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Figure 1: Liquid crystals: Smart and beautiful.
An image of liquid crystal cells and samples under cross polarisers.

Figure 2: Thermotropic liquid crystal phases.
This picture took me too long to make... I’m not leaving it out....
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ABSTRACT

This thesis presents a theoretical and experiment investigation into the optical properties of gold
nanoparticle liquid crystal composites. The experimental work can be divided into four sections;
the synthesis of the nanoparticles, the creation of the gold nanoparticle liquid crystal composites
and the investigation into their electro-optical properties and the nonlinear properties of hybrid
photoconductive cells.

A large variety of gold nanoparticles were chemically synthesised with varying size distributions
and functionalized. The samples functionalized with chemicals containing aromatic chemical
groups were observed to aggregate. The optical properties of these aggregates were investigated
by measuring their absorption and scattering efficiencies. The samples displayed a decrease in
their molar absorption coefficient from 10 cm−1µM−1 to 4.61 cm−1µM−1 and an increase in
the molar scattering coefficient by several orders of magnitude. Gold nanoparticles were also
synthesised directly in the liquid crystal host by sputter doping. In this case it was found that
the size of these particles could be increased by heating the host liquid crystal above the clearing
temperature of the liquid crystal.

The synthesised nanoparticles as well as samples from other groups were used to produce gold
nanoparticles liquid crystal composites. With the exception of one sample functionalized with
mesogenic compounds all of the samples displayed a solubility lower that the samples synthesised
by sputtering indicating that, unless carefully selected, the thiol surfactants were detrimental to
the solubility of the nanoparticles in a liquid crystal.

Four samples, a pure liquid crystal and three doped with low concentrations (0.01% by weight)
of gold nanoparticles were used to fill hybrid photoconductive cells. Two of the samples, made
from comparatively larger, less soluble, nanoparticles displayed a a dramatic increase in the
nonlinearity of over an order of magnitude in comparison to the undoped liquid crystal. While
previous work has illustrated that ferro-electric nanoparticles can lead to a similar increase in
the nonlinearities, however these can be attributed to increases in the display parameters of the
host liquid crystal. A electro-optic characteristics of the gold nanoparticle samples showed no
such increase. The two samples which displayed an increase in the nonlinearity also displayed
a substantial increase in the conductivity, and consistently it was concluded that this was the
cause of the increase in the nonlinearity.

The theoretical section of the thesis models thermal nonlinearities which could be observed in
high concentration liquid crystal gold nanoparticle composites. By considering the attenuation of
the pump and probe beams throughout the cell and the effect that this has on the thermal profile
within the cell an excellent agreement with experimental data was achieved. The model further
predicted that due to this attenuation there exists an optimum concentration of absorbents. The
model was further extended to consider the effect of a magnetic field induced reorientation of the
liquid crystal. This adaptation accounted for the thermal change in the diamagnetic anisotropy
and elastic constants as well as the change in the thermal refractive index grating and absorption
of the nanoparticles due to the reorientation of the liquid crystal. The reorientation caused a
decrease in the magnitude of the refractive index grating from 9×10−5 cm2W−1 to zero by the
application of a magnetic field of the order of 0.01 Tesla. If the field was further increased the
medium would switch from a self-defocusing to a self-focusing regime.
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Chapter 1

Introduction

1.1 Liquid crystals

Liquid crystals are a unique breed of material: they posses the ability to self-organise on a

molecular scale whilst remaining in a fluid state1. This self organisation can be simple, as in

the nematic phase where the rod like molecules point in a common direction, or more complex,

such as the cholestric blue phase where sub-micron cubic lattices are formed. The degree of self

organisation can be controlled in different ways depending on the nature of the liquid crystal. In

thermotropic liquid crystals the phases are dependent on the temperature (figure 1.2) whereas in

lyotropic liquid crystal the phases are dependent on the relative concentrations of the mesogenic

ligand and the solvent (figure 1.1) and can be weakly controlled by temperature1–5.

Their self organisation causes liquid crystals to display many interesting electrical, optical and

mechanical properties. For instance, the directional order of a nematic liquid crystal causes this

phase to display birefringence and dielectric anisotropy, whilst the helical nature of cholesteric

and blue phase liquid crystals cause them to naturally form Bragg reflection gratings. Due to

the anisotropy of the liquid crystal molecules they display dielectric anisotropy. This coupled

with their fluidity allows them to be reorientated by an electric field and consequently allows

their optical properties to be easily controlled. This has led to them being used in a vast range

of electo-optical devices including liquid crystal displays1–5.

In 1888 Friedrich Reinitzer, an Austrian botanist, discovered a cholesterol derivative, cholesteryl

benzoate, which curiously displayed two melting points; it would first melt from a crystal into

a cloudy fluid and then again into a clear liquid3,6. Reinitzer sent a sample of this cholesterol

1
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Figure 1.1: The phases of lyotropic liquid crystal and their dependence on ligand
concentration1,4.

Figure 1.2: The phases of a nematic thermotropic liquid crystal and their de-
pendence on temperature1,4.

derivative to the physicist Otto Lehmann, who showed that this cloudy liquid selectively re-

flected circularly polarised light and rotated linearly polarised light3,7. As these phenomena had

previously only been observed in crystals, this led to this unique phase of matter being named

liquid crystals8. In later years Georges Friedel classified three distinct liquid crystal phases as

shown in figure 1.34,9. These are; the nematic phase, where the mesogens have no positional

order but orientation order causing the molecules to align in a common direction; the smectic

phase, which is similar to the nematic in that the molecules point in a general direction but

which also form distinct layers; and finally the cholesteric phase where the mesogens are rotated

relative to their neighbours forming helical structures.

The ability to control the optical properties of these phases was discovered by Charles Mauguin,

who showed that the orientation of the bulk liquid crystal, and consequently the observed re-

fractive index, could be controlled by the application of a magnetic field10 5. This was expanded

upon by Vsevolod Konstantinovich Frederiks in 1927 who showed that liquid crystals will only

begin to respond to an applied field once a characteristic threshold had been pasted. This point
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is named the Freédericksz transition after Vsevolod and has laid the foundation for liquid crystal

based optical devices11.

The theoretical description of liquid crystals arose in the 1950s when Frederick Charles Frank

developed his continuum theory of liquid crystals3,12. This was based upon Carl Oseen’s work

on their elastic properties and proposed the use of three elastic constants, each related to a

potential deformation of the liquid crystal as represented in figure 1.43,13. The model was

successful in describing the properties of stationary liquid crystal systems but not temporal

variation. Wilhelm Mayer and Alfred Saupe then proposed a theory which was able to describe

the molecular interactions of liquid crystals without the use of dipoles which had previously been

necessary3,14. Later in 1971 Pierre Gilles De-Gennes proposed an intermediate theory based on

the phase work of Lev Landau. The Laudau De-Gennes theory was able to describe many

inherent properties of liquid crystals including birefringence and phase transitions. De-Gennes’

work on complex phases of matter such as liquid crystals was successful enough to warrant a

Nobel prize in physics which he was awarded in 19912,4.

Figure 1.3: Thermotropic liquid crystal phases identified by Georges Friedel4,9.

Figure 1.4: The three principle deformations possible in a liquid crystal3,13.
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Experimental research into liquid crystals remained slow until 1957 when Glenn Brown’s review

article on the liquid crystal state sparked renewed interest, Glenn Brown would later go on to

found the liquid crystal institute at Kent State University4,15,16. Experimental work continued

with a new aim towards applications and in 1962, the first concept of a liquid crystal display was

born at the radio corporation of America. Richard Williams placed a sample of liquid crystal

in a cell consisting of two glass slides coated with a transparent electrode (ITO). When the

liquid crystal was reorientated by a voltage, applied via the electrodes, bright domains could

be observed between cross polarisers. These domains would disappear when the voltage was

removed and Williams postulated that this phenomenon could be used to replace Cathode Ray

Tubes as the prominent display technology17. Due to the high operating temperatures of liquid

crystals however, this application remained infeasible until 1966.

In the same year Joel E. Goldmacher and Joseph A. Castellano showed that mixtures of liquid

crystals with different terminal carbon chains lengths could be used to lower the crystal melting

point4,18. This is because the multiple molecules greatly increase the order required to form a

crystal lattice but not the order in the liquid crystalline phases19. This effect could be used to

sufficiently increase the range of operating temperatures, making optical devices a possibility.

These room temperature nematic mixtures enabled the first practical liquid crystal display to be

made by George H. Heilmeier in 196820. Further, the synthesis of room temperature nematics

MBBA and 5CB (figure 1.5) by Hans Kelker and George Gray lead to the commercialization of

liquid crystal displays and the development of digital watches and pocket calculators1,4,21,22. Fi-

nally in 1988, 100 years after their first discovery Sharp revealed the first full motion LCD display

and even today, over a quarter of a century later LCDs still dominate the display market4,22.

Figure 1.5: Chemical structure of the liquid crystals 5CB and MBBA, the light
blue ellipsis will be used to represent liquid crystal mesogens thoughout this
thesis.1,3,21.

The optical, electrical, magnetic and physical properties of liquid crystals have been enhanced and

additional functionality added by functionalizing the liquid crystal with dopants or by making

hybridised liquid crystal systems. In the next section we will introduce and discuss these systems

which form the main basis of this thesis.
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1.2 Functionalized liquid crystals and hybrid liquid crystal

systems

Functionalized systems refer to liquid crystals which have been doped with chemicals such as

dyes or, particulates such as ferroelectric nanoparticles. Hybrid liquid crystal systems refer to

devices where additional functionality has been added by the use of active alignment layers such

as azobenzene polymers.

1.2.1 Active alignment layers

Active alignment layers can be subcategorised into two groups; the first consists of alignment

layers which can be used control the electrical or physical properties within the cell, such as

the electric field. The second consists of alignment layers that are used to actively adjust the

alignment properties at the liquid crystal interface22–26.

The first group mainly consists of photorefractive or photoconductive materials where an electric

field within the cell can be created or controlled by the intensity of an incident optical field. In

photorefractive systems the photorefractive material replaces the ITO-glass windows of the liquid

crystal cell. The optical field creates a space charge field in the photorefractive crystal which

permeates into the liquid crystal. The aim of this is to enhance the photorefractive properties

of the material by using the electro-optical properties of liquid crystals24.

Photoconductive alignment layers however are instead used to modulate the voltage field applied

to the cell27. This is due to the principle that the conductivity of the polymer increases with

the intensity of the incident light. This controls the voltage that is dropped across the liquid

crystal and consequently the reorientation of the molecules. These systems have a broad range of

applications as optical attenuators, optically addressed spacial light modulators, coherent light

amplifiers and optically controlled light valves23,28. These systems will be discussed in more

depth in section 1.5 of this chapter.

The second group mainly consists of azobenzene polymers which that have two quasi-stable

chemical states called cis and trans-isomers22,26. These two isomers can be switched between

by a photon as illustrated in figure 1.6. For the trans isomer the liquid crystal will be aligned

perpendicular to the surface while for the cis isomer the liquid crystal will be aligned parallel.

Therefore the optical switching between the cis and trans isomers can be used to optically control

the alignment of the liquid crystal at the polymer interface as shown in figure 1.7.
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Figure 1.6: The effect of light and heat on the chemical structure of an azoben-
zine functional group22,26.

Figure 1.7: Schematic representation of the effect of the reorentation of a
azobenzene alignment layer of the liquid crystsal alignment22,26.

1.2.2 Functionalized Liquid crystals

There are many different dopants which can be used to enhance liquid crystals, including mi-

croparticles, nanoparticles, dyes, polymers and even other liquid crystals29–31,31–35. Arguably,

the first example of liquid crystals being doped in order to improve their properties was by

Goldmacher and Castellano in 1966. They showed that the temperature range of nematic liquid

crystals could be dramatically increased by adding molecularly similar mesogens18. This works

as the entropy of the crystalline phase is greatly increased by the addition of additional molecules

while there is only a marginal change in the entropy of the nematic phase and consequently much

lower energies are needed to cause the transition between the crystalline and nematic states19.

This process is so successful that pure liquid crystals are practically unused in industry. Nematic
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liquid crystals can also be doped with asymmetric mesogens to induce chirality; figure 1.8 shows

the molecular structure of the chiral dopant CB15 in comparison to the liquid crystal 5CB19.

The concentration of the chiral dopant will control the pitch of the resultant chiral nematic

mixture. If a sufficiently high concentration is used, which can be as high as 50% by number, a

blue phase can be induced36. A blue phase is so called because it was first observed as a cloudy

blue phase in the transition between the chiral nematic and isotropic phases4,6. This blue colour

is caused by the short pitch of the double twist helix shown in figure 1.9. For common blue

phase mixtures the pitch p is around 200 nm, which leads to selective reflection of light with

a wavelength of 400 nm. These double twist cylinders are also defect points with a high free

energy and as the blue phase is stabilised by these double twist defects it is sometimes referred

to as a defect phase1,19.

Figure 1.8: Chemical formula of the chiral dopantdopant CB15 and the liquid
crystal 5CB .

Figure 1.9: Schematic representation of a blue phase liquid crytsal, including
the double twist helixies. p denotes the pitch of the double twist helix.1,19.

Cholesteric liquid crystals have been doped with organic dyes in order to create liquid crystal

lasers. This was first predicted by Kukhtarev in 1978 and then experimentally verified two years

later by Ilchishin et al 37,38. This process works as the periodicity of the cholesteric liquid crystal
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forms a Bragg reflection grating which induces distributed feedback lasing39. Recently Harry

Coles’ group at Cambridge has used this effect to fabricate 3D printable liquid crystal lasers

with an aim to pioneer anti-counterfeit stamps40,41. These fluorescent dyes have also been used

to locally image the liquid crystal director using a confocal microscopy technique developed by

Oleg Laventovich at Kent state University42. The absorption properties of dyes can also be used

for display applications. In fact the very first functional liquid crystal display demonstrated by

Heilmeier used in host dyes to give the colouring20. This system works by using the reorientation

of the liquid crystal to rotate the dye molecules. When the dye is parallel to the polarisation

of light there is absorption and consequently coloured light is transmitted, however when the

dye is perpendicular to the polarisation of light very little absorption occurs and mostly white

light is transmitted. This absorption effect has also been used to induce photorefraction in liquid

crystals which will be discussed later in section 1.5.

Polymers have probably found the largest application of all liquid crystal dopants with poly-

mer dispersed liquid crystal (PDLC) systems having broad applications as switchable “smart”

windows32. PDLC windows work by having droplets of liquid crystal dispersed within a poly-

mer matrix. The liquid crystal and polymer are carefully chosen so that the ordinary refractive

index of the liquid crystal is matched with the polymer. Naturally the liquid crystal droplets

are randomly aligned and consequently there is a mismatch in the refractive indices which leads

to a strong scattering effect. When an electric field is applied however, the droplets reorientate

so that refractive indices are matched, eliminating the scattering effect and making the win-

dow transparent32. While PDLC windows require polymer concentrations of around 30-40 %

by weight, polymer networks have been formed in suspensions with concentrations of less than

10 %. These polymer networks have been shown to exhibit anisotropic light scattering in nematic

liquid crystals, and to massively increase the stability of the blue phases by displacing the liquid

crystal from in between the double twist cylinders34,35,43,44.

The stability of the liquid crystal blue phase has also been increased by the addition of nanopar-

ticles. This has been done with gold nanospheres45–48, gold nanorods49, anisotropic MoS2

nanoparticles50 CdSe nanoparticles51 and ZnS nanoparticles52. Theoretically, any inert nanopar-

ticles is able to stabilise a blue phase. This is because the particles aggregate displacing the liquid

crystal from in between the double twist cylinders which acts to stabilise the phase. As these

defects stress the liquid crystal this action acts to lower the free energy stabilising the system35.

This process of nanoparticles aggregating to minimise the free energy of the system is both a

boon and bane to colloidal research. It makes creating uniform stable dispersions of nanoparticles

in liquid crystals challenging, with many nanoparticles requiring complex surfactants to remain
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stable. However, it enables exciting self-organisational effects. For instance, gold nanospheres

have been shown to spontaneously form linear arrays in nematic liquid crystals and large 3D

plasmonic crystals have been formed in a LC host using optical tweezers53,54. These structures

are stabilised by defects lines which bind the particles together and can be removed by heating

the liquid crystal into the isotropic phase. Aggregates of Aerosol nanoparticles have been shown

to display a scattering effect like PDLC windows. Defects form around the aggregates scatter

light, this scattering can be reduced by the application of an electric field which re-arranges the

particles minimising the defects and consequently the scattering.33,55,56

The first potential application of nanoparticle liquid crystal suspensions was proposed by Brochard

and de Gennes, where they predicted that the addition of ferromagnetic nanoparticles could

increase the sensitivity of the host liquid crystal to magnetic fields57. This required low concen-

trations of nanometer sized particles as either high concentrations or large particles would cause

defects which would disrupt the liquid crystal director and subsequently hinder its response to

an applied field. This work was expanded upon by Burylov and Raikher to include interactions

at the surface of the particles and predicted that the doped liquid crystal should respond to

fields as low as tens of Gauss58 . While theoretical work continued it was not until 1983 when

experiments by Chen and Amer showed that the addition of ferromagnetic particles increased

the sensitivity of the liquid crystal to a magnetic field59. They noted however that there was

significant aggregation in the suspension and as they published no more than initial results, it is

possible that they never managed achieve a stable suspension. More recently stable suspensions

of ferromagnetic nanospheres and nanorods have however been reported, and these suspensions

have shown increased sensitivity to a magnetic field60,61. It has been shown that the coupling

can be enhanced by improving the solubility of the particle via surface functionalization or by

using anisotropic particles61,62. Podoliak has recently extended Brochard and de Gennes model

to include nematic diamagnetism allowing ferronematic suspensions to be modelled above the

Freédericksz threshold, and moreover her work shows that this nematic effect dominates the

magnetic response of the suspension63.

A stable suspension of ferro-electric nanoparticles in a liquid crystal was first reported in 2004

by Reznikov and Buchnev at Kiev University64. They dissolved 0.3 % by volume of sub 200 nm

Sn2P2S6 nanoparticles in the nematic phase of 5CB and ZLI 4810. These suspensions were stable

for over 6 months and showed a factor of 2 decrease in the Freédericksz threshold. They also

noted that at 66oC there was a dramatic decrease in the Freédericksz threshold coinciding with

the Curie temperature of the nanoparticles. Buchnev et al later extended on this work showing

that the suspension displayed an increase in both dielectric constants and an overall increase in
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the dielectric anisotropy near the Curie temperature of the nanoparticles, the suspension also

showed an increase in the nematic temperature range by 4o 65,66. Ferroelectric nanoparticles have

also been used to improve the photorefractive properties of hybrid liquid crystal systems24,67.

Recently gold nanoparticles have also been investigated as possible dopants for liquid crystals

due to their potential to form a tunable self organising three dimensional metamaterial in the

optical and infa-red spectra68,69.

1.3 Gold nanoparticles

Gold nanoparticles (GNP) are of particular interest due to their plasmon resonances which

occurs in the optical spectrum70,71. A plasmon resonance relates to the in phase oscillation

of the conduction electrons in a metal induced by an electromagnetic field. Plasmons can be

split into two sub-classes; surface plasmons which occur at boundary between two materials

and bulk plasmons which occur within metals. Localised surface plasmons are a subclass of

surface plasmons specific to nanoparticles. In this case the plasma oscillation is bounded by the

physical dimensions of the particle hence localised surface plasmon, illustrated in figure 1.1072.

The nature of these localised surface plasmons (LSP) leads to large absorption and scattering

resonances which are dependent on the size and shape of the nanoparticles as well as the dielectric

properties of surrounding material72–77.

The first rigorous study of colloidal gold was performed by Michael Faraday in the 1850s78. In

1857 he presented his work to the Royal Society where he postulated that the distinct red colour

of the solution was caused by the small size of the gold. He also showed that the addition of

salts would cause the colloid to undergo a colour change from red to blue and that this process

could be prevented if organic materials were added prior to the salt. These processes are now

understood as aggregation and functionalization respectively79,80. However Faraday was not the

first to use gold nanoparticles. In fact gold was used as the as early as the forth century to create

red stained glass81. While the reason for this was not known at the time it is now understood

that this red colour was caused by the formation of nanoparticles within the glass.

Gold nanoparticles are commonly synthesised by chemical means which originally required mix-

ing solutions of gold salts and surfactants in a solution of acid just below its boiling point82.

However, in 1994 Mathias Brust and David Schiffrin published their revolutionary paper on a

simple room temperature method for the synthesis of small gold nanoparticles80. The process

involves the use of micelles inside which the nanoparticles form. By carefully selecting the type
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Figure 1.10: Schematic representation of a localised plasmon oscillation.

of chemical used to form the micelles, this method has been modified to synthesise a vast range of

different metal and semiconductor nanospheres and gold nanostars83,84. Also by using a higher

concentration of specific ligands, anisotropic micelles can be formed, which can be used to syn-

thesize nanorods and nano-wires of varying volume and aspect ratio85,86. Gold nanoparticles can

also be synthesised by sputter deposition or laser ablation methods, although the nanoparticles

produced by these processes usually have a much poorer size and shape distribution87. The small

gold nanoparticles synthesised by the Brust method can be used as the seeds to create larger gold

nanoparticles or complex multi-levelled particles84,88–90 . Finally the functionalization of these

nanoparticles can be easily customised after synthesis by adding thiol terminated molecules, a

process which allows the particles to be tailored to suit a particular solvent and has even been

used to control their self organisation80,91.

The plasmon resonances of small nanoparticles can be accurately modelled by approximating

that the scattered electric field as dipolar72. For larger nanoparticles however this approximation

fails, with the deviation from experimental results increasing with the size of the nanoparticles.

This is because the relative strengths of the higher order oscillations such as the quadrupolar

and octopolar fields increases for larger nanoparticles; consequently a full multi-polar expansion

of the scattered fields is required. This was first done by Mie, who in 1908 published his work

entitled “Beiträge zur optik trüber medien, speziell kolloidaler metallösungen” (Contributions

to the optics of turbid media, especially colloidal metal solutions)72,92. This work was then

expanded to elliptical spheroids by Ganz in 191272,93.

While Mie’s solutions were later shown to accurately reproduce experimental data, Ganz’s ellip-

tical solutions were shown to deviate from experiments. By using the discreet dipole approxima-

tion (DDA) this deviation was shown to most likely be caused by shape of nanorods. Prescott
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and Mulvaney showed that the extinction spectrum of gold nanorods can most accurately be

reproduced by assuming that the rods are cylindrical rather than prolate spheroids or capped

cylinders94. This is interesting because it contradicts conventional intuition; one would assume

that the nanorods would behave like either prolate spheroids due to the shape of the micelles

they are formed in or, capped cylinders, as transmission electron microscopy (TEM) and scan-

ning electron microscopy (SEM) images of nanorods most resemble this shape. Because of this,

complicated nanoparticles such as nanostars are modelled using numerical processes like DDA

or finite difference time domain (FDTD) methods95,96.

Gold nanoparticles have a vast range of potential applications: for example the ease of their

functionalization has led to gold nanoparticles being investigated for biomedical applications.

The gold can be functionalized in order to penetrate skin layers and the penetration tracked by

the plasmon scattering. This ability to selectively penetrate skin layers is interesting for drug

delivery as it allows drugs to be delivered directly to the cells97–99. It is also interesting as a

potential cancer treatment, where the gold nanoparticles penetrate the cancerous tissue and are

then illuminated at their plasmon resonance. This illumination heats the nanoparticles and the

surrounding tissue eventually destroying the cancerous cells100. Another biomedical application

of gold nanoparticles is DNA- biosensing. This is when two gold nanoparticles are funtionalized

with complementary DNA strands. When they meet, the strands bind creating a nanoparticles

dimer. The dimer is then introduced into a cell, when it meets a strand of complementary

DNA the dimer separates into individual nanoparticles again. As the extinction spectrum of a

nanoparticle dimer differs greatly from the individual nanoparticles this gives a clear indication

of the presence of the specific DNA strand101.

The versatile functionalization of gold nanoparticles also lends them to bottom-up metamaterial

fabrication. In contrast to top-down metamaterial fabrication where the metamolecules are

milled out by lithography102, bottom-up fabrication relates to the creation of metamolecules by

the self-organisation of nano-particles. For example colloidal suspensions of gold nanoparticles

can be spin-coated onto moulds. The solvent can then be evaporated causing the nanoparticles

to self-organise into a close packed crystal lattice and the resulting structure can then be printed

onto a substrate, leaving the metamaterial. It has been shown the self-organisation of gold

nanorods can be improved by functionalizing them with aromatic compounds103. Samples have

been shown to form distinct layers similar to the smectic liquid crystal phase. Hegmann et al

also showed that by functionalizing gold nanorods with liquid crystalline molecules they form a

pseudo nematic phase with the orientation of the nanoparticles being controllable by a magnetic
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field. This thesis will primarily investigate the effect that gold nanoparticles have on the nonlinear

and electro-optical properties of liquid crystals104.

1.4 Gold nanoparticle liquid crystal composites

Recently gold nanoparticles have been investigated as potential dopants for liquid crystals31,105.

This was originally due to an article by I. C. Khoo which proposed that liquid crystals doped with

gold nanoparticles could be used to form a self assembling metamaterial with a tunable resonance

in the terahertz regime68. Much of the early work was done by Torstan Hegmann and his

collaborators Brandy Kinkead and Martin Urbanski. They showed that even low concentrations

of gold nanoparticles can induce interesting effects, such as birefringent electro-convection stripes

and switchable alignment modes91,106. Both of these effects where shown to be caused by the

rejection of the nanoparticles from the liquid crystal host. The birefringent stripes were formed by

strips of nanoparticle aggregates whilst the dual alignment modes were caused by nanoparticles

drifting to the cell windows107–109.

Because of this, much work was done investigating different ligands for gold nanoparticles in

order to improve their solubility. The inspiration for this work came from previous studies

performed in the field of nanoparticle doped polymers. These studies showed that in order to

achieve a disperse suspension it was necessary to functionalize the nanoparticles with chemicals

similar to the intended host110,111. The first publication on the mesogenic functionalization of

gold nanoparticles was by Georg Mehl who based his functionalization on his previous work

with liquid crystal dendrimers, i.e. large branched molecules112. Mehl had postulated that to

achieve an extremely soluble nanoparticle suspension the nanoparticles themselves should be in

a liquid phase at room temperature. Georg’s nanoparticles were not only highly soluble in room

temperature nematics but also displayed a pseudo nematic phase, as indicated by absorption

and calorimeter measurements113,114. Later in 2008 Deschenaux also published his work on

dendrimer functionalized gold nanoparticles, where he noted that the particles spontaneously self-

organised into one dimensional strings115. Since then there has been much work on the control of

these liquid crystalline nanoparticles and the interesting self organisational effects they display.

The particles have been shown to be capable of forming linear arrays, pesudo nematic and

smectic liquid crystal phases as well as larger samples displaying anisotropic absorption115–121.

Most recently the group of Torsten Hegmann published a paper on mesogenic gold nanorods122.

They showed that nematic arrays of these particles could be formed if the mesogens were bonded
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parallel to the surface, and the orientation of this array could be controlled by a magnetic field,

just like nematic liquid crystals.

The first investigation on the solubility of mesogenically functionalized nanoparticles in liquid

crystals was done by Hegmann’s group, then based at the University of Manitoba, Canada123.

They investigated gold nanoparticles functionalized with various combinations of thiols, two

that simply had different length alkane chains. The third however was a cyanobiphenyl with

a thiol group attached to an alkane spacer synthesized to be chemically similar to 5CB, as

illustrated in figure 1.11. They made four samples of nanoparticles; two homogeneously coated

with alkanethiols and two with a mixture of alkanethiols and cyanobiphenyl thiol. Contrary to

expectations they found that the samples coated with the pure alkanethiols were more soluble

in the nematic host. However, in 2011 John Goodby’s group published a paper which used gold

nanoparticles functionalized with a thiol-cyanobiphenyl ligand identical to that used by Hegmann

(Figure 1.11)69. In contrast to Hegmann’s results they were able to achieve concentrations of

up to 25% by weight of small 2 nm particles in a nematic host. In later publications however,

they highlighted the solubility was strongly dependent on the small size of the particles, and

larger nanoparticles with identical functionalization were completely insoluble. This was further

investigated by Linda Reven’s group who showed that the solubility was strongly dependent on

the ratio of the lengths and number of the thiol-cyanobiphenyl ligand and the alkanethiol124,125.

They showed that the particles were most soluble when the alkanethiol was smaller than the

alkane linker of the cyanobiphenyl compound, they also showed that the particles would be

practically insoluble unless there was a 1:1 ratio of the two ligands. This was in agreement

with previous work by Steven Link’s group126. They doped the nematic liquid crystal E7 with

nanoparticles functionalized with a 50:50 mix of two ligands: one a short chain alkanethiol

and the second chemically similar to 5CB, the intended host (figure 1.11). They were able to

create a stable suspension of 1% by weight of comparatively large 5 nm particles. Recently,

Hegmann’s group published their work on a gold nanoparticle functionalized with two different

length alkanethiols104. This was designed to be soluble in a non-polar nematic, i.e. a symmetrical

mesogen with two terminal alkane chains. Hegmann noted that samples where the ligands were

boded only by a thiol-gold bonds tended to become insoluble over time. They postulated that

this was due to repeated applications of electric fields causing desorption of the thiol molecules.

To alleviate this issue a sample was synthesized to also have an intermediate layer of silica. This

sample was shown to display greatly improved stability of the suspension over time.

Many publications regarding gold nanoparticle composites claim increased and improved display

properties such as a lower Freédericksz threshold and increased temperature range, birefringence,
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Figure 1.11: Chemical structure of A) the liquid crystal 5CB, B) the mesogenic
ligand used by Hegmann and Goodby69,123 and C) the Ligand used by Steven
link126.

dielectric anisotropy and nonlinearity25,69,104,126–133. While the decreased Freédericksz threshold

has been attributed to decreased elastic constants caused by the anisotropic dopants there has

been some discussion about the cause of the the increased increased temperature range, birefrin-

gence and dielectric anisotropy128,130. Whereas an increase in these parameters has previously

been observed in samples of ferroelectric and ferromagnetic particles, there is a clear physical

process which causes these effects63,64. An increase in these parameters is usually indicative

of an increase in the local order of the liquid crystal, and consequently logic implies that the

spherical and inert gold nanoparticles should act to lower these parameters. In his 2011 paper

Goodby postulated that the increases could be caused by anisotropic clustering of the ligands

at the poles of the particles caused by a coupling with the liquid crystal director69. Hegmann

refuted this in his presentation at the Royal Society conference on new frontiers in anisotropic

fluid-particle composites. He noted that the large size of the particles and the tight packing of

the ligands would make any such coupling negligible, an audio recording of this presentation is

available on-line104,134.

While much work has been done on improving the solubility of gold nanoparticles in liquid

crystals there has also been interest in controlling the aggregation in order to form pattered arrays

of nanoparticles, primarily for metamaterial applications29,135,136. Linear arrays of particles

have been formed in nematic liquid crystals by the rejection of the nanoparticles by the liquid

crystal host and these linear arrays have been shown to be reversible upon heating53,137. More

complicated two and three-dimensional structures have been formed in semectic, cholesteric

and blue phase liquid crystals. These structures form as the free energy of the system can



16 Chapter 1 Introduction

be minimised by nanoparticles aggregating at sites of high free energy35,46,49,138–141. Optical

tweezers have also been used to form large two and three dimensional plasmonic crystals in liquid

crystals54,142. These structures are stabilized by the topological defects which form around the

particles.

Many of the applications of gold nanoparticle liquid crystal composites are due to the high

tuneability of the plasmonic resonances due to the reorientation of the surrounding liquid crys-

tal143,144. FDTD modelling has shown that it should be possible to shift the position of the

plasmon resonance by over 20 nm and Caputo et al have since experimentally demonstrated

that shifts of up to 50 nm are possible in a cholesteric liquid crystal145,146. Other devices

based on liquid crystal gold nanoparticle composites use the high absorption coefficients of gold

nanoparticles to locally heat the liquid crystal consequently modulating the local refractive in-

dex147,148. Such devices have been demonstrated to exhibit high optical nonlinearities that are

strongly dependent on the relative orientation of the polarisation of the incident light and the

liquid crystal director113.

Specific to this thesis we use gold nanoparticles to enhance the photorefractive effects of different

liquid crystal based systems. In the next section I will give an outline of the photorefractive effect

and applications.

1.5 Photorefraction

The term photorefraction describes134 an optical non-linearity whereby the refractive index of

a material is modulated by the intensity of an optical field23. This effect was first observed by

Ashkin et al in 1966 when they observed that the spatial coherence of an intense laser beam was

damaged as it past though a sample of lithium niobate (LiNbO3)149. As this effect damaged the

beam profile it was perceived as negative and consequently Ashkin et al suggested that further

work should be aimed at eliminating or minimising the effect. The thermal relaxation of the

effect caused Ashkin et al to correctly theorise that the effect was related to the electro-optical

properties of the crystal. Figure 1.12 illustrates the photorefractive effect in crystals induced

by an optical field which is indicated by the green colouring. The photons excite the charge

carriers within the crystal allowing them to migrate towards the dark fringes. In figure 1.12

an electron conductor is considered where the holes, represented as h+ remain stationary, while

the electrons, e− drift to the dark regions. This drift process can be amplified by a bias field

which increases the rate of diffusion. This charge distribution induces an electric field, indicated

by the blue arrows, which modulates the refractive index via the electro-optic effect150. This
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refractive index modulation is indicated by the red line. The nonlinearity of a system is commonly

parametrised by the n2 coefficient which quantizes the induced change in the refractive index

(∆n) relative to the intensity of the optical field (I),

n2 =
∆n

I
. (1.1)

Figure 1.12: Schematic representation of the photorefractive effect in a crystal,
the electrons and holes are represented by e− and h+ respectively, the magnitude
of the induced electric field by the blue line and the resulting refractive index
modulation by the red line.
a) represents the excitation of the charge carriers by the optical field.
b) shows their diffusion towards the dark fringes and the induced electric field
and
c) shows the resulting refractive index modulation ∆n.

In contrast to the original thoughts on photorefraction it is now considered an important and
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useful effect and is critical to many areas of research including: optical computing, hologra-

phy, coherent beam amplification, terahertz generation, solitons and optical data storage150,151.

While the photorefractive effect was first demonstrated in lithium niobate it has since been ob-

served in other electro-optic crystals notably barium titanate (BaTiO3) and potassium niobate

(SBN)150,151.

The photorefractive effect has also more recently been observed in liquid crystalline materials23.

The first possibility of observing optical non-linearity in liquid crystals was predicted by Herman

and Serinko23,152,153. They predicted that an intense optical field can perturb the director of a

liquid crystal which has already be reorientated by a primary field. This effect was confirmed

experimentally by Khoo in 1980, and soon after it was shown that the effect could also be

induced purely by an optical field so long as the field is sufficiently strong to reorientate the

liquid crystal154–157. Figure 1.13 shows a schematic representation of this process, whereby an

optical field induces a local reorientation of the liquid crystal and consequently a change in the

refractive index that this ray observes. These nonlinearities were orders of magnitude stronger

than those previously seen in photo refractive crystals, with values of n2 between 10−4 and 10−3

cm2/W in comparison to values of 10−5 cm2/W for bulk GaAs23. Consequently this spurred a

plethora of research projects into photorefractive liquid crystal systems with dyes being used to

amplify the optical reorientation effects leading to values of n2 of up to 10−1 cm2/W. This led to

a climactic breakthrough by Khoo et al who observed large nonlinearities at low intensities by

doping the nematic liquid crystal 5CB with the dye methyl red158,159. When illuminated, methyl

red generates free charges. These charges screen the applied field reducing the reorientation of

the liquid crystal in the bright regions. This effect was later investigated by Lucchetti et al who

measured the non-linearity to be in excess of 103 cm2/W30. This was improved by Wiederrecht

et al who used more soluble electron acceptor and donor molecules instead of methyl red and

used a binary mixture of 5CB and 8OCB which exhibited a higher birefringence. This mixture

was shown to be 50 times more effective than the 5CB methyl red mixture160.

While the dye doped liquid crystal systems listed above do exhibit giant nonlinearities they do

suffer from two drawbacks which both effect the long term effectiveness of the systems. Firstly,

organic dyes bleach over time which causes them to no longer function, and secondly obtain-

ing a uniform dispersion of dye molecules can be challenging with the molecules aggregating

over time and subsequently coming out of suspension70. These problems can be overcome by

using a surface mediated system where the electric field applied to the cell is controlled by a

functional alignment layer or window. The first example of such a surface mediated system was

demonstrated by Ono and Kawatsuki, who in 1997 demonstrated a photorefractive like effect in
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Figure 1.13: Schematic representation of the optically induced reorientation of
a liquid crystal.

a liquid crystal cell consisting of two ITO coated glass windows each covered with both a pho-

toconductor Poly-(N-vinylcarbazole) (PVK) and a PVA alignment layer27. The principle being

that when illuminated the conductivity of the PVK layer increases allowing charges to screen

the applied field, consequently modulating the applied field and controlling the reorientation of

the liquid crystal. The PVA layer acts to insulate the photoconductor from the liquid crystal.

Later studies showed that this capping layer however was not needed, with larger nonlinearities

being observed without it161,162.

A similar system was pioneered by Gary Cook, using a cell constructed from two thin photore-

fractive windows filled with a liquid crystal. When illuminated, a space charge field is generated

within the photorefractive windows. This electric field permeates into the liquid crystal layer

reorientating the liquid crystal and inducing a refractive index grating. This allows the relativity

weak photorefractive properties of the crystal to be amplified by coupling the strong light in-

duced electric field of the crystal to the large electro-optic properties of the liquid crystal163,164.

Cook also showed that this nonlinearity could be further enhanced by doping the liquid crys-

tal with ferroelectric nanoparticles. As ferroelectric nanoparticles have been shown to enhance

the electro-optical properties of liquid crystals, this effect could be used to further improve the

photorefractive properties of his hybrid cells165. Buchnev et al demonstrated that ferroelectric

nanoparticles can also be used to enhance the nonlinearity of the photo conductive systems, with

samples doped with tinthiohypodiphosphate showing a three fold increase in the beam coupling

gain67.
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In this thesis we aim to expand upon the work of Podoliak et al who showed that gold nanoparti-

cles can be used to enhance the non-linearity of the hybrid photoconducting PVK system25. We

will also investigate how gold nanoparticles can be used to induce a volume nonlinearity similar

to those in dye doped systems.

1.6 Thesis outline

In the following chapter, chapter 2, I will introduce the main theoretical principles necessary

to understand the bulk of this thesis. This is split into two main sections covering the physics

of liquid crystals and gold nanoparticles respectively. Firstly the physical properties of nematic

liquid crystals will be discussed relating the alignment of the liquid crystal to free energy and

the elastic constants. Then, the response of a liquid crystal to an external electric field will be

discussed once again associating the alignment of the liquid crystal to a minimisation of the free

energy. Finally the interaction of light with liquid crystals will be discussed, starting with a

mathematical description of the propagation of light in an isotropic medium and then expanded

into birefringent media and absorbing media. This will be used to explain how the liquid crystals

can be used to control the propagation of light. The final section on the propagation of light

will be on diffractive optics, specifically refractive index gratings in the Raman Nath regime.

The final section on liquid crystals will discuss the relation between the optical and physical

properties of nematic liquid crystals to the order of the phase and consequently its temperature.

In the second section of this chapter the optical properties of gold nanoparticles will be discussed

illustrating how the absorption of the particles is dependent of the size, shape, functionalization

and surrounding material. This begins however with an analytical model for the optical proper-

ties of gold. This includes corrections for the interband transitions and finite size of the particle,

both of which are necessary for the modelling of gold nanoparticles.

Chapter 3 will give a description of the synthesis of the gold nanoparticles detailing the Brust

method and ligand exchange techniques. These samples are characterised by absorption and

scattering spectroscopy as well as transmission electron microscopy. Finally, we will discuss

the experiments relating to the creation of gold nanoparticles directly in a Liquid crystal by

sputtering.

Chapter 4 focuses on fabrication of liquid crystal cells and the creating of liquid crystal gold

nanoparticle composites. The construction of the standard and hybrid liquid crystal cells is

presented along with the characterisation of these cells with transmission and absorption spec-

troscopy. The process used to suspend gold nanoparticles in liquid crystals will then be detailed
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explaining adaptations which were attempted in order to improve the final composites. It will

then move to a discussion of the stability and solubility of the gold nanoparticles in the host

liquid crystal noting the effects of size and functionalization on the concentration of the final

suspensions.

Chapter 5 contains the electro-optical characterisation of the gold nanoparticle composites and

the photorefractive properties of the hybrid liquid crystal cells filled with these suspensions.

This begins with a discussion of the physical mechanism by which a photorefractive-like effect is

induced in the photoconductive cells as well as the optics of beam coupling. Then the results of

these beam coupling experiments are given comparing the results to previous work by Podoliak

et al 25. The experiments used to characterise the electro-optical properties of the suspensions

are then explained and finally the results of these experiments are listed. These results are used

in the final discussion to determine the physical mechanism by which the gold nanoparticles

increase the nonlinear properties of the cells.

Chapter 6 extends upon the work of Ouskova et al 113 who model the thermal nonlinearity of

liquid crystal gold nanoparticle composites. This is done by producing an analytical model for the

temperature distribution within the cell accounting for the attenuation of light throughout the

medium. This temperature distribution is then compared to the experiment results of Ouskova

et al in order to verify its validity. The model is then used to make further predictions on how

the nonlinearity will vary with the absorption of the system and an applied field. This included

the consideration of a gold nanorod doped system where the absorption strongly depended on

the local liquid crystal profile.

Finally chapter 7 gives a summary of the thesis and its conclusions and then discusses possible

directions in which the project could be continued.
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Chapter 2

Optical and physical properties of

liquid crystals and gold

nanoparticles

This chapter gives a theoretical overview of the main topics to be covered in this thesis. This

begins with an overview properties of liquid crystals before the physical properties of liquid

crystals are discussed in section 2.2. This includes the theory of how the orientation of the

liquid crystal can be predicted by finding the director field that minimises the free energy of the

system. This is extended in section 2.3 which discusses the coupling of the liquid crystal director

to an external electric field. Then, sections 2.4.1-2.4.6 discuss the optical properties of light in

isotropic, absorbing, birefringent and inhomogeneous media, as well as a discussion of how liquid

crystals can be used to control the polarization state of light.

Sections 2.6-2.7.2 give the theoretical background to the absorption properties of gold nanopar-

ticles. This begins with the derivation of the optical properties of bulk gold including correc-

tions for the interband transitions and finite size limitations whichn are required to model gold

nanoparticles in the optical spectrum. Sections 2.7.1 and 2.7.2 then give an overview of the

absorption properties of gold nanospheres and rods relating these properties to their size, shape

and dielectric surroundings.

39
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2.1 Overview of the properties of liquid crystals

Due to their anisotropy, liquid crystals self organise on a molecular scale. This self-organisation

causes liquid crystals to display complex and interesting properties. For instance; while isotropic

liquids can be described by one elastic constant and one viscosity, to fully describe a liquid

crystal multiple values are required. Furthermore liquid crystals exhibit dielectric anisotropy

and birefringence in the electronic, visible, infra-red and terahertz region of the electromagnetic

spectrum. Finally as each of these properties is related to the self-organisation of the liquid

crystal they are all highly dependent on the temperature of the phase. In this section we will

give a theoretical overview of the physical, electrical and optical properties of nematic liquid

crystals and their relationship to the orientational order as well as an introduction to absorbing

and diffractive optics.

2.2 Physical properties of liquid crystals

Nematic liquid crystals represent the simplest thermotropic liquid crystal phase; there is no

positional order but the mesogens do point in a common direction known as the director. While

this self-organisation is intermolecular in nature it can lead to alignment over an extremely long

range. It is possible to create samples with a uniform alignment of up to 200 µm thick, over five

orders of magnitude larger than the mesogen itself.

There are three specific deformations which exist in all liquid crystals, known as the splay,

twist, and bend deformations. These are shown in figure 2.1 and each have an associated elastic

constant and free energy contribution. The free energies for splay, twist, and bend deformations

are related to the director n̂ by

Fs =
K1(∇ · n̂)2

2
, (2.1)

Ft =
K2(n̂ · ∇ × n̂)2

2
, (2.2)

Fb =
K3|n̂×∇× n̂|2

2
, (2.3)

respectively, where K1, K2 and K3 are the Frank elastic constants which relate to the splay,

twist and bend deformations, and n̂ is the liquid crystal director. The director is a unit vector

collinear to the average direction in which the liquid crystal mesogens point, which can be related
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to the azimuthal θ and polar φ angles by

n̂ =


cos θ cosφ

cos θ sinφ

sin θ

 . (2.4)

The total free energy of the system is given by the sum of equations (2.1-2.3)

F = Fs + Ft + Fb =
K1(∇ · n̂)2

2
+
K2(n̂ ·∇× n̂)2

2
+
K3|n̂×∇× n̂|2

2
. (2.5)

This expression allows the director orientation within a sample to be found. Specifically, this

is done by finding the values of θ and φ which minimise F . These can be found by using the

Euler−Lagrange equation which is given by

∂F

∂yn
− ∂

∂xi

∂F

∂ ∂yn∂xi

= 0. (2.6)

Solving this equation will minimise the function F for the variable yn in the dimension xi
1,

specific to a liquid crystal in a Cartesian coordinate system yn = θ, φ and xi = x, y, z.

Figure 2.1: A schematic diagram showing the three deformations possible in
thermotropic liquid crystals1,2.

In a bulk liquid crystal there are no restraints on θ and φ and microdomains form leaving the

sample with no overall alignment. It is possible however to create an aligned liquid crystal

sample by using cells. Liquid crystal cells are generally between 0.5 and 200 µm thick and

consist of two glass slides commonly coated with a transparent electrode such as ITO (Indium

Tin Oxide) which is used to apply a voltage to the cell. The glass windows are also coated with

a polymer which controls the alignment of the liquid crystal at the surfaces, essentially forcing

boundary conditions on θ and φ. There are two main classes of surface alignment, homotropic
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where the mesogens align perpendicular to the surface and planar where the mesogens align in

plane. Figure 2.2 shows schematic diagrams of different liquid crystal cells, the construction of

which will discussed in more detail in chapter 4.

It is possible to find the director profile within these cells by solving equations (2.5,2.6) consider-

ing the boundary conditions enforced by the polymer alignment layers. As there are no external

forces this is relativity simple. For diagrams A), B) and D) in figure 2.2 we can assume that

there are no twist deformations and φ = 0 throughout the cell. We can also use the one elastic

constant approximation which states, K1 = K2 = K3 = K. Using these points and substituting

equation (2.5) into equation (2.6) gives

K∇2θ = 0. (2.7)

Similarly for diagram C) in figure 2.2 we can assume that θ(x, y, z) = 0 and

K∇2φ = 0. (2.8)

Considering cartesian coordinates where the cell walls lie in the x, y plane at z = 0 and z = L

respectively equations (2.7,2.8) can be simplified to be one dimensional in z. These equations can

be solved by considering the boundary conditions imposed by the alignment layers. For A) and

B) θ(0) = θ(L) = 0 and θ(0) = θ(L) = π/2 respectively. Consequently the solutions of equation

(2.7) are simply θ(z) = 0 for A) and θ(z) = π/2 for B). The boundary conditions of C) and D)

make their solutions slightly more complex. For D), the boundary conditions are θ(0) = 0 and

θ(L) = π/2 giving the solution of equation (2.7) to be

θ =
π

2L
z. (2.9)

Similarly for C) φ(0) = 0 and φ(L) = π/2 which gives a solution of

φ =
π

2L
z. (2.10)

The local alignment of the molecules within a liquid crystal cell can be controlled by applying

an external force, which can be from an electric, magnetic or optical field or even pressure waves

and currents3. In the next section I will give an outline of the theory on the coupling of the

director to an electric field, and how this can be used to control the local alignment of the liquid

crystal within a cell.
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Figure 2.2: A schematic diagram showing different liquid crystal cells. A) and B)
show standard planar and homotropic cells respectively, while C) and D) show
more complex cells. C) is a twisted nematic cell where the planar alignment
layers are orientated orthogonal and D) shows a planar to homotropic cell.

2.3 Electrical response of liquid crystals

In the optical regime the electric losses of most liquid crystals are small and they can be treated

as pure dielectrics. When an electric field E is applied to a dielectric the material becomes

polarised. This polarisation field P can be related to the applied field by

P = εoεE, (2.11)

where ε is the relative permittivity of the dielectric and ε0 is the vacuum permittivity. For

isotropic materials ε is a scalar and P is parallel to E. For anisotropic materials however, this is

not generally true. Due to their molecular anisotropy liquid crystals have two different permit-

tivities associated with their extraordinary (long) and ordinary (short) axes, and consequently

behave as uniaxial crystal. For such materials the permittivity is expressed by a rank two tensor.

This matrix can be diagonalised in the coordinate system of the molecules, as indicated by the

blue axis in figure 2.3, and in this geometry the polarisation is given by

P = ε0


εe 0 0

0 εo 0

0 0 εo

E (2.12)

where εe and εo represent the permittivities along the extraordinary and ordinary axis respec-

tively. Considering a liquid crystal mesogen with its long axis at an angle θ to the x axis as
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indicted in figure 2.3, the polarisation along the extraordinary and ordinary axes are given by

Pe = ε0εe cos(θ) |E|

Po = ε0εo sin(θ) |E|

respectively, where |E| is the absolute value of the electric field and θ is the angle between the

electric field and the long axis of the molecule as indicated on figure 2.3. As the orientation of

the liquid crystal will not generally be parallel to the electric field, the polarisation field will be

anisotropic and the molecules will experience a torque. The liquid crystal will reorientate in an

attempt to minimise the free energy associated with this torque. The magnitude and direction

of this reorientation can be found by considering the free energy of the system.

Figure 2.3: A diagram illustrating the non-uniform polarisation of a liquid crys-
tal molecule by an electric field, the liquid crystal molecule is displayed by the
dark blue ellipse while the light blue ellipse represents the anisotropic polarisa-
tion of the electrons. εe and εo represent the permittivities along the extraordi-
nary (long) and ordinary (short) axis respectively, similarly Ee and Eo are the
electric field components along these axis.

The energy density (U) which describes the coupling of the polarisation of a molecule with an

electric field is given by

U = −E ·P
2

, (2.13)

The free energy associated with the coupling of the orientation of the liquid crystal with the

electric field can be found by expanding this expression and retaining only the terms with an

angular dependence. Doing this gives and an expression of

fE = −ε0∆ε

2
|E|2 cos2(θ), (2.14)
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this can be generalised in terms of the liquid crystal director giving

fE = −ε0∆ε
(E · n̂)2

2
, (2.15)

where ∆ε is the electric anisotropy given by

∆ε = εe − εo. (2.16)

Figure 2.4: A schematic diagram of a planar liquid crytal cell, indicating the
direction of the applied field.

The director profile for a liquid crystal under a bias voltage can be found in a similar manner

as for an unperturbed liquid crystal, with the exception that equation (2.5) now contains a free

energy term given by equation (2.15). The complete expression is given by

F =
K1(∇ · n̂)2

2
+
K2(n̂ ·∇× n̂)2

2
+
K3|n̂×∇× n̂|2

2
− ε0∆ε

(E · n̂)2

2
. (2.17)

This equation can be simplified by considering a planar cell under a homogeneous electric field

as shown in figure 2.4. Due to this geometry, equation (2.17) can be considered one dimensional

in z and can be assumed to have no twist deformations, which causes φ = 0 ∀ z. Equation

(2.17) can be further simplified by using the one elastic constant approximation which states

K1,K2,K3 = K. This approximation is good for most common nematics and is best suited to

cases where there are no twist deformations as generally K3 > K1 > K2. By considering these

conditions equation (2.17) can be simplified to

F =
K

2

(
∂θ

∂z

)2

− ε0∆ε
V 2 cos2 θ

2d2
, (2.18)
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where V is the applied voltage and d is the cell thickness. This equation can be nondimension-

alized by making the substitution z′ = z/d. The director profile is given by the function θ(z)

which minimizes the free energy F. The minimum of the free energy can be found using the

Euler−Lagrange equation, which is shown in equation 2.6. After some manipulation this gives

an expression of

K
∂2θ(z)

∂z′2
+ ε0∆ε

V 2 cos 2θ(z)

2
= 0. (2.19)

Generally this expression has no analytical solutions and consequently must be solved numeri-

cally. When this is done for a perfect planar cell, it can be seen that for a voltage smaller than a

characteristic value this equation has no solutions with a non zero value of θ 3,4. It can be found

that this characteristic voltage, Vth, is given by

Vth = π

√
K

ε0∆ε
. (2.20)

This voltage is known as the Freédericksz threshold and corresponds to the voltage above which

the liquid crystal will begin to react to an external field. An important characteristic of equations

(2.19) and (2.20) is the effect that the elastic constants and dielectric anisotropy have on the

reorientation of the liquid crystal. Specifically, the larger the elastic constant the smaller the

reorientation of the liquid crystal and conversely the larger the dielectric anisotropy the larger

the reorientation of the liquid crystal. Consequently, selecting liquid crystals with low elastic

constants and high dielectric anisotropy can be favourable for devices.

Figure 2.5 shows the reorientation of the liquid crystal with a cell under the application of an

external field. The main characteristic of this plot is the Freédericksz threshold which is indicated

by the dotted white line. At voltages higher that the Freédericksz threshold the liquid crystal

begins to reorientate. An important characteristic of figure 2.5 is the behaviour of the director

at the cell walls, specifically that here, the liquid crystal remains in its initial orientation even

at high voltages.

This ability to control the reorientation of the liquid crystal with a external field is the basis of

almost all optical liquid crystal devises as it enables control of the refractive index observed by

a polarised light beam.

2.4 Optical properties of liquid crystals

Liquid crystals are at the forefront of active optical devices such as light valves and spatial light

modulators. This section will be aimed at giving a theoretical understanding of the optics of
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Figure 2.5: A plot of the reorientation of a liquid crystal within a cell for
increasing voltages. For this plot the pretilt is 2o, ∆ε = 15 and K = 10pN.

liquid crystals moving onto how liquid crystals can be used to control light. However to begin

with we will consider the propagation of light in a simple homogeneous isotropic material.

2.4.1 The propagation of light in an isotropic material

The equations governing the propagation of light in any material can found using by Maxwell’s

equations which describe the fundamental laws of electromagnetism. The first of these is Gauss’s

law which describes the divergence of an electric displacement field D created by a charge density

ρ.

∇ ·D =
ρ

ε0
, (2.21)

where the electric displacement field D can be related to the electric field E and the polarisation

field P by

D = ε0E + P = εE, (2.22)

where ε is the electric coefficient of the medium. As no magnetic monopoles exist the magnetic

induction field B must be non divergent and consequently the magnetic analogue of Gauss’s law

is simply given by

∇ ·B = 0. (2.23)
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In a similar manner to the electric field the magnetic induction field B can be related to the

magnetic field H and the magnetic polarisation field M by

B = µ0H + M = µH, (2.24)

where µ is the relative magnetic permeability. It is possible however for a magnetic field to be

formed by a fluctuating electric field or the movement of charge. This process is described by

the Ampére−Maxwell equation

∇×B = µ0

(
J + ε0

∂D

∂t

)
, (2.25)

where µ0 is the vacuum permeability and J is the electric current density which is related to

the electric field E by

J = σE, (2.26)

where σ is the conductivity of the material. Similarly a electric field will be induced by a time

varying magnetic field, a process described by the Maxwell Faraday equation

∇×E = −∂B

∂t
. (2.27)

While the Maxwell equations (2.21,2.23,2.27,2.25) are fundamentally true under non-relativistic

conditions, it is important to note that equations (2.22 and 2.24) make two fundamental assump-

tions regarding the response of a material in electric and magnetic field. Firstly they assume

that the reaction of a material to an external field is instantaneous while in reality there will

be a delay in the response of the polarisation fields. Secondly they assume that the response

of a material is linear with respect to E and H. While this is true for small fields, for intense

fields the polarisation would also depend on higher order terms such as E2 and E3. In this thesis

however these effects are negligible and equations (2.22 and 2.24) will be considered exact.

It follows from the Ampére−Maxwell and Maxwell Faraday equations, (2.25 and 2.27 respec-

tively), that it should be possible for an electromagnetic field to be self sustaining. Let us

consider a simple case of an electric field in a isotropic non conductive material with no free

charges, i.e. ε, µ are scaler and spatially invariant and σ, ρ = 0.

For these conditions substituting equation (2.27) into equation (2.25) gives an expression for the

electric field of

∇×∇×E = −εµ
c2
∂2E

∂t2
, (2.28)
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where c is the speed of light in a vacuum. This can be simplified by using the vector identity

∇×∇× E = ∇(∇ · E) −∇2E and, as there are no free charges ∇ · E = 0 and equation (2.28)

simplifies to

∇2E =
εµ

c2
∂2E

∂t2
. (2.29)

The same process can be repeated for the magnetic field giving an analogous equation of

∇2H =
εµ

c2
∂2H

∂t2
. (2.30)

These equations can be satisfied by both real and complex exponentials. However, as we are

considering propagating waves we will only consider the complex solutions. In this case the

electric field this has the form

E = E0e
i(k·r−ωt+δ)n̂, (2.31)

where E0 is the amplitude of the electric field and n̂ is the unit vector in the direction of the

polarisation of the beam. k and ω are the wave vector and angular frequency respectively, two

terms which are related by the dispersion equation k = ωn
c k̂, where k̂ is a unit vector in the

direction of propagation of the light. n is the refractive index of the material and is related to

the permittivity and permeability by n =
√
εµ.

The electric field will generate a complementary magnetic field. To satisfy equations (2.27,2.25)

the magnetic field must be orthogonal to both the polarisation of the electric field n̂ and the

direction of propagation k̂. By substituting equation (2.31) into (2.25) it can be shown that the

magnetic field component is given by

B = H0e
i(k·r−ωt+δ−π/2)(k̂× n̂), (2.32)

cartesian coordinates assuming a plane wave propagating in the z direction.

2.4.2 The propagation of light in an absorbing material

We can use equation (2.31) to derive the dispersion relation and consequently solution for the

propagation of an electromagnetic wave in a absorbing material, i.e. when σ 6= 0. Recasting

equation (2.32) in terms of E and B gives

µ∇×B = µ0ε0

(
σ

ε0
E + ε

∂E

∂t

)
. (2.33)

Substituting equations (2.31) and (2.32) into this expression results in
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µiB0k =
E0

c2

(
σ

ε0
− iωε

)
, (2.34)

and by using H0 = E0
√
εµ/c and k = ωn/c we arrive at

n2 =
ε− εi
µ

, (2.35)

where εi = iσ
ωε0

and can be considered as the imaginary component of the dielectric constant.

Because of this the refractive index n and consequently the wavenumber k must be complex. We

can account for this by considering the wavenumber as k = kr + iki, where ki accounts for the

imaginary part of the wavenumber. Substituting this into equation (2.31) gives

E = E0e
kizei(kr)z+ωt+δ)n̂. (2.36)

This equation shows that an electromagnetic wave propagating in an absorbing material will

be exponentially attenuated. Equation (2.36) can be expressed in terms of the intensity using

I = cnε0
2 |E|

2, which gives the Beer-Lambert law5

I = I0e
αz, (2.37)

where α is the absorption coefficient of the system and I0 = cnε0
2 |E0|2 and is the initial intensity.

For the rest of this section however we will continue only considering non conducting materials

where k is real.

2.4.3 On the polarisation of light

Any polarised monochromatic electromagnetic wave can be expressed as a linear combination

of two waves in orthogonal polarisation states. Let us consider a wave propagating in the ẑ

direction with components in the x̂ and ŷ directions given by

Ex = E0xe
i(kxz−ωt+δx)x̂, Ey = E0ye

i(kyz−ωt+δy)ŷ. (2.38)

The polarisation of the light wave is determined by the relative magnitudes (E0x/E0y) and phases

of the waves. As we are dealing with an isotropic material kx = ky and consequently the relative

phase is determined only by δ = δx − δy. If δ = nπ, where n ∈ Z, then the light will be linearly

polarised with the angle of polarisation from the x axis given by arctan(E0x/E0y). If E0x = E0y

and δ = 2n+1
2 π, where once again n ∈ Z, then the light will be circularly polarised. In this
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state the polarisation vector of the light rotates with the procession of the beam. There are two

types of circular polarisation named left and right handed polarisations. If δ = 4n+1
2 π then the

polarisation angle precesses in a clockwise direction and is considered to be in a right handed

polarisation state. Similarly if δ = 4n−1
2 π the polarisation angle precesses in an anti-clockwise

direction and the light is considered to be in a left handed polarisation state. For all other values

of δ and E0x/E0y the light will be in an elliptical polarisation state.

2.4.4 The propagation of light in an anisotropic material

The polarisation state of a light ray can be changed by using an anisotropic material. As

discussed in section 2.3, in an anisotropic material the relative dielectric permittivity ε is a rank

two tensor. This matrix is symmetric and can consequently be diagonalized in the principal

coordinate system of the material giving:

ε̂ =


εx 0 0

0 εy 0

0 0 εz

 , (2.39)

where εx, εy and εz are the dielectric permittivities along the principle axis of the material.

Uniaxal materials such as liquid crystals have two distinct dielectric permittivities; these are

known as the parallel and perpendicular dielectric permittivities. Choosing a coordinate system

so that the extraordinary optical axis is aligned in the x axis gives εx = εe and εz = εy = εo.

While uniaxal crystals do also display diamagnetic anisotropy for liquid crystals this it around

seven orders of magnitude lower than the dielectric anisotropy at optical frequencies and therefore

µ will be treated as a scalar value.

Because of their dielectric anisotropy the refractive index of a liquid crystal can also be treated

as a rank two tensor with two distinct optical axes. The refractive indices along these axes are

known as the ordinary no and extraordinary ne refractive indices. Consequently, unless the wave

is polarised parallel or perpendicular to the extraordinary axis, components of this wave will

observe different refractive indices. The wave vectors associated with these components will not

be equal and consequently a phase lag will develop between them. If the phase lag is not equal

to a factor of 2π it will result in a change in the polarisation of the ray.

The wave vectors associated with these two orthogonal components can be found by the disper-

sion relationship of the wave. Let us consider a monochromatic wave with angular frequency ω
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travelling in a direction k̂ through a lossless anisotropic material

E = E0e
i(k·r−ωt), (2.40)

where k is the wave vector, which can be found by substituting the above expression into equation

(2.28)

∇×∇×E = −εµ
c2
∂2E

∂t2
.

Equation (2.28) can be simplified using the vector identity ∇×∇×E = ∇ (∇ ·E)−∇2E, and

using three tensor notation can be expressed as

δaδbE
b
0 − δbδbE0a =

µω2

c2
εabE

b
0, (2.41)

where a, b = 1, 2, 3. Substituting equation (2.40) and n2
ab = µεab into this expression gives

− kakbEb0 + kbk
bE0a =

ω2

c2
n2
abE

b
0. (2.42)

This expression can be simplified by choosing the principle coordinate system of the crystal, in

this coordinate system the matrices ε̂ and n̂ are diagonal and equation (2.42) becomes

− kakbEb0 + kbk
bE0a =

ω2

c2
n2
aaE

a
0 . (2.43)

Explicitly this is a matrix equation of the form


(
−k2

2 − k2
3 +

ω2n2
1

c2

)
k1k2 k1k3

k1k2

(
−k2

1 − k2
3 +

ω2n2
2

c2

)
k2k3

k1k3 k2k3

(
−k2

1 − k2
2 +

ω2n2
3

c2

)


Eo1

Eo2

Eo3

 = 0. (2.44)

For the non trivial solutions, i.e. values of E0 > 0, the solutions are given by the values of

k1,2,3 which cause the determinant of the matrix to be zero. For a uniaxal crystal with its

extraordinary axis aligned in the direction of k3, n1 = n2 = no and n3 = ne and there are two

discrete eigenvalues given by (
k2

1 + k2
2 + k2

3 −
ω2n2

o

c2

)
, (2.45)

(
k2

1n
2
o + k2

2n
2
o + k2

3n
2
e −

ω2n2
en

2
o

c2

)
. (2.46)

If either of these equations are zero then equation (2.44) will be satisfied . Equations (2.45,2.46)

can be simplified by relating k1,2,3 to the magnitude of the wave-vector |k|. In the standard
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spherical coordinate system this is

k = |k|


cos θ cosφ

cos θ sinφ

sin θ

 , (2.47)

|k| can be related to the effective refractive index neff observed by a ray by |k| = ωneff/c. Using

this expression equations (2.45,2.46) can be solved to give

neff = no, (2.48)

and

neff =
none√

n2
e cos2 θ + n2

o sin2 θ
(2.49)

respectively. These equations describe the different refractive indexes observed by two orthogonal

waves travelling though a birefringent media, known as the ordinary and extraordinary optical

rays. Consequently so long as θ 6= 0, π the two components of this wave will develop a relative

phase lag δ as it travels through the media. This phase lag δ is given by

δ =
2π

λ
(neff − no) z (2.50)

where z is the distance into the material and λ is the wavelength of the wave. This phase

retardation results in a change in the polarisation state of the ray. Depending on the initial

polarisation state of the wave and the magnitude of the phase retardation, it is possible for

a linearly polarised beam to be converted into elliptically or circularly polarised light or even

an orthogonal linear polarisation state. In the next section we will use equations (2.48, 2.49)

alongside the electrically controlled reorientation discussed in section 2.3 to show that liquid

crystals can be used to actively control the polarisation state of a polarised beam.

2.4.5 The propagation of light in a liquid crystal cell

As discussed in section 2.3, the reorientation of a liquid crystal can be controlled by an external

electric field. Equation (2.49), reproduced below, shows that the refractive index observed by

the extraordinary ray is dependent on the reorientation of the liquid crystal

neff =
none√

n2
e cos2 θ + n2

o sin2 θ
,
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Figure 2.6: A schematic diagram illustrating the refractive indices observed by a
light ray propagating in the z direction. θ is the angle between the propagation
direction of the beam k̂ and the nematic director n̂.

as illustrated in figure 2.6. For a liquid crystal above the threshold voltage the director is

not constant throughout the cell and consequently, the phase change between the ordinary and

extraordinary rays is given by

δ(L) =
2πn0

λ

∫ L

0

 ne√
n2
e cos2 θ(z) + n2

o sin2 θ(z)
− 1

 dz, (2.51)

where L is the thickness of the cell and θ can be found by solving equation (2.19) from section

2.3.

Consider the setup shown in figure 2.7 where a monochomatic light wave propagating in the

ẑ direction passes through the polariser which polarises the ray in the direction [x̂ + ŷ]. The

now polarised ray passes though a liquid crystal cell which introduces a phase lag δ between the

ordinary and extraordinary components. This phase lag will change the polarisation state of the

ray and therefore the intensity of the light transmitted though the second polariser.

The optical axis of the first polariser is at 45◦ to the optical axis of the liquid crystal and the

magnitudes of the electric field components along the ordinary (no,ŷ) and extraordinary (neff,x̂)

will be equal. The optical field inside the liquid crystal cell can therefore be expressed as

E = Eo


ei(koz+wt)

ei(kez+wt)

0

 , (2.52)

where Eo is the magnitude of the electric field, ko and ke are the wavevectors relating to the

ordinary and extraordinary refractive optical axis and z is the distance into the cell. This can



Chapter 2 Optical and physical properties of liquid crystals and gold nanoparticles 55

Figure 2.7: A diagram showing the cross polarised intensity setup. A liquid
crystal cell is placed between two cross polarisers so that the director is at 45o

to the axis of both the polariser and analyser. The axis of the polarisers and the
extraordinary optical axis of the liquid crystals are marked by the blue arrows,
and the x,y,z axis are marked by the black arrows. The green line indicates a
monochromatic polarised beam travelling in the z direction.

be related to the phase lag δ by subsisting equation (2.51) i.e. δ(z) = (ko − ke)z into equation

(2.52) gives

E = Eoe
i(koz+wt)


1

eiδ(z)

0

 . (2.53)

Figure 2.8 shows the total phase lag between the ordinary and extraordinary waves, δ, for a

range of voltages. As the liquid crystal reorientates θ → 0 and consequently neff → no. As

expected from equation (2.49) this leads to a decrease in the relative phase lag.

If the relative phase lag is not equal to a factor of 2π it will lead to a change in the polarisation

state of the wave and consequently the electric field transmitted through the second polariser.

The magnitude of the electric field transmitted through the crossed polarisers, E⊥, can be found

by

E⊥ = Eoe
i(koz+wt)


1

−1

0

 ·


1

eiδ(L)

0

 = Eoe
i(koz+wt)

(
1− eiδ(L)

)
. (2.54)
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Figure 2.8: A plot of the phase lag between the ordinary and extraordinary
waves in a liquid crystal for a range of voltages. The modelling parameters are;
λ=532 µm, ∆ε=10, K=20 pNm−1, no=1.52237, ne=1.73938 and L=12 µm.

This expression can be used to find the normalised transmitted intensity I⊥ by

I⊥ =

∣∣∣∣E⊥Eo
∣∣∣∣2 = 1− eiδ(L) − e−iδ(L) = sin2

(
δ

2

)
. (2.55)

This equation shows that if δ = 2πm where m ∈ Z then there will be no transmitted light while

if δ = (1 + 2m)π, where m ∈ Z, will give maximum transmission.
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Figure 2.9: A plot of the normalised cross polarised intensity for the setup shown
in figure 2.7. With the liquid crystal under an increasing voltage and using the
modelling parameters described in the caption of figure 2.8.
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Figure 2.9 shows the normalised transmitted intensity for a liquid crystal under a range of

voltages. The transmitted intensity oscillates between 0 and 1 which is consistent with the fact

that the phase lag shown in figure 2.8 goes through multiple factors of π.

We can use the cross polarised intensity to extract key physical parameters about the liquid

crystal. We can extract the birefringence from the number of oscillations in the cross polarised

intensity and the splay elastic constants from the threshold voltage. The specifics of these

measurements however will be discussed more in depth during chapter 5.

In the next section I will finish the discussion of the propagation of light by considering the

diffraction of light by an inhomogeneous medium.

2.4.6 Diffraction; light propagation in an inhomogeneous medium.

In chapters 5 and 6 of this thesis, a periodic modulation of the refractive index (a refractive

index grating) will be used to diffract light. In this section we will discuss the theory of the

propagation of light in an inhomogeneous medium in order to understand this effect.

All refractive index gratings can be expressed as a sum of sinusoidal components. Consequently

it makes sense to first consider a plane wave passing though a sinusoidally modulated refractive

index of the form

np = n+ ∆n sin(Qx), (2.56)

where n is the homogeneous refractive index, ∆n is the periodic component and Q = 2π/Λ where

Λ is the period of the grating. The incident plane wave can be expressed as

Ei = E0e
i(k·r−ωt), (2.57)

where k is the free space wavevector of the initial wave in which propagates in the k̂ direction

with an angular frequency ω. E0 is the vector amplitude of the electric field and retains the

information about the polarisation of the wave. The way in which this wave interacts with the

refractive index profile is dependent on the q factor which is given by

q =
2πλL

niΛ2
, (2.58)

where λ is the wavelength of the incident wave, L is the depth of the refractive index grating

and ni is the isotropic component of the refractive index If q � 1 there are multiple diffracted

orders, but, if q � 1 however, there are no diffracted orders. The q � 1 regime is known as the
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Bragg regime and will only briefly be touched upon in this thesis, while q � 1 regime, known as

the the Raman-Nath regime is discussed in detail. Consequently the analysis in this section will

focus entirely on the Raman-Nath regime.

In the Raman-Nath regime the interaction of the light with the periodic refractive index can be

treated as a phase grating6–8 and consequently the transmitted wave can be expressed as

Et = E0e
i(nk·r+δ sin(Qx)−ωt) = Eie

iδ sin(Qx), (2.59)

where

δ =
2π∆nL

λ sin(θ)
, (2.60)

and θ is the angle between the direction of propagation of the wave k̂ and the axis of the refractive

index grating x̂. This can be separated into an infinite sum of separate plane waves by using the

Jacobi-Anger identity

eiδ sin(Qx) =

∞∑
m=−∞

Jm(δ)eimx, (2.61)

where Jm is the mth order bessel function. Using this allows us to express the transmitted field

as a sum of a series plane waves

Et =

∞∑
m=−∞

Em (2.62)

where

Em = E0Jm(δ)ein(k+mQ)·r)e−iωt. (2.63)

These waves each propagate with a wave vector k +mQ at an angle given by

arccos

(
k · (k +mQ)

|k| |k +mQ|

)
, (2.64)

from the propagation direction of the initial wave. The relative intensity of these diffracted

orders to the incident light is known as the diffraction efficiency. From equation (2.63), it can

be shown that the diffraction efficiency of the mth order ray relative to the initial intensity is

given by

ηm =

∣∣∣∣Em

E0

∣∣∣∣2 = J2
m(δ). (2.65)

Figure 2.9 shows the diffraction efficiency of the first 5 orders for an increasing phase lag. It

can be seen that the diffracted orders appear sequentially each rising in intensity. Observing

the first diffracted order, it can be seen that the diffraction efficiency rises until η = 0.35 past

which the intensity decreases as the energy is coupled into higher orders. The first diffracted
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Figure 2.10: A plot of the diffraction efficiency for the first 5 diffracted orders
as well as the relative intensity of the zeroth order beam, the initial ray, for
increasing phase lags δ.

order disappears at δ ≈ 4 and then rises again, this periodic trend continues with the maximum

value decreasing as more diffracted orders appear. The higher diffracted orders all follow this

same trend, although at higher values of δ each with a progressively lower diffraction efficiency.

The zeroth order decreases in intensity until η ≈ 0.5 where the relative intensity then begins

to oscillate. If we were to consider higher values of δ then we would observe that the value of

η around which the oscillation occurs steadily decreases as more diffracted orders appears; this

process continues until the intensity is comparable with the diffracted orders.

2.5 On the thermal behaviour of liquid crystals

The dielectric anisotropy, birefringence and elastic constants discussed above are all inherently

tied to the orientational order of the nematic phase9,10. The magnitude of this ordering can be

quantified by the order parameter S. Microscopically the order parameter measures the average

deviation of the mesogens from the nematic director with the most common definition being

S =

〈
3 cos2 θi − 1

2

〉
, (2.66)
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where θi is the deviation of a individual mesogen from the director as shown in figure 2.11. For

an isotropic liquid θi will be completely random and consequently the order parameter will be 0.

Conversely for a perfectly organised sample the molecules will all be aligned along one director

and θi = 0 and consequently S = 1. Commonly nematic liquid crystals have order parameters

between 0.8 and 0.31,3,11.

Figure 2.11: A schematic diagram showing the self-organisation within the ne-
matic phase. The nematic director is indicated by the purple arrow.

Macroscopically the order parameter can be related to the birefringence of the liquid crystal.

Haller12 proposed a simple approximation for the order parameter that gave a good agreement

to experimental results for pure nematics. Haller’s approximation related the order parameter

(S) to the temperature (T ) of the sample by

S(T ) =

(
1− T

T†

)β
, (2.67)

where T† is a fitting parameter generally just above the nematic to isotropic transition temper-

ature. β is also a fitting parameter relating to the thermal change in the order parameter.

This function gives extremely good agreement with experimental measurements for single and

multi component nematic liquid crystals. The agreement is best away from the phase transition

as equation 2.67 smoothly goes to zero at T† while in reality there is a discontinuity at the phase

transition.

The dielectric and diamagnetic anisotropy, birefringence, rotational viscosity and splay elastic

constant are all dependent on the order parameter13–15and vary as

∆ε = ∆ε0S(T ), (2.68)

∆n = ∆n0S(T ), (2.69)

γ1 = γ10S(T ), (2.70)
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K11 = K110S(T )2, (2.71)

χ = χ0S(T ), (2.72)

where ∆ε0, χ0, ∆n0, γ10 and K110 are all theoretical quantities relating to the dielectric and

diamagnetic anisotropy, birefringence, rotational viscosity and splay elastic constant for a per-

fectly ordered system, i.e. T = 0, S = 1. It follows that there must be a thermal change in

the individual refractive indices related to the change in the birefringence. The temperature

dependence of the extraordinary and ordinary refractive indices is explicitly given by

ne(T ) = ni(T ) +
2∆n(T )

3
, (2.73)

and

no(T ) = ni(T )− ∆n(T )

3
, (2.74)

respectively, where ni is the thermal change in the isotropic refractive index due to the thermal

change in the density of the liquid crystal and is approximated by

ni(T ) = N0 −N1T, (2.75)

where N0 and N1 are fitting parameters. This approximation is best away from the liquid-gas

phase transition9.

The individual dielectric constants can be expressed in an identical manner as

ε(T ) = εi(T ) +
2∆ε(T )

3
, (2.76)

and

εo(T ) = εi(T )− ∆ε(T )

3
, (2.77)

respectively, where εi is the thermal change in the dielectric constants due to thermal fluctuations

in density and is given by

εi(T ) = E0 − E1T, (2.78)

where again, E0 and E1 are fitting parameters.

Figure 2.12 shows the thermal change in the order parameter and the change in the refractive

indices. The clear similarity between the curves for S(T ) and ne(T ) highlights the relationship

between these parameters. The other main feature is the difference between the gradients of the

ne(T ) and no(T ) curves. Specifically that the change in the extraordinary refractive index is far
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Figure 2.12: A plot of the temperature dependent change in the order parameter
and the refractive indices of the liquid crystal E7. The fitting parameters were
found by fitting equations 2.73 and 2.74 to experimental data in13. The best
fit was achieved for values of N0 = 1.7487, N1 = 4.896 × 10−4, ∆n0 = 0.211,
T† = 326K and β = 0.2435.

greater than the change in the ordinary refractive index. This is because for the extraordinary

refractive index the effect of ∆n and ni both act to decrease the refractive index. For the ordinary

refractive index however, ∆n(T ) acts to increase the refractive index while the change in the

isotropic refractive acts to decrease it, partially cancelling each other out.

Because of the relationships shown in equations (2.68-2.71) the reorientation of a liquid crystal

under an applied field will depend on its temperature. The temperature dependence of the

Freédericksz threshold can be found by substituting the equations (2.68,2.71) into the definition

of the threshold voltage, this gives

Vth = π

√
K11(T )

ε0∆ε(T )
= π

√
K110S(T )

ε0∆ε0
. (2.79)

Consequently Vth ∝ S(T )1/2 which indicates that at higher temperatures the threshold voltage

should decrease.

In chapter 5, we will use equations (2.68, 2.69 and 2.71) to model the optical properties of a

system where the liquid crystal is locally heated by dissolved gold nanoparticles. This requires

an analytical model of the absorption properties of gold nanoparticles; this will be discussed in

the next section of this chapter.
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2.6 Optical properties of gold nanoparticles

In this section we will use the analytical expressions for the absorption and scattering properties

of spherical and elliptical nano-particles to describe their absorption properties. The proofs of

these expressions can be found in the texts by Stratton, Bohren, and Huffman16,17

Firstly however, it is necessary to have an analytical model for the optical properties of gold.

We will go through the formalism to produce such a model, which will primarily be based on

the Drude model. We will also provide corrections for the model which are necessary to account

for the interband transitions and the electron scattering effects due to the finite size of the gold

nanoparticles18–24.

2.6.1 The dielectric function of gold

Here we will produce a model for the optical properties of gold based on the oscillator model of

Drude, incorporating the adaptations of Haiss and Meyer for the size dependence and interband

transitions respectively.

2.6.1.1 Drude Model

Metals are defined by their high concentration of conduction electrons. Because of this, it

is possible to predict their optical and electrical properties by modelling the electrons as a

free negatively charged plasma which moves against a fixed background of positive ions. This

approach, known as the Drude model, ignores any transitions between electron bands and treats

the electron movement as a dampened harmonic oscillator driven by an electric field. The

damping is caused by electron collisions which operate at a frequency of g = 1/Tfe where Tfe is

the relaxation time of a free election gas. The differential equation predicting the motion of a

dampened oscillator driven by an electric field is16

mẍ +mgẋ = −qeE. (2.80)

Specific to our case of a free electron gas, m is the effective mass of an electron, e is the electron

charge, x is the average deviation of the electrons from their original position and E = E0e
−iwt

and is the driving electric field. This system will evolve until it reaches an equilibrium solution

of

x = x0e
−iωt, (2.81)
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where

x0 =
qe

m(ω2 + igω)
E0. (2.82)

These displaced electrons contribute to the macroscopic polarisation field by

P = −nqex, (2.83)

where n is the number of free electrons. The total displacement field is therefore given by

D = ε0

(
1− ωp

ω2 + igω

)
E, (2.84)

where ωp is the plasma frequency given by

ωp =
nq2
e

mε0
. (2.85)

As the displacement field is defined as D = ε0εE, equation (2.84) implies an equivalent dielectric

function of

ε(ω) = 1− ωp
ω2 + igω

. (2.86)

This equation, however, requires a correction. ε does not tend to 1 as ω → ∞ as suggested by

equation (2.86) but to a finite value ε∞. The corrected equation is given by

ε(ω) = ε∞ −
ωp

ω2 + igω
. (2.87)

This can be separated into real and imaginary components with values

εreal(ω) = ε∞ −
ω2
pg

2

1 + ω2g2
, (2.88)

εim(ω) =
ω2
pg

ω(1 + ω2g2)
. (2.89)

While equation (2.87) can accurately predict the bulk optical properties of some metals, it does

not account for interband transitions and consequently fails to predict the optical properties of

gold for wavelengths lower than 600 nm or the polarisability of small particles. In the next section

we will investigate corrections to the Drude model to account for the interband transitions and

finite size effects.
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2.6.1.2 Beyond the Drude Model

The Drude model does not consider the possibility of the valence electrons being excited into

the conduction band. While it is appropriate to neglect this effect for photons with energies

below the interband transitions it is insufficient to predict the optical properties of gold. Gold

has two such interband transitions at 470 nm and 330 nm18,19,25,26. Meyer et al accounts for

these transitions by modelling the dielectric function as

ε(ω) = ε∞ −
ωp

ω2 + igω
+G1(ω) +G2(ω), (2.90)

where G1(w) and G2(w) are the inter band transition terms given by

Ga(ω) = Ba

(
eiΘa

(ωa − ω − iΓa)µa
+

e−iΘa

(ωa + ω + iΓa)µa

)
. (2.91)

It is preferable to have equation (2.91) in terms of wavelength, this can be done by converting

these parameters into spatial dimensions by

Γa =
2πc

γa
, g =

2πc

γ
, ω =

2πc

λ
, ωa =

2πc

γ
, ωp =

2πc

λp
, Ba =

Aa
ωa
. (2.92)

The physical meanings of these parameters are given in table 2.1 along with their values. This

gives a final expression for the dielectric permittivity of

ε(λ) = ε∞ −
1

λ2
p

(
1
λ2 + i

λγ

) +
∑
a=1,2

Aa

 eiθa(
1− λa

λ −
iλa

γa

) +
e−iθa(

1 + λa

λ + iλa

γa

)
 (2.93)
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Parameter (units) Description
value

a = 1 a = 2

Aa Unitless transition amplitude 0.99 1.42

λa(nm) Interband transaction wavelength 468 331

θa Interband transaction phase -π/4 -π/4

γa[nm] Interband transaction damping 2300 940

µa Order of the pole 1 1

γ [nm] Damping of conduction electrons 17000

λp [nm] Plasmon wavelength 145

ε∞ Dielectric constant as λ→0 1.53

Ξ Scaling parameter 0.7

Table 2.1: The physical meanings and values for the parameters in equation
(2.93). With the exception of A1 and A2 the values are those given by Meyer by
fitting equation (2.93) to Christy’s data for the optical constants of gold18,27,28.
The values of A1 and A2 were slightly changed from Meyer et al’s values to give
a better fit for wavelengths between 400 and 600 nm .
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Figure 2.13: A plot comparing the theoretical and experimental values for the
real and imaginary components of the dielectric function of gold. The experi-
mental values indicated by blue crosses were extracted from Christy et al’s data
for the refractive index of gold18,27,28. The Drude model with and without the
corrections for the interband transitions are indicated by green and red lines
respectively. The modelling parameters for this plot are shown in table 2.1.

Figure 2.13 compares the Drude model with and without the interband transition corrections to
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the experimental values extracted from18,27,28. It can clearly be seen that the basic Drude model

completely fails at reproducing the experimental values for wavelengths smaller than 700 nm.

The agreement is much better for the extended model but, it is still not perfect. There is

still a noticeable deviation for the imaginary values at wavelengths of 300 and 400 nm. This

implies that it may be better to interpolate the experimental values if an extremely accurate fit

is necessary.

Interpolated experimental values however cannot be used to accurately model the optical prop-

erties of gold nanoparticles smaller that ≈8 nm. This is because the size of such particles limits

the oscillation of the electrons which changes the effective dielectric constant20–24. For particles

with dimensions close to the mean-free-path of the electrons it is necessary to adapt the model.

This adaptation must act to decrease the mean free path for small nano-particles to account

for the reduction in the mean free path. This adaptation takes the form of a correction to the

damping length of conduction electrons γ and is given by

1

γo
=

1

γ
+

Ξvf
2πcR

, (2.94)

where γo is the scaled damping length. Ξ is a scaling parameter, vf is the Fermi velocity, c is

the speed of light in a vacuum and R is the adapted mean free path of the electrons which is

equal to the particle size. An identical modification is required for the damping length of the

interband electron translations and are given by

1

γ1,1
=

1

γ1
+

Ξvf
2πcR

, (2.95)

1

γ2,1
=

1

γ2
+

Ξvf
2πcR

, (2.96)

for the first and second transition respectively.

Literature values of Ξ vary between 0.2 and 1.2 for differing sizes of nano-particle, which implies

that the modification may not be fundamentally correct. However, for the sake of this document

it is taken to be 0.7 which gave the best agreement to the experimental results.
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Figure 2.14: The effect of particle size on the dielectric function of gold. The
modeling parameters for this plot are shown in figure 2.1 and the scaling factor
Ξ = 0.7

Figure 2.14 shows the deviation of the real and imaginary values of the dielectric function of

gold for a range of wavelengths and limiting sizes R. it can be seen that the deviation from the

bulk values increases for longer wavelengths and smaller limiting sizes. This is consistent with

the principle that the correction acts to limit the oscillation length of the electrons.

These adaptations gives us a suitable analytical model for the optical properties of gold which

allows the accurate modelling of the absorption properties of small gold nanoparticles. In the

next section the equations which describe the absorption properties of gold nanoparticles will be

introduced and discussed.

2.7 Absorption properties of gold nanoparticles

Maxwell’s equations state that an oscillating electric field will induce a similarly oscillating

magnetic field which, will in turn induce a electric field which opposes the original field17,29.

Consequently modelling the optical properties of gold nanoparticles requires a complete multi-

polar expansion of the internal and external electromagnetic fields. This was done by Mie in
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1908 in his paper entitled Beiträge zur Optik trüber Medien, speziell kolloidaler Metallösungen

(Contributions to the optics of turbid media, especially colloidal metal solutions)30. The terms

of the multi-polar expansion operate in a hierarchy proportional to the particle volumes and

consequently for small particles it is sufficient to only consider a quasi-static case. This case is

known as the dipole approximation, as temporal induction relations are ignored leaving only the

dipolar resonance16. This approximation is appropriate if Cext >> CS and consequently the

absorption cross section is considered equal to the extinction cross-section

Ca = Cext. (2.97)

In the following sections we will use the dipole approximation alongside the adapted Drude model

for gold to predict the absorption spectrum of gold nanospheres and nanorods. The full proof of

the absorption cross sections predicted by the dipole approximation as well as the general theory

of the scattering of an arbitrary can be found in16.

2.7.1 Gold nanospheres

The extinction cross section of a particle Cext can be related to its polarisability α by

Cext = kImα. (2.98)

By considering the dipole approximation it can be shown that for small particles the polarisability

of a particle is related to its volume V as well as the dielectric functions of the nanoparticle, ε,

and the surrounding material, εm by

α = 3V
ε− εm
ε+ 2εm

. (2.99)

The dielectric function of the surrounding material can be related to its refractive index n by

ε = n2.
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Figure 2.15: The effect of refractive index of the surrounding material on the
absorption spectra of gold nanoparticles with a 2 nm diameter.

Figure 2.15 shows the effect of the surrounding refractive index on a gold nanoparticles with a

diameter of 5 nm. Its shows that nanoparticles suspended in a material with a higher refractive

index will have a larger absorption. Further the higher surrounding refractive index shifts the

plasmon resonance to longer wavelengths.

As shown in section 2.6.1.2 the dielectric function of gold is dependent on the size of the nanopar-

ticle. Because of this, the absorption properties of the nanoparticles will also depend on their

size.
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Figure 2.16: The effect of size on the absorption spectra of gold nanoparticles.
The refractive index of the surrounding material is 1.49.

Figure 2.16 shows the effect of the size on the absorption spectra of gold nanoparticles. There

are three main characteristics of this figure; firstly, the peak absorption of the nanoparticles

increases with the size of the nanoparticles. Similarly, the wavelength of the plasmon resonance

of the nanoparticles shifts to longer wavelengths for larger nanoparticles. Finally, for small

nanoparticles the plasmon resonance becomes increasingly broadened and for nanoparticles with

a radius of 0.25 nm it is virtually nonexistent. Due to this, nanoparticles of sizes between 1-7 nm

will be used in this thesis.

Chemically synthesised gold nanoparticles are functionalized with a surfactant layer which sta-

bilises the nanoparticles. This surfactant layer will scatter the plasmon changing the absorption

properties of the nanoparticles. It can be shown that in the dipole approximation the polaris-

ability of a nanoparticle coated with a dielectric material with a permeability ε2 is given by

α = 3V
(ε1 − εm)(ε1 + 2ε2) + f(ε1 − ε2)(εm + 2ε2)

(ε2 + 2εm)(ε1 + 2ε2) + f(2ε2 − εm)(ε1 − ε2)
, (2.100)

where ε1, is the dielectric function of the core material, V = 4πb3/3 and is the total volume of

the particle while f = a3/b3 and is the volume fraction of the inner to outer layers. Figure 2.17

shows a schematic diagram indicating the meanings of these variables.
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Figure 2.17: Schematic diagram showing the physical meanings of the parame-
ters in equation (2.100).

Figures 2.18 and 2.19 show the effect of a surfactant layer on the absorption properties of

gold nanoparticles. Figure 2.18 shows that as the thickness of a surfactant layer increases its

absorption spectrum tends towards the absorption spectrum of a particle surrounded only by

surfactant. Figure 2.18 shows that increasing the refractive index of the sufactant acts to increase

the absorption of the particles and shifts the resonance to longer wavelengths. This is identical

to the effect of the refractive index of the surrounding medium on the plasmon resonance shown

in figure 2.15.
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Figure 2.18: The effect of the thickness of a surfactant layer on the absorption
of gold nanoparticles. The nanoparticles considered have a radius of 2 nm
and are coated with a material with a refractive index of 1.6. The surrounding
material has a refractive index of 1.5 which is close to toluene: a common solvent.
The black line is for a nanoparticle with no surfactant layer in a material of a
refractive index of 1.6.

Figure 2.19: The effect of the refractive index of the surfactant layer on the
absorption of gold nanoparticles. The nanoparticles considered have a radius of
2 nm and are coated with 2 nm surfactant layer.
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2.7.2 Gold nanorods

The anisotropic nature of gold nanorods causes their long and short axis to have different polar-

isabilities. Consequently, their extinction cross section is dependent on the angle θ between the

long axis and the polarisation of light , and is given by

Cext = kIm[cos2(θ)α1 + sin2(θ)αs], (2.101)

where α1 and αs are polarisabilities of the long and short axis. These polarisabilities can be

found by solving for the scattered fields in an elliptical coordinate system using the dipole

approximation16,31. When this is done it can be shown that the polarisability of an ellipsoid

along an axis i is given by

αi = V
ε1 − εm

ε1 + Li(ε1 − εm)
, (2.102)

where V is the volume of the ellipse, L is the depolarisation factor; a geometric function describing

an ellipsoid and ε1 and εm are the dielectric functions of the ellipsoid and surrounding medium

respectively. For the long axis of a prolate (rod like) ellipsoid the geometric function is given by

LL =
1− e2

e2

[
1

2e
ln

(
1 + e

1− e

)
− 1

]
, (2.103)

where e is the eccentricity given by

e =

√
1− 1

R2
, (2.104)

with R being the aspect ratio of the long and short axis. As the sum of the three geometric

functions must be equal to 1, the geometric function of the short axis can be expressed by

Ls =
1− LL

2
. (2.105)

Colloidal gold nanorods must be synthesised by chemical means and will consequently will be

coated by surfactants, which will scatter the plasmon changing the its effective polarisability. It

can be shown that the polarisability of a gold nanorod coated by a surfactant with a dielectric

constant ε2 is given, in the dipole approximation, by

αj = V
(ε2 − εm)(ε2 + (ε1 − ε2)(L

(1)
j − fL

(2)
j )) + fε2(ε1 − ε2)

(εm + L
(2)
j (ε2 − εm))(ε2 + (ε1 − ε2)(L

(1)
j − fL

(2)
j )) + fε2L

(2)
j (ε1 − ε2)

, (2.106)

where L
(1)
j and L

(2)
j are the geometric functions relating to the inner and outer ellipsoids, V =

4πb3/3 and is the total volume of the particle while f = a3/b3 and is the volume fraction of the
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inner to outer layers.
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Figure 2.20: The effect of reorientation on the absorption spectrum of a gold
nanorod. θ = 0, π/2 corresponds to the polarisation of light being parallel
and perpendiclar to the long axis of the rod respectively. The nanoparticle
considered has an aspect ratio of 2.5 and the refractive index of the surrounding
medium is 1.6.

Figure 2.20 shows the effect of the angle between the polarisation of light and the long axis of

the nanorod on its absorption spectrum. When the nanoparticle is aligned with its long axis

parallel to the polarisation the plasmon is excited along the long axis. As shown in plot A of

figure 2.20, the long axis plasmon is resonant at a wavelength of 700 nm. When the long axis

of the nanoparticle is aligned perpendicular to the polarisation of light the plasmon is excited

along the short axis. The short axis plasmon resonance peaks at a wavelength of 525 nm and

is noticeably broader than the long axis plasmon resonance. The absorption efficiency of the

short axis plasmon resonance is approximately 26 times smaller that the long axis plasmon

resonance and is compatible with the absorption efficiency of a gold nanosphere. Consequently,

gold nanorods are more efficient absorbents than gold nanospheres.

The wavelength at which the long axis plasmon resonance peaks is dependent on the aspect ratio

of the nanorod. This is illustrated by figure 2.21 which shows the absorption spectra of nanorods
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with aspect ratios between 1.5 and 4.5. It can be seen that as the aspect ratio increases the

absorption of the long axis plasmon resonance peaks at longer wavelengths and the magnitude

of absorption efficiency increases. In contrast neither the magnitude nor the wavelength of the

short axis plasmon resonance seems to depend on the aspect ratio, with the exception of aspect

ratios smaller that 2 where the resonance peaks of the long and short axis resonances overlap.
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Figure 2.21: The dependence of the plasmon resonancens of a gold nanorod on
its aspect ratio. For this plot θ = π/4 so that both the long and short axis
plasmon resonances are observed. The nanoparticle considered has an aspect
ratio of 2.5 and the refractive index of the surrounding medium is 1.6.

2.8 Summary

In this chapter the theoretical background to the physical, electrical and optical properties of

liquid crystals has been introduced as well as the optical properties of gold and the absorp-

tion properties of gold nanoparticles. Further the equations governing propagation of light in

absorbing or inhomogeneous media has been produced.

A liquid crystal is a phase of matter which displays molecular ordering whilst remaining in a fluid

state. In the nematic phase the molecules are aligned in a manner which gives rise to anisotropy

of the electrical, physical, and optical properties. All of these properties are dependent on the

liquid crystal order parameter which is in turn dependent on the temperature of the liquid crystal.
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Consequently these properties are also dependent on the temperature, decreasing in magnitude

as the temperature of the liquid crystal tends towards the clearing point.

The orientation of the director within a liquid crystal cell can be predicted by the Frank-Oseen

theory which assigns a free energy contribution to each of the three possible deformation of the

liquid crystal director. Therefore, the director profile within the cell can be found by finding

the value which minimises the free energy of the system. Deformations in the liquid crystal

director can be induced by an electric field. This is due to the dielectric anisotropy of the

liquid crystal mesogens which causes a coupling between the orientation of the molecules and

an external electric field. The coupling between the nematic director and an electric field can

also be assigned a free energy and consequently the electric field induced reorientation can be

predicted by minimizing the total free energy.

The birefringence allows a liquid crystal cell to be used to control the polarisation of light. As the

electric field induced reorientation will change the birefringence that a polarised ray observes it

can used to induce the electro-optic effect. In addition to birefringence the propagation of light

can also be controlled by either an absorbing material or an inhomogeneous refractive index

profile. An absorbing material, such as a colloidal suspension of nanoparticles, will cause the

light to become exponentially attenuated while an inhomogeneous refractive index profile will

cause diffraction to occur.

The absorption of gold nanoparticles can be described by the dipole approximation so long as

the particles are smaller than the wavelength of the incident light. This requires an accurate

model of the optical properties of gold. This can be achieved for optical frequencies by using

the Drude model so long as it contains adaptations for the interband transitions. Additional

corrections are also required for small nanoparticles in order to account for the limitation of the

mean free path of the electrons by the physical boundaries of the particles.

The plasmon resonances of both gold nano-spheres and rods are dependent on their dielectric

environments, with the resonances of particles in materials with a higher dielectric constant

being broadened and shifted to longer wavelengths. Consequently, the plasmon resonance is

dependent on the surfactantes which coat the nanoparticles. While the absorption properties

of gold nano-spheres are independent of the polarisation of the incident light, so long as the

surrounding material is also optically isotropic, the is not the case for gold nano-rods. For gold

nanorods the absorption is dependent on the angle between the polarisation of light and the axis

of the rod, and has two distinct plasmon resonances. The long axis plasmon resonance is also
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strongly dependent on the aspect ratio of the rod, with the resonance wavelength increasing with

aspect ratio.
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Chapter 3

The synthesis and

characterisation of gold

nanoparticles

The main aim of this thesis is to use gold nanoparticles in order to induce and amplify optical

nonlinearities within the liquid crystal host. Dyes have previously been used in an identical fash-

ion and were shown to induce giant nonlinearities in the host liquid crystals1. Gold nanoparticles

however, are preferential to dyes as absorbing dopants due to both their absorption character-

istics, and the simplicity and versatility of their synthesis. On the first of these points, the

absorption cross section of gold nanoparticles is orders of magnitude larger than that of dyes2,3.

Further, while dyes bleach after prolonged illumination which reduces their absorption, gold

nanoparticles do not3,4. This is due to the fact their absorption is caused by plasmon oscilla-

tions. These plasmons decay though Ohmic losses which heat the particle. This heating does

not decrease the absorbtion of the gold nanoparticles as they are thermally robust5. Secondly,

while synthesising dyes with different absorption spectra requires completely different chemical

protocols, it is possible to change the absorption characteristics of nanoparticles far more sim-

ply2,3,6–8. For example, the absorption spectrum of gold nanorods is dependent on their aspect

ratio which can be tuned by the concentration of the chemicals used in their synthesis9. In terms

of the synthesis, the Brust method used in this thesis is simple, a point that will be reinforced

throughout this chapter10. In contrast to earlier methods which require mixtures of gold salts

and ligands above their boiling points11 the Brust method can be performed at room tempera-

ture in one reaction vessel. As well as its simplicity the method is also versatile allowing for the

83
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functionalization of the gold nanoparticles with many molecules with a terminal thiol (sulphur)

functional group12–14.

This chapter begins with a discussion of the ligands chosen to functionalize the nanoparticles.

The synthesis methods and the characterisation techniques will then detailed; starting with the

Brust method, then discussing the optical and physical characterisation methods. Then, in sec-

tion 3.3, adaptations of the Brust method will be discussed. These were used to create nanopar-

ticle samples with different functionalizations but identical size distributions and to improve the

synthesis of the nanoparticles functionalized with aromatic ligands (1,1’,4’,1”-Terphenyl-4-thiol

and Benzyl mercaptan) which were observed to aggregate. In the next section the scattering be-

haviour of the aggregates of the gold nanospheres functionalized with 1,1’,4’,1”-Terphenyl-4-thiol

will be characterised. Finally the nanoparticles from collaborating groups and those synthesised

directly in liquid crystals by sputtering will be discussed.

3.1 On liquid crystals and ligands

A selection of five ligands were used to functionalize the gold nanoparticles. The molecular

structure of these ligands alongside those of two nematic liquid crystal mixtures are shown in

figure 3.1.

Figure 3.1: Molecular structure of the ligands used to functionalize gold
nanoparticles and; the structure of common nematic mixtures.
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The reasoning behind the section of these ligands is as follows:

Dodecanethiol (DDT)

This ligand was chosen because DDT functionalized nanoparticles had previously been shown

to be soluble in non-polar nematics15. Consequently, it was hoped that the interaction between

the alkanethiol ligands and the non-polar alkane chains which terminate the mesogens would be

sufficient to dissolve the nanoparticles in a liquid crystal host. This concept was encouraged by

the fact that both DDT-functionalized nanoparticles and the targeted liquid crystals were both

soluble in the organic solvent toluene.

Tetraoctylammonium bromide (TOAB)

The reasoning behind the selection of TOAB was similar to the reasoning behind DDT, specifi-

cally that the non-polar alkane-thiols would interact well with the terminal alkane groups of the

liquid crystal. Additionally, the bonding between the gold nanoparticles and TOAB is weaker

than a thiol-gold bond and it was postulated that this could improve the solubility as it would

lead to a less dense surface coverage. A surface coverage of 50% has been shown to massively

increase the solubility of a nanoparticle in a nematic host16.

1,1’,4’,1”-Terphenyl-4-thiol (T-thiol)

It was postulated that the phenyl rings of T-thiol would interact well with the bi- and tri-phenyl

groups of TL205 and E7. Additionally, it was hoped that the thiol-gold bond would polarise the

tri-phenyl group of T-thiol increasing the solubility of the nanoparticles inpolar nematics.

Benzyl mercaptan (BM)

Benzyl mercaptan was chosen primarily as a secondary ligand for T-thiol, as work by Hegmann,

Goodby and Reven had shown that increasing the separation between the ligands massively

improved the solubility of the nanoparticles14,17,18. The solubility of nanoparticles purely coated

with BM was also investigated as it was postulated that the phenyl ring would interact well with

the nematic hosts.

Poly(3-hexylthiophene-2,5-diyl) (P3HT)

Being a polymer it was hoped that P3HT would penetrate into the bulk liquid crystal interacting

with many liquid crystal molecules increasing the solubility and stability of the nanoparticles in

the liquid crystals.
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3.2 The Brust method

The first synthesis protocol which was used was the Brust method10. This method is primarily

used to synthesis 2-3 nm gold nanoparticles stabilised by thiol molecules.

Figure 3.2: A schematic representation of the Brust method.

The general procedure is illustrated in figure 3.2 and is as follows: the polar gold salt (sodium

tetrachloroaurate(III)) must first be dissolved in a polar solvent, normally water. This aqueous

solution is then added to a vessel which also contains a suspension of TOAB in toluene. TOAB

acts as a phase transfer agent, migrating the gold chloride ions of the salt to the non-polar

solvent. The chemical formula for this phase transfer is expressed as

Na+AuCl−4 [aq] + Br−N+(C8H17)4[Toluene]→ Br−Na+[aq] + AuCl−4 N
+(C8H17)4[Toluene]. (3.1)

The two solvents are mixed until the phase transfer is complete, a point indicated by a clear

colour change. The aqueous phase will change from yellow to clear whilst the organic phase

will have a corresponding change of clear to orange. TOAB stabilizes the organic solution by

forming micelles around the gold chloride ions. A suspension of the intended thiol surfactant
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Chemical Formula, solvent Concentration Volume
[mmoldm−3] [ml]

Sodium Tetrachloroaurate(III) Na+AuCl−4 , aq 30 15

Tetraoctylammonium bromide Br−N+(C8H17)4, toluene 50 40

Dodecanethiol HS(CH2)12H, pure pure 0.12

sodium borohydride Na+BH−4 , aq 0.4 25

1,1’,4’,1”-Terphenyl-4-thiol HS(C6H4)3H, toluene 4 100

Dodecanethiol + HS(CH2)12H, pure pure 0.06
1,1’,4’,1”-Terphenyl-4-thiol HS(C6H4)3H, toluene 2 100

Table 3.1: Components of the Brust method noting their chemical formula,
concentration and volume listed in order required in the reaction.

in toluene is then added, the concentration of which will determine the size of the resulting

particles. Finally an aqueous solution of the reducing agent (sodium borohydride) is added

which reduces the gold salt. The reduced gold then agglomerates inside the TOAB micelles

forming nanoparticles to which the thiol molecules immediately bond. The solution is stirred for

up to three hours to ensure complete reduction of the gold salt and complete functionalization

of the gold nanoparticles. The formation of gold nanoparticles is indicated by a characteristic

colour change, with the organic phase turning from orange to brown or red. Brown indicates

the formation of small 2-3 nm particles while a red colour indicates larger 5-7 nm particles. The

ligand of choice for this example will be DDT (HS(CH2)12H). In this case the formula for the

reduction of the gold salt and the formation and subsequent functionalization of the nanoparticles

is

mAuCl−4 [Toluene] + 3mNa+BH−4 [Toluene] + nHS(CH2)12H)[Toluene]

→

(Aum)(S(CH2)12H)n[Toluene] + 4mCl−[aq] + 3mBH4[aq] + 3mNa+[aq] + nH[aq]. (3.2)

The thiols prevent further agglomeration of the gold ions and consequently limit the size of

the resulting nanoparticles. The size is partially dependent on the ratio of gold atoms to thiol

molecules, n/m. If n/m� 1 the reaction is limited by the rate at which the thiols can bond to

the gold and on average nanoparticles smaller that 4 nm in diameter are formed. If n/m � 1

however the size of nanoparticles is determined by the size of the TOAB micelles which are

around 5-8 nm. The specific concentrations used for this reaction are given in table 3.1.

One of the advantages of the Brust method is illustrated by equations (3.1 and 3.2). Explic-

itly that, with the exception of TOAB and the thiols, the majority of the waste is ionic and

consequently is confined to the aqueous phase. This fact makes the purification of the samples
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relativity easy. Firstly, all of the liquids are decanted into a burette and left for the organic and

aqueous phases to separate. The aqueous phase is then passed though the burette and discarded.

The organic solution is then washed with 200 ml of distilled water to remove any remaining ions,

the water is once again allowed to separate, the toluene nanoparticle suspension decanted and

the remaining water disposed of.

Further purification is needed in order to remove any excess thiol molecules and the TOAB.

This is done by decanting the organic phase into a rotary evaporator which is then used to

remove much of the excess toluene. The concentrated suspension is then removed, mixed with

400 ml of neat ethanol and the resulting suspension placed in a freezer at -18oC overnight.

The cooling of the suspension increases the polarity of the solvent causing the relativity non-

polar nanoparticles to aggregate. These aggregates then precipitate while the free ligands and

TOAB molecules remain suspended. This precipitate is then separated by filtration, redissolved

in toluene and the purification repeated twice more. After the nanoparticles are sufficiently

purified the precipitate is stored in a dried state which prevents aggregation. The precipitate

can be redissolved in an appropriate organic solvent for characterisation which will be discussed

in the next section.

3.2.1 Characterisation Techniques

There are two main techniques used to characterise the nanoparticles. Firstly a transmission

electron microscope is used to image the particles which gives their size, shape and polydispersity.

The absorption spectrum can then be measured and the position of the resonance peak can be

used to determine whether the solution of particles is aggregated, the degree of aggregation and

consequently the solubility of the nanoparticles in the chosen solvent. If the solution of particles

is not aggregated then the peak absorption can be used, alongside the size dispersion, to calculate

the concentration of the particles.

3.2.1.1 Transmission electron microscopy (TEM)

In order to image the particles they need to be on a TEM grid. To do this a portion of the

nanoparticle precipitate is added to an appropriate organic solvent and sonicated before being

dripped onto TEM grids. An FEI tecnai 12 transmission electron microscope at the biomedical

imaging unit of Southampton hospital was used to view image the particles19; this microscope

is capable of imaging particles as small as 1 nm in diameter to a resolution of ± 0.2 nm. In

order to image our particles the highest bias of 120 KV was used to to accelerate the electrons.
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These electrons are then focused though the sample and their transmission recorded on a CCD.

Figure 3.3 shows an example image obtained by transmission electron microscopy. The size dis-

tribution of the nanoparticles can then be found by using the image processing tool ImageJ R©20.

ImageJ R© automatically identifies the nanoparticles and produces a list of their diameters.

Figure 3.3: Transmission electron microscope image of gold nanoparticles syn-
thesised by the Brust method.

3.2.1.2 Absorption spectroscopy

In order to measure the absorption spectrum of the nanoparticle samples they must be dissolved

in a solvent and stored in a cuvette. The absorption of the suspension can then be measured using

a spectrophotometer. For the results in this thesis the Jasco UV/VIS/NIR spectrophotometer

in Southampton’s nanomaterial rapid prototyping facility was used. The spectrophotometer

measures intensity of light transmitted through the sample (IT ). This intensity is related to the

total absorbance A of the sample by the Beer-Lambert law21 which states

IT ∝ e−A. (3.3)

The total absorbance of the sample is not only due to the nanoparticles however, and can be

considered a linear combination of three different absorbances, specifically the absorbance of the

cuvette (Ac), the solvent (As) and the nanoparticles (An). As the aim is to measure An it is

necessary to eliminate As and Ac. This is done by taking a baseline absorption spectrum of only

the pure solvent in an identical cuvette. The transmitted intensity measured for this baseline
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(IB) can be expressed as

IB ∝ e−(As+Ac). (3.4)

Normalising IT by IB gives

IT
IB

=
e−A

e−(As+Ac)
=
e−(As+Ac+An)

e−(As+Ac)
= e−(As). (3.5)

Therefore the absorbance of the nanoparticles can be calculated by measuring the intensity

transmitted by

An = − ln

(
IT
IB

)
. (3.6)

The absorption spectrum of the sample can give a good indication of the size of the nanoparticles

and whether the sample is aggregated or dispersed. This is illustrated in figure 3.4 which shows

the absorption spectra of 1-3 nm gold nanoparticles as well as dispersed and aggregated 5-7 nm

gold nanoparticles. It can be seen that the plasmon resonance of the smaller nanoparticle sample

is much less distinct in comparison to the larger sample in agreement with the theory discussed

in chapter 2. For the aggregated sample it can be seen that the resonance peak is significantly

broadened and is shifted to longer wavelengths. This broadening and red shift is due to coupling

of the plasmon resonances of the neighbouring nanoparticles22. As a note the plots have been

normalised so that all of the absorbance curves can be seen with an equal clarity.
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Figure 3.4: Absorption spectra of 1-3 nm gold nanoparticles and, dispersed
and aggregated 5-7 nm gold nanoparticles illustrating the effect of size and
aggregation on the absorption resonances.
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It is theoretically possible to calculate the concentration and size distribution of a colloidal

gold solution by fitting Mieś solutions to the Maxwell equations to an absorption spectrum23.

For nanoparticles smaller than 10 nm however, this is practically impossible as the wavelength

of the absorption resonance is only weakly dependent on size. If the size distribution of the

nanoparticles is known however, the concentration of the solution can be accurately calculated

by measuring the absorbance. The absorbance An of a homogeneous solution of nanoparticles

can be related to the absorption coefficient of an individual particle εa by

An = CNAεa, (3.7)

where Na is Avogadro’s number, C is the molar concentration of the particles and D is the

thickness of the cuvette. It is possible to predict the absorption cross section of an small particles

as explained in section 2.7.1 of chapter 2. This has been done for particles of up to 100 nm and

the values of molar absorption coefficients (εaNA) used in this thesis can be found in23. Once the

size distribution has been measured by TEM the concentration of the solution can be calculated

by using equation (3.7).

3.2.2 Synthesised particles

Three samples were made using the Brust method; these were functionalized with DDT, T-thiol

and a composite layer consisting of a 1:1 ratio by number of T-thiol and DDT. The concentrations

for these synthesis are listed in table 3.1.

3.2.2.1 Experimental observations.

DDT functionalized particles

When the reducing agent was added to the flask the organic phase immediately turned a dark

brown which is indicative of small 2-3 nm particles.

T-thiol functionalized particles

On the addition of the reducing agent the organic phase immediately turned blue and then slowly

turned black and a strong scattering effect could be seen. The resulting precipitate was insoluble

in toluene. In order to try and prevent this particles with a composite layer of T-thiol and DDT

were synthesised.
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DDT-T-thiol functionalized particles

Upon the addition of the reduction agent the organic phase turned a light red colour.

3.2.2.2 Characterisation.

Figures 3.5, 3.6 and 3.7 show the size distribution and absorption characterisation of these

nanoparticles. From figure 3.5 it can be seen that the DDT functionalized nanoparticles are

relatively small, with a mean diameter of 1.99±0.79 nm. Figure 3.6 shows that the T-thiol

functionalized particles are slightly larger with a mean diameter of 2.44±0.84 nm. Finally figure

3.7 shows that the particles coated with the composite layer have mean diameter of 2.33±0.94 nm.

The absorption profiles of the DDT and DDT-T-thiol functionalized nanoparticles is constant

with their size distributions. The absorption spectra of the T-thiol functionalized nanoparticles

however, shows that the plasmon resonance is red shifted by ≈ 30 nm. This shift is indicative of

nanoparticle aggregation and indicates that the particles are not completely soluble in toluene.

A variety of other solvents were used in order to successfully dissolve these nanoparticles. This

however will be discussed in depth in section 3.3.2 of this chapter.

Figure 3.5: Physical and optical characterisation of the DDT functionalized
nanoparticles.
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Figure 3.6: Physical and optical characterisation of the T-thiol functionalized
nanoparticles.

Figure 3.7: Physical and optical characterisation of the old nanoparticles func-
tionalized with a composite layer of T-thiol and DDT.
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3.3 Adaptations to the Brust method

A range of adaptations to the Brust method were attempted with two main aims. The synthesis

of a stock solution of TOAB functionalized particles for a ligand exchange, and to prevent the

aggregation seen in the T-thiol samples.

3.3.1 Synthesis of TOAB functionalized particles and the ligand ex-

change technique

In order to adequately compare the effect of the different ligands on the solubility of nanoparticles

in a liquid crystal it was necessary to synthesize particles with different functionalizations but

identical size distributions. This can be done by performing a ligand exchange on a stock solution

of TOAB functionalized nanoparticles. As the covalent thiol-gold bond is substantially stronger

than the ionic TOAB-gold bond, thiol terminated ligands will displace the TOAB bonding to

the gold.

In order to do this, a stock solution of TOAB functionalized gold nanoparticles was synthesised,

separated into equal measures, and thiol terminated ligands added to these samples. As the size

distribution of the samples is not adjusted by the ligand exchange, each sample created by this

protocol will have an identical size distribution, and consequently the only variable will be the

functionalization.

3.3.1.1 Synthesis of TOAB functionalized particles

The modification of the method from section 3.2 used in order to synthesise nanoparticles func-

tionalized with TOAB is as follows. The synthesis protocol is identical except for the exemption

of the thiol ligand, so that the particles are functionalized only by TOAB. In this case the size

of the synthesised particles is limited by the size of the TOAB micelles and are consequently

5-7 nm in diameter.

A volume of 120 ml of TOAB functionalized nanoparticles was synthesised. The concentrations

of the different reagents are shown in table 3.1. The volumes used however are three times

those listed in this table. Figure 3.8 shows the characterisation of the nanoparticles. The size

distribution was calculated using the TEM images and Image J, discounting any particles under

1 nm or with an eccentricity of over 1.1. Over 200 such particles were found giving a mean

diameter of 4.01 nm with a standard deviation 0.97 nm. The absorption peak of 527 nm is
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standard for such particles and is consistent with theoretical calculations as outlined in chapter

2.

Figure 3.8: Optical and physical characterisation of TOAB functionalized
nanoparticles including TEM image, evaluated size distribution and an absorp-
tion spectrum.

3.3.1.2 Ligand exchange

Five samples were synthesised by the ligand exchange technique. These were functionalized

with DDT, T-thiol, BM, P3HT, and a composite layer consisting of a 1:1 ratio by number of

T-thiol and BM. This was done by separating the 120 ml of TOAB stock solution into 6 equal

samples of 20 ml. The ligand suspensions, as described in table 3.2, were then added to samples

at a rate of approximately 500 µl every five seconds. These samples were then purified by the

method described in section 3.2 of this chapter, with the exception of the TOAB and P3HT

functionalized samples which were left unpurified due to the strength of the TOAB-gold bond

and the solubility of P3HT in ethanol24–26.

It is however important to note at this stage that due to the comparative weakness of the TOAB-

gold bond the particles will aggregate and grow in size over extended periods24. Because of this

all the ligand exchanges were performed on the same day.
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Chemical Formula Mass [mg]
Solvent and
volume [ml]

Dodecanethiol HS(CH2)12H 101 N/A

1,1’,4’,1”-Terphenyl-4-thiol HS(C6H4)3H 131 toluene ,6

Benzyl mercaptan HSCH2(C6H5) 62 N/A

Poly(3-hexylthiophene-2,5-diyl) (C10H14S)n 8 toluene , 5

1,1’,4’,1”-Terphenyl-4-thiol + HS(C6H4)3H 67 toluene, 6
Benzyl mercaptan HSCh2(C6H5) 31 toluene, 6

Table 3.2: Mass of the ligands and volumes of solvents for the exchange protocal.
Approximatly 500 µmols of each ligand was used for each exchange. The last
row is for the nanoparticles functionalized with a multilayer of benzyl mercaptan
and T-thiol for which appoximalty 250 µmols of each was used.

3.3.1.3 Experimental observations.

DDT functionalized particles

No colour change was seen upon the addition of DDT to the TOAB solution, indicating no

aggregation or agglomeration. The success of the ligand exchange was indicated by the shift in

the plasmon resonance.

T-thiol functionalized particles

When the T-thiol ligand was added to the TOAB nanoparticle suspension the solution turned

blue and then black, with scattering effects being observable. This was identical to the obser-

vations made during the Brust synthesis. The solution was purified by the ethanol method as

discussed above. However, as with the direct synthesis the precipitate was only partially sol-

uble in toluene with the solution separating into a black precipitate and a supernatant. The

supernatant itself displayed a pale blue colour indicative of aggregation. The precipitate could

be suspended in the supernatant by agitation, sonication or magnetic stirring, after which the

solution would appear black with scattering effects would be observable.

Benzyl mercaptan functionalized particles

A colour change to dark purple was seen upon the addition of BM to the stock solution indicating

either particle growth or aggregation. The solution was purified by the ethanol method. However,

in a similar manner to the T-thiol sample the precipitate formed by the purification method was

only partially soluble in toluene with aggregates and precipitates forming.

Benzyl mercaptan-T-thiol functionalized particles

The BM-T-thiol ligand exchange behaved identically to the T-thiol sample in that the reaction
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flask turned black on the addition of the ligands. The solution was purified by the ethanol

method with the resulting precipitate being only weakly soluble in toluene.

P3HT functionalized particles

No colour change was seen upon the addition of P3HT to the TOAB solution, indicating no

aggregation or agglomeration. The suspension could not be purified however as P3HT is insoluble

in ethanol25,26.

3.3.1.4 Characterisation.

Figures 3.9 and 3.10 show the physical and optical characterisation of the nanoparticles synthe-

sised by the ligand exchange method. From the TEM images it was possible to confirm that all

the samples had size distributions almost identical to the TOAB stock solution.

All of the nanoparticles functionalized with aromatic ligands showed significant aggregation in

toluene, as indicated by the red-shift of the absorption resonances. The magnitude of this

red shift is dependent on the size of the aggregates and the separation between the individual

nanoparticles, with larger aggregates and smaller particle separations giving larger red-shifts22.

It is possible to estimate the distances between the particles from the TEM images. While this

is not a precise measurement due to the nature of the TEM it does give an indication of the

relative size of the separation between samples. The separation of the T-thiol functionalized

particles is 1.2 nm, consistent with the size of the T-thiol molecule, while the separation between

the composite layer and BM functionalized particles is 0.4 nm consistent with the size of the

BM molecule. The largest red shift from 527 nm was observed in the BM functionalized sample

with a resonance at 588 nm, this is consistent with the the principle that these particles have the

smallest separation. In contrast to the BM particles, the compositely functionalized particles,

which had a similar nanoparticle separation, had the smallest red shift. As the compositely

functionalized particles were more soluble in toluene it is likely that the aggregates were smaller

which explains the smaller shift .

As the aggregation was observed in samples functionalized with T-thiol and BM, both of with

contain aromatic rings it is likely the aggregation is caused by π − π stacking of these aromatic

rings. π − π stacking refers to the strong attractive non-covalent interaction induced between

de-localised electrons in aromatic rings27.

The DDT and P3HT functionalized samples did not show signs of aggregation which is illustrated

by their absorption spectra. Over a period of two weeks however the P3HT functionalized sample
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showed signs of aggregates and gold was observable on the walls of the flask. This is indicative of

agglomeration of the particles into bulk gold indicating that the nanoparticles were not stable.
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Figure 3.9: TEM images and absorption spectra of the nanoparticles function-
alized with A) T-thiol. B) a composite layer of T-thiol and BM and C) BM.

3.3.2 Modifications for the synthesis T-thiol functionalized particles

Both the BM and T-thiol functionalized nanoparticles displayed significant aggregation. This is

not ideal for two reasons: firstly aggregates have a lower absorption per unit mass than individual

particles. Secondly as larger structures induce a larger distortion on the liquid crystal director

aggregates will be less soluble in the intended nematic hosts and may induce defects.

In an attempt to prevent the aggregation observed during the synthesis of the T-thiol function-

alized particles several adaptations to the Brust method were made. Firstly, the concentration

of the ligand was decreased; the reasoning for this was that lowering the ligand concentration
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Figure 3.10: TEM images and absorption spectra of the A) DDT. B) P3HT
functionalized nanoparticles.

would increase the mean separation between the the T-thiol molecules decreasing the aggrega-

tion. Secondly, as observations implied that the T-thiol might not be completely dissolved in

toluene, the more polar solvent chloroform was tried as an alternative solvent for the reaction.

Finally, an alternative protocol based upon the Brust method was used. This protocol used

triphenylphosphine (TPP) as an intermediate ligand in the place of TOAB.

Modification of solvent and ligand concentration

During the synthesis of the secondary batch of T-thiol nanoparticles some scattering was ob-

served in the suspension of T-thiol in toluene. This is indicative of undissolved crystal T-thiol

which would inevitably cause aggregation during the synthesis. As the scattering remained after

repeated sonication it was concluded that toluene was not an ideal solvent for the ligand.

Initially attempts were made to dilute the T-thiol -toluene suspension until the scattering effect

was not visible which was achieved at a concentration of 4 mmoldm−3. However the aggregation

still occurred upon the addition of the reducing agent for T-thiol concentrations 4 mmoldm−3,

2 mmoldm−3 and 1 mmoldm−3. This aggregation occurred seemingly regardless of the rate at

which sodium borohydride was added and consistently it was decided to try a new solvent.

It was postulated that the polar nature of 1,1,4,1-Terphenyl-4-thiol would make it more soluble

in a more polar solvent and consequently chloroform was chosen as the solvent for the reaction

as it has a slightly higher polarity than toluene28. No scattering was observed in the T-thiol
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- chloroform suspension indicating a good solubility, however, aggregation still occurred when

the reducing agent was added to the reaction vessel. Because of this a lower concentration of

1 mmoldm−3 was attempted. In this case no aggregation was seen when the reducing agent was

added and the solution turned a dark brown colour indicating the synthesis of 2-4 nm particles.

The nanoparticle suspension was purified as explained in section 3.2. When the precipitate was

added to toluene it was found to be insoluble, with aggregates formed even after 30 minutes

of sonication. This was found be be true for a large range of solvents including choloroform,

chlorobenzene, 1-2 dichlorobenzene and dichloromethane.

The effect of the speed of the addition of T-thiol was also investigated. If the ligand is added

slowly to the reaction flask it can be observed that the aggregation does not happen instanta-

neously, but only occurs after the majority of the ligand has been added. This implies that the

aggregation only occurs after some critical concentration of ligands is present.

P

Figure 3.11: Molecular structure of the triphenylphosphine (TPP) ligand used
for the Hutchison protocol.

Hutchison protocol

Goodby et al had reported aggregation in the synthesis of their mesogenic functionalized nanopar-

ticles similar to those observed in the T-thiol nanoparticle synthesis13. They overcame this issue

by using the Hutchison protocol, a modification of the Brust method that uses a different in-

termediate ligand, triphenylphosphine (TPP) which replaces TOAB. The molecular structure of

TPP is shown in figure 3.11, TPP binds to gold in a similar manner to TOAB though its free

electron group.

Two attempts were made with the TPP ligand. Firstly the protocol was followed exactly as

described in13 only using T-thiol rather than their mesogenic ligand. In the second experiment,

a ligand exchange was performed on a stock solution of TOAB functionalized nanoparticles by

adding a 40 ml of a 50 mmoldm−3 solution of TPP in toluene. A secondary ligand exchange was
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then performed by adding 200 ml of a 1 mmoldm−3 solution of T-thiol in toluene. The second

solution turned purple immediately on the addition of the ligand. In the first method however,

the solution turned brown on the addition of sodium borohyride indicating a homogeneous

dispersion of 2-4 nm particles. The precipitate formed after the purification was, however, found

to be insoluble in conventional solvents.

None of the attempts to modify the synthesis protocol were able to produce particles which were

soluble in conventional solvents. However, I was able to find a solvent, 1-methyl-2-pyrrolidinone,

in which a disperse suspension of nanoparticles could be dissolved. The solvent 1-methyl-2-

pyrrolidinone is a viscous solvent with a high polarity of 6.7 P29. It is commonly used as the

solvent for our planar polymer alignment layer polyimide. Because of this discovery it was no

longer necessary to continue the adaptations in the synthesis protocols.

3.4 Scattering and absorption characterisation of T-thiol

functionalized nanoparticles

The aggregation of the T-thiol nanoparticles reduces their solubility in a liquid crystal and

is consistently non-conducive towards the final goal of this thesis. Highly scattering colloidal

suspensions do however have other interesting applications. These can be technological, such

as improving the efficiency of solar cells30 or theoretical. For instance, highly scattering GaAs

nanowires have been used to investigate Anderson localisation; an effect predicted to trap light

in a scattering medium31. Further, scattering increases the effective absorption of a medium by

increasing the average path length that a ray takes though the medium30. Aggregates of metal

nanoparticles have also been shown to increase the second order nonlinearity of their hosts32,33.

Due to these final two points which are of direct relevance to the project as well as the interesting

applications of scattering particles, it was decided to more thoroughly characterise the absorption

and scattering properties of the nanoparticles.

3.4.1 Experimental outline

Figure 3.12 shows a schematic diagram of the setup used to characterise the scattering and

absorption properties of the nanoparticles. Specifically a Fianium SC400-PP super-continuum

laser system was used as a coherent white light source. The ray was passed through a prism

which disperses the white light into its spectral components and a small wavelength range is
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Figure 3.12: Schematic diagram of the optical setup used to characterise the
scattering properties of the nanoparticles.

selected by a slit which is then refocused by a second prism leaving a collimated beam. The

selected wavelength range is determined by the angle between the prism and the incident white

beam with the rotation of the prism being controlled by a motorised rotation stage. The beam

then is passed though the sample and the transmitted light is collected by a integrating sphere

which was placed in either a close (8 mm) or far (85 cm) position. Not pictured in figure 3.12

are the chopper and lock in amplifier used to eliminate high frequency noise or the magnetic

stirrer used to agitate the sample which prevents sedimentation of the aggregates. A 0.2 mm

glass cuvette was used as a vessel for the colloidal suspension.

The transmitted intensity was measured in the close and far positions in order to separate the

attenuation by the scattering and absorption of the medium. In the far position the light is

attenuated by both scattering and absorption and can be related to the incident intensity I0 by

If = I0e
−αLe−cSLe−αL, (3.8)

where If is the intensity measured at the far position, L is the thickness of the sample, cS is

the scattering coefficient and α is the absorption coefficient of the sample. In the close position

the scattered light is captured and consequently the light is attenuated only by absorption.

Specifically the intensity measured at the close position Ic can be expressed as

Ic = I0e
−αL. (3.9)
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Consequently the scattering coefficient can be found by comparing the intensities measured at

the close and far positions and is explicitly calculated as

cS =
ln
(
Ic
If

)
L

. (3.10)

Similarly the absorption coefficient of the sample gold nanoparticles can be found by normalizing

the intensity at the close position by a baseline containing only toluene (the solvent). This is in

an identical manner to the characterisation technique discussed in section 3.2.1.2. Explicitly the

absorption coefficient is given by

α =
Ln
(
Ib
Ic

)
L

, (3.11)

where Ib is the baseline intensity.

The scattering can also be parametrised by the scattering length which is a measure of the

mean distance between scattering events. The scattering length gives information about which

scattering regime the sample is in. If the scattering length is larger than the thickness of the

sample then a photon experiences, on average, one scattering event as it passes though the

sample; this regime is aptly known as the single scattering regime. In contrast, if the scattering

length is smaller than the thickness of the sample, then a photon will be scattered more than

once on average: this regime is referred to as the multiple scattering regime. If the sample

is in the multiple scattering regime the equations expressed above are no longer valid and the

absorption and scattering will depend on higher powers of L.

3.4.2 Results and analysis

Figure 3.13 shows the wavelength dependence of the scattering length and the absorption coef-

ficient for a 2.2 µM suspension of the T-thiol nanoparticles. A clear resonance in the absorption

spectrum is seen at ≈ 588 nm, which is in agreement with the other measurements shown in

figure 3.9. The scattering length also shows a local maximum at ≈ 588 nm, however, the largest

scattering length is seen at 1200 nm. The increase in the scattering length with wavelength

shown in figure 3.13 is expected as the effective length of the sample is inversely proportional

to the wavelength. As the scattering length is larger than the size of the cuvette, 0.2 cm, the

sample is in the single scattering regime and the equations shown above are valid.

The concentration dependence of the scattering and absorption coefficient was investigated for a

range of concentrations between 2.2 and 0.5 µM. The absorption and scattering spectra of these

samples showed identical features to those shown in figure 3.13. Figure 3.14 shows the absorption



104 Chapter 3 The synthesis and characterisation of gold nanoparticles

600 700 800 900 1000 1100 1200

0.1

0.2

0.3

0.4

0.5

0.6

S
ca

tte
ri

n
g

sle
n

g
th

s[c
m

]

Wavelengths[nm]

C

500 600 700 800 900 1000
0

2

4

6

8

10

A
b

so
rp

tio
n

sc
o

e
ffi

ci
e

n
ts[

cm
-1
]

Wavelengths[nm]

Figure 3.13: Plots of the absorption and scattering spectra of the T-thiol
nanoparticles at a concentration of 2.2 µM.

coefficient for these concentrations, the absorption coefficient, was taken at a wavelength of

588 nm which was chosen as it coincides with the peak absorption. A line of best fit is also

plotted, and the fact that a linear fit gives good agreement to the data supports the assertion

that we are in the single scattering regime. The gradient of this line gives the molar absorption

coefficient of the sample which parametrises the strength of the absorption of the system. For

this sample the molar absorption coefficient is 4.61 cm−1µM−1

Figure 3.14 shows the scattering coefficient for the nanoparticle solutions at a wavelength of

1000 nm. This wavelength was chosen for three reasons: firstly the power of the laser is higher

at longer wavelengths as it is pumped by a infra red source: secondly the absorption of the sample
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Figure 3.14: A plot of the peak absorption coefficient for the T-thiol nano-
particles corresponding to a wavelength of 600 nm. The blue line indicates a
line of best fit with a 0,0 intercept.

is smaller at longer wavelengths. Both of these points results in the experimental error being

minimized at longer wavelengths. Finally, the conversion efficiency of the silicon photo-diode

decreases above 1100 nm decreasing the recorded signal.

The scattering coefficient increases with concentration in an approximately linear manner. As

with the absorption the molar scattering coefficient can be calculated by the gradient of the line

of best fit and has a value of 3.57 cm−1µM−1.

The fact that the molar absorption coefficient is larger than the molar scattering coefficient indi-

cates that the optical behaviour of the system is still dominated by absorption effects. However

the absorption of the aggregates is smaller than it would be in a disperse sample of nanoparticles

with equivalent size. For example gold nanoparticles with a 5 nm diameter have a absorption

coefficient of 10 cm−1µM−1 in comparison to the value of 4.61 cm−1µM−1 measured in the ex-

periment23. The scattering of the nanoparticles is however, far greater in comparison to disperse

nanoparticles, with no scattering being measurable when the nanoparticles were dissolved in

1-methyl-2-pyrrolidinone which prevented the aggregation.
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Figure 3.15: A plot of the scattering coefficient for the T-thiol nano-particles
at a wavelength of 1 µm. The blue line indicates a line of best fit with a 0,0
intercept.

3.5 Synthesis of gold nanoparticles by sputter doping in a

liquid crystal

Gold nanoparticles can also be synthesised mechanically by introducing clusters of gold atoms

into a host liquid. These atom clusters can be produced by ablation or sputtering techniques

and agglomerate in the liquid crystals. While particles synthesised by such methods are more

polydisperse than those synthesised by the Brust method they bypass the difficulty associated

with transferring chemically synthesised particles from a solvent to the indented host34–36.

Yosida et al synthesised gold nanoparticles directly in the nematic liquid crystal 5CB by sputter

deposition34. The particles where shown to have a mean diameter of 4 nm with a maximum

variation of 1.5 nm. As it was found to be extremely difficult to dissolve chemically functionalized

particles in a liquid crystal this processes was investigated as an alternative method of doping

liquid crystals.

Six samples of liquid crystals were investigated; The nematic mixtures E7, ZLI-2830 and ZLI-4792

and the single component liquid crystals 5CB, 6 CB and CB15. E7 and ZLI-4792 were chosen as

as they are common nematic mixtures. 5CB was chosen as it is the primary component of E7,

while 6CB and CB15 were chosen as they are molecularly similar to 5CB but display different

physical characteristics. 6CB, as its name suggests, has a terminal alkaline chain consisting of six

carbons in contrast to the five of 5CB. Consequently its nematic phase is at a lower temperature
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than 5CB with a clearing temperature of 23◦C. The molecular structure of CB15 is shown in

figure 1.8, it has an off axis carbon which makes the liquid crystal exhibit chirality. Due to its

molecular structure CB15 is isotropic at room temperature. In this section the discussion will

mainly focus on the results seen in the E7 and ZLI-2830 mixtures. This is because these samples

were more rigorously characterised.

Sputtering procedure

A 200 µl sample of the liquid crystal was decanted in a open top vial which was then placed in

the sputtering machine. The chamber was vented to vacuum and then flooded with nitrogen four

times to ensure a clean atmosphere for the sputtering. In the initial vacuum stage it is necessary

to slowly decrease the pressure as there may be dissolved gas in the liquid crystal. If the pressure

drops rapidly large bubbles will form in the liquid crystal, which will pop contaminating, the

chamber and the gold source. Once the chamber has been vented the gold can then be sputtered

into the liquid crystal samples.

Specific to this thesis a SC7620 Mini Sputter Coater/Glow Discharge System from Quorum

Technologies, situated in the nanofabrication center of Southampton university was used. The

system was operated at an approximate current of 20 mA for 20 minutes giving an approximate

concentration of 0.24% by weight.

Sample analysis

After the sputtering was complete all the samples, with the exception of ZLI 2830, appeared a

dark brown colour indicating the formation of 1-3 nm particles. ZLI 2830 however had a dark

yellow colour implying that the synthesised particles were smaller than 2 nm. This is illustrated

by the top image in figure 3.16. In order to take absorption spectra of the samples, 40 µl

was taken and added to 400 µl of a 89 mmol solution of Triphenylphosphine in toluene. The

Triphenylphosphine functionalizes the particles preventing aggregation.

The blue lines of figure 3.17 show the absorption spectra of the nanoparticles after the sputtering.

The firstly it can be seen that the absorption of E7 suspension is approximately 33% higher

indicating a higher concentration of gold nanoparticles. While the plasmon resonance of both

samples is extremely faint, a slight change of gradient can be seen in the E7 sample indicative

of slightly larger particles.

The samples where left for two weeks and no observable change in the colour was seen, indicating

that any growth of the particles, if any, was small.
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Heating protocol

I hypothesised that heating the samples would cause the nanoparticles to aggregate and, con-

sequently, grow. In order to investigate this the samples were heated and observed. Magnetic

stirring rods were added to the vials in order to mix the samples during the heating. Initially the

samples were heated to 85◦C for 30 seconds during which no noticeable colour change occurred.

The samples were then heated to 150◦C for for 30 seconds when a intense colour change to red

occurred. The samples were stirred at 150◦C for a total of ten minutes, after which the samples

were cooled at a rate of 0.5◦C to room temperature.

Analysis of particle growth protocol

In the isotropic phase the samples appeared various shades of red. The samples of 5CB, E7, and

ZLI-4792 were red indicating 5-7 nm particles while 6 CB, CB15 and ZLI 2830 had a slightly

purple colour indicating larger particles. This can be observed in the final image of figure 3.16.

With the exception of CB15 and ZLI 2830, all of the samples changed from red to yellow on return

to the nematic phase and black aggregates could be observed in these liquid crystals indicating

that the larger nanoparticles had been rejected from the phase. When these samples were return

to the isotropic phase they would once again turn red confirming that the nano-particles were

insoluble in the nematic phase. No colour change was seen in CB15 and ZLI 2830 once the

cooling was complete. For CB15 this is simply because it is isotropic at room temperature, while

for ZLI 2830 the particles were soluble in the nematic phase.

Images of the ZLI 2830 and E7 samples in the nematic phase can be seen in the middle image of

figure 3.16. The yellow colour of the E7 sample indicates the rejection of the larger nanoparticles

from the liquid crystal. The ZLI 2830 sample turned a faint blue when it was put in the glass

pipette indicating aggregation and rejection of the particles. This is potentially caused by the

transfer to the pipette or the lack of stirring, but the particles were nevertheless stable in a vial

for up to a day without stirring.

Absorption spectra of the E7 and ZLI 2830 samples were taken using the same method as the

initial samples and these results are plotted as the red curves on figure 3.17. Once again, the

relative strengths of the absorption resonances indicate that the E7 sample is more concentrated.

The plasmon resonance of the E7 sample is at 520 nm while ZLI is at 540 nm indicating slightly

larger nanoparticles. The fact that the absorbance at the plasmon resonance is not much greater

than at 450 nm and 850 nm indicates the presence of much smaller nanoparticles. A TEM

of these particles is shown in figure 3.18 which confirms that the nanoparticles formed in ZLI

2830 were larger and that much smaller particles are present. The mean diameters of the E7

and ZLI samples were 4 nm and 10 nm respectively. This can be used alongside the absorption
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peaks to calculate an approximate concentration for the larger particles. These calculations give

nanoparticle concentrations of 90 nM and 1.38 µM for the ZLI and E7 samples respectively.

These molar concentrations (Cmol) be converted to concentrations by mass (Cmass) by

Cmass =
CmolAvρgVgnp

ρLc
, (3.12)

where Av is Avogadros constant, Vgnp is the volume of a nanoparticle and ρg, ρLc are the densities

of gold and the LC and have values of 19.3 gcm−3 and ≈1 gcm−3 respectively. These calculation

gives concentrations of 0.16% and 0.32% by weight for the ZLI and E7 mixtures respectively.

These differences in concentrations are consistent with the absorption profile of the initial mixture

and is most likely caused by the different amount of material retained by the liquid crystals during

the sputtering process.

Final observation

The most interesting observation came after the absorption spectra were taken. At this point the

mixtures, while still in toluene, were added back to the liquid crystal suspension and the toluene

evaporated being constantly stirred under a stream of dry nitrogen. When the evaporation was

complete, it could be seen that the particles were now completely soluble in both E7 and ZLI

2830. This is illustrated in the final image of figure 3.16. This is extremely interesting as the

nanoparticles chemically functionalized with TPP were only soluble to a concentration less than

0.05% by weight in all of the liquid crystals. This, however, will be discussed in more depth in

the following chapter.

3.6 Other Gold nanoparticles

Two suspensions of gold nanoparticles were acquired from collaborators; Georg Mehl from the

University of Hull and Torsten Hegmann from Kent State University37,38. Both of these samples

had been specifically designed to be soluble in liquid crystal samples.

The gold nanospheres given to us by Georg Mehl had an average particle diameter of 1.6 ±

0.4 nm. The particles are functionalized with a mesogenic ligand in order to improve their

solubility in a polar nematic host. The ligand was designed specifically so that the particles

would display a pseudo liquid crystalline phase at room temperature, which would naturally

improve their solubility in a room temperature nematic. Figure 3.19 shows the characterisation

of the particles including diagrams illustrating the mesogenic ligands and their chemical formula.

The small size can be observed in both the absorption spectra and the TEM, which also shows
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Figure 3.16: Photographs of the gold nanoparticle liquid crystal suspension
formed in E7 and ZLI-2830 by sputtering. The top photo shows the liquid
crystal straight after the sputtering was complete, the middle photo shows the
samples after the heating protocol once they have remained to the nematic state
and the bottom photo shows the nematic suspension of the particles after the
enlarged nanoparticles were functionalized with TPP.
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Figure 3.17: Absorption spectra gold nanoparticles formed by sputtering in
A)ZLI B)E7 before and after the growth protocol.

Figure 3.18: TEM images of the gold nanoparticles formed by sputtering after
the heating protocol. The left image is of E7 and the right ZLI 2830.

the close packing of the nanoparticles. These nanoparticles have been shown to have a solubility

of up to 1% by weight in the liquid crystal E737,39.

In contrast, the particles synthesised by Hegmann’s group are designed to be soluble in a non-

polar liquid crystal and are larger with an average diameter of 4.1±0.7 nm. This larger size can

be seen in both the TEM images and absorption spectra of figure 3.20. Further, this figure shows

a schematic diagram of the chemical structure of the nanoparticles. This diagram shows a silica

shell attached to the nanoparticles by alkanethiols. This two atom thick silica shell was used to

massively enhance their thermal stability of the functionalizing layer. This was necessary as the

nematic phase of the intended host, Felix-2900-03, is between 50 and 70◦C and the thiol-gold bond
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Figure 3.19: A schematic diagram showing the chemical structure of the
nanoparticles alongside the absorption spectrum and a TEM image of the
nanoparticles synthesised by the group of Gerog Mehl. The absorption spectra
and diagram were by myself while TEM image was given with the documenta-
tion which came with the nanoparticles and can be found in37.

is known to begin to break down around these temperatures. Hegmann also postulated in his talk

at the Royal Society conference that this improved stability also improves the solubility of the

particles as the spacing between the ligands which interact with the liquid crystal is fixed. As can

be seen in figure 3.20, these interacting ligands are alkane chains which are inherently non-polar

which makes these nanoparticles extremely soluble in non-polar nematics. In his publication

Hegmann showed that it was possible to dissolve concentration up to 7.5% by weight in the

non-polar nematic Felix-2900-03. He also showed that these suspensions displayed an increased

nematic range, a 2◦C increase for the 1% concentration, and samples with a concentration below

5% showed a decreased threshold voltage and increased dielectric anisotropy38. The effect of

these particles in a non-polar host has not been investigated previously and will be investigated

in the next chapter of this thesis.
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Figure 3.20: Chemical structure, absorption spectrum and TEM images of the
nanoparticles synthesised by Torsten Hegmann’s group. The absorption spectra
was measured by myself while the diagram of the chemical structure and the
TEM images were given with the documentation which came with the nanopar-
ticles and can be found in38.
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3.7 Conclusions and Summary

I have synthesised a range of particles by the Brust and ligand exchange methods with varying size

distributions and functionalizations. The particles synthesised by the ligand exchange technique

had identical size distributions as expected with only the functionalization varying between

the samples. The nanoparticles functionalized with the aromatic compounds, T-thiol and BM,

displayed significant aggregation. This aggregation can be attributed to the relative polarities

of the solvent and the ligands and can be reversed by dissolving them in the solvent 1-methyl-2-

pyrrolidinone.

The scattering and absorption properties of these aggregates were investigated by transmission

spectroscopy. The samples displayed a factor of 2 decrease in their absorption coefficient but a

large increase in the scattering coefficient, increasing it to the same magnitude as the absorption

coefficient.

Several adaptations were investigated in an attempt to eliminate this aggregation. These included

variations in the concentration of the ligand, the rate at which the ligand was added, the solvent

in which the reaction was performed and the intermediate ligand. None of these were able to

prevent the aggregation but a solvent was found which could reverse the effect.

Finally nanoparticles were synthesised directly in a liquid crystal host in order to overcome the

difficulty found in mixing chemically synthesised particles with a liquid crystal. These particles

were originally small with an average diameter of 2 nm. However, I discovered that it was possible

to grow these particles by heating the samples above their clearing temperature. These particles

were then functionalized in the liquid crystal and shown to be extremely stable in contrast to

their chemically functionalized counterparts.

In the next chapter I will discuss the doping of liquid crystals with the chemically synthesised

nanoparticles. I will then go on to discuss the creation and characterisation of the cells used to

host the liquid crystals.
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Chapter 4

Preparation of liquid crystal gold

nanoparticle composites

4.1 Introduction

In this chapter the gold nanoparticles synthesised for this project will be used to dope nematic

liquid crystals. The discussion will be focused on the effect of the size and functionalization of the

nanoparticles on their solubility in a nematic host and the stability of the resulting suspensions.

This chapter will begin with a detailed description of the protocols used to fabricate and char-

acterise the liquid crystal cells. Then, in section 4.3, liquid crystal gold nanoparticles samples

will be discussed beginning with a review of the parameters important to the solubility of the

nanoparticles. Then, an explanation of the host liquid crystal mixtures will be given, relating

their molecular structure and material parameters to the potential solubility of the nanoparti-

cles. Section 4.3.3 will give a description and discussion of the methods used to create the liquid

crystal gold nanoparticles composites and section 4.3.4 will discuss the concentrations of the re-

sulting suspensions as wells as observations made during the mixing protocol. Next, section 4.3.5

will discuss the stability of the nanoparticles in the liquid crystal cells. Finally, the conclusions

which can be drawn from the experimental work on the stability and solubility of liquid crystal

gold nanoparticle composites will be discussed.
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4.2 Liquid crystal cells; construction and analysis

4.2.1 Construction

Figure 4.1: Schematic diagram showing the components of a liquid crystal cell.

The components of a liquid crystal cell are illustrated in figure 4.1. Specifically, a liquid crystal

cell consists of two ITO coated glass slides which are each coated with a rubbed polymer align-

ment layer. These slides are separated by spacers which control the depth of the cell which is

then sealed with an epoxy resin. Two types of ITO coated glass can be used to construct the

cells; glass uniformly coated with ITO and glass with a patterned ITO layer. The patterned ITO

slides are used to construct the guarded electrode cells as shown in figure 4.2. These patterned

electrodes allow accurate measurement of the dielectric permeabilities of the liquid crystal sus-

pensions. In contrast to the cells created from glass uniformly coated with ITO, the area of

the reorientated liquid crystal in the patterned electrode cells is known to be 1 cm2 precisely.

Further, in the patterned electrode cells no glue is in contact with the electrodes. In the conven-

tional cells the glue is in contact with the electrodes and therefore the measured capacitance is

a mixture of the capacitance of the glue and the liquid crystal.

Figure 4.2: Schematic diagram of liquid crystal cells made from guarded elec-
trodes and uniformly coated ITO glass slides.
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Before the cells can be constructed the glass slides must be prepared, first by cleaning before spin

coating the alignment layers. The slides are cleaned by removing small particles and dust with

an air duster before being washed with isopropanol to remove any oils or impurities. After the

cleaning is complete the polymer layer is then spin coated on to the slides. In order to to achieve

a uniform thickness this is done at a rate of 1500 RPM for 5 seconds before being accelerated for

1 second to a rate of 4000 RPM, at which it remains for the final 15 seconds. The slide is then

inspected by eye to ensure that the slide is uniformly covered with the polymer, if it isn’t it is

cleaned with isopropanol and the coating process repeated. Once the slide is uniformly coated

the polymer is cured at 225 ◦C for 2 hours. After the curing is complete the slides are cooled to

ambient temperature before being rubbed. This rubbing is done using a custom made rubbing

machine which uses a velvet cloth attached to a rapidly spinning arm to produce microgrooves

in the polymer layer. The rubbing forces the orientation of the nematic director at the cell walls.

Figure 4.3: Schematic diagram illustrating the importance of the rubbing direc-
tion on the alignment within a liquid crystal cell.

To construct the cells a UV curing glue, Norland Optical Adhesive 61, dispersed with spacers is

placed in the corners of one slide, as shown in figure 4.2, and the other slide placed on top so

that the rubbing directions are anti-parallel. This alignment is used to avoid the formation of

splay deformations which form due to the orientation of the pretilts at each interface, illustrated

in figure 4.3.

When the slides are placed on top each other an interference pattern will become visible. This

interference pattern is caused by splaying of the glass slides which changes the path distance

of light and is analogous to the optical effect called Newton’s rings1. The interference pattern

makes it possible to ensure that the cell thickness is symmetrical; if the interference pattern

is symmetrical around the center of the cell then the thickness in the corners is identical. If

they are not radially symmetric however then the thickness in the corners is not identical which

indicates stacking of the spacers. This can be fixed however by delicately agitating the slides

until the pattern is symmetric. Once this is done the glue can be cured by illumination using a

UV lamp, fixing the slides in place.
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Once the curing is complete the cell can be filled with liquid crystal by capillarity action using

a pipette. The cell can be filled whilst being heated so that the liquid crystal is in the isotropic

state before being slowly cooled to room temperature. This helps prevent defects from forming,

although it can cause nanoparticles to be excluded on return to the nematic state. Further

reading on the construction of liquid crystal cells can be found in Blinov’s book on Electro-

optical and Magneto-optical Properties of Liquid Crystals2.

Two different types of polymer alignment layers are used, a polyimide (PI) and polyvinyl car-

bazole (PVK) doped with C60. PI is dispersed in the solvent 1-methyl-2-pyrrolidinone at a 10:1

ratio which reduces the viscosity of the solution sufficiently so that a uniform layer can be spun.

When rubbed PI induces a planar alignment parallel to the rubbing direction2,3. PVK C60 is a

photoconductive polymer which when rubbed induces a planar alignment perpendicular to the

rubbing direction4. The photoconductive behaviour of this polymer however, will be discussed in

more depth in the next chapter. The PVK C60 solution is prepared by mixing the components in

a 3:1 ratio in chlorobenzine; this solution is then allowed to rest so that excess C60 can aggregate

and sediment out of solution.

4.2.2 Thickness measurement

The thickness of the cells can be measured prior to filling by an interferometric method5. Es-

sentially, the cavity of the liquid crystal cell produces an etalon effect and consequently there is

a periodic modulation in the spectrum of the transmitted intensity. The observed transmitted

intensity is sinusoidally dependent on the relative phase between the initial wave; the wave that

goes directly though the cell, and the reflected wave; the wave that is transmitted after being

reflected off both of the internal walls. This relative phase is proportional to the optical path

difference between the waves ∆S ,which is given by

∆S = 2nL, (4.1)

where L is the cell thickness and n is the refractive index of the material in the cavity. A

maximum will occur at a wavelength that is a whole fraction of the optical path difference; i.e.

the ith maximum will occur at a wavelength λ1 which satisfies

λ1 =
2nL

i
. (4.2)
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While experimentally i is an unknown this can be eliminated by considering another maximum

m oscillations away. This will occur at a wavelength λ2 which satisfies

λ2 =
2nL

i+m
. (4.3)

By rearranging these equations for i and substituting they can be shown to give

L =
m

2n

λ1λ2

λ1 − λ2
. (4.4)

This allows us to calculate the thickness by counting the number of oscillations m which occur

between 2 maxima at wavelengths of of λ1 and λ2. Experimentally this is done by illuminating

an empty cell with a white light source, and the transmitted light is then collected by an Ocean

Optics USB4000 fibre optic spectrometer6.

4.3 Gold nanoparticle liquid crystal composites

4.3.1 On the solubility of nanoparticles in a liquid crystal host

The solubility of nanoparticles in a specific liquid crystal has been found to be mainly dependent

on two parameters; the size of the particles, and the chemical structure of ligands used to

functionalize them. Torsten Hegmann has gone so far as to say that the actual composition of the

nanoparticle core has little or no effect on their final solubility7,8. This point, while interesting,

is however of little consequence to this thesis as only gold nanoparticles are considered.

Theoretically, the effects of the size and functionalization of the particles are related by a free

energy term which relates to the interaction of the liquid crystal with a nanoparticle9. This

free energy term is proportional to both the surface area of the particles and a binary nematic

interaction term that “accounts for anchoring at the nanoparticle surface and distortions in

the nematic director at a nanoscale in the vicinity of a nanoparticle”9. Consequently, either a

reduction in anchoring energy or the size of the particle will reduce the energy of the deformation

induced by the particles, improving the solubility. It should be noted that this theory does not

consider the specifics of the interactions of the liquid crystal with the nanoparticles and therefore

may not be appropriate with nanoparticles smaller than 2 nm considering that this is on the

same length scale as liquid crystal molecules10.
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Experimentally the work of of Goodby et al and Hegmann et al have both shown that these two

parameters, the size and functionalization, are related. In their 2009 publication11 Goodby et

al showed 2 nm gold nanoparticles functionalized with a mesogenic compound were soluble to

a concentration of 25% by weight in 5CB while in their 2011 publication9,12 showed that 5 nm

particles with an identical functionalization were insoluble in the same nematic. They showed

that such nanoparticles could be made soluble if they were instead functionalized with a mixed

layer consisting of a 1:1 ratio of the mesogenic thiol and an alkane-thiols of a length smaller than

the terminal alkane chain of the mesogenic ligand9,12. An identical pattern has been observed

in non-polar liquid crystals by the group of Torsten Hegmann. They showed that small 1-2 nm

nanoparticles functionalized with alkane-thiols were soluble in non-polar nematics while for larger

5-7 nm particles a mixed layer consisting of a 1:1 ratio of alkane-thiols was necessary7,8,13. This

behaviour has been attributed to the curvature of the particles; small particles have a higher

curvature and consequently the liquid crystal molecules can interact with the ligands8. For

larger particles however the lower curvature prevents this interaction and a mixed ligand layer

is required.

The solubility of a nanoparticle in a liquid crystal will also be dependent on the physical prop-

erties of the host liquid crystal. Aggregation within a liquid crystal can be considered to be

driven by a need to minimise the free energy of the liquid crystal9,14. The nanoparticles induce

a deformation in the liquid crystal director which can raise the free energy of the suspension.

As this energy is proportional to the surface area of the particulates in contact with the liquid

crystals it can in some circumstances it may be energetically preferential for aggregates to form

in order to minimise this free energy14. The free energy of a deformation induced by a nanopar-

ticle will be proportional to the elastic constants of the liquid crystal,14. Therefore it follows

that nanoparticles in liquid crystals with a lower elastic constant will be less likely to aggregate.

The functionalization required to dissolve nanoparticles in liquid crystals is complicated and

depends on whether the intended host is a polar or non-polar liquid crystal. For non-polar

liquid crystals simple alkanethiols have been shown to be sufficient7,13 while for polar liquid

crystal, such as the ones used in this thesis, more complex chemicals have been required11,12,15,16.

Hegmann et al have shown however that small 2 nm particles functionalized with non-polar

alkanethiols are soluble in the polar nematics. The relationship between the solubility of a

particles and the polarity of the host and the functionalizing chemicals is also known for standard

solvents. For non-polar solvents such as toluene alkanethiols are sufficient ligands while for

polar liquids such as water, polar ligands are required17,18. This is illustrated by the T-thiol

functionalized particles synthesised in chapter 3 which was only soluble in a solvent with specific
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polarity. It is therefore perhaps a natural extension to suggest that nanoparticles functionalized

with more polar chemicals would be more soluble in liquid crystals with a higher molecular

dipole. Consequently selecting the ligands and liquid crystals carefully is necessary to achieve a

high solubility.

4.3.2 Liquid crystal samples

E7 TL205

5CB ZLI 2830*

80%

20%

51%

25%

16%

8%

N

Figure 4.4: Molecular structures of the nematic liquid crystal investigated in this
thesis. The concentration of the components of E7 can be found in19. TL205
is a mixture of cyclohexane-fluorinated biphenyls and fluorinated terphenyls,
the structures shown are from20. ZLI 2830 is a multi component mixture of
cyanobicyclohexane homologues, the molecular structure of the components are
not known so a single cyanobicyclohexane homologue is shown.

Four nematic liquid crystals were investigated as hosts for the gold nanoparticles, TL205, E7,

5CB and ZLI 2830. The molecular structures and physical properties of these liquid crystals are

shown in figure 4.4 and table 4.1 respectively. The reasoning for selecting these liquid crystals

is as follows:-
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E7

E7 is a commonly used nematic and consequently it is well characterised allowing us to easily

compare our suspension to other systems. Furthermore, the molecular structure of the compo-

nents are known, which is extremely rare for commercial mixtures and allows the selection of

ligands based on its molecular structure. E7 also has high birefringence and dielectric anisotropy

which are preferential for optical devices.

5CB

5CB is the primary component of E7 and consequently it is interesting to compare the solubility

of the nanoparticles in these two liquid crystals. In addition it also has high birefringence and

dielectric anisotropy, although lower than for E7.

TL205

TL205 is also a nematic liquid crystal with properties similar to those of E7, with the exception

of the dielectric anisotropy which is a factor of three lower. It also has a substantially lower

conductivity than E7, between one and three orders of magnitude21,22, because of this it has

been investigated by our group in our hybrid photoconductive cells22,23 . The lower conductivity

is beneficial as doping will inevitably add additional ions which is detrimental to the electro-

optical performance of mixtures. Additionally, molecular structure of the TL205 mesogens,

specifically the cyclohexane and fluoride groups, implies that it should have a lower molecular

dipole than 5CB10,24,25. Consequently nanoparticles functionalized with the non-polar molecules

may be more soluble in TL205 than either 5CB or E7.

ZLI 2830

Very little is reported about ZLI 2830 apart from that is a mixture of cyanobicyclohexane homo-

logues26,27. It is possible however to extrapolate some important physical properties from this.

Importantly, cyanobicyclohexanes homologes have lower elastic constants and dipole moments

than the equivalent cyanobiphenyl homologous10,24,28,29. The lower elastic constants reduce the

energy of the deformations caused by nanoparticles and the lower dipole moments should improve

the solubility of the nanoparticles functionalized with the non-polar molecules7,14.

4.3.3 Preparing liquid crystal colloid composites

The main aim of this thesis is to investigate the effects of gold nanoparticles on a liquid crystal

host. Many different mixing techniques were investigated in order to maximise the concentration

of dissolved nanoparticles. The initial method upon which all variations are based is as follows;
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Property [Unit] E7 5CB TL205

Clearing temperature [◦C] Tc 61 35 87.4

Elastic constants [pN]
Splay, K1 11.2 6.2 17.3
Twist, K2 6.8 3.9
Bend, K3 17.8 8.2 20

Viscosities
Kinematic, ν[mm2/s] 26 45
rotational, γ[mPas] 224 101 186

Dielectric constants
ε⊥(1 kHz) 5.1 6.9 4.1
ε‖(1 kHz) 19.3 17.9 9.1

∆ε(1 kHz) 14.2 11.0 5

Ordinary refractive indices
no(532 nm) 1.5281 1.5423
no(589 nm) 1.5227 1.5355 1.527
no(633 nm) 1.5188 1.5319

Extraordinary refractive indices
ne(532 nm) 1.756 1.729
ne(589 nm) 1.747 1.714 1.744
ne(633 nm) 1.7302 1.706

Table 4.1: material properties for liquid crystal samples, the elastic constants
and the dielectric constants are measured at 20◦C while the refractive indices
are measured at 25◦C with the exception of TL205 which was taken at 20◦C30.
The refractive indices for E7 and 5CB can be found at31 while the refractive
indices of TL205 are available on request from Merck30. The physical properties
of 5CB, E7 and TL205 can be found in10,30,30 and32 respectively.

the liquid crystal and nanoparticles are mixed in a common solvent, usually toluene. This

suspension is then sonicated to separate aggregates and left for the solvent to evaporate.

As a high solubility of both the nanoparticles and liquid crystal in the common solvent is critical

to prevent aggregation, a variety of different solvents were investigated8,33, specifically, toluene,

choloroform, chlorobenzene, 1-2 dichlorobenzene and dichloromethane. The samples were agi-

tated by sonication or mechanical stirring during evaporation in order to produce a dispersed

suspension of nanoparticles and prevent aggregation. The rate of evaporation was increased by

either a vacuum or nitrogen supply, which was primarily done to increase the rate at which

mixtures could be created. Evaporating the solvent above the clearing temperature of the liquid

crystal rather than at ambient temperature was also investigated. This was investigated as a

possible method of preventing aggregation which occurs when the solvent evaporates.

On the variation of the solvent it was found that, so long as both the liquid crystal and nanopar-

ticles were soluble in the host solvent, it did not change the final concentration. The agitation

however was found to be critical in most cases; if the samples were not stirred then aggregates

would form which would be rejected from the host. The exception to this was the gold nanopar-

ticles which were obtained from Gerog Mehl’s group. These nanoparticles were unique in that
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they were liquid at room temperature and consequently could be added directly to the liquid

crystal without a solvent16. Mechanical stirring was used in favour of sonication as sonication

can break the thiol gold bond, and is in fact used in several particle growth procedures because of

this7,34–38. The rate of evaporation was not found to affect the final concentration. However, a

dry nitrogen supply was used to increase the rate of evaporation, to speed up the procedure and

prevent contamination from dust particles. The solvent was evaporated at room temperature as

it was found that the particles would aggregate on cooling of the isotropic liquid to the nematic

phase.

The final method for suspending gold nanoparticles in a liquid crystal host is as follows. Firstly

the nanoparticles were dissolved in a solvent which is miscible with the liquid crystal; most low

polarity organic solvents are suitable for this purpose. The absorbance of this suspension must

then be measured in order to calculate its concentration and the subsequent the volume that

must be added to the liquid crystal to achieve the intended concentration. This volume is then

added to a vial containing the liquid crystal, and the resulting suspension sonicated to break up

any nanoparticle aggregates. This suspension is then left in a fume hood under a steady stream

of dry nitrogen to accelerate the evaporation of the solvent and prevent contamination. While

the solvent evaporates the sample is constantly stirred in order to prevent aggregation. Once

the solvent has evaporated the sample is inspected for aggregates before being placed in cells. If

aggregates are present, a solvent is once again added to the suspension which is then sonicated

for 2 minutes and the evaporation procedure repeated.

It should be noted that for samples with concentrations below 0.05% by weight the absorption

of the nanoparticles is too low to be observed by the UV-Vis spectrometer. Consequently, it is

not possible to use the Beer-Lambert law to calculate the concentration of gold nanoparticles

which remain in the liquid crystal host. Instead the concentrations quoted are calculated from

the number of gold nanoparticles added to the liquid crystal. These values will always be slightly

higher than the actual concentration as some aggregates will always form, and some nanoparticles

will always be excluded. Experimentally a small volume of GNP solution was added to the liquid

crystal, usually 10 µL, and then evaporated. The sample was then inspected for aggregates and,

if none were present further gold nanoparticles were added and the process repeated. Once

aggregates were observed the previous concentration was noted and recreated.
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Nanoparticles Concentration in

Synthesis protocol Surfactant Diameter [nm] TL205 by weight

Brust method
DDT 1-3 0.1%

T-thiol 1-3 0.05%]

DDT+T-thiol 2-4 0%

Ligand exchange

TOAB 4-7 0.08%

DDT 4-7 0%

P3HT 4-7 0.1%

T-thiol 4-7 0.05%]

BM 4-7 0.05%]

BM+T-thiol 4-7 0.05%]

TTP 4-7 0.03%

other
Lc-Au 1-2 1%[

Si-Au 5-7 0.1%

Table 4.2: Solubility of the nano particles suspensions in the liquid crystal
TL205. Si-Au and Lc-Au refer to the nanoparticles synthesised by the groups
of Mehl and Hegmann respectively. ], the nanoparticles added to theses sus-
pensions were aggregated in the solvent. [, the maximum concentration of these
particles was limited by the volume of nanoparticles available and consequently
the value given should not be considered to be the maximum potential solubility.

4.3.4 On the solubility of the gold nanoparticles in the host liquid

crystal.

While the solubility of the nanoparticles in E7, 5CB, ZLI-2830 were investigated the most rigorous

investigation was done for TL205. Table 4.2 shows the maximum concentrations which could

be achieved in TL205 before aggregates were observed. Below are listed the results of the

preparation of the gold nanoparticle liquid crystal suspensions

4.3.4.1 Solubility of the nanoparticles synthesised by the Brust method

1-3 nm DDT functionalized nanoparticles

In contrast to the larger DDT functionalized nanoparticles which were insoluble in the nematics,

the small 1-3 nm particles were soluble up to concentration of 0.1% by weight in E7, TL205 and

E7 and 0.2 in ZLI 2830.

2-4 nm nanoparticles functionalized with a composite layer of T-thiol and DDT

The nanoparticles functionalized with a composite layer of T-thiol and DDT were found to be

completely insoluble in E7, TL205 and 5CB.
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4.3.4.2 Solubility of the nanoparticles synthesised by the ligand exchange

method

4-7 nm TOAB functionalized nanoparticles

The TOAB functionalized particles were soluble to a concentration of 0.08% in TL205 and a

lower concentration of 0.05% in E7. Interestingly the nanoparticles displayed a far higher solu-

bility in the isotropic phases of TL205, over 1% by weight.

4-7 nm DDT functionalized nanoparticles

The DDT functionalized nanoparticles were found to also be completely insoluble in any of the

nematic liquid crystals which correlates with the results from the compositely functionalized

particles.

4-7 nm P3HT functionalized nanoparticles

The P3HT functionalized nanoparticles initially seemed promising with the suspensions display-

ing a faint pink colour. The samples of P3HT functionalized nanoparticles coalesced into bulk

gold before further work could be done, because of this, and the lack of an obvious purification

route this surfactant was abandoned.

4-7 nm TTP functionalized nanoparticles

A sample of Triphenylphosphine functionalized nanoparticles was produced via the ligand ex-

change for a comparison to the sputtered sample. These chemically synthesised particles were

less soluble than those synthesised via sputtering with maximum concentration under 0.1%.

4.3.4.3 Solubility of the nanoparticles functionalized

with the aromatic ligands; T-thiol and BM

The nanoparticles were all soluble to the same concentration of 0.05% in TL205. However, it

must be noted that as the samples were mixed in di-chorobenzene, the suspended particles will

consequently be aggregates. Test suspensions were made later using 1-methyl-2-pyrrolidinone

which dissolves disperse particles, however there was no change in the resulting maximum con-

centration.
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4.3.4.4 Solubility of the nanoparticles from collaborators

Mesogenic nanoparticles (Lc-Au)

The mesogenic nanoparticles synthesised by the group of Gerog Mehl were highly soluble in all

the liquid crystals they was added to: the concentration shown in table 4.2 was limited only by

the volume of the nanoparticles available.

Silica-protected nanoparticles (Si-Au)

These nanoparticles were found to be soluble in ZLI 2830 to a concentration of 1% by weight. In

E7 however, there was an interesting observation for concentrations over 0.5% by weight, specif-

ically that a white precipitate was excluded from the mixture once the solvent was evaporated.

A sample of this precipitate was placed between glass slides and its melting behaviour observed.

It was seen to melt at ≈ 90◦C into a nematic liquid. This temperature is lower than the nematic

range of the triphenyl and higher than the clearing temperature of the other components10.

This implies that the precipitate is a combination of the components39. The formation of the

precipitate itself implies that the liquid crystal nanoparticle suspension is not completely stable.

The sample was heated to redissolve the precipitate at which point the nanoparticles were ob-

served to aggregate. The nanoparticles were completely insoluble in the isotropic phase of E7,

the opposite of the observation made for the DDT and TOAB functionalized particles which are

also functionalized with non-polar alkane chains.

4.3.5 On the stability of the composites in cells.

The nanoparticles which gave the highest concentration were the mesogenic nanoparticles which

were soluble to concentrations of over 1% by weight in all of the nematic. The Si-Au had the

next highest solubility of 1% in ZLI 2830; its solubility however varied strongly depending of

the host being soluble to a concentrations of 0.1% in TL205 and 0.5% in E7. In comparison the

nanoparticles synthesised by sputter deposition which were discussed in section 3.5 of chapter 3

were soluble to concentrations of over 0.1 % and 0.32% in the liquid crystals ZLI 2830 and E7

respectively. However, with the exception of the mesogenic nanoparticle samples all of the high

concentration samples were unstable when placed in liquid crystal cells. Figure 4.5 shows the

sputtered liquid crystal suspension (A) and the resulting cell (B). This illustrates that while a

suspension may be stable in the bulk liquid crystal this does not imply that they will be stable

in a cell. Similarly figure 4.6 shows a cross polarised microscope image of a cell filled with a

suspension of E7 doped with Hegmann’s silica-protected nanoparticles to a concentration of 0.5%
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Figure 4.5: Images showing A) the bulk sputtered liquid crystal and B) the
sputtered sample in a cell viewed between cross polarisers.

Figure 4.6: Cross polarised microscope image of the liquid crystal E7 doped
with silica protected gold nanoparticles in a cell, illustrating the segregation of
the liquid crystal components.

by weight. The grey fractal pattern is solid liquid crystal which has been excluded from the host.

Similarity to the sputtered sample the suspension of Hegmann’s silica-protected nanoparticles

in ZLI 2830 was seen to aggregate instantly when place in the cell. This aggregation was also

seen to occur in the bulk sample but could be reversed by stirring with a magnetic rod, which is

illustrated in figure 4.7.
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Figure 4.7: Images of the liquid crystal ZLI 2830 doped with the silica protected
gold nanoparticles before and after stirring.

4.4 Conclusions

The relative solubilities of the 2-3 and 5-7 nm DDT functionalized particles illustrates that

smaller nanoparticles are more stable in the nematic host in agreement with the experimental

work of both Goodby11,12 and Hegmann7,8,33. The comparative solubilities of the chemically

synthesised samples and the sputtered samples shows that unless the surface functionalization is

carefully selected it is detrimental to the solubility of the nanoparticles. With the exception of the

mesogenic nanoparticles the samples synthesised by sputtering were more soluble than any of the

chemically functionalized particles. However, the nanoparticles created via sputter deposition

were observed to aggregate when placed in cells, a trend also observed in the silica functionalized

nanoparticles. For the sputtered samples the bright domains imply a high pretilt which in-turn

implies to much surfactant was used. From this it is clear that even if the nanoparticles are soluble

in the bulk liquid crystal they may aggregate when placed in a cell. There are two reasonable

explanations for this aggregation. Nanoparticles are known to drift to sites of high free energy

within a liquid crystal host2,40–43. Consequently they may aggregate at the liquid crystal air

barrier when the cell is filled14. Alternatively the nanoparticles may not be soluble in the nematic

liquid crystal and in the bulk liquid crystal lie on the defect lines between microdomains41,44.

The relative solubilities of the TOAB and DDT functionalized particles is interesting as molecu-

larly they are similar, the main difference being the strength with which they bond to gold. This
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is similar to the relative solubilities of the gold nanoparticles when compared to either ferroelec-

tric or ferromagnetic nanoparticles23,45–47. These ferroelectric and ferromagnetic nanoparticles

are stabilized by surfactants which interact with the nanoparticles via a dipolar bonds. Their

solubilities, however, are higher than those seen in the gold nanoparticles. I postulate that the

weak bonding is beneficial to the solubility of the nanoparticles, as with a weak bond it is possible

that the ligand-nanoparticle bond denatures in order to stabilise the nanoparticle liquid crystal

composite. The thiol bond, being covalent, is sufficiently strong that this is not possible.

The relative solubilities of the silica protected nanoparticles and those functionalized with DDT

illustrates that nanoparticles functionalized with a composite layer of ligands are more soluble in

liquid crystal hosts. This is in agreement with experiments and theory by the groups of Hegmann,

Goodby and Reven who have showed that nanoparticles functionalized with a composite layer

of ligands are more soluble in a liquid crystal host, with a one to one ratio of two ligands being

ideal7,8,11,12,33. Finally the solubilities of the Si-Au alkane-thiol functionalized particles in E7,

TL205 and ZLI 2830 correlates with the dipole moments of the particles as discussed in 4.3.2.

This is however, not conclusive as other effects such as the elastic constants would also affect the

miscibility and consequently a far more rigorous investigation of different liquid crystals would

be necessary to prove or disprove this hypothesis.

4.5 Summary

I optimised the preparation of the nanoparticle liquid crystal composites creating suspensions

with concentrations as high as 1% by weight. However, while these high concentration suspen-

sions were stable in the bulk liquid crystal they aggregated when placed into cells.

The solubility of the nanoparticles was shown to be strongly dependent on the surface func-

tionalization and size. Small nanoparticles were found to have a higher solubility that larger

nanoparticles with an identical surface functionalization. The particles which showed the high-

est solubility where those functionalized with mesogenic ligands and then those functionalized

with a composite layer or only particularly functionalized.
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Chapter 5

Photorefractive properties of gold

nanoparticle doped hybrid liquid

crystal cells

5.1 Introduction

Gold nanoparticles have been shown to induce large changes in the electro-optical and nonlinear

properties of their host liquid crystals1–4. Podoliak et al have shown that a sample of TL205

doped with gold nanoparticles displayed nonlinearity over an order of magnitude larger than

pure TL205. Goodby et al have shown increases in the dielectric anisotropy of over an order of

magnitude and a decease in the elastic constants by a factor of 9. There have also been reports

which have indicated that gold nanoparticles can be used to increase the birefringence of a host

liquid crystal5 and induce thermal nonlinearities1.

In this chapter, the nonlinear and electro-optical properties of liquid crystal samples doped with

gold nanoparticles will be measured. This is done with an aim to understand the mechanism

which causes the increase observed by Podoliak et al. Four samples of liquid crystals were

investigated, the details of which are listed in table 5.1. These were chosen as they include small

nanoparticles, larger nanoparticles and nanoparticles aggregates. A concentration of 0.01% was

chosen as it is important that the optical quality of the samples is not degraded by absorption

effects.
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Sample liquid Cell thickness Nanoparticle Nanoparticle concentration
Crystal [µm] surfactant size [nm] % weight

S1 Tl205 12.6 N/A N/A N/A

S2 Tl205 12.8 T-thiol 5-7 0.01

S3 Tl205 12.8 TOAB 5-7 0.01

S4 Tl205 12.8 (Lc-Au) 1-2 0.01

Table 5.1: A summary of the liquid crystal composites investigated in this
chapter.

This chapter will begin with a comparison of the mechanism in the hybrid photoconductive cells

which produces a photorefractive-like effect to other similar systems. Then in section 5.2 the

beam coupling experiment used to parametrise the nonlinearity is introduced before section 5.3

states the results of the experiments. Sections 5.4 and 5.4.2 detail the electro-optical experiments

and the results of these experiments respectively, including a comparison of the results to other

nanoparticle doped samples. Finally, in section 5.5 the nonlinear and electro-optical results are

compared discussing the possible mechanism which could lead to an increase in the nonlinearity

of the cells.

5.1.1 Physical mechanism

The physical mechanism that drives the nonlinearity in the hybrid photoconductive cells differs

from both photorefractive crystals and the hybrid photorefractive liquid crystal cells used by

Gary Cook et al 6–11, a brief description of which was given in chapter 2. In photorefractive

crystals, the refractive index is modulated via a coupling of the photoconductive and electro-

optical properties of the crystal. When illuminated, charge carriers are excited in the crystal

which then drift to and are trapped in the dark regions. This induces a space charge field which

changes the refractive index of the crystal via the electro-optical effect9,10. In the hybrid system

used by Gary Cook et al photorefractive crystals are used as the windows for a liquid crystal cell.

When illuminated a space charge field and subsequent refractive index profile are induced in the

crystal windows. This effect is enhanced however by the coupling of the induced electrostatic

field to the liquid crystal director. The space charge fields induced by the windows causes a

modulation of the liquid crystal director, and subsequently the observed refractive index, which

is in phase with the refractive index grating of the crystal windows7. In the hybrid liquid

crystal cells used in this thesis the modulation of the refractive index is caused by a layer of

photoconductive polymer which is spun onto the ITO-glass windows11.
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Figure 4.1 in chapter 4 shows a diagram of a planar cell. These are identical to the photo-

conductive cells with the exception that one of the polyiamide layers has been replaced with

a photoconductive PVK layer. The mechanism by which the PVK layer enables the observed

refractive index of the cell to be controlled by the intensity of the incident light is thus: when

illuminated, the conductivity of PVK increases which decreases the surface charge layer which

forms at the PVK-liquid crystal interface. These charge layers form from the separation of posi-

tive and negative ions in the liquid crystal and screen the applied voltage. The optically induced

modulation of this charge layer leads to a modulation of the voltage applied to the liquid crystal

and consequently the reorientation of the liquid crystal layer11.

Figure 5.1: A schematic diagram illustrating the geometry of the beam coupling
experiment used to quantify the nonlinearity of the hybrid photoconductive
cells. The polarisation of the beams is parallel to the liquid crystal director

The geometry of the beam coupling experiment is illustrated in figure 5.1. As the voltage applied

to the cell is modulated along the x axis both the x̂ and ẑ components of the electric field are

modulated. This causes a periodicity in both the azimuthal and polar angles of the liquid

crystal director with these angles being coupled to the ẑ and x̂ components of the electric field

respectively.

The refractive index grating induced by this periodic modulation of the director will diffract

both of the incident beams. For beam coupling to occur the wave vectors of the first diffracted

must be matched so that it propagates along the same path as the other zeroth order beam.

For the experimental parameters used in this chapter, listed in table 5.2, the q factor is equal

to ≈ 0.18. The q factor parametrises which diffractive regime the system is in and is discussed

in section 2.4.6 of chapter 2. The value of 0.18 is sufficiently small so that the system can be
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Figure 5.2: Schematic representation of the effect of the A) x̂ and B) ẑ compo-
nents of the modulated electric field components on the polar θ and azimuthal
φ director angles.

considered to be in the Raman Nath regime, this was also discussed in section 2.4.6 of chapter

2.

Let us consider the relatively simple case illustrated in diagram A of figure 5.2 where the cell is

aligned parallel to the wave vector of intensity grating. The first diffracted order propagates at

an angle of

θ = arccos

(
k2 · (k2 + kg)

|k2| |k2 + kg|

)
, (5.1)

relative to the incident beam where k2 = 2π/λ and λ is the wavelength of the incident light

and kg = 2π/Λ and Λ is the spacing of the interference grating. Expanding the dot product in

equation (5.1) gives

θ = arccos

(
k2

2 + k2 · kg

|k2| |k2 + kg|

)
. (5.2)
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The product k2 ·kg = k2kg cos(γ+π), this can be simplified by considering that γ = π/2−α/2,

therefore

cos θ =
k2

2 − k2kg sinα/2

|k2| |k2 + kg|
. (5.3)

By using the cosine rule the factor of |k2 + kg| in the denominator can be shown to be equal to√
k2

2 + k2
g − 2k2kg sinα/2. Using this, equation (5.3) can be simplified to

cos θ =
1− kg

k2
sinα/2√

1 +
k2g
k22
− 2

kg
k2

sinα/2

. (5.4)

This can be further simplified by considering that the grating spacing Λ is dependent on the

angle between the two beams α by

Λ =
λ

2 cosβ sin α
2

, (5.5)

where β is the angle that the cell makes with the bisector of the two beams and in this case is

zero. This can be rearranged to give

kg = 2k2 sinα/2. (5.6)

By using this expression equation (5.4) can be simplified to give

cos θ =
1− 2 sin2 α/2√

1 + 4 sin2 α/2− 4 sin2 α/2
. (5.7)

Finally by using the double-angle formulae cos 2A = 1−2 sin2A this expression can be shown to

give θ = α, showing that the diffracted beam will propagate along the direction of other incident

beam.

Due to the symmetry of the geometry however the refractive index grating observed by the beams

is almost symmetrical and consequently any beam coupling which is observed will be small12.

This small magnitude of beam coupling can be attributed to the pretilt at the PVK interface

which causes a slight asymmetry in the refractive index grating observed by the beam.

The magnitude of the beam coupling can be increased by breaking the symmetry of the situation.

This can be done either by introducing a large pretilit at the PVK interface, or by tilting the cell.

The first option is experimentally challenging, and therefore the symmetry is broken by tilting

the cell, illustrated in diagram B of figure 5.213. In this case however there is a small mismatch

in the wave vectors of the diffracted light and the other incident beam and consequently θ 6= α.
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This mismatch in the wavevectors can be attributed to the fact that the nonlinearity is a surface

mediated effect.

As the nonlinearity is induced by the PVK layer the magnitude of the wave vector of the refractive

index grating is proportional to the periodicity of the intensity pattern observed by the PVK

layer given by equation (5.5). Generally β 6= 0 and the magnitude of the wave vector of the

refractive index grating is larger when the cell is tilted by a factor of cosβ. Additionally the

direction of the wave vector of the refractive index grating is parallel to the cell wall rather that

the wave vector of the interference pattern. Both of these effects are illustrated in figure 5.2.

For the experimental parameters considered in this thesis this mismatch is of the order of 10−3

and is sufficiently small so that beam coupling can still occur12.

5.2 Experimental details

The hybrid liquid crystal cells discussed in this chapter are constructed in an identical manner

to the planar cells discussed in chapter 4 with one notable exception; one of the of the polyamide

layers has been replaced with the photoconductor PVK-C60. In PVK C60 the PVK has been

doped with fullerene which increases its photoconductivity as well as broadening the absorption

band and shifting it into the visible spectrum14–17. When rubbed PVK induces a planar align-

ment perpendicular to the rubbing direction in the plane of the cell window13. A schematic

diagram showing the components of the cell is shown in figure 4.1 of chapter 4 .

Figure 5.3: A schematic diagram of the photoconductive cells used for the beam
coupling experiments.

The setup used to measure the beam coupling and subsequently characterise the nonlinear prop-

erties of the cells is shown in figure 5.413,18. In this experiment the liquid crystal cell is probed by

two coherent laser beams with equal intensities. These beams write the intensity pattern which

induces the periodic modulation of the refractive index needed for beam coupling to occur. The

beam coupling is quantised by the gain ratio which compares the increase in the intensity of a

beam (the probe) during beam coupling to its intensity when it is not being pumped. Explicitly
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the gain ratio for the beam B1 is given by

G1 =
I1,2
I1

, (5.8)

where I1 is the intensity of beam B1 transmitted through the cell in the absence of beam B2

and I1,2 is the intensity of beam B1 in the presence of beam B2. Identically the gain for beam

B2 is given by

G2 =
I2,1
I2

, (5.9)

where I2 is the intensity of beam B2 transmitted through the cell in the absence of beam B1

and I2,1 is the intensity of beam B2 in the presence of beam B1.

When both beams are incident on the the cell, the interference pattern induces the periodic

change in the conductivity of the PVK layer and causing energy to be transferred between the

beams. When only one beam is present there there is no interference pattern and consequently

refractive index profile is homogeneous and the beam is transmitted non-diffracted.

Experimentally the quantities I1, I2 , I1,2 and I2,1 are measured independently using the shutters

labelled s1 and s1 on figure 5.4. If either one of these shutters is closed then no interference

pattern is present and consistently no diffraction occurs, this allows either I1 or I2 to be measured.

If both of the shutters are open then the interference pattern and subsequent refractive index

grating causes beam coupling to occur enabling I1,2 and I2,1 to be measured simultaneously.

The process of controlling the shutters and the applied voltage as well as the measurement of

the the transmitted intensities is automated by a program written in IGOR c©. The code can be

found in the appendix of18.

The gain ratio can be used to calculate the gain coefficient12,13 which is given by

Γi =
1

L
Ln

(
Gim

m−Gi + 1

)
, (5.10)

where i = 1, 2 and refers to the beams B1 and B2 respectively, L is the cell thickness and m is

the ratio of the initial intensities of the beams. This equation can be used to calculate the n2

coefficient2,12 of the system by

n2 =
Γiλ cos α2
8πI0 cosα

, (5.11)

where initial I0 is the intensity of the beams. It should be noted that equation (5.10) is derived

assuming that the system is in the Bragg regime. Therefore it does not account for light diffracted

into higher orders13. Further the derivation of equation (5.11) approximates the the Bessel

function J1(δ) = δ/2 which is only valid when δ < 1.2 (see figure 2.10). Additionally, as the
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Parameter Symbol Value [Units]

Ratio of beam intensities m 1

Initial beam intensities I0 1 [mW]

Beam wavelengths λ 532 [nm]

Grating spacing Λ 12[µm]

Cell thickness L 12-13 [µm]

Cell tilt θ 35 [◦]

Table 5.2: A summary of the experimental parameters used for the beam cou-
pling experiments.

nonlinearity is a surface mediated effect the modulated components of the electric field, and

consequently the refractive index grating, decreases with their penetration into the liquid crystal

cell. This is in contrast to equation (5.10) which suggests that the gain should scale exponentially

with the cell thickness. However the gain coefficient and n2 coefficient are useful as they allow

for an easy comparison to other nonlinear systems. A list of the experimental parameters used

in this thesis are given in table 5.2.

Figure 5.4: A schematic diagram of the photoconductive cells used for the
photorefractive experiments.

5.3 Results of the beam coupling characterisation

Figure 5.5 shows plots of the gain ratios and beam intensities. For sample S2, a 12.8 µm cell filled

with TL205 doped with T-thiol functionalized nanoparticles. From figure plot A it can be seen
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that past 5 volts the intensity of both the beams decreases regardless of whether both or just one

beams are incident on the cell. This decrease in transmitted intensity continues until past 9 and

11 Volts where the intensities of beams 1 and 2 respectively are seen to rise. By observing the

profile of the beams during the experiment it can be seen that this decrease in intensity is due

to scattering rather than absorption. From plot B it can be seen that initially energy is coupled

from beam 1 into beam 2 until 8 volts where the direction of the energy exchange reverses. This

can be attributed to either the fact that under high electric fields PVK-C60 switches from a hole

to a electron conductor19 or to the decline in intensity at that voltage. The peak in the beam

coupling gain can be seen to occur at 11 Volts which is highlighted by the vertical blue lines on

plots A and B. It can be seen from plot A, however, that the intensities of the beams at this

point are lower than the initial intensity at 0 Volts. As the aim of beam coupling is to amplify

a beam the values where I1,2 is at a maximum are instead used to quantify the maximum beam

coupling, these are highlighted by the vertical red lines on figure 5.5.
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Figure 5.5: Plots showing A) the beam coupling gain and B) the intensities of
the beams I1 and I2 with and without the other beam. The vertical.

Table 5.3 lists the beam coupling ratios and corresponding n2 coefficients for samples of TL205

doped with samples of gold nanoparticles as well as a sample of undoped TL205 for compari-

son. It can be seen that with the exception of the sample doped with the 1-2 nm mesogenically

functionalized particles all of the doped samples show an increase in the nonlinearity relative

to the pure TL205. The largest nonlinearity was seen in the samples doped with the 5-7 nm

gold nanoparticles functionalized with TOAB, followed by the T-thiol functionalized particles.

This implies that the larger nanoparticles are critical to the increased nonlinearity and conse-

quently absorption could play a role. However it also shows that the aggregation of the T-thiol

functionalized samples was of little to no consequence. The values measured for samples S2

and S3 are close to the values measured by Podoliak et al 2. They recorded a n2 coefficient of

3.81×10−2 cm2W−1 for a sample of TL205 doped with 0.01% by weight of TOAB functionalized
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Sample Dopant
Concentration Peak n2 coefficient
[% by weight] gain ratio [cm2W−1]

S1 N/A N/A 1.026 0.22×10−2

S2 T-thiol GNP 0.01 1.32 2.73×10×10−2

S3 TOAB GNP 0.01 1.35 3.01×10−2

S4 Mesogentic GNP 0.01 1.02 0.16×10−2

Table 5.3: A summary of the results of the beam coupling experiments.

nanoparticles. In order to understand the physical mechanism which leads to this increase in

nonlinearity a electro-optical characterisation of these samples was performed. The experimental

details and results of this characterisation are discussed in the next section.

5.4 Electro-optical characterisation.

The electro-optical proprieties that were investigated were the dielectric anisotropy, splay elastic

constant, birefringence, pretilt, and conductivity.

The dielectric anisotropy of the liquid crystal samples is an important quantity as it defines

the strength of coupling of the director to the electric field. This, coupled with the elastic

constants dictate the electric field required to reorientate the liquid crystal and the magnitude

of this reorientation. For electro-optical devices a larger dielectric anisotropy is preferential as

it enables such devises to be controlled with lower electric fields as discussed in section 2.3 of

chapter 2.

The birefringence and splay elastic constant can both be extracted from a cross polarised intensity

experiment. These quantities are both important, as they dictate the performance of liquid

crystal based electro-optical devices. The larger the birefringence of a mixture the stronger

the interaction with light and consequently the electro-optic effect of a host device. Because

of this, creating liquid crystal mixtures that display increased birefringence is preferential for

many applications. The elastic constants of a liquid crystal in combination with the dielectric

anisotropy determine the response of a liquid crystal to an electric field. A lower elastic constant

enables a liquid crystal to be reorientated by smaller electric fields and is consistently preferable

for many optical devices, which was discussed in section 2.3 of chapter 2.

While rubbed polyimide does produce a uniform planar alignment this alignment is not perfect.

The liquid crystal will always align at a small angle to the cell wall known as the pretilt angle

θp. For a pure liquid crystal in a cell with rubbed polyimide alignment layers θp is generally less
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than 4◦. However for liquid crystals doped with nanoparticles the pretilt is usually larger . An

increase in the pretilt has been shown to increase the magnitude of the beam coupling20.

The conductivity of the liquid crystal suspension is important as it can be considered a measure of

the impurities added to the liquid crystal. An increase in the conductivity is usually considered

detrimental as it increases the voltage required to reorientate the liquid crystal13,21. For the

photoconductive liquid crystal cells however samples with a higher conductivity have been shown

to display increased beam coupling gain and consequently it may be beneficial11,13,18. It is

common for samples of doped liquid crystals to display an increased conductivity due to ions

added during the doping2.

5.4.1 Experimental techniques

5.4.1.1 Pretilt measurement

Figure 5.6: Diagram illustrating the setup used to measure the pretilt of the
liquid crystal cells alongside the physical meanings of the angles α and θp.

The pretilt on the cell can be measured by the crystal rotation method so long as the refractive

index of the ordinary and extraordinary refractive indices are known18,22. A schematic diagram

illustrating this method is shown in figure 5.6, specifically the liquid crystal cell is placed in a

rotation stage between two crossed polarisers so that the transmission axis of both the polarisers

at a 45◦ to the alignment direction of the call. The transmitted intensity is recorded whilst

the cell is then rotated which varies the incident angle of the laser beam α. The transmitted

intensity It can be described by

It = sin2

(
δ(α)

2

)
, (5.12)
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where δ(α) is the phase lag given by

δ(α) =
2πD

λ

neno
√
n2(θp)− sin2 α

n2(θp)
−
√
no − sin2 α− n2

e − n2
o

2n2(θp)
sin 2θp sinα

 , (5.13)

and

n2(θp) = n2
o cos2 θp + n2

e sin2 θp. (5.14)

α and θp are the angle of incidence and the pretilt angle as illustrated in figure 5.6, D is the

thickness of the cell, λ the wavelength of the incident light and no and ne are the ordinary and

extraordinary refractive indices of the liquid crystal. There will be a symmetry point close to

α = 0 which corresponds to the maximum phase lag δ(α). This symmetry point will occur at

an angle αo where dδ(b)
dα = 0, and consequently

sinαs√
no − sin2 αs

− neno sinαs

n2(θp)
√
n2(θp)− sin2 αs

− n2
e − n2

o

2n2(θp)
sin 2θp = 0. (5.15)

Assuming that the pretilt angle is small this expression can be approximated to give

θp =
1

2
arcsin

 −2no sinαs

(no + ne)
√
n2
o − sin2 αs

 . (5.16)

As locating the symmetry angle αs can be difficult due to noise usually the average of two

symmetrical maxima or minima is used instead. By this method the pretilt angle can usually

be calculated to an accuracy of ±0.05◦ and while it is not suited to measuring high pretilits it is

sufficient for the planar cells used in this thesis. There is one disadvantage this method in that

the deviation of equation (5.13) assumes that the pretilt at both the cell windows is identical.

5.4.1.2 Measurement of the dielectric constants and conductivity

The dielectric constants of a liquid crystal mixture can be calculated by measuring the capac-

itance of the cell13,23. A liquid crystal cell can be treated as a parallel plate capacitor, with a

capacitance defined by

C = εoεeff
A

d
, (5.17)

where εo is permeability of free space, A is the area of the cell, d the cell thickness and εeff

is the permeability of the sample within the cell. In this thesis the capacitance was measured

using a Wayne Kerr automatic precision bridge B905. This bridge uses a RC circuit containing a

variable capacitor to measure the capacitance of the cell. The bridge applies a small AC field to
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the cell and a feedback loop then adjusts the variable capacitor until a null voltage is recorded.

At this point the capacitance of the variable capacitor must be equal to the effective capacitance

of the cell. A simplified example of the circuit used is shown in figure 5.7.

Figure 5.7: A simplified circuit diagram of the capacitance bridge used to mea-
sure the dielectric constants13.

Before the dielectric measurements are made, the bridge is normalised to the surroundings and

the capacitance of the empty cell measured. The capacitance of the empty cell allows the

dielectric permittivity of the liquid crystal to be determined by normalising the capacitance

of the filled cell by the capacitance of the empty cell. This is because for an empty cell the

capacitance is given by

Cempty = εo
A

d
, (5.18)

and consequently the ratio of the capacitance of the full and empty cells gives

Cfull
Cempty

= εeff . (5.19)

A capacitance measurement of a 12 µm cell filled with the liquid crystal TL205 is shown in figure

5.8. Initially, the cell has a planar alignment and the recorded capacitance corresponds to the

ordinary dielectric constant ε⊥. The bridge then applies an increasing DC Bias to the cell which

causes the liquid crystal to reorientate. In figure 5.8 this begins at 3.1 volts; past this voltage

the capacitance begins to rise as the dielectric permittivity tends towards the extraordinary

dielectric constant ε‖. At a sufficiently high voltages the change in the capacitance plateaus as
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the majority of the liquid crystal has reorientated. This occurs at 45 volts in figure 5.8; at this

point the capacitance is considered to corresponds to ε‖.
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Figure 5.8: The capacitance of a 12 µm cell filled with the liquid crystal TL205
under increasing voltages.

As well as the capacitance the bridge also simultaneously measures the conductivity of the liquid

crystal cell by using a Wheatstone bridge. For the results shown in this thesis a frequency of

1000 Hz was used.

5.4.1.3 Cross polarised intensity

The setup used for the cross polarised intensity experiment is shown in figure 5.9. Specifically,

a liquid crystal cell is placed between two crossed polarisers so that the director is at 45◦ to

the transmission axis of each of the polarisers. This is so that the intensity of the the ordinary

and extraordinary waves are of equal intensity. As the liquid crystal is birefringent a phase lag

will develop between these components changing the polarisation state. Generally the optical

field incident on the analyser will not be orthogonal to its polarisation axis and a component

of the wave will be transmitted. This transmitted intensity is measured by the photo detector

and the signal recorded on a computer. The liquid crystal can be reoriented by an electric field

which is applied by an Agilent 33120A waveform generator operating at a frequency of 1kHz.

This electric field induced reorientation reduces the effective phase lag, consequently changing

the transmitted intensity. The theories which describe both the electrically driven reorientation
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and the consequent change in the transmitted intensity are discussed in sections 2.3 and 2.4.5

respectively.

Figure 5.9: Schematic diagram of the experimental setup used to measure the
cross polarised intensity.

Figure 5.10 shows a plot of the cross polarized intensity against voltage for a 12 µm cell filled with

the liquid crystal TL205. Such a plot allows the the birefringence and the splay elastic constant

to be extracted from the intensity fluctuations and the Freédericksz threshold respectively .

5.4.1.4 Birefringence

Due to the sinusoidal relationship between the cross polarised intensity and the phase lag (dis-

cussed in section 2.4.5) given by

I = sin2

(
δ

2

)
, (5.20)

the birefringence cannot be extracted simply by a single measurement of the the cross polarised

intensity. It can however be extracted from the variation of the cross polarised intensity with

voltage. This is because at a sufficiently high voltage the liquid crystal will be completely

reorientated and the phase lag between the components of the wave will be zero. Therefore the

total change in the phase lag over the range of voltage is equal to the the phase lag in its initial

state. Consequently the birefringence of the sample can be accurately calculated from the total

change in the phase lag.

The total phase change is calculated from the sum of two components: the initial intensity

and the number of inflection points in the intensity. These components will be labelled δi and

δr respectively. δr is calculated by counting the number of inflection points, n, in the cross
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Figure 5.10: Cross polarised intensity for a planar 12 µm cell filled with the
liquid crystal TL205.

polarised intensity plot. Each of these points corresponds to a change of π in the phase lag and

consequently δr is given by

δr = nπ. (5.21)

In figure 5.10 there are ten such points corresponding to a value of δr = 10π. δi is calculated

from the change from the initial intensity, Ii to the intensity at the first inflection point I1. By

rearranging equation (5.20) it can be shown that δi is given by

δi = 2
(

arcsin(
√
Ii)
)
, (5.22)

if I1 = 0 and

δi = 2
(

arccos(
√
Ii)
)
, (5.23)

if I1 = 1. In figure 5.10 the initial intensity is 0.2 and the first inflection point is a minima,

consequently δi = 2 arcsin
(√

0.2
)

= 0.92. Therefore the total phase change is δ = δi + δr =

0.92 + 10π. From this the birefringence of the sample can be calculated by

∆neff =
δλ

2πL
, (5.24)

where λ is the wavelength of the sample and L is the thickness of the cell. For figure 5.10 a
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12 µm liquid crystal cell filled with TL205 was probed using a diode pumped YAG laser which

operates at a wavelength of 532 nm. Using these values it can be calculated from that TL205

has a birefringence of 0.224 at a wavelength of 532 nm.

5.4.1.5 Extraction of the splay elastic voltage

It is also possible to extract the splay elastic constant from the cross polarised intensity by

locating the Freédericksz threshold13,23,24. The Freédericksz threshold is the voltage at which

the liquid crystal begins to respond to an applied field. Theoretically, this threshold voltage Vth

is related to the splay elastic constant K11 and the dielectric anisotropy ∆ε by

Vth = π

√
K11

ε0∆ε
. (5.25)

As the dielectric anisotropy can be measured independently of the threshold voltage this ex-

pression can be rearranged and used to calculate K11. It is important to note that the proof of

equation (5.25) assumes that the cell has no pretilt, whereas in reality all cells will have a small

pretilt. This non-zero pretilt causes the cell to reorientate at lower voltages and consequently

the elastic constants calculated by this method will be smaller than the actual values. The AC

Freédericksz transition is measured in preference to the DC transition as the oscillating electric

field reduces the drift of ions within the liquid crystal. In the DC case the build-up of these ions

forms a double charge layer which masks the field experienced by the liquid crystal13,21.

5.4.2 Results and discussion of the electro-optical characterisation and

discussion

The results of the electro-optical characterisation of the liquid crystal samples are listed in

table 5.4 alongside the literature values for a sample of pure TL205. The dielectric anisotropy,

birefringence and splay elastic constant are seen to decrease for all the nanoparticle doped samples

while the conductivity of the doped samples was seen to increase.

The dielectric anisotropy of all the nanoparticle doped samples was seen to decrease, with the

largest change observed for the sample doped with T-thiol functionalized nanoparticles. From

figure 5.11 it can be seen however that neither sample S3 or sample S2 have reached a maximum.

This implies that the maximum voltage of 56 V is not sufficient to completely reorientate the

sample and consequently the measured value of ε‖ may be smaller than the true value.
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Suspension ε⊥ ε‖ ∆ε
Conductivity

∆n
Vth K1 Pretilt

[nS] [V] [pN] [◦]

TL205(1) 4.1 9.1 5 0.217 1.96 17.3

S1 4.16 8.97 4.81 7.5 0.2212 1.54 10.2 2

S2 3.95 8.10 4.16 111.3 0.2169 1.47 8.5 8

S3 3.91 8.20 4.29 140.7 0.219 1.50 8.7 9

S4 3.90 8.26 4.36 9.5 0.2187 1.48 9.5 3

Table 5.4: Material properties for liquid crystal samples. The error on the
mesuments of the dielectric constants is ≈0.01 and is due to the pretilt of the
cells.

The decrease in the dielectric anisotropy is in agreement with theory but is in contrast with

other reports in literature. There are two mechanisms by which gold nanospheres could decrease

the dielectric anisotropy. Firstly as they are electrically isotropic they do not contribute to

the anisotropy and decrease it by a factor proportional to their volume fraction with in the

mixture25,26. Secondly, the interaction between the liquid crystal mesogens and the nanoparticle

surfactant should act to disrupt the director decreasing the effective order parameter27,28.

The mechanism by which gold nanoparticles could increase the dielectric anisotropy is less clear

and is disputed in the literature. Goodby et al show a massive change in the dielectric con-

stants of 5CB with ε‖ decreasing from 18.5 to 4.6 and ε⊥ decreasing from 7.8 to -44 for samples

doped with 15% by weight of with gold nanoparticles. Torsten Hegmann et al also observed a

increase in the dielectric anisotropy of Felix-290003 from 0.68 to 0.75 when doped with 1% by

weight of with gold nanoparticles. In their publication John Goodby et al suggested that an

anisotropic clustering of the mesogenic surfactant could account for the increase in the dielectric

anisotropy4. Torsten Hegmann disputed this in his presentation at the Royal Society conference

citing the comparative volume fractions of the ligand and nanoparticle as well as the curvature of

the nanoparticle as reasons it could not be the case3,29. He instead suggested that an anisotropic

self organisation of the nanoparticles could instead be the cause of the observed increase in the

dielectric anisotropy. The nanoparticle samples used by both Hegmann and Goodby’s groups

were more soluble in their respective hosts and consequently the samples were of a higher concen-

tration of gold nanoparticles, over 1% by weight, than the samples used in this thesis. The higher

concentration and solubilities could have some bearing on the differences in the observations.

From table 5.4 it can be seen the birefringence of the nanoparticle doped samples also decreased.

The mechanisms by which the gold nanoparticle dopants could decrease the birefringence are

identical to the mechanisms discussed for the dielectric anisotropy, specifically that the parti-

cles are optically isotropic and their interaction with the liquid crystal should be isotropic and
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Suspension
Nanoparticle

∆ε
Conductivity

∆n
K1 n2 [cm2W−1]

diameter [nm] [nS] [pN]

S1 (TL205) N/A 4.81 7.5 0.221 10.2 0.22×10−2

S2 (T-thiol) 5-7 4.16 111.3 0.216 8.5 2.73×10−2

S3 (Toab) 5-7 4.29 140.7 0.220 8.7 3.01×10−2

S4 (Lc-Au) 1-2 4.36 9.5 0.219 9.5 0.16×10−2

Table 5.5: Electro-optic and nonlinear properties of the liquid crystal samples.
The error on the mesuments of the dielectric constants is ≈0.01 and is due to
the pretilt of the cells.

therefore decrease the order parameter. There has been one publication which claimed to have

observed an increase in the birefringence of the liquid crystal 5CB from 1.2 to 1.8 when doped 2%

by weight of with gold nanoparticles5. However, the mechanism that they state to explain their

results- nanoparticle induced separation of molecular liquid crystal dimers - is unclear. Further

their text is ambiguous as to the surfactants used to coat the particles and the mixing method

used, and consequently their results would be impossible to reproduce5.

The observed decrease in the elastic constants of a liquid crystal gold nanoparticles mixtures is in

agreement with literature3,4, with Goodby presenting a change in the splay elastic constant from

3.84 to 0.47 for a 15% by weight concentration of gold nanopartilces in 5CB and Hegmann noting

that the threshold voltage remains the same even with the change in the dielectric anisotropy.

While not quoted in the literature the increase in the conductivity is expected of nanoparticle

doped liquid crystals due to the addition of free surfactant molecules and ions from the synthesis.

It can be seen in table 5.4 that there is some discrepancies in the material parameters of S1

(TL205) from the literature values, specifically S1 displays an increase in the birefringence but

a decrease in the dielectric anisotropy and the elastic constant in comparison to the values

from30. The changes in the birefringence and dielectric anisotropy are relativity small and have

magnitudes of 1.9% and 1.8% respectively. The change in K1 however is significant with S1

having a value 41% lower than the literature values. These discrepancies are probably due to

the purity of the samples, however as S1-4 were all made from the same batch of liquid crystal

this is irrelevant.
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Figure 5.11: Capacitance measurements for the liquid crystal samples. The blue
line is for S1, pure TL205. The green (S4), yellow (S3) , and red (S2) lines are
for samples of TL205 doped with T-thiol,Toab and mesogenically functionalized
gold nanoparticles respectively.

5.5 Discussion of the possible mechanisms of the nonlin-

earity of the suspensions and subsequent conclusions.

Table 5.5 summarises the results of the electro-optical and nonlinear characterisation of the

samples. The changes in the dielectric anisotropy and elastic constants are sufficiently small

that they would only act to change the voltage at which the maximum of the beam coupling

occurs rather than its magnitude31.

The change in the conductivity of the samples seems to coincide with the increase in the non-

linearity with the largest increase in both being seen in samples S3 and S4. The principle that

photoconductive cells filled with a liquid crystal with higher conductivity will display a higher

nonlinearity has previously been noted. For instance photoconductive cells filled with E7 display

nonlinearities of the order of 10−2 18 in comparison or values of 2.2×10−3 for TL205. However,

the birefringence of E7 and TL205 are extremely close and have values of 0.223 and 0.217 respec-

tively and consequently the discrepancy in the nonlinearity cannot be accounted for by this. The
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only notable difference between E7 and TL205 however is their conductivity which is between 1

and 3 orders of magnitude higher for E72,13,18. From these points it seems that the increase in

the conductivity could account for the change in the nonlinearity.

A large increase in the pretilt could also account for the increased nonlinearity20 however, the

pretilt of the cells was measured to be approximately 3◦ for all samples. Further while the pretilt

did increase over time periods of months, there was no notable increase after a beam coupling

measurement. Consequently an increase in the pretilt is not sufficient to account for the increase

in the nonlinearity of the system.

Gold nanoparticles have been reported to drift to the walls of a liquid crystal cell and induce

changes in the alignment32–34. Such an effect would enhance the beam coupling either by a

temporary increase in the pretilt or by a decrease in the anchoring energy20 This effect would also

fit the trend between the samples seen in table 5.5 (S2,S3 > S4,S1) as the LC-Au nanoparticles

were designed so that the liquid crystal would align planar to the surface35 and consequently

may not cause a change in the alignment. However, these effects were reported in literature to

be permanent which is in agreement with our experiments Due to these points, if a drift of the

nanoparticles did occur it would be likely to be observable after the experiment as a change in

the pretilt and as such a change did not occur it is unlikely that nanoparticle drift is the driving

mechanism of the increased nonlinearity.

The absorption of the nanoparticles could cause a local heating of the liquid crystal which would

diffract light. However, as discussed in the next chapter, such nonlinearities require higher

concentrations of particles and more intense laser sources. For example, E7 doped with 1%

by weight of 5 nm gold nanoparticles in a 50 µm cell illuminated by two 16 mWcm−2 beams

displays an n2 coefficient of 5×10−5, several orders of magnitude lower than those observed here.

Further in such absorption driven systems the maximum nonlinearity is observed when no field

is applied and decreases as the applied field in increased. Consequently, the absorption of the

particles cannot account for the observed change in the nonlinearity.

Finally an increase in the birefringence would cause an increase in the nonlinearity of the cells20.

However the birefringence of the samples was observed to decrease in the samples doped with

gold nanoparticles.

In conclusion it seems clear that of all the considered factors the change in the conductivity is

the most likely to account for the increase in the nonlinearity of the cells. The fact that sample

doped with the mesogenically functionalized gold nanoparticles does not show an increase in the

conductivity is probably due to the purity of the nanoparticles35. We have not considered a
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change in the anchoring energy could account for the increased nonlinearity20 and further work

would be required to account for this.

5.6 Summary

I have measured the nonlinear and electro-optical properties of hybrid photoconductive cells

filled with samples of TL205 doped with gold nanoparticles. Both of the samples doped with

5-7 nm particles showed a increase in the nonlinearity by over an order of magnitude. The gold

nanoparticle doped samples showed a decrease in the splay elastic constant, dielectric anisotropy

and birefringence and the samples S3 and S4 displayed and increase in the conductivity by a

factor of 50. By considering the effects and consequences of: the changes in the electro-optical

properties, the absorption of the samples, and nanoparticle induced change in the alignment,

I have concluded that the increase in the conductivity is the dominant factor in the increased

nonlinearity. In the next chapter I will discuss my work on the thermal nonlinearity which can

be observed in high concentration samples of gold nanoparticle-liquid crystal colloids.
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Chapter 6

Thermal nonlinearity of gold

nanoparticle liquid crystal

composites.

6.1 Introduction

In the discussion of chapter 5, it was noted that the local heating of the liquid crystal could cause

optical nonlinearities to occur. Such thermal nonlinearities of gold nanoparticle liquid crystal

composites has been investigated experimentally and theoretically by Ouskova et al with an aim

towards optical processing applications1. They doped a nematic liquid crystal with small gold

nanospheres in order to enhance its thermal nonlinearity. Figure 6.1 shows a schematic diagram

of their experimental setup. Two pump beams write a refractive index grating on the liquid

crystal cell1 which is probed by a third beam. They also modelled the thermal nonlinearity by

solving the thermal diffusion equation. The best theoretical estimates they obtain are larger than

the experimental values by over an order of magnitude2. In particular, the overshoot is larger in

the system with greater absorbance of the light beams1. This chapter aims to account for these

differences by extending their model to include the effect of pump and probe absorbance.

In the following section the mathematical form of the temperature distribution within such a

liquid crystal system is found by solving the heat diffusion equation for an absorbing material.

This theory is tested by comparing the model to experimental data given in1. This shows that

the consideration of the attenuation of the beams is critical to accurately modeling the system.

167
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Figure 6.1: Schematic diagram of the diffraction efficiency experimental setup
used in1 to measure the thermal nonlinearity of the liquid crystal gold nanopar-
ticle suspensions. In the configuration considered in this paper the polarizations
of the pump and probe beams are parallel to the liquid crystal director which
is in the ŷ direction.

Section 6.4.1 examines how the thermal nonlinearity varies with the concentration of absorbing

particles and shows that customization of the system can be improved by using gold nanorods as

absorbers. Next section 6.4.2 investigates the control of the nonlinearities for both gold nanorod

and nanosphere suspensions by a magnetic field. This was done by solving for the director

profile considering the thermal change in the elastic constants and diamagnetic anisotropy. Such

calculations are similar to those discussed in section 2.3 of chapter 2. The different components

of the non-linearity associated with separate coupled physical effects caused by the reorientation

of the liquid crystal are investigated and compared. The complete nonlinearity of gold nanorod

and nanosphere suspensions is then compared discussing the advantages of each. Finally this

chapter ends with a discussion and conclusions of the work and the potential applications of such

nonlinear systems.

It is important to note that this chapter is based on my publication in3 and while the work

presented in this chapter is my own the paper was co-written with the co-authors M. Kaczmarek

and G.P. D’Alessandro.
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6.2 Modelling the thermal non-linearity of gold nanopar-

ticle suspensions.

Our model of the thermal nonlinearity is an extension of the one developed by Ouskova et al

in1. It is assumed that the liquid crystal is heated by point-wise absorption of light by uniformly

dispersed gold nanoparticles. Any liquid crystal absorption and thermally driven fluid motion

are neglected. However, contrary to Ouskova et al , the depletion of the pump and probe

beams is considered. As shown in1 the concentrations required to achieve observable thermal

nonlinearity can lead to significant attenuation through the cell with a decrease in the pump

intensity of up to 90%. Later in this section it will be shown that accounting for this absorption

significantly changes the predicted thermal nonlinearity of the doped liquid crystal and, in fact,

gives remarkably good agreement with the experimental data of1.

The intensity I(z, λ) of a optical beam of a wavelength λ propagating a distance z through an

absorbing material is given by the the Beer-Lambert law4,

I(z, λ) = I0e
−

∫ z
0
α(z′,λ)dz′ , (6.1)

where I0 is the initial intensity of the beam and α(z, λ) is the spatially dependent absorption

coefficient at the wavelength λ. This absorption leads to a temperature change ∆T within the

system. In the geometry considered here, shown in figure 6.1, only diffusion along the ordinary

optical axis needs to be considered2. Consequently the temperature can be found by solving the

heat diffusion equation at equilibrium,

Klc∇2∆T =
αp(z)Ipump(z)

2
[1 + cos(qx)]. (6.2)

Here Klc is the thermal conductivity of the liquid crystal along the ordinary optical axis, q =

2π/Λ is the wavenumber of the grating for a grating spacing Λ and αp is the absorption of the

material at the wavelength of the pump beams. Ipump is the combined intensity of the pump

beams throughout the cell and is attenuated as shown in equation (6.1). Finally x and z are

distances along the intensity grating and into the cell respectively as indicated in figure 6.1.

∆T can be separated into the periodically modulated component ∆Tp and the non-periodic

component ∆T0,

∆T (x, z) = ∆T0(z) + ∆Tp(z) cos(qx). (6.3)

As the thermal conductivity of the glass windows is an order of magnitude larger than that of
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the liquid crystal it is assumed the temperature variation at the liquid crystal glass interface is

zero1, i.e. ∆Tp = ∆T0 = 0 at z = 0, L, where L is the thickness of the cell. Solving equation (6.2)

gives

∆Tp(z) =
sinh(qz)

sinh(qL)
F (L)− F (z), (6.4)

and

∆T0(z) =
(

1− z

L

)
G(z), (6.5)

where

F (z) =
1

q

∫ z

0

sinh[q(z − z′)]A(z′)dz′, (6.6)

G(z) =

∫ z

0

∫ z′

0

A(z′′)dz′′dz′, (6.7)

and A(z) is given by

A(z) =
Ipumpαp(z)

2Klc
e−

∫ z
0
αp(z′)dz′ . (6.8)

For homogeneous absorption profiles, αp(z) = ᾱp, equations (6.6) and (6.7) simplify to

F (z) =
Ipumpᾱp[ᾱp sinh(qz)− q cosh(qz) + qe−ᾱpz]

2Klcq(ᾱ2
p − q2)

and

G(z) =
Ipump

2Klcᾱp

(
ᾱpz + e−ᾱpz − 1

)
,

respectively.

The temperature distribution leads to a periodic modulation of the refractive index grating. The

effective refractive of a liquid crystal is given by5

n(T, θ) =
ne(T )no(T )√

ne(T )2 sin2(θ) + no(T )2 cos2(θ)
, (6.9)

where θ is the angle between the polarization of the probe beam (parallel to the y-axis) and the

liquid crystal principal optical axis, and ne(T ), no(T ) are the temperature dependent extraor-

dinary and ordinary refractive indices respectively. The devices considered here operate in the

nematic phase of the liquid crystal, where the temperature dependence of the refractive indices
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can be modelled using an extended Cauchy model6,7

ne(T ) = A−BT +
2∆n0

3
S(T ), (6.10)

no(T ) = A−BT − ∆n0

3
S(T ), (6.11)

where A, B and ∆n0 are wavelength dependent fitting parameters and S(T ) is the liquid crystal

scalar order parameter. For figure 6.5 which requires the wavelength dependence these values

were calculated separately for each wavelength and the results interpolated.

The Scalar order parameter S(T ) is estimated using Haller’s approximation8,

S(T ) =

(
1− T

T †

)γ
, (6.12)

where T † and γ are also fitting parameters. In general, T † is slightly higher than the clearing

temperature. We have determined all the parameters in equations (6.10-6.12) by fitting literature

E7 refractive index data7. The values of A, B and ∆n0 at λpump are reported Table 5.2. Finally,

as T in equation (6.12) is the absolute temperature whereas equation (6.4) calculates the change

in temperature relative to the background, it is assumed that the system is at an ambient

temperature Ta = 23◦C.

As numerical simulations have shown that the refractive index grating is in phase with the

intensity grating the amplitude of the refractive grating ∆n can be expressed as

∆n =
2

LΛ

∫ L

0

∫ Λ

0

n(T, 0) cos(qx)dxdz. (6.13)

For the experimental parameters considered here, the q parameter, discussed in section 2.4.6 of

chapter 2, is less than 1. Consequently it can be assumed that the system is in the Raman-Nath

regime. Therefore, as discussed in section 2.4.6 of chapter 2 it is possible to obtain an analytical

expression for the amplitude of the diffracted orders in terms of Bessel functions9. Consequently

the diffraction efficiency η, i.e. the ratio of the intensities of the first diffracted order and the

probe beam, is given by

η = J2
1

(
2πL∆n

λprobe

)
e−

∫ z
0
αprobe(z′)dz′ , (6.14)

which is an adaptation of the standard expression for diffraction efficiency from a thin sinusoidal

grating 9. The factor e−
∫ z
0
αprobe(z′)dz′ has been included to compensate for the attenuation of

the probe beam as it passes through the cell. J1 is the first order Bessel function, λprobe is the

wavelength of the probe beam and αprobe is the absorption of the medium at the wavelength of

the probe.
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Figure 6.2: A plot of the theoretical and experimental values for the diffraction
efficiency for a range of intensities. The modeling parameters are as listed in
table 5.2 with the exception of of the pump and probe absorption coefficients
which have values of 390 cm−1 and 276 cm−1 respectively. The experimental
curve is the line of best fit from1.

6.3 Comparison of the model to experimental data.

In order to validate equations (6.4-6.14) the experimental data from1 were reproduced using the

configuration in Figure 1. The parameters were chosen to match those in1, specifically the probe

at a wavelength of 633 nm, a 55 µm cell thickness and a 50 µm grating spacing. The writing

beams have a combined intensity of 33.5 W cm−2. The absorption coefficient at pump and probe

wavelengths are 390 cm−1 and 276 cm−1, respectively, the wavelengths are specified in table 5.2.

Figures 6.2 and 6.3 show the variation of the diffraction efficiency with intensity and grating

spacing as predicted by equation (6.14) with the line of best fit of the experimental data from1.

Both plots show excellent agreement. This verifies that our model can be used to accurately

predict the diffraction efficiency of a gold nanoparticle liquid crystal cell. The theoretical model

used in1 neglected the attenuation of both the probe and the pump. The agreement between

the experiment results and the model presented here is significantly better, implying that the

consideration of the attenuation of the beams is critical to achieving a good agreement.
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Figure 6.3: A plot of the theoretical and experimental values for the diffraction
efficiency for a range of grating spacings. The modeling parameters are as listed
in table 5.2 with the exception of of the pump and probe absorption coefficients
which have values of 390 cm−1 and 276 cm−1 respectively. The experimental
curve is the line of best fit from1.

Parameter Value [Units]

Ipump 33.5 [Wcm−2]

λpump 532 [nm]

λprobe 633 [nm]

αp 400 [cm−1]

Λ 50 [µm]

L 55 [µm]

Klc 0.15 [WK−1m−1]

T † 326 [K]

γ 0.2435

∆χ0 2.52×10−7

K0 19.25 [pN]

∆n0 0.211

A 1.7487

B 4.896×10−4

Ta 23 [◦C]

Sphere radius 5 [nm]

Nanorod minor axis 10 [nm]

Nanorod aspect ratio R 2.5

Table 6.1: A summary of the parameters used for the modeling work. These
values are used for all the figures except where indicated.
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6.4 Controlling the nonlinearity

6.4.1 Optimization of the gold nanoparticle liquid crystal composite.

The previous sections showed that the model can accurately reproduce the thermal nonlinearity

of liquid crystal gold nanoparticle suspensions. This section will investigate two key issues

relevant to the optimization of the system. The first of these is the variation of the nonlinearity

with respect to the absorption coefficient of the system α. This is important as the absorption

coefficient is related to the molar concentration of nanoparticles C by

C =
α

ε
, (6.15)

where ε is the molar extinction coefficient. Consequently understanding how the nonlinearity

changes with α allows the selection of an appropriate concentration of nanoparticles for the com-

posite. The second issue is the optimization of the absorption characteristics of the nanoparticles

themselves. As the absorption properties of gold nanorods are strongly dependent on their as-

pect ratio, this can be used to specifically design a system to suit a range of pump and probe

wavelengths which will also be investigated.

First however,, a suitable measure is needed for the nonlinearity. As the heating of the liquid

crystal is approximately linearly proportional to the intensity of the pump beams Ipump for

heating effects of the order of ∆T ≈ 10◦C, it is appropriate to define an effective nonlinear

refractive index as

n2 =
∆n

Ipump
, (6.16)

where ∆n is the refractive index variation given by equation (6.13). Note that n2 is, through

equations (6.13) and (6.9), a function of Λ, L, α and θ.

Figure 6.4 plots the nonlinear coefficient against the absorption coefficient of the system at a

fixed grating spacing of 50 µm. The largest effect is seen at αp ≈ 600 cm−1 showing that

there is a concentration of particles which maximizes the nonlinearity. The magnitude of the

nonlinearity declines past this point due to the attenuation of the probe beam skewing the

temperature distribution toward the initial cell wall. This acts to limit the magnitude of the

periodic temperature distribution and consequently the nonlinearity. The location of this peak

nonlinearity is also dependent on the thickness of the cell and the grating spacing, with thicker

gratings and cells causing the maximum to occur at smaller values of α.
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Figure 6.4: A plot of the nonlinear coefficient against the absorption coefficient
at the pump wavelength. With the exception of αp the modeling parameters
are listed in table 6.1.

This absorption coefficient can be converted to a concentration by using the corresponding molar

absorption coefficients and equation (6.15). 600 cm−1 converts to approximate concentrations of

1.5%, 0.75% and 0.054% by weight for 1 nm and 5 nm gold spheres and 10 by 25 nm gold nanorods

respectively. These dimensions were chosen as they correspond to nanoparticles synthesized by

the groups of Georg Mehl and Torsten Hegmann which have been specifically designed to be

soluble in a room temperature nematics10–12.

While figure 6.4 shows that it is possible to increase the nonlinearity by increasing the con-

centration of absorbers, this will also increase the attenuation of the probe beam and hence

decrease the effective diffraction efficiency. It is worth noting that the attenuation of the probe

leads to a decrease in the diffraction efficiency by a factor of four in figures 6.2 and 6.3, as

e−
∫ z
0
αprobe(z′)dz′ ≈ 0.25. Because of this, it is imperative to select nanoparticles which have

minimal absorption at the probe wavelength. Nanorods can be used for this as the wavelength

of their long axis plasmon resonance is strongly dependent on their aspect ratio. Consequently

they can be specifically synthesized in order to minimize the absorption of the probe.

Figure 6.5 shows the diffraction efficiency η of a suspension of gold nanorods for a range of probe

wavelengths and aspect ratios. The absorption properties of the suspensions were modelled

using the dipole approximation, discussed in section 2.7.2, neglecting the birefringence of the



176 Chapter 6 Thermal nonlinearity of gold nanoparticle liquid crystal composites.

Figure 6.5: A plot of the diffraction efficiency of a gold nanorod suspension with
varying aspect ratios and for a range of probe wavelengths. With the exception
of λprobe and the aspect ratio, the modeling parameters are listed in table 6.1.

liquid crystal13. The wavelength of the pump beams was set to the absorption peak of the gold

nanorods in order to maximize the heating effect. A concentration such that αp = 400 cm−1 was

chosen as this is the largest value of αp that does not lead to significant diffraction into higher

orders and is close to the experimental parameters in1.

The first observation that can be made from figure 6.5 is that in order to have significant

diffraction of the probe beam it is essential to chose a probe wavelength away from the plasmon

resonance of the particles (dashed line in figure 6.5). Secondly, the diffraction efficiency decreases

for longer wavelengths as expected from the inverse proportionality of equation (6.14). Finally,

the diffraction is fairly insensitive to the aspect ratio of the particles. For the mono–dispersed

samples considered here, the plasmon resonance is very narrow for sufficiently large aspect-ratios

and, therefore, the absorption away from the resonance is negligible.

6.4.2 Controlling the nonlinearity with a magnetic field.

The ordinary refractive index of E7 is three orders of magnitude less sensitive to temperature

changes than the extraordinary refractive index1,7. This difference opens the possibility of

actively controlling the nonlinearity of the gold nanoparticle suspension. So far the case where

the incoming probe beam is polarized parallel to the director orientation and, consequently, it

observes the largest possible refractive index grating. However, if the liquid crystal were to
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be reoriented so that the beam polarization is aligned with the ordinary refractive index, the

resulting nonlinear coefficient should be three orders of magnitude smaller. In principle, either

an electric or a magnetic field could be used to achieve this change of direction and consequent

modulation of n2. Here, for simplicity, a magnetic field is modelled and the case of the electric

field will be left for discussion in the conclusions.

The equilibrium configuration of the liquid crystal director field in a twist-free cell is the solution

of

∇ · [K(T )∇θ] +H2∆χ(T ) sin(2θ) = 0, (6.17)

where the liquid crystal is assumed to lie in the (y, z)-plane with the director forming an angle θ

with the y-axis. Here H is the magnetic field applied to the cell, and ∆χ(T ) and K(T ) are the

temperature dependent diamagnetic anisotropy and splay elastic constant respectively. These

can be approximated by14,15,

∆χ(T ) = ∆χ0S(T ), K(T ) = K0S
2(T ), (6.18)

where ∆χ0 and K0 are fitting parameters the values of which are shown in table 6.1. For S(T )

the function (6.12) has been used having being fitted to the birefringence data and ∆χ0 and K0

have been estimated using room temperature values of ∆χ and K. Equation (6.17) was solved

numerically using the coefficient form differential equation solver in Comsol multiphysics R©. As

we are not interested in a detailed quantitative analysis of the nonlinear coefficient as a function

of the magnetic field, we have neglected the effect that the change in orientation of the liquid

crystal has on the heat diffusion. This effect is relatively small and does not change qualitatively

the features that are analysed here.

From equations (6.9) and (6.17) we can see that the magnetic field-induced reorientation of

the liquid crystal will affect its thermal nonlinearity through three factors: (F1) the change in

the particle absorption, α; (F2) the change in the observed refractive index; (F3) the thermal

dependence of θ through K(T ) and ∆χ(T ). These three factors are now considered in turn.

6.4.2.1 F1 - Magnetic field induced changes to the absorption.

As the liquid crystal reorients, the refractive index surrounding the nanosphere changes according

to equation (6.9). This shifts the plasmon wavelength out of resonance with the pump and, hence,
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Figure 6.6: A plot of the magnetic field dependent absorption of a liquid crystal
cell doped with gold nanospheres and gold nanorods. All parameters as listed
in table 6.1.(Color online)

reduces the particle absorption coefficient13. This can be expressed as

α(θ) = αne cos2(θ) + αno sin2(θ), (6.19)

where αne and αno are the absorption assuming the surrounding refractive index is equal to ne

and no respectively. For a suspension of gold nanospheres of 5 nm radius in the liquid crystal

E7 αne
/αno

= 1.42, i.e. reorientation reduces the absorption by a factor of 1.42.

The change in absorption is enhanced for nanorods: these are expected to reorient with the liquid

crystal thus changing the excited plasmon resonance. When θ = 0 the plasmon is excited along

the long axis of the rod, but as the rod reorientates and θ → π/2 the plasmon is instead excited

along the short axis. This reduces the absorption of the rods at the wavelength of the long axis

plasmon resonance by over three orders of magnitude13,16. The rod absorption coefficient can

be expressed as

α(θ) = αl cos2(θ) + αs sin2(θ), (6.20)

where αl and αs are the absorption due to the plasmon oscillations along the of the long and short

axis of the rod respectively. At the wavelength of the long axis plasmon resonance αl/αs = 10−3.
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Figure 6.7: Plot of the effects that the magnetic field induced reorientation
has on n2. F2: Effect on birefringence - The dashed blue curve is the plot
of n2 computed assuming that T = T (x, z) in equation (6.9), but T = Ta in
equation (6.17). F3: Effect of the director parameters - The solid green curve is
the plot of n2 computed assuming that T = Ta in equation (6.9), but T = T (x, z)
in equation (6.17). All parameters as listed in table 6.1. The inset shows a
magnification of the effect of the director parameters (F3) highlighting the sign
change of the nonlinearity.

The effect of reorientation on absorption is illustrated in figure 6.6 for typical nanoparticle sizes

(see Table I). From the figure it is clear that the absorption decreases with the applied magnetic

field. As expected, the decrease is considerably larger for nanorods than for spheres, but is

limited by regions near the cell walls which do not reorient.

6.4.2.2 F2: Effect of temperature sensitivity of the refractive indeices.

This effect is illustrated by the blue curve in figure 6.7. As the liquid crystal reorients the effective

refractive index seen by the probe becomes closer and closer to the ordinary refractive index of

the liquid crystal. This is much less sensitive to temperature variations than the extraordinary

refractive index and it increases, rather than decreases, with temperature. The net result is

that the nonlinearity decreases in magnitude with the applied magnetic field and changes sign

at sufficiently high magnetic fields (0.012 Tesla in the case of figure 6.7).
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Figure 6.8: Plot of the nonlinear coefficient n2 against the applied magnetic field
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(solid green line) including factors F1F3 and, for comparison, the nanosphere
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in table 6.1.

6.4.2.3 F3: Effect of the thermal change in the director parameters; the

diamagnetic anisotropy and elastic constant.

This effect is illustrated by the green curve in figure 6.7. Firstly it can be observed that at low

magnetic fields this effect is approximately 50 times smaller than the birefringence contribution

(blue curve). At high magnetic fields the magnitudes of the two contributions become comparable

and the nonlinear behaviour of the liquid crystal is a combination of both effects. The second

observation is that the behaviour with the applied field is non-monotonic, as highlighted in the

inset. This is the result of the competing effects of K(T ) and ∆χ(T ). At low magnetic fields,

the thermal effect on the elastic constant dominates; this increases the reorientation of the liquid

crystal in the hot regions, thus giving a negative nonlinear coefficient. At higher magnetic fields

the liquid crystal is fully reorientated and K no longer plays a significant role. Consequently the

thermal change in ∆χ(T ) dominates and the situation is reversed: hotter regions have smaller

diamagnetic anisotropy and, thus, reorient less, leading to a change of sign of the nonlinearity.
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6.4.2.4 Combined effects

The effects of all these factors are combined in figure 6.8. A quick comparison with figure 6.7

shows immediately that for both spheres and nanorods the behavior of the nonlinearity with the

applied magnetic field is dominated by F2, its effect on the birefringence.

In the case of nanospheres the behaviour of n2 with the applied magnetic field is determined

by F2 and F3, while F1 plays only a very minor role (compare the green and blue curves

in figure 6.8). In particular, n2 decreases with magnetic fields and changes sign as expected

from figure 6.7. At this point the material changes from defocusing to focusing, opening up

the possibility of temperature and magnetic fields tuning of the sign of the nonlinearity17. In

the case of nanorods, the effect of the absorption is more significant and consequently at high

magnetic fields the nonlinearity tends to zero, rather than change sign.

Let it be remarked that even though the modulation of the absorption with magnetic fields has

only a limited effect on n2, it has a very large effect on the pump beams. While in nanosphere sus-

pensions the pump beams are always significantly absorbed, they will be only weakly attenuated

by nanorod suspensions at sufficiently high magnetic fields.

6.5 Conclusions

The optical thermal nonlinearity of gold nanoparticle liquid crystal suspensions has been mod-

elled by extending previous models to include the attenuation of the pump and probe beams.

The model presented here gives a much better fit to existing experimental data and consequently

it can be concluded that the consideration of this attenuation is key to accurately predicting the

behaviour of the thermal nonlinearity.

Due to the attenuation of the beams, the scaling of the induced refractive index grating with

the number of absorbers is no longer trivial. This model predicts a critical concentration of

particles above which the magnitude of the nonlinearity will decrease. Specific to the geometry

considered, the peak nonlinearity occurs at 600 cm−1 which equates to concentrations of 1.5%,

0.75% and 0.054% for 1 nm and 5 nm gold spheres and 10 by 25 nm gold nanorods respectively.

The disparity in the concentrations is important as, discussed in chapter 4, it can be extremely

difficult to suspend nanoparticles in a liquid crystal host, and complex surfactants are usually

required. Because of this, any decrease in the number of particles required is a boon to those

working with the system. It has also been shown that the system can be customized for different

probe and pump wavelengths by using gold nanorods instead of nanospheres.
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In this chapter it was assumed that a magnetic field is used to reorient the liquid crystal. It is also

possible to use an electric field to this effect. The main difference between the two driving fields

are that (1) the electric field has a far higher sensitivity to the alignment of the liquid crystal

than the magnetic field, (2) gold particles affect the material properties of the liquid crystal18,19

and (3) the particles may migrate to regions of high field intensity due to dielectrophoretic forces.

While these effects may have to be taken into account for precise quantitative modelling of the

device tunability under the influence of the electric field, they are all sufficiently small that it

can be assumed that one would not expect qualitative differences when using either field for

controlling the orientation of the liquid crystal.

The dependence of the nonlinearity on the reorientation of the liquid crystal host was also

investigated showing. This showed that an applied field can be used to dramatically decrease

the nonlinearity and even switch the system from a self–focusing to self–defocusing regime. It was

identified that the dominant effect is the change of the thermal dependence in the refractive index

due to the reorientation of the liquid crystal. While the gold nanosphere suspension displays a

slightly greater tunability in the nonlinearity, the nanorod suspension allows the attenuation of

the probe beam to be significantly reduced. Consequently, each system lends itself to different

applications.
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Chapter 7

Summary And further work.

7.1 Introduction

This chapter will give an overview of the work presented in this thesis, the conclusions which

can be extracted from this work and the directions in which the work could be continued.

This will begin with section 7.2.1 which summarises the work presented in chapters 3 and 4.

Then chapters 5 and 6 are summarised in sections 7.2.2 and 7.2.3 respectively. Section 7.3

discusses interesting directions in which the work could be continued. This section is divided

into three subsections that discuss possible extensions of the projects possible further work on

gold nanoparticle liquid crystal composites; hybrid photoconductive cells and nonlinearities in

liquid crystal gold nanoparticle composites.

7.2 Summary.

7.2.1 The synthesis of gold nanoparticles and gold nanoparticle liquid

crystal composites.

A variety of gold nanoparticles with different size and functionalizations were synthesised viva

the Brust protocol1. The particles were characterised by absorption spectroscopy and trans-

mission electron microscopy and showed a good size dispersion compared which those produced

by Brust1. The samples functionalized with chemicals containing aromatic groups, specifically

T-thiol and BC, displayed aggregation in the majority of solvents which can be attributed to
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strong π − π interactions and differences in the polarities of the ligand and the host solvent. It

was found that the solvent 1-methyl-2-pyrrolidinone which is viscous and has a relatively high

polarity for an organic solvent was a suitable host for these nanoparticles.

The optical properties of the aggregates of the T-thiol functionalized particles were investigated

using a modified transmitted intensity experiment. This was done for a range of concentrations

in order to extract the molar absorption and molar scattering coefficients. It was found that the

aggregation increased the scattering coefficient of the particles from essentially zero to a value of

3.57 cm−1µM−1 and decreased absorption of the particles from 10 cm−1µM−1 to 4.61 cm−1µM−1.

Gold nanoparticles were also synthesised by sputtering gold directly into a liquid crystal. These

particles were characterised by transmission electron microscopy and shown to have a mean

diameter of 2 nm. The concentration of the samples were calculated from their absorption

spectra and found to be a between 0.12% and 0.36% by weight. It was found that the size of the

nanoparticles could be increased by heating the composites above the clearing temperature of the

host liquid crystal. This growth was observed in both the TEM images and by a characteristic

shift in the plasmon resonance.

The protocol for dissolving gold nanoparticle liquid crystal composites was optimised by varying

the mixing method, solvents, temperature and evaporation method. Then the nanoparticle

samples described in chapter 3 were dissolved in liquid crystal hosts. The comparative solubilities

of the chemically synthesised samples and the sputtered samples shows that unless the surface

functionalization is carefully selected it is detrimental to the solubility of the nanoparticles. The

highest concentration which did not display any aggregation was made from the mesogentically

functionalized nanoparticles (LC-Au) synthesised by the group of Georg Mehl2 and were soluble

to a concentration of over 1% by weight.

Furthermore by comparing the relative concentrations of the gold nanoparticles and ferroelectric

or ferromagnetic nanoparticles used by3–6 I postulated that weak bonding is beneficial to the

solubility of the nanoparticles. This is because these ferroelectric and ferromagnetic nanoparticles

are stabilized by surfactants which interact with the nanoparticles via a dipolar bonds which are

relativity weak in comparison to the thiol-gold bond. With a weak bond it is possible that the

ligand-nanoparticle bond denatures in order to stabilise the nanoparticle liquid crystal; the thiol

bond however, being covalent, is sufficiently strong that this is not possible.
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7.2.2 The nonlinearity of the hybrid photoconductive cells.

Four samples of liquid crystals were used to fill hybrid liquid crystal cells which had been func-

tionalized with a photoconductive layer to enable an optical control of the voltage dropped across

the liquid crystal layer. These were: a sample of pure TL205 (S1) and three samples of TL205

doped with 0.01% by weight of: T-thiol functionalized particles (S2): Toab functionalized par-

ticles (S3): and the Lc-Au particles (S4). The samples S2 and S3 displayed a large increase in

the nonlinearity with n2 coefficients equal too 2.73×10−2 and 3.01×10−2 cm2W−1 respectively

in comparison to a values of 0.22×10−2 and 0.16 cm2W−1 for the samples S1 and S4.

These samples underwent an electro-optical characterisation which indicated a decrease in the

birefringence, dielectric anisotropy and elastic constants of the mixtures doped with gold nanopar-

ticles. The changes in the birefringence and dielectric anisotropy are relativity small and have

magnitudes of 1.9% and 1.8% respectively while the change in the elastic constants was compar-

atively larger with a magnitude of 16%. The pretilts of the cells doped with gold nanoparticles

were also observed to increase in the order of degrees. There was a large variation in the conduc-

tivity of the samples with S2 and S3 displaying conductivities orders of magnitude larger than

S1 and S4. Consequently the conclusion was made that this change in the conductivity was the

primary factor in the increase in the nonlinearity of the cells.

7.2.3 The thermal nonlinearity of high concentration liquid crystal

gold nanoparticle composites.

In order to model thermal nonlinearity of high concentration gold nanoparticle liquid crystal

composites the theory of Ouskova et al 7 was adapted to include the attenuation of the pump

beams as they propagate through the cell. This adaptation was sufficient to decrease the dis-

crepancy between the n2 predicted by the theoretical models and the one extracted from the

experimental results from over and an order magnitude7 to within experimental tolerance.

The model further predicted that, due to the attenuation of light, there exists an optimal concen-

tration of absorbents past which the nonlinearity decreases. Further it was shown that by using

gold nanorods rather than gold nanospheres the system could be customised to minimise the

absorption of the probe and maximise the absorption of the pump. Specifically, by the careful

selection of the aspect ratio of the nanorods the system could be, in principle, customised for

pump wavelengths between 400 and 2000 nm8.
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The model was further adapted to account for the possibility of a magnetically controlled re-

orientation of the host liquid crystal. This adaptation accounted for the thermal change in the

diamagnetic anisotropy and elastic constants, the change in the thermal refractive index grating

due to the reorientation of the liquid crystal and the change in the absorption in the particles

due to the reorientation of the nanorods and a change in the plasmon resonance of the nano-

spheres. The reorientation caused a decrease in the magnitude of the refractive index grating

from 9×10−5 cm2W−1 to zero by the application of a magnetic field of the order of 0.01 Tesla. If

the field was further increased the medium would switch from a self-focusing to a self-defocusing

regime. By considering the effects separately it was shown that the change in the thermal re-

fractive index grating due to the reorientation of the liquid crystal dominates. At high magnetic

fields the nonlinearity of the nanosphere suspension was found to be larger than the nano-rod

suspension, which is due to the fact that the reorientation induced change in the absorption of

the samples is three orders of magnitude larger for the nanorod suspension. Because of this the

nanorods suspension is better suited to applications where the tuneablity of the absorption is

of a higher priority while the nanosphere suspension is more suited to applications where the

control of the nonlinearity is more important.

7.3 Further work.

There are many interesting directions in which the projects presented within this thesis could

be continued. For simplicity these have been subdivided into three categories which cover the

three major themes of this Ph.D thesis.

7.3.1 Gold nanoparticles and Gold nanoparticle liquid crystal compos-

ites.

It would be interesting to do a rigorous study into the effect of size and shape on the solubility

of the nanoparticles. Such an interest stems from two main sources: personal and academic.

On the personal note this is an investigation I had hoped to to do during my four years but

was infeasible at the time. On the academic note a continuous investigation into the solubility

of nanoparticles as a function of size has not been done. There have been studies that have

shown that 2 nm and 5 nm particles with identical functionalizations have remarkably different

solubilities9,10. However, to truly investigate this behaviour one would need a continuous range

of size distribution. Such an investigation was not possible during this thesis due to the lack
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of a commercially available ligand which gave a high solubility of the nanoparticles. However

a recent publication has shown that by using thiol terminated polymers it is possible to cre-

ate high concentration suspensions11 where previously complex custom made surfactants where

required9,10,12–14.

One procedure which could be used to investigate this behaviour would be to obtain a range of

gold nanoparticles with a broad size distribution. This could be done by synthesising them by

ablation methods15 or by chemically synthesising several batches of nanoparticles with a distri-

bution of size and mixing them. These nanoparticles could then be functionalized with the thiol

terminated polymer and separated into subsamples with smaller, known, size distributions. This

separation could be achieved either by using a silica column (as used in column chromatography)

or by centrifugation which would both separate heavy and light particles. The concentrations of

these samples could be measured using the TEM and absorption techniques outlined in chapter

3. The samples could then be mixed with a liquid crystal and left for a period of time so that

the system can reach an equilibrium in concentration. Finally the absorption spectra of the

samples from the resulting suspensions, taken from the bulk of the mixtures to avoid aggregates,

could be measured to calculate the resulting concentration. This procedure could be repeated

for different functionalizations, different types of particles such as nanorods or nanostars and

different liquid crystals. Using different liquid crystals would allow us to properly determine the

effects of viscosity, polarity and other material constants on the solubility of gold nanoparticles.

Dissolving gold nanorods in liquid crystal has been an interesting aim of modern research due

to the anisotropy of their absorption. However dissolving them in a liquid crystal is challenging

due to their size and the requirement of synthesising them in an aqueous environment. It would

be interesting to instead investigate gold nanowires as a possible alternative. Gold nanowires are

anisotropic and consequently also display absorption anisotropy16. Furthermore the synthesis of

gold nanowires is simple and can be performed in an organic solvent17. Finally their dimensions

are smaller than gold nanorods and have a short axis of under 2 nm17, consequently dissolving

them in a liquid crystal would probably be less problematic.

7.3.2 Hybrid photoconductive cells.

The role of the gold nano-particles in the hybrid photoconductive cells could be further analysed

by investigating the decay times of the refractive index gratings, the anchoring energy and the

effect of conductivity on the nonlinearity of the system.
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The decay times of the refractive index gratings can be measured by using a diffraction efficiency

experiment where the refractive index written by two pump beams is probed by a third beam.

When the pump beams are removed the modulation of the photoconductive pattern will likewise

be removed and the refractive index will decay. By comparing the decay times of the refractive

index gratings induced in pure liquid crystals and samples doped with gold nanoparticles it

should be possible to obtain more conclusive evidence as to whether the drift of nanoparticles

contributes to the refractive index grating. The diffusion of the nanoparticles should be slower

than the diffusion of ions and consequently if the nanoparticles play a significant role the decay

of these gratings would be slower.

The anchoring energy at the cell walls could be be extracted by extracting the director distortions

at high fields by measuring the capacitance of the samples18. Knowing this would enable us to

conclude whether or not this plays a significant role in observations made in chapter 5. Finally

it would be interesting to have a quantitative understanding of the role of the the conductivity

of the liquid crystal on the diffraction efficiency of the cells. This could potentially be done by

purposefully doping the liquid crystal with conductive elements which could be in the form of

ions or even molecular precursors to liquid crystals.

7.3.3 Thermal nonlinearity of gold nanoparticle liquid crystal compos-

ites.

The first extension which could be made to the theoretical work given in chapter 6 would be

to experimentally verify the trends of the variation of the diffraction efficiency with absorption

and the strength of the applied field. Secondly in that work the anisotropy of the thermal

conductivity of the liquid crystal was omitted. My preliminary calculations have shown that the

consideration of the anisotropic heat diffusion would lead to an increase in the peak temperature

of the periodic component of the thermal grating by approximation 10% for a 55µm cell, 50µm

grating and an absorption coefficient of α = 400cm−1. While this effect is smaller than the effect

of the attenuation of light which was considered in chapter 6 it is still significant and would

improve the model.

Finally, while the analysis in chapter 6 is specific the effect is quite general and could be ap-

plied to specially inhomogenious beams. Consequently it would be interesting to investigate

inhomogeneous beam such as Solitons. This would also be interesting as it would be possible to

investigate the switching of the medium from the self-focussing and self-defocussing regimes.
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