalline phase upon application of a 

voltage (recall Figure 6.2b). Hence, an increased planar network character results 

in an improved degree of scattering and consequently leads to an increased 

contrast ratio, as observed. The contrast ratio of completely planar cells is higher 

for lower network concentrations, once again reflecting the influence of the LC 

domain sizes between the network. A smaller domain size confines the mobile LC 

phase and decreases the degree of scattering upon application of a voltage after 
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polymerisation. At shorter planar polymerisation times the contrast ratio of cells 

containing 5% network is still lower than cells containing 10% network, conveying 

the slower reaction rate of lower monomer concentrations. At first, the values for 

the contrast ratio depicted here appear to be small. Normally, acceptable contrast 

ratios are in the order of 60-80. However, the values obtained for the contrast 

ratio depend strongly on the polarisation dependence of the contrast (with a 

theoretical maximum of 2) and on the experimental conditions (e.g. sample-

detector distance, detector aperture, cell thickness etc.), which are far from 

optimised here. Instead, a relative comparison is more valid and a fully planar cell 

should serve as a benchmark. 

a b

c
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Figure 6.12. Maximum contrast ratio (a), threshold voltage Uth (b) and voltage at maximum 
scattering (c) for C3M/5CB mixtures initially polymerised in a planar direction. 

 Figure 6.12b shows the dependence of the threshold voltage on the initial 

planar polymerisation time. The threshold voltage is the voltage required after 

polymerisation to induce switching of the mobile LC fraction, indicated by a 

decrease in transmittance. A significant decrease in the threshold voltage is 

detected for cells containing an increasing fraction of homeotropically-oriented 

network (corresponding to shorter planar polymerisation times). This is 
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accompanied by a shift of the voltage required to induce maximum scattering to 

lower voltages (Figure 6.12c) and a steeper transmission-voltage curve. In other 

words, by introducing a certain degree of homeotropically-oriented network, a 

lower voltage is required to induce a maximum scattering whereas for a 10% 

network situation the contrast ratio is hardly affected. Also, for a 10% network 

situation, the contrast ratio has reached its maximum value after approximately 20 

minutes of initial planar polymerisation. Yet, under the same conditions, the 

threshold voltage is lowered considerably in comparison to a completely planar 

polymerised cell (Figure 6.12b). Hence, the system can be improved significantly 

with respect to switching voltages without making too many sacrifices in the 

contrast ratio. Both the threshold voltage and the voltage required to induce 

maximum scattering strongly depend on the network concentration, as can be 

seen in Figure 6.12b & c. Hikmet and Boots15 were able to show that this 

dependence corresponds with a lamellar network structure that consists of sheets 

of anisotropic network surrounded by the non-reactive LC molecules, as depicted 

in Figures 6.10 and 6.11. Consequently, the increase of the threshold voltage with 

increasing network concentration can be attributed to the increasing interaction 

between the anisotropic network and the surrounding LC molecules, giving rise to 

a higher voltage required to induce reorientation of the LC molecules. 

Similar to the initially planar polymerised cells presented above, 

experiments were also conducted on cells initially polymerised in a homeotropic 

fashion, but occasionally irreproducible results were obtained with respect to the 

electro-optical characteristics. This is probably related to the relaxation 

phenomena that occur once the voltage that is used to induce the homeotropic 

alignment is removed. The director of the monomer/inert solvent fraction 

changes to a planar alignment but is hindered by the network that is formed. In 

the meantime, polymerisation is continued due to the continuous UV-flux giving 

rise to the formation of irreproducible intermediate structures. 

The system described here is a model system consisting of a diacrylate 

monomer and a single component non-reactive liquid crystal with a positive 

dielectric anisotropy. This implies that the scattering state is highly polarisation 

dependent due to the anisotropy of the network4. Therefore, the degree of 

scattering and the contrast ratio can be further improved by using a polariser as is 

shown in Figure 6.13. A minimum is visible at 5 V where the scattering is optimal. 

A further increase of the voltage results in a decrease of the scattering, due to the 

increasing domain size of the mobile liquid crystalline fraction. Note that the 

degree of scattering also strongly depends on the cell thickness and that the cell 

thickness used here is comparatively small (5 µm). Further enhancement can be 
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realised by larger cell gaps (e.g. 15-18 µm)16 or by materials possessing a negative 

dielectric anisotropy as will be shown in Section 6.4.3. 
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Figure 6.13. Transmission as a function of incident light polarisation, here shown for a 5% 
C3M/5CB mixture initially polymerised for 5 minutes in a homeotropic fashion. The polarisation 
angle signifies the angle between the polarisation direction of the incident light and the buffing 

direction of the polyimide alignment layer. 

6.4.2 Switching Kinetics 

Next to the optical characteristics, it is important to determine the kinetic 

characteristics of the anisotropic gels. Two parameters are generally evaluated: the 

response or rise time, indicating the time required to switch a cell from a 

translucent to a scattering state, and the relaxation time, indicating the time 

required to return to the initial state once a switching voltage is removed. 

The response times and relaxation times for cells initially polymerised in a 

planar direction are portrayed in Figure 6.14. 
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Figure 6.14. Response times (a) and relaxation times (b) as a function of indicated switching 
voltage for 10% C3M in 5CB, polymerised at the indicated initial planar polymerisation times. 
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The response of liquid crystals depends strongly on the applied field 

strength and this is seen in Figure 6.14a as well. At every distinct initial planar 

polymerisation time, a decrease of the response is visible when a higher voltage is 

applied to induce switching. When the fraction of homeotropically-oriented 

network is increased, or in other words, when the initial planar polymerisation 

time is decreased, a decrease of the rise time is measured. This is explained by an 

increasing fraction of LC molecules that are pre-aligned in a homeotropic 

direction due to the interaction with the homeotropically-oriented network 

portion. Thus, less voltage is required to redirect the nematic director along the 

electrical field lines. This relationship is valid for moderate applied voltages. At 

high voltages (e.g. 150 V), an increasing part of the physically adsorbed liquid 

crystalline molecules (Figure 6.7b) starts to take part in the reorientation process. 

In addition, slight redirections of the confined network mesogens are conceivable. 

This is supported by an increase of the transmission at higher voltages in the 

transmission-voltage curves of these gels. Consequently, the contributions to the 

homeotropic alignment increase and the rise time decreases slightly more, as can 

be seen in Figure 6.14a for high voltages and at predominantly planar aligned 

networks. 

An apparent discrepancy is seen for low voltages (e.g. 10-20 V) at short 

planar polymerisation times where an increase of the response time is measured. 

Probably this is due to the yet uncompleted switching process, illustrated by the 

V95 curve in Figure 6.14a. The V95 curve indicates the voltage corresponding to a 

95% completed transition from maximum transmission to maximum scattering. 

The applied voltages of 20 V, and certainly 10 V, are still close to the threshold 

voltage (Figure 6.12b) and are lower or close to the V95 voltage. 

With respect to the relaxation times observed for the anisotropic gels 

polymerised under dynamic conditions, similar general relationships are observed 

(Figure 6.14b), although in a reversed sense. The driving force for relaxation is 

determined to a large degree by the planar aligned anisotropic network fraction. 

Thus, it is not surprising to find an increased relaxation time for gels polymerised 

at shorter initial planar polymerisation times. The interaction of the 

predominantly homeotropically-oriented network with the LC molecules delays 

their relaxation. This effect is more pronounced when the applied field strength is 

stronger. 

Nevertheless, the figures demonstrate the potential of the concept of 

polymerisation under dynamic conditions. Under the proper conditions, 

improvements can be achieved in for instance the lowering of the threshold 

voltage and the decrease of the response time whereas the intrinsic sacrifices, 

such as the effect on the relaxation time, are kept to a minimum. 
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6.4.3 System Optimisation 

The system presented here is essentially a model system intended to 

investigate the possibilities of polymerisation under dynamic conditions. In the 

preceding sections suggestions for further improvement of for instance the 

contrast ratio were already given, such as the optimisation of the measurement 

conditions and the use of thicker cells. With respect to the switching kinetics, 

improvements are to be expected when specifically tailored nematic mixtures with 

low viscosities are used instead of the single component cyanobiphenyl. These 

mixtures are nowadays commercially available in several grades. 

Further characterisation, using for instance (time-resolved) light scattering 

techniques17, may provide a quantitative means of relating the macroscopic order 

parameter to the gradual morphology development from a predominantly planar 

to a predominantly homeotropic orientation. Certainly, the schematic 

representation of a macroscopic anisotropic network consisting of two distinct 

network populations, situated perpendicular to each other, is a simplification. In 

reality, a distribution of the network director is to be expected. Angle-dependent 

characterisation of the transmission may provide valuable additional information 

regarding the exact nature of the network architecture. 

A conceptually different improvement is the construction of homeotropic 

gels based on liquid crystalline materials with a negative dielectric anisotropy18. 

Then, the degree of scattering is no longer polarisation dependent. The 

application of a voltage after polymerisation induces the LC molecules to align 

perpendicularly to the electrical field. However, there is no imposed direction and 

consequently the LC molecules are oriented randomly by the electrical field. High 

contrast ratios can be obtained with these optimised systems making them ideal 

candidates for further investigations regarding the concept presented in this 

chapter. 

6.5 Conclusions 

In the present chapter, a novel concept was introduced where the polymerisation 

direction of liquid crystalline diacrylates is altered during the polymerisation 

process. Based on theoretical considerations, enhanced electro-optical properties 

were expected for this polymerisation using dynamic conditions in comparison to 

conventional anisotropic gels produced in a static procedure. Especially 

improvements are conceivable with respect to the threshold voltage and the 

response times of these three-dimensional architectures. 
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It was shown that it is indeed possible to redirect the anisotropic network 

during the polymerisation process, in this case by the application of an electrical 

field. The initial polymerisation direction, next to the monomer concentration, is 

an important parameter in the polymerisation process and differences in the so-

called transition points were noted for different initial polymerisation directions. 

The ability to redirect the formed anisotropic networks was also confirmed by 

morphological studies and a gradual transition from a planar morphology to 

homeotropic morphology was noted and vice versa. 

The theoretical considerations with respect to the switching kinetics, such as 

rise time and threshold voltage, were confirmed by the experimental evidence. An 

increasing homeotropic character of the anisotropic network indeed lowers the 

response time and the threshold voltage, whereas the relaxation time increases. 

Nevertheless, polymerisation conditions can be identified that result in only a 

minor increase in relaxation time whereas the threshold voltage and response 

time are positively influenced to a more significant degree. However, the findings 

presented here are based on a two-component model system and the electro-

optical characteristics can be further optimised using for instance systems based 

on liquid crystals with a negative dielectric anisotropy. Certainly, the technique 

presented here justifies further research towards its applicability in commercial 

systems. 

6.6 Experimental Part 

Materials: 

The liquid crystalline monomer used was benzoic acid, 4-[3-[(oxo-2-propenyl)oxy]propoxy]-,2-

methyl-1,4-phenylene ester (C3M) and was synthesised according to literature19. As a liquid 

crystalline solvent, 5CB (4’-pentyl, [1,1-biphenyl]-4-carbonitrile; K15; Merck Darmstadt) was used. 

The photoinitiator was α,α-dimethoxydeoxybenzoin (Irgacure 651; Ciba Specialty Chemicals, 

Basel). The phase diagram of these materials was determined using the techniques described in 

Chapter 3. 

 

Polymerisations: 

Photo-initiated polymerisations of mixtures of C3M and 5CB, containing 1% w/w photoinitiator 

(based on the monomer), were conducted on samples confined between two glass substrates 

(‘cells’). Each glass substrate was coated with a transparent electrical conductor (ITO; indium 

tinoxide) and a polyimide (JSR AL 1051; Tokyo, Japan) planar alignment layer. The cell thickness 

was adjusted by glass spacers and the actual thickness of empty cells was determined by 

interferometry. The cells were subjected to UV-light (Philips PL-S 10 UV-light source) and 

polymerised at room temperature for at least 24 hours. An electrical field was applied using a 

switching device, providing a constant AC current (120.5 V; 1.074 kHz). 
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Morphology Evaluations: 

Morphologies of polymerised cells were assessed visually between crossed polarisers and by using 

scanning electron microscopy (SEM). The procedure for SEM has been described in more detail in 

Section 4.5 and in literature20. 

Differential scanning calorimetry (DSC) was used to determine the percentage of physically bound 

solvent molecules in the anisotropic gels. The technical details have been described in Section 2.5. 

 

Electro-Optical Measurements: 

Birefringence measurements were performed using a Shimadzu UV-3102 PC UV-VIS-NIR 

spectrometer, equipped with an MPC-3100 sample compartment. The sample was oriented in a 

planar cell that was positioned at 45° between two crossed polarisers. The cell was thermostated 

using a Linkam THMS 600 hot-stage. Alternatively, birefringence measurements were carried out 

with a Zeiss MC63 microscope equipped with a quartz rotary compensator and a Linkam 

THMS 600 hot-stage. 

 Transmission characteristics and switching kinetics of the polymerised cells were 

evaluated with a DMS 703 display measuring system from Autronic-Melchers GmbH. The 

required square wave driving voltages (denoted as effective voltage) were amplified through an 

amplifier. The used detector opening was 0.2 mm. The response times and relaxation times were 

taken as the time between 10% and 90% of the initial transmission upon application or removal of 

the voltage. 
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Technology Assessment 

Throughout the last decades, polymer stabilised liquid crystal effects were 

investigated extensively to further optimise liquid crystal devices. Up until now, 

these polymer/liquid crystal composites were made using combinations of low 

molecular weight liquid crystals and either flexible polymers, side-chain liquid 

crystalline polymers, network type structures or dispersed polymeric particles. In 

the first part of this thesis, a novel principle is introduced where the 

polymer/liquid crystal composite consists of a main-chain liquid crystalline 

polymer, dispersed in a low molecular weight liquid crystalline matrix. 

Here, mesogenic thiol-ene monomers are selected to create main-chain 

liquid crystalline polymers. Previously, liquid crystalline thiol-ene monomers with 

high transition temperatures were reported containing a triple phenyl core1. An 

alternative mesogenic thiol-ene monomer with lower transition temperatures was 

also reported, based on a phenyl benzoate core1. Both type of monomers were 

used for bulk polymerisation, whereas it is the objective of this thesis to 

polymerise liquid crystalline monomers at room temperature in liquid crystalline 

solvent/monomer mixtures. 

Two different series of stable thiol-ene homologues are synthesised, based 

either on the phenyl benzoate core or on a biphenyl core, both comprising an 

intrinsic 1:1 thiol-olefin stoechiometry. In the case of the phenyl benzoate based 

monomers, exceptionally low transition temperatures are found, making these 

monomers particularly interesting for the formation of binary mixtures with for 

instance commercially available liquid crystalline cyanobiphenyl solvents. In fact, 

binary phase diagrams are obtained with a homogeneous nematic or smectic A 

phase that can be assessed at ambient temperature over the entire concentration 

composition. Thus, unique reactive liquid crystalline mixtures are obtained with 

the intrinsic ability to form main-chain liquid crystalline polymers. The thiol-ene 

monomers are UV-polymerised with reaction times of 20 minutes to 1 hour, 

which might seem long for technological use. However, only low to moderate 

light intensities are used (e.g. 0.6 mW/cm2) and the reaction time can be 

decreased significantly by using higher intensity UV-light sources. The 

morphology of the composites containing main-chain liquid crystalline polymers 

and liquid crystalline solvents is investigated extensively and it is found that the 

desired fibre-like morphologies are generated simultaneously with more 

disorganised dendritic structures. A variety of chemical routes are explored to 

further optimise the morphology but so far these attempts are unsuccessful which 
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illustrates the need for additional means to control the nano- and microstructure 

such as the use of small amounts of crosslinkers or polymerisation in the 

presence of pre-organised boundary layers. 

The specific interactions between thiols and gold layers are further 

exploited in Chapter 5 of this thesis. Patterned homeotropic and planar anchoring 

of liquid crystals is achieved using self-assembled monolayers on patterned ultra-

thin, transparent gold deposited on rubbed polyimide substrate. This concept is 

potentially useful in so-called π-cells2, where a combination of planar alignment 

within the pixel area and homeotropic alignment outside the pixel area can 

prevent the formation of disturbing defects that reduce the aperture ratio and 

reduce the switching speed. Patterned homeotropic and planar alignment of 

liquid crystals on a transparent gold layer alone is achieved by a proper choice of 

the deposition condition of the deposited gold and by an appropriate choice of the 

thiol ink. This provides the ability to fabricate complex liquid crystal structures 

using simple conventional micro-contact printing techniques. The mechanical 

rubbing of the alignment layers, which often reduces display production yields, is 

avoided. More importantly, the micro-patterning opens the possibility to produce 

displays with a wide viewing angle if the patterned azimuthal and polar alignment 

of liquid crystals can be controlled accurately within an electro-optical cell. 

Alignment layers based on thiol inks in combination with an unsaturated 

photopolymer are also investigated. In this particular case, the reaction between a 

thiol group and a double bond is further exploited to obtain alignment layers with 

a further improved transparency in comparison to gold substrates. In contrast to 

alignment layers on gold substrates, this particular approach enables the stable 

homeotropic anchoring of liquid crystals next to bi-directional planar anchoring 

on a single substrate, which widens the range of potential applications 

significantly. For instance, the typical blue-like discoloration of the gold treated 

substrate is avoided, which makes these orientation layers useful for full-colour 

display applications. The control over the morphology within liquid crystal devices 

can be even further extended by using functionalised self-assembled monolayers, 

for instance as starting point for growing polymer chains or as chemical sensors. 

An additional new tool in the structural control of in-situ formed polymers, 

in ordered liquid crystalline solvents is presented in Chapter 6 of this thesis. 

Here, dynamic electrical fields are used to further tune the morphology of 

polymeric structures in three dimensions. A mesogenic diacrylate based model 

system is used and the polymerisation direction is changed during the 

polymerisation process by the application of an electrical field. The possibility to 

redirect the network orientation is clearly shown and the positive influence on 

switching kinetics, such as rise time and threshold voltage, is demonstrated which 
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opens new possibilities in designing fast displays. Alternatively, other external 

fields can also be used for further device optimisation such as lithographic or 

holographic techniques. Finally, further extension of the dynamic polymerisation 

concept to thiol-ene based systems, once the morphology control is optimised, 

may yield even better defined, three-dimensionally controlled structures with an 

improved order. 

In conclusion, a wealth of new nano- and micro-structuring techniques has 

become available based on the studied principles for self-organisation or 

organisation with enforced external fields or combinations thereof. The accurate 

design of the morphologies on all length scales up to macroscopic dimensions 

opens new possibilities in the design, manufacturing and application of displays. 

 

 
 1. Lub, J., Broer, D.J., Van den Broek, N., “Synthesis and polymerisation of liquid crystals 

containing vinyl and mercapto groups”. Liebigs Ann./Recueil, 2281-2288 (1997). 

 2. Mori, H., Gartland Jr., E.C., Kelly, J.R., Bos, P.J., “Defects in the π cell with striped electrodes”, 
Proc. IDW’98, 77-80 (1998). 





 

Glossary 

 

AFM Atomic force microscopy 
AIBN 2,2-Azobis(isobutyronitrile) 
APT Attached proton test 
CB Cyanobiphenyl 
Colhd Disordered hexagonal columnar phase 
Cr Crystalline 
CrE Crystal E 
CRT Cathode ray tube 
DCC Dicyclohexylcarbodiimide 
DEPT Distortionless enhancement by polarisation transfer 
DMAP Dimethylaminopyridine 
DMSO Dimethylsulfoxide 
DNA Deoxyribonucleic acid 
DSC Differential scanning calorimetry 
E Crystal E phase or electrical (as in E-field) 
EB Electron beam 
FT Fourier transform 
gCOSY Gradient correlated spectroscopy 
HETCOR Heteronuclear correlation 
HPLC High performance liquid chromatography 
I Isotropic 
IMFP Inelastic mean free path 
IR Infrared 
Iso Isotropic 
ITO Indium tinoxide 
LC Liquid crystal or liquid crystalline 
LCD Liquid crystal display 
LCE Liquid crystalline elastomer 
LCP Liquid crystalline polymer 
LED Light emitting diode 
LPP Linear photopolymerised 
MCLCP Main-chain liquid crystalline polymer 
N Nematic 
ND Nematic discotic phase 
NIR Near-infrared 
NMR Nuclear magnetic resonance 
PDLC Polymer dispersed liquid crystal 
PDMS Polydimethylsiloxane 
PI Photoinitiator or polyimide 
POF Polymer optical fibre 
RMS Root-mean-square 
RNA Ribonucleic acid 
SAM Self-assembled monolayer 
SCLCP Side-chain liquid crystalline polymer 
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SEC Size exclusion chromatography 
SEM Scanning electron microscopy 
Sm Smectic 
SmA Smectic A (etc.) 
SmC* Chiral smectic C phase 
STN Super twisted nematic 
ThE Thiol-ene 
THF Tetrahydrofuran 
TLC Thin layer chromatography 
TMS Tetramethylsilane 
TMV Tobacco mosaic virus 
TN Twisted nematic 
TOCO Thiol olefin addition-cooxidation 
UV Ultraviolet 
UV-VIS Ultraviolet-visible 
WAXS Wide-angle X-ray spectroscopy 
XPS X-ray photoelectron spectroscopy 



 

Summary 

In our present-day society, there is an increasing demand for high-information-content 

flat panel displays as an effective man-machine interface. A substantial research effort has 

been devoted to polymer stabilised liquid crystal effects with the objective to further 

optimise liquid crystal devices on switching voltages, switching kinetics and angular 

dependent contrast. Hitherto, these polymer / liquid crystal composites are made of 

combinations of low molecular weight liquid crystals and either flexible polymers, side-

chain liquid crystal polymers, network type structures or dispersed polymer particles. 

Typically, a (liquid crystalline) monomer is dissolved in a liquid crystalline solvent and the 

monomer is polymerised which results in a chemically induced phase separation. As the 

properties of these polymer stabilised liquid crystal systems are determined by their 

morphology, it is desired to develop new methods leading to a better morphology control 

and consequently to an enhanced electro-optical performance. 

In this study, new routes are explored to grow polymeric structures in a liquid 

crystalline environment and to control the resulting morphology by spontaneous and/or 

enforced molecular organisation. It is attempted to control the morphology on a 

micrometer and nanometer level in order to obtain electro-optical and photonic devices 

with special features, e.g. fast nematic switches, stabilised ferroelectric displays or 

switchable gratings. 

The main emphasis of our research programme is placed on main-chain liquid 

crystalline polymers, in-situ polymerised in a liquid crystalline solvent, in contrast to the 

side-chain liquid crystalline polymers and network structures that are conventionally 

used. In this way, linear polymeric structures are grown in a liquid crystalline matrix, 

resulting in a higher macroscopic order parameter leading to improved (electro-)optical 

properties. 

Several liquid crystalline thiol-ene monomers are synthesised and their miscibility 

with anisotropic solvents is investigated. Variation of the spacer length of the various 

mesogenic monomers provides a versatile tool to tailor different types of mesophases, 

ranging from low ordered nematic to highly ordered smectic phases. Upon mixing with 

anisotropic solvents, unique reactive liquid crystalline mixtures are obtained at room 

temperature. UV-polymerisations are carried out both in isotropic and anisotropic 

solvents and the reaction rate is readily monitored, showing the typical step-growth 

molecular weight distribution. During the UV-polymerisation of the initially 

homogeneous mixture phase separation occurs. The onset of phase separation and 

consequently the resulting morphology will depend on several factors, such as the 

conversion of the monomer, crystallisation phenomena and viscosity of the medium. By 
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fine-tuning these parameters, a range of morphologies can be obtained, such as 

intriguing thread-like architectures and uncontrolled, cauliflower-like structures. Several 

approaches to eliminate the latter structures in favour of the thread-like structures are 

presented or suggested, such as the modification of the polymerisation kinetics, the 

adaptation of the chemical structure of the monomer used and the use of crosslinkers. 

The successfully obtained linear, thread-like architectures stimulate further research 

towards the optimisation of the morphology control during the in-situ polymerisation of 

liquid crystalline thiol-ene monomers. 

In a second research objective, morphology control is extended to self-assembled 

monolayers of the synthesised thiol-ene materials on ultra-thin gold films. It is shown 

that the anchoring of liquid crystals can be controlled by a proper choice of the gold 

deposition conditions and the type of molecules used for the construction of the self-

assembled monolayers. Moreover, a novel concept was introduced where photoalignment 

materials are combined with self-assembled monolayers, covalently linked to the non-

reacted vinyl groups of the photoalignment material. Thus, it is possible to induce stable 

patterned homeotropic and planar orientations with controlled direction in liquid 

crystalline displays, providing a simple and versatile technique for fabrication of complex 

liquid crystal structures and the enhancement of the optical properties of these displays. 

The concept of morphology control of in-situ formed polymers, enforced by liquid 

crystalline order, is further extended into three dimensions in Chapter 6 of this thesis. 

Initially, a model system based on a mesogenic diacrylate is used and the polymerisation 

direction is changed during the polymerisation process by the application of an electrical 

field. The possibility to redirect the network orientation is clearly shown and the positive 

influence on switching kinetics, such as rise time and threshold voltage, is demonstrated. 

Although the used model system shows the validity of the concept, further optimisation is 

required to implement the concept in commercial systems. Suggestions are given, such 

as increasing the cell-gap to improve the contrast ratio, the use of commercially available 

liquid crystal mixtures instead of a single cyanobiphenyl and the use of materials with a 

negative dielectric anisotropy. 

In conclusion, the investigated spontaneous and/or enforced self-organisation 

principles have produced a broad range of new nano- and micro-structuring techniques. 

The accurate design of the morphologies on all length scales up to macroscopic 

dimensions opens new possibilities in the design, manufacturing and application of 

displays.



 

Samenvatting 

In de huidige maatschappij bestaat een toenemende vraag naar platte beeldschermen met 
een hoge informatiedichtheid en toenemende functionaliteit om als effectieve schakel 
tussen mens en machine te dienen. Een aanzienlijke hoeveelheid onderzoek is verricht  
aan polymeer-gestabiliseerde vloeibaar-kristal effecten teneinde op vloeibaar kristal 
gebaseerde devices verder te optimaliseren met betrekking tot bijvoorbeeld 
schakelvoltages, schakelkinetiek en kijkhoekafhankelijkheid. De huidige status is dat deze 
polymeer / vloeibaar kristal composieten altijd worden gefabriceerd uit combinaties van 
laag molekulaire vloeibaar kristallen en flexibele polymeren, zijketen vloeibaar-kristallijne 
polymeren, polymere netwerk structuren of gedispergeerde polymere deeltjes. 
Gewoonlijk wordt hiervoor een (vloeibaar-kristallijn) monomeer opgelost in een vloeibaar-
kristallijn oplosmiddel om vervolgens gepolymeriseerd te worden hetgeen leidt tot een 
chemisch geïnduceerde fasescheiding. Aangezien de eigenschappen van deze polymeer-
gestabiliseerde vloeibaar-kristal systemen door hun morfologie bepaald worden, zijn 
nieuwe methoden gewenst om deze morfologie beter te kunnen controleren om zo 
verbeterde electro-optische eigenschappen te verkrijgen. 

In het hier beschreven onderzoek worden nieuwe routes onderzocht om polymere 
structuren te genereren in een vloeibaar-kristallijne omgeving. Hierbij wordt de 
uiteindelijke structuur bepaald door de moleculaire organisatie. Er wordt getracht deze 
structuur tot op micrometer en nanometer grootte te controleren teneinde nieuwe electro-
optische en nieuwe photonische systemen te genereren zoals snelle schakelaars 
gebaseerd op nematische materialen, gestabiliseerde ferroelectrische displays en 
schakelbare tralies. 

De nadruk binnen het hier beschreven onderzoek ligt op hoofdketen vloeibaar-
kristallijne polymeren, waarbij deze polymeren in-situ worden gepolymeriseerd in een 
vloeibaar-kristallijn oplosmiddel. Hierbij moet het mogelijk zijn om lineaire polymere 
structuren te genereren in deze vloeibaar-kristallijne omgeving, hetgeen leidt tot een 
hogere macroscopische orde parameter en tot verbeterde en beter gedefinieerde 
(electro-)optische eigenschappen. 

Om dit te realiseren zijn meerdere vloeibaar-kristallijne thiol-een monomeren 
gesynthetiseerd en is het menggedrag van deze monomeren met anisotrope 
oplosmiddelen bestudeerd. Door de spacer-lengte van de mesogene monomeren te 
variëren kunnen verschillende mesofasen verkregen worden, variërend van laag 
geordende nematische tot hoog geordende smectische fasen. Na menging van deze 
materialen met anisotrope oplosmiddelen worden unieke reactieve vloeibaar-kristallijne 
mengsels verkregen die hun mesogeen gedrag vertonen bij kamertemperatuur. UV-
geïnitieerde polymerisaties werden uitgevoerd in zowel isotrope als in anisotrope 
oplosmiddelen en de reaktiesnelheid werd onderzocht. De gemeten molekuulgewichts-
verdelingen zijn kenmerkend voor een additie-polymerisatie. Tijdens de UV-
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polymerisatie van het, initieel homogene, mengsel treedt fasescheiding op. Het tijdstip 
waarop deze fasescheiding optreedt en derhalve ook de invloed hiervan op de 
resulterende morfologie hangt van vele factoren af, zoals monomeer conversie, 
kristallisatie verschijnselen en viscositeit van het medium. Door het juiste afstemmen van 
deze factoren kunnen uiteenlopende morfologieën verkregen worden, variërend van 
intrigerende draadvormige structuren tot ongecontroleerde, ‘bloemkool’-achtige 
structuren. Om van deze laatste, ongewenste structuren af te geraken ten faveure van de 
lineaire structuren, zijn verschillende benaderingen gebruikt, zoals de modificatie van de 
polymerisatiekinetiek, het aanpassen van de chemische structuur van de gebruikte 
monomeren en het gebruik van vernettende monomeren. De succesvol verkregen lineaire 
structuren rechtvaardigen verder onderzoek naar de verdere optimalisering van de 
morfologiecontrole tijdens de in-situ polymerisatie van vloeibaar-kristallijne thiol-een 
monomeren. 

In een tweede, in dit proefschrift beschreven deelonderzoek wordt 
morfologiecontrole verder uitgebreid naar zogenaamde zelf-organiserende monolagen, 
aangebracht op uiterst dunne goud films. Aangetoond is dat oriëntatie van vloeibare-
kristallen kan worden ingesteld door de depositiecondities van het goud en door de 
moleculaire structuur van de monolaag. Daarnaast is een nieuw concept ontwikkeld 
waarbij foto-oriëntatielagen worden gecombineerd met zelf-organiserende monolagen 
door de monolagen covalent te binden aan de nog niet gereageerde vinyl-groepen van de 
foto-oriëntatielaag. Hierdoor is het nu mogelijk om stabiele, gepatroneerde homeotrope 
en planaire oriëntaties te induceren hetgeen een eenvoudige en veelzijdige techniek voor 
de fabricage van complexe vloeibaar-kristal structuren verschaft met daaraan gekoppeld 
een verbetering van de optische eigenschappen van deze displays. 

Het concept om te trachten de morfologie van in-situ gevormde polymeren, 
opgelegd door de vloeibaar-kristallijne omgeving, in te stellen is verder uitgebouwd naar 
drie dimensies in hoofdstuk zes van dit proefschrift. Er wordt een op een mesogeen 
diacrylaat gebaseerd model systeem gebruikt waarbij de polymerisatierichting tijdens het 
polymerisatieproces wordt veranderd door het aanbrengen van een elektrisch veld. De 
mogelijkheid om de polymerisatierichting tijdens de polymerisatie te beïnvloeden werd 
aangetoond en de positieve uitwerking hiervan op de schakelkinetiek (responstijd, 
drempelspanning) is gedemonstreerd. Hoewel het gebruikte modelsysteem de werking 
van het basisconcept aantoont, is verdere optimalisatie nodig voor toepassing in 
commerciële systemen. Aanbevelingen hiervoor worden in dit proefschrift gedaan, zoals 
het vergroten van de gebruikte celdikte om de contrast ratio te vergroten, het gebruik van 
complexere, veelal commercieel verkrijgbaar, vloeibaar-kristal mengsels en het gebruik 
van vloeibare kristallen met een negatieve dielectrische anisotropie. 

De onderzochte zelf-organisatie principes hebben een breed scala aan nieuwe nano- 
en micro-structureringstechnieken opgeleverd. Het nauwkeurig kunnen instellen van 
morfologieën tot op macroscopisch niveau opent nieuwe mogelijkheden voor de 
ontwikkeling, fabricage en toepassing van displays. 
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Stellingen 

behorende bij het proefschrift 

Liquid Crystalline Driven Morphology Control of In-Situ Formed 
Polymers 

van 

J.T.A. Wilderbeek 

1. Thiol-een monomeren, gebaseerd op een phenylbenzoaat structuur, 
zijn uitstekend geschikt om met anisotrope oplosmiddelen, homogene, 
reactieve vloeibaar-kristallijne mengsels te vormen waarbij het 
mesogene gedrag van het mengsel bij kamertemperatuur vertoond 
wordt. 

 Dit proefschrift, hoofdstuk 2 & 3. 

2. Door ‘self-assembled monolayers’ covalent te binden aan foto-
oriëntatielagen is het eenvoudig mogelijk om stabiele, gepatroneerde, 
homeotrope en bi-directionele planaire oriëntaties te induceren in 
vloeibaar-kristal displays. 

 Dit proefschrift, hoofdstuk 5. 

3. Door wisselende elektrische velden te gebruiken tijdens het 
polymerisatieproces, is het mogelijk om de morfologie van in-situ 
gevormde polymere netwerken in een vloeibaar-kristallijne matrix in 
drie dimensies te controleren. 

 Dit proefschrift, hoofdstuk 6. 

4. Goud alleen maakt niet gelukkig. 

 Dit proefschrift, hoofdstuk 5. 



 

 

5. De verwachting dat oorlogen in de toekomst steeds meer digitaal 
zullen worden beslecht pleit voor het vervangen van het Ministerie van 
Defensie door een Ministerie voor Informatie- en Communicatie-
technologie. 

6. Het is een misverstand dat met het afschaffen van de wachtgeld 
regeling voor AIO-4’s daarmee ook de wachttijd voor het krijgen van 
geld is afgeschaft. 

7. Naast “apartheid” is “kijken kijken niet kopen” een van de meest 
verspreide en wereldwijd begrepen begrippen uit de Nederlandse taal. 

 Reiservaringen H. Wilderbeek 

8. De tendens dat multinationals hun activiteiten steeds meer 
terugbrengen tot hun ‘core business’ zou ook sommige Betaald 
Voetbal Organisaties niet misstaan. 

9. Elk zichzelf respecterend laboratorium hoort een doos constructie-
speelgoed te hebben staan. 

10. “Wer nur die Chemie versteht, versteht auch die nicht richtig” 

 Georg Christoph Lichtenberg (1742-1799), Universität Göttingen 
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