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Abstract 

Liquid crystals (LCs) are an interesting class of materials that are attracting significant attention 

due to their ever-growing applications in a wide variety of fields such as liquid crystal display 

(LCD) technology, materials science and bioscience. In recent years, along with the developments 

of materials at the nanoscale, doping LCs with nanoparticles (NPs) has emerged as a very 

promising approach for improving LC properties. Nanoparticle additives can introduce novel 

effects on optical and electro-optical properties of nematic liquid crystals (N-LCs), such as altered 

molecular alignment, faster response time and increased efficiency.  

 This thesis studies the impacts that the inclusion of metallic NPs made of gold or 

semiconductor CdSe quantum dots (QDs), have on optical and electro-optical properties of N-LCs. 

Using polarized optical microscopy and detailed capacitance and transmittance measurements of 

nematic mixtures in electro-optic test cells, characteristics such as optical texture, phase transition 

temperatures, switching voltages and dielectric anisotropy are investigated in pure as well as doped 

samples. Surface ligands in NPs and their chemical functionalization play an important role in the 

LC-NP interactions, largely by determining the dispersibility of NPs and stability of the 

nanocomposites. One important objective of this thesis is to investigate and prepare a series of 

gold nanoparticles (Au NPs) with specially formulated robust coatings that maximizes solubility 

and stability in LC medium. Silanization of NPs is developed as a method to overcome the stability 

challenge. The functionalization of silanized NPs with aliphatic ligands or liquid crystalline 

molecules, provides chemically and thermally stable NPs with hydrophobic and structurally 

compatible surfaces required for dispersion in N-LCs. After complete characterization the 

synthesized particles are used to make the new nematic nanocomposites.  



By analysis of the structure-property relationships governing LC-nanomaterial composites and 

by comparison of new results and data from previous studies on other types of NPs, this thesis will 

further reveal the mechanism of the interrelations between host LC molecules and NP, considering 

the role of variables such as core composition, size and surface chemistry of NPs (e.g. siloxane 

shell, aliphatic ligand vs. liquid crystalline ligand) in achieving stable LC composites with desired 

optical and electro-optical properties. 
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1.1 Introduction 

The liquid crystalline state which was discovered in 1888, represents a state of matter 

which shares properties of both its neighbouring isotropic liquid and crystalline solid 

phases. Liquid crystals (LCs) are also considered anisotropic fluids with some degree of 

ordering. Since their discovery, various industrial applications have been identified for 

them in fields as different as biology, rheology, photonics, as well as in optical elements 

such as controllable lenses and lasing.1, 2  However the predominant application of liquid 

crystals remains in the field of electro-optic displays.3  

The anisotropic nature of the physical properties of LCs, due to their shape anisotropy, 

combined with the ability of magnetic and electric fields to influence the bulk spatial 

orientation of these molecules renders them of such importance to electro-optic display 

devices.3 In most of the liquid crystal display (LCD) cells, there is a layer of LC material 

over a pre-treated surface (alignment layer) for obtaining a particular type of alignment, 

and switching between the ‘on’ and ‘off’ states is achieved by changing the molecular 

orientations from a surface-aligned to a field-aligned arrangement. The first commercially 

patented LCD technology in 1970 by Helfrich and Schadt4 was based on the electric field-

induced reorientation of nematic liquid crystals (N-LCs) between crossed polarizers as a 

switchable light shutter. Since then, major scientific and engineering developments such 

as the design and application of new LC phases and switching modes, as well as the 

invention of new electronics, have led to the current state-of-the-art LCD technologies used 

in home theaters, computer and television monitors, tablets, mobile phones, etc. 
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 Despite the variety of liquid crystalline materials and phases, LCs showing the 

nematic phase, are still the most frequently used materials in LCD technology.  N-LCs are 

mainly used in the form of mixtures composed of different pure LCs, to achieve optimum 

switching behaviour, dielectric, elastic and viscous properties.5 Physical properties of 

liquid crystalline materials play a significant role in display performance characteristics 

such as switching speed, viewing angle and contrast.5 Desired properties are fast response 

times, high contrast, and low switching voltages of fields for energy efficiency.  

A relatively established method for tuning and achieving certain properties in LCs is 

using particle additives also known as “nanoparticle doping”.  Historically, the first 

theoretical research into the doping of LCs with particles in order to lower the required 

field intensities for LC switching, was performed by Brochard and de Gennes in 1970’s.6 

They provided an unprecedented description of ferronematics or ferrocholesterics made by 

adding low concentrations of small or elongated magnetic grains into nematic or 

cholesteric materials.6   Similar to Brochard and de Gennes’ experiments, many other initial 

studies were also focused on the modulation of magnetic and ferroelectric properties of 

LCs, by using small magnetic or ferroelectric particles, needles, or platelets along with the 

formation of defects induced by the immersed particles in the host LC.7, 8  

With the emergence of nanotechnology and advances in the synthesis of nanoparticles 

(NPs) with different core materials and shapes in recent years, LC nanocomposites have 

drawn significant attention. Research on LC nanocomposite systems focuses on the 

combination of the unique properties of LCs and NPs, offering mutual benefits for both 

components. In general, the use of nano-sized building blocks is motivated by new 

properties emerging from the quantum size effect of the NP inclusions.9 This effect occurs 
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when the dimensions of the material are reduced to a scale of 100 nm or less and the surface 

percent of its constituent atoms is greatly increased. Thus, the nanomaterial gains specific 

optical, electrical or chemical properties that are not necessarily present in its bulk form. 

These new properties are mainly dominated by the surface atoms and can be tuned by the 

size, shape or capping ligand of the nanomaterial.  

One important aspect of the studies on LC-NP composites, is the creation of stable 

dispersions of NPs in LC phases in order to improve optical and electro-optical responses 

of the LC. For example: Multiple studies performed by Dr. Hegmann’s research group have 

shown that spherical NPs with diameters smaller than 5 nm made of gold or semiconductor 

CdSe or CdTe cores, can significantly change the optical texture and electro-optical 

properties of the host nematic LCs.10, 11 Another equally important aspect of LC 

nanoscience is the application of various LCs phases as an organizing medium to induce 

the self-assembly of NPs.12 The self-organization of nanomaterials in two- and three 

dimensional space offered by the LC medium seems to be an ideal method to explore and 

control the organization of matter on the nanometre to the micrometre scale, with the 

potential for obtaining metamaterials.12, 13 In addition, the capacity of the LC medium to 

respond to external stimuli such as applied electric fields, can offer adjustable control over 

the orientation of NPs and nanocomposite properties which may be utilised in various 

applications such as tunable lasers, sensors, etc.  

Despite the growing interest in the LC-NP composites and their potential technological 

applications, fundamental research and development in the field is often hampered by 

chemical instability of NPs and/or limited miscibility of the NPs within the LC medium. It 

has been shown that organic ligand shells required to passivate the NPs and protect them 



1.1 Introduction 5 

 

 

from irreversible agglomeration, also plays a key role in the interaction of the dopant 

particles and the nematic host molecules.13, 14 If surface ligands of NPs are not chemically 

compatible/miscible enough with the rod-like N-LC host molecules, ordered LC molecules 

are likely to expel spherical dopant NPs to minimize the distortion in elastic energy caused 

by the NPs.15 Depending on the extent of segregation between NPs and LC molecules, the 

NPs may eventually completely agglomerate.15 This problem can be exacerbated in the 

absence of robust capping agents on the NP surface or at higher temperatures when ligands 

are prone to dissipation. 

Despite the importance of the properties and chemical functionalization of surface 

ligands in producing stable colloidal LC dispersions, the precise mechanisms of interplay 

between the NP surface ligands and the nematic host molecules are not yet fully 

understood. There is a need for well-defined and stable LC-NP systems to systematically 

study the interrelations of host LC molecules and NP parameters from composition, size 

and shape to those related to NP surface ligands including structure, size and density. 

Therefore, this thesis is mainly focusing on addressing low stability and compatibility of 

the NPs in N-LCs and study the optical and electro-optical behaviour of such composites. 

Silanization (silane conjugation) has been utilized to deliver chemically and thermally 

stable gold nanoparticles (Au NPs) for dispersions in nematic hosts for the first time. This 

method has also enabled us to functionalize Au NPs with ligands structurally similar to 

nematic LC molecules and to those of LC hosts. The influence of the NPs on the alignment 

of the nematic LC are studied using polarized optical microscopy, and fluorescence 

confocal polarized microscopy in the case of luminescent quantum dots (QDs). Electro-

optical parameters such as threshold voltage and dielectric anisotropy of nanocomposites 
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at different concentrations of the NPs depending on the temperature, are measured using 

two standard and complimentary methods: capacitance and transmittance measurements. 

The detailed and combined measurements performed in this work provide reliable results 

beyond the limitation of either method alone. A numerical simulation is also performed to 

study the distinction between surface and bulk effects of NPs in an N-LC medium. Results 

of this simulation and a comparison with previous experimental data have been discussed 

in the appendix to Chapter 5. 

The results obtained in this work are based on the dispersion of CdSe quantum dots, 

hydrophobic silanized Au NPs and LC-decorated silanized Au NPs in N-LCs. However, 

many of the findings are not limited to the presently investigated systems and may be 

expanded to other nanoscale particles of different compositions and sizes. Further advances 

based on the results of this work can lead to the realization of the envisioned applications 

for the field of LC-NP composites as further elaborated on in the following chapters.  

1.2 Goals 

The work presented in this thesis investigates optical and electro-optical properties in 

composites of nematic LCs doped with small concentrations of metallic gold and 

semiconductor CdSe NPs.  The main goal is to address major challenges and questions 

faced by LC nanoscience community. It is desired to tackle low compatibility and stability 

of colloidal LC dispersions and improve the existing knowledge of the interrelations of 

host LC molecules and NPs within the nanocomposites with respect to the core 

composition and surface ligands of NPs in certain size regimes. In this thesis, polarized 
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optical microscopy, different techniques of electro-optic measurements and fluorescence 

confocal polarized microscopy are extensively applied for studying the impacts of NP 

dopants on the alignment and electro-optical responses of the N-LC.  Using a series of 

CdSe quantum dots similar in size and type of the surface ligands, but different in surface 

defects and possibly density of surface ligands, the impact of these QD dopants on the 

properties of the N-LC are highlighted with respect to small changes of the surface defects 

and core composition in the QDs.  

In this thesis, I also sought to develop a method for the synthesis and functionalization 

of Au NPs yielding particles with hydrophobic, robust and compatible surface ligands 

similar to or structurally related to those of the host LC molecules. Silane conjugation has 

been studied as a method for synthesizing hydrophobic Au NPs. Silanized Au NPs bearing 

aliphatic chains have been used for the first time as an additive for modulating optical and 

electro-optical properties, and the obtained results showed significant improvements in the 

thermal and chemical stability of the nematic nanocomposites.  Silane conjugation is also 

utilized as the method for the synthesis of robust Au NPs functionalized with LC moieties.  

Studying numerous colloidal nematic nanocomposites and evaluating the results obtained 

by optical and electro-optic measurements, will help us understand the effects of NPs in 

the doped nematic samples with respect to type or nature of their size, surface ligands and 

chemical stability. The proposed model should facilitate rationalization of the altered 

optical and electro-optic behaviour in doped nematic mixtures, and as a result thereof 

enhances our understanding of the complex interrelations between NPs and LC molecules. 

Ultimately this should open up the potential technological applications of LC 

nanocomposites. 
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1.3 Organization of the Thesis 

This thesis has been compiled according to the “Sandwich Thesis” format. Chapters 2-5 

include published results from my graduate research, reformatted from their original form 

for consistency and clarity.  

Chapter 1 provides background information on LCs, especially N-LCs and their 

physical properties such as dielectric anisotropy and birefringence, and methods for the 

characterization of these properties.  Characterization methods include polarized optical 

microscopy (POM), fluorescence confocal polarized optical microscopy (FCPM), 

differential scanning calorimetry (DSC), and electro-optical (EO) measurements. Chapter 

1 continues with the description of the main synthetic and surface functionalization 

techniques for Au NPs, as well as the main experimental techniques used for 

characterization of the NPs. A summary of the research on LC-NP composites with Au 

NPs and some other types of nanostructured materials is also provided in Chapter 1, 

focusing on particular aspects such as defect formations, modulation of LC properties and 

LC-decorated NPs.  

A significant number of the studies in the LC-NP composite field have used QDs due 

to their unique photoluminescent properties and subsequent application as analytical 

tracers to measure the particle distribution in LC hosts. In Chapter 2 of this thesis, a detailed 

review of colloidal dispersions of QDs in different LC phases is presented highlighting 

applications and challenges in this field. Although Chapter 2 focuses on the various LC 

nanocomposites doped with semiconductor QDs, most of the presented ideas, challenges 
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and applications are substantially descriptive of the other nanoparticulate systems as LC 

dopants.  

Chapter 3 presents the results of a study on a series of small and monodispersed CdSe 

QDs also known as magic-sized CdSe in a nematic LC. The three types of CdSe QDs are 

similar in size and shape but vary in core composition, as the first two are different in the 

amount of defects as manifested in their photoluminescent properties, and the third is doped 

with a small concentration of Zn atoms (CdSe/Zn).  Using POM and FCPM studies of the 

doped samples, the impact of particles on the alignment of LC molecules within plain glass 

slides and polyimide coated test cells is studied. Further electro-optic characterization of 

test cells filled with the doped nematic samples, shows different electro-optical behaviour 

in the samples doped with CdSe/Zn QDs, highlighting the roles of core composition and 

surface defects. Appendix 1 contains spectral and experimental data, as well as 

supplemental electro-optical measurements. 

In Chapter 4, the synthesis and characterization of hydrophobic Au NP using silane 

conjugation chemistry is discussed along with their composites in N-LC at different 

concentrations of the dopant. The surface of the Au NP is coated with long alkyl chains 

(C18H37-) which appears critical for the induction of homeotropic alignment on plain glass 

as well as facilitating better dispersion in unidirectionally rubbed planar alignment cells.  

In addition, DSC and POM results are presented, both indicating an expansion of the 

mesophase range of the N-LC on heating and cooling cycles. The results in Chapter 4 

demonstrate the importance of silanization to provide chemical and thermal stability to 

gold nanoparticle dopants in LC nanocomposites, in order to prevent aggregation and 

consequently giving access to higher NP loads with more pronounced electro-optical 
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effects. The appendix of this chapter includes experimental and characterization results for 

the nanocomposites. 

Chapter 5 details the synthesis of LC-functionalized gold nanoparticles using silane 

conjugation chemistry. Nematic nanocomposites made of the three different Au NPs with 

surface ligands structurally similar to the host nematic molecule, are discussed with respect 

to the surface ligands type (structure perhaps) and their chemical stability and compatibility 

with the nematic LC host. Finally in this chapter a model for the interaction between NPs 

and LC molecules is proposed. Chapter 5 has two appendices: The first appendix includes 

experimental and spectral data for the intermediate and final organic compounds as well as 

for the Au NPs and nematic nanocomposites. In the second appendix of this chapter, results 

of numerical simulations performed based on the nanoparticles used in this thesis as well 

as in prior studies, are presented.  

Chapter 6 summarizes the important aspects of the work in this thesis.  Here, the data 

collected during previous work in the Hegmann group and this thesis are compared, and 

potential avenues for future work are highlighted. In view of the importance of providing 

easy-to-make and benign NPs for the LC-NP field, carbon nanoparticles also known as 

carbon dots, are briefly introduced and the preliminary results from dispersion of these 

carbon dots in N-LCs, are shown. 

1.4 Liquid Crystals 

The first recorded observation of a liquid crystal (LC) was in 1888 by the Austrian botanist 

Friedrich Reinitzer.16 When Reinitzer was investigating cholesterol samples extracted from 
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carrots, he noticed that there were what appeared to be phase changes at two different 

temperatures: At room temperature the compound was solid, but when the temperature was 

raised to 145 °C, it appeared to be in a sort of milky state until it turned into a transparent 

liquid at 179 °C. Unable to explain what he had observed, Rienitzer turned to his friend the 

German physicist and crystallographer, Otto Lehmann.  

In his laboratory, Lehmann started his investigation with one of the world’s first 

polarizing microscopes and for the first time observed the phase changes in what was later 

to be identified as a mesophase of cholesteryl benzoate. The term “mesophase” (between 

two phases) indicates a state of matter or a phase existing between solid and liquid phases 

of the LC compound having this type of phase behaviour. Inheriting some properties of the 

rigid crystalline state and the disordered isotropic liquid, LCs are also considered as a 

fourth state of matter featuring a long-range orientational order and a reduced to zero 

positional order within the LC molecules.3 LC molecules at the phase transition from a 

crystalline state lose the long-range order while keeping some order and degree of mobility 

as they enter into the mesophase. The outcome of such transitions is different types of 

mesophases depending on the orientational and positional order of the LC molecules (also 

known as “mesogens”) along with their chemical structure and physical properties.  

After the discovery of liquid crystals (LCs) and studies of their physical and chemical 

properties throughout the years, they have become an established part of an 

interdisciplinary science and are investigated by physicists, chemists, engineers and 

materials scientists, mainly as anisotropic fluids and underlying materials in most of the 

today’s liquid crystal display (LCD) devices due to the presence of unique optical and 

electro-optical properties in specific types of LCs. 
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1.5 Liquid Crystal Phases 

LCs are mainly classified as thermotropic and lyotropic.  Thermotropic LC phases are 

observed when temperature changes, while lyotropic LC phases are observed as a function 

of temperature and as the concentration of a surfactant in a solvent changes. Lyotropic LC 

molecules are amphiphilic molecules containing both a hydrophobic and a hydrophilic 

group. Lyotropic LC are abundantly present in human body cells, brain, nerves, muscles, 

blood, and organs, and they play a critical role in biological functions. Lyotropic LCs have 

the fluidity required for membrane diffusion and the molecular structure for biologic 

function.17 Lyotropic LCs are critical for biologists and biochemists to understand life 

mechanisms and disease. Recently, certain lyotropic LC materials have been used as 

templates for the synthesis of nanomaterials including semiconductor QDs. Some 

examples of such approaches are highlighted in section 2.2.1. 

Materials capable of displaying thermotropic mesophase behaviour are commonly but 

not always non-amphiphilic molecules with strong anisometric shapes. As demonstrated in 

Figure 1.1, thermotropic LCs can be further classified according to their molecular shape. 

These include calamitic (rod-like), discotic (disk-like), sanidic (board-like) and bent-core 

(banana-shaped).  A common feature in all the above shapes is an anisometric molecule 

shape, which enables orientational arrangement of molecules in a form of a partially 

ordered mesophase. The LC materials studied in this thesis are rod-like thermotropic LCs 

therefore, other classes and shapes of LC materials will not be discussed in any further 

detail. Calamitic or rod-like LCs are the most well-known and widely-used LCs in display 

and electro-optic devices. 
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Figure 1.1 Typical examples (and molecular shapes) of the main types of molecules 

forming LC phases. Reproduced with permission from Ref.18- Copyright: Springer 

Science. 

 Rod-like LC molecules have one long dimension and two short dimensions and often 

consist of a rigid core of two or more ring systems, and one or two flexible side chains (see 

Figure 1.2). Formation of the mesophase is a consequence of a delicate interaction between 

rigid and flexible moieties in these molecules.19 The rigid core is often made of phenyl- or 

cyclohexane-rings, and sometimes heterocycles such as pyrimidine. These rigid units shape 

the molecules into anisometric rod structures and induce orientational arrangement of 

molecules by providing strong intermolecular interactions.  However, as it was mentioned 

earlier, formation of mesophases requires the presence of both rigid and flexible units in 
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the LC molecules.19 Flexible units in the LC molecules are usually alkyl- or alkoxy side 

chains of various length.  Figure 1.2 shows a schematic liquid crystalline structure and 

some LC molecules. 

 

Figure 1.2 a) Schematic drawing of the general molecular structure of a rod-like LC 

showing rigid core with M and N flexible side chains. (b-f). Examples of some LC 

molecules and their phase transition temperatures in °C (b-d) (Cr = Crystalline, SmA = 

Smectic A, N = Nematic, Iso = Isotropic liquid). By convention, a phase transition 

temperature in parenthesis indicates a monotropic phase; i.e. that particular phase can only 

be observed on cooling. 

 

In general, the design of an LC molecule involves selection of rigid core units as well 

as side chains. In addition, other molecular features such as a linking group within the rigid 

core (shown by L in Figure 1.2) or introducing functional groups to the side chains or the 

core can significantly influence the physical properties and mesophase behaviour of the 
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resulting LC molecules. For example, in a class of LC molecules including 5CB and 8CB, 

LC molecules contain a cyano (-CN) group instead of one side chain. This molecular 

feature increases the polarizability along the long axis of the molecules and thus can result 

in a high positive dielectric anisotropy in these LCs. Dielectric anisotropy of LCs will be 

discussed in section 1.7.2. 

LC phases are further classified based on their degrees of positional and orientational 

order. Each thermotropic rod-like LC molecule can form one or more mesophases upon 

heating from a crystalline state or cooling from an isotropic liquid state. Some common 

liquid crystalline mesophases for rod-like molecules are shown in Figure 1.3. Nematic is 

the least ordered LC phase, characterized by a long-range orientational ordering and no 

positional ordering. In the nematic phase of rod-like molecules, LC molecules are oriented 

along the average direction of the molecular long axes, called director. Smectic phases are 

higher ordered mesophases than nematic, possessing long-range orientational ordering 

with additional layer ordering. The two most commonly observed smectic phases are the 

smectic-A phase (SmA) and the smectic-C phase (SmC). In the SmA phase, long molecular 

axes of the molecules are perpendicular to the layer planes, and in the SmC phase the 

molecules are tilted by an angle with respect to the layer normal.19 The greater positional 

and orientational order in the smectic LCs obviously results in a greater viscosity as 

compared with the less-ordered nematic LC. In general, this lower viscosity is the reason 

that nematics usually respond more sensitively to external applied electric fields than 

smectics and why the nematic is the LC of choice for displays. The higher viscosity renders 

the smectics less suitable for use in fast-motion displays, but because smectic displays can 

retain an image in the absence of an external electric field, they consume less energy and 



1.5 Liquid Crystal Phases 16 

 

 

thus may be used efficiently in static or slower-moving displays, such as advertising panels, 

light-blocking and imaging windows, and electronic books.17 It should be noted here that 

chiral smectic-C (SmC*) ferroelectric LCs switch orders of magnitude faster than nematics 

as their molecular motion does not require a full 90° flip of the entire molecule, but only a 

rotation around a tilt cone (in microseconds vs milliseconds for nematics). The higher order 

however creates problems for the alignment of these ferroelectric LCs. The phase sequence 

required for FLCs to obtain good alignment is Iso-N*-SmA-SmC*, where the tilt from 

SmA to SmC* goes along with a layer shrinkage, which is why several LC research groups 

work on de Vries materials where this is not the case.17 

The chiral nematic phase (N*) (also called cholesteric) is another type of mesophase 

where mesogenic molecules contain a chiral center and organize in quasi-layers with no 

positional ordering within layers. However, the director axis varies between layers and this 

variation tends to be periodic in nature. This leads to the formation of a structure which 

can be visualized as a stack of very thin 2-dimensional nematic-like layers with the director 

in each layer twisted with respect to those above and below, forming a helical pattern 

(Figure 1.3). 
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Figure 1.3 (top) Schematic representation of LC phases in thermotropic rod-like liquid 

crystals as the temperature is increased. Adapted from Ref. 20 (bottom) Schematic of the 

chiral nematic ordering present in chiral nematic molecules, along with an illustration of 

the half-helical pitch ρ/2. 

The temperature and the range of temperature at which a mesophase forms and exists 

are characteristics of each LC material and its molecular structure.3 When a mesophase can 

be observed on both heating and cooling cycles, it is called enantiotropic and if it is only 

present on cooling monotropic.  In this thesis only rod-like N-LCs are studied, therefore in 

the following sections a summary about the properties and key characterization techniques 

of this phase will be presented. 

1.6 Nematic Liquid Crystals 

The nematic phase is the simplest and least ordered mesophase and features a long-range 

orientational order only. In rod-like nematics, the long molecular axes are preferably 
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oriented in one direction, defined as the director n (Figure 1.3). In most uniaxial N-LCs 

without permanent dipole moment both directions of the vector n, +n and –n are 

equivalent. The degree of orientational order in the nematic phase can be quantified by 

 

 
𝑆 =

1

2
< 3 cos2 𝜃 − 1 > 

(Eq. 1.1) 

where S is the scalar order parameter, θ is an angle between the individual molecular long 

axis and the director n, and the brackets indicate the average value.3 The order parameter 

decreases as the temperature increases. The maximum value of S = 1 is for a perfectly 

oriented system and the minimum value of S = 0 signifies the isotropic liquid state with no 

orientational order. Typical values for an N-LC are in the range 0.3-0.9.3 

The nematic phase is the least ordered quite similar to an isotropic liquid state. This 

means that a nematic mesophase will melt into the isotropic liquid state with relatively low 

thermal energy required for the transition. The temperature corresponding to this phase 

transition is called the clearing point (Tc) which is characteristic for every LC material. 

1.7 Physical Properties of Nematic Liquid 

Crystals 

With anisometric rod-shaped molecules and the resulting uniaxial symmetry around the 

director, LC phases like nematics show anisotropy in many of their physical properties. 

That is, physical properties such as the refractive index, the dielectric permittivity, or the 
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magnetic susceptibility, have a different value parallel to the director n and perpendicular 

to it. 

The nematic mesophase is without a doubt the most studied mesophase and is still the 

most frequently used LC phase in the display and other electro-optical applications due to 

its preferred birefringence and electro-optic response. The following sections introduces 

the most important properties of this phase including elastic, dielectric and optical 

properties along with the corresponding characterization techniques. 

1.7.1 Birefringence 

LCs show birefringence due to the optical anisotropy of the phase which occurs when light 

polarized along the director n propagates at a different velocity than light polarized 

perpendicular to it. As the polarized light enters a nematic LC sample, the light splits into 

two components due to the two different principal refractive indices: ordinary refractive 

index (no) and extraordinary refractive index (ne).   

In a uniaxial birefringent medium like an N-LC with optical axis parallel to n, the index 

ne is measured for the light wave where the electric vector vibrates parallel to the optical 

axis (extraordinary wave, ne = n∥) and the index no, is measured for the light wave where 

the electric vector vibrates perpendicular to the optical axis (ordinary wave, no = n⊥.).3 The 

birefringence then is described by Equation 1.2. In N-LCs usually ne > no and, therefore, 

Δn is positive and varies in the range from values close from zero to about 0.4. 

 

 ∆𝑛 = 𝑛𝑒 − 𝑛𝑜 (Eq. 1.2) 
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1.7.2 Dielectric Anisotropy 

Dielectric properties of LCs are related to the response of LC molecules to an external 

electric field. LC materials with often low electrical conductivity values (as low as 10-17 

S/m) are considered as non-conducting dielectric medium and can be placed between the 

plates of a capacitor.22 In the capacitor with vacuum between its plates, the capacitance is 

equal to C0 (calculated from Equation 1.3, where ε0 is the dielectric constant of vacuum, A 

is the plate area and d is the distance between the two plates). In the capacitor filled with 

the LC (an LC test cell), the capacitance will be increased by the factor ε and is calculated 

according to Equation 1.4. The value of ε represents the permittivity of the dielectric LC 

material.22 

 
𝐶0 = 𝜀0 ×

𝐴

𝑑
 

(Eq. 1.3) 

 
𝐶 = 𝜀 × 𝜀0 ×

𝐴

𝑑
 

(Eq. 1.4) 

 

 

The permittivity is a physical quantity that shows how an external electric field affects 

and is affected by a dielectric medium and is determined by the ability of a material to 

become polarized in response to an applied electric field, and thereby to cancel partially 

the field inside the material. In the LC materials consisting of non-polar molecules, there 

is only an induced polarization. In the LCs with polar molecules, in addition to the total 

induced polarization, there is the orientation polarization, due to the tendency of the 

permanent dipole moments to orient themselves parallel to the applied electric field. 
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Considering an N-LC, two possible permittivities can be characterized with respect to the 

director: parallel to the director ε∥, and perpendicular to the director ε⊥. The dielectric 

anisotropy value is therefore the difference between the two permittivities (Δε) and can be 

obtained by following Equation 1.5: 

 

 ∆𝜀 = 𝜀∥ − 𝜀⊥ (Eq. 1.5) 

        

Depending on the structure of the N-LC, Δε can take positive and negative values. LCs 

studied in this thesis are N-LCs with positive Δε. The dielectric anisotropy depends on the 

temperature as parallel and perpendicular permittivities do. Figure 1.4 shows the graph of 

temperature versus dielectric permittivities for a typical LC with positive Δε. As the 

temperature increases the difference between ε∥ and ε⊥ become narrower until there is only 

one permittivity present for the LC and that belongs to the isotropic liquid state of the LC 

material (εiso). 

 

 

Figure 1.4 Temperature dependence of dielectric permittivity in liquid crystals with Δε > 

0; Tc and εiso are clearing temperature and permittivity of isotropic liquid, respectively. 

Reproduced from Ref.21 – Open Access Journal 
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1.7.3 Elastic Constants 

Under certain external forces such as electric or magnetic fields deformation of the director 

can occur. A deformed N-LC shows a distorted director field, i.e. the director changes its 

direction from point to point as opposed to an undeformed nematic where the director 

points in the same direction throughout the LC. 

In general, there are three types of deformation in LCs: splay, twist, bend and combinations 

thereof. When the external force (e.g. applied electric field) exerts and exceeds a certain 

value, relative position of the LC molecules will change and deformation will occur in 

which the molecules are forced to splay, twist or bent until equilibrium.  This equilibrium 

will be achieved when the system reached its minimum energy state. Figure 1.5 shows the 

three deformations of splay, twist and bend in the director field of a rod-like N-LC.  The 

total elastic free energy density or the Frank energy density (free volume elastic energy) 

can be written as Equation 1.6 using the elastic constants corresponding to these 

deformations: 

  

 
𝑓 = 𝑓0 +

1

2
[𝐾11 × (∇. 𝑛)2 + 𝐾22 × (∇. 𝑛)2 + 𝐾33 × (∇. 𝑛)2] 

(Eq. 1.6) 

 

where f is the elastic free energy density (free energy density is defined as the free energy 

in a unit volume of LC), f0 is the minimum free energy of the N-LC with a uniform director, 

n is the unit director of the liquid crystal, K11 (splay), K22 (twist), and K33 (bend) are elastic 

constants. 
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Figure 1.5 Schematic representation of unidirectional deformations; a) bend, b) splay, and 

c) twist imposed on the system. Images represent the director field in a two dimensional 

slice of a three dimensional sample. Director n is set to be aligned with the z-axis. 

Reproduced with permission from Ref. 23 – Copyright: The Royal Society of Chemistry. 

 

The value of elastic constants for each LC or LC nanocomposite is unique to that LC 

or nanocomposite at a given temperature. The Unit of elastic constants is Newton. For 

example, the K11 for the nematic 5CB is 6.65×10-12 N at 24 C.24 

1.7.4 Alignment and Surface Interaction 

Interactions between N-LC molecules and surfaces can lead to the orientation of the LC 

molecules at these surfaces. Alignment of the LC molecules near the surface, though 

limited, will be transferred into the bulk of the LC sample over macroscopic distance of a 

given volume by elastic forces. The resulting orientation of the director n in a specific 

direction in the bulk corresponds to the tendency of the system to achieve a minimum free 

energy state. There are three main types of the LC director n alignment. These are planar, 
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tilted and homeotropic orientations (Figure 1.6). The planar alignment itself can exist in 

two forms of homogenous and heterogeneous. 

 

 

Figure 1.6 Schematic drawing of three types of alignment mode of rod-like LCs on a 

substrate. Planar alignment can be either homogeneous or heterogeneous (random or free 

planar) with respect to the direction the director n. 

 

The surface or substrate is expected to be flat on the microscopic scale and in all the 

electro-optical applications of LCs is made of a transparent material such as glass coated 

with a conductive layer of transparent indium tin oxide (ITO) and an alignment layer. The 

position of the director near the surface is determined by polar θ and azimuthal φ angles 

(Figure 1.7).  
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Figure 1.7 Definitions of polar θ and azimuthal φ angles indicating position of director n 

near surface. The preferred direction of the director n at the surfaces set by alignment is 

called “easy axis”.  

In planar alignment the director lies in the plane of the surface or interface between the 

mesophase and the surface and the polar angle θ = 0°. As mentioned earlier, there are two 

possible orientations for the planar alignment: 1) homogeneous planar orientation in which 

the director is oriented uniformly over the surface and azimuthal angel φ is fixed. 2) 

Heterogeneous planar orientation, in which the orientation of the director is not uniform 

over the surface and φ has different fixed values at different points of the surface. In 

homeotropic (also known as vertical) alignment θ = 90° and in case of tilted orientation θ 

is fixed (0° < θ < 90°) and φ is random. 

Orientation of N-LC molecules on a substrate depends on several factors including the 

surface energy and topographical features of the substrate, as well as on the intermolecular 

interactions, steric factors, and the elasticity of the LC molecules.3, 22 Mechanical or 

chemical treatment of the surface, usually glass substrate of the LC test cell prior to loading 

the LC materials is a common method for achieving a particular type of alignment.   

Coating the glass substrates with an amphiphilic surfactant such as lecithin can induce 

homeotropic alignment. Hydrophilic heads of surfactant molecules point to the glass 
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substrate and the hydrophobic tails spread into the bulk of the LC sample. Steric interaction 

of the aliphatic side chains of rod-like LCs and the hydrophobic tails of the surfactant cause 

the homeotropic alignment. 

Coating the surface with polyimide followed by a unidirectional rubbing provide a 

substrate with high surface energy and strong planar anchoring of molecules, thus is 

suitable for obtaining the homogenous planar alignment of the LC molecules. Similarly, 

homogeneous planar orientation of the director can be achieved by simply rubbing the 

surface with a velvet cloth in some pre-defined direction. This technique is called 

Chatelain’s method.22 Tilted orientation can be obtained with the oblique evaporation of 

the SiOx thin films on the substrate surface.22 

1.7.5 Fréedericksz Transition 

N-LC materials containing polar or non-polar molecules respond to an external applied 

electric field.  In calamitic nematics, if the permanent dipole in the case of polar molecules 

or induced dipole in the case of non-polar molecules is along the long molecular axis then 

Δε>0 and molecules tend to orient along the direction of the applied electric field (Figure 

1.8). If the molecules possess dipole moments that are more or less perpendicular to the 

long molecular axis then Δε<0 and molecules tend to orient perpendicular to the electric 

field direction (Figure 1.8). 
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Figure 1.8 Schematic illustration of LC response in electric field: (a) LC with positive 

dielectric anisotropy (∆ε > 0), and (b) LC with negative dielectric anisotropy (∆ε < 0). 

It should be noted that collective response of the LC molecules to the applied electric 

field E causes the distortion of the director n.  Therefore, the electric contribution should 

be added to the free energy density and is described by 

 

 
𝐹𝑒 = −

1

2
× 𝜀0 × ∆𝜀 × (𝐸 × 𝑛)2

 
(Eq. 1.7) 

 

where Fe is the electric free energy density, εo is the electric permittivity of vacuum. This 

equation shows the dependency of the electric free energy density on the director field and 

dielectric anisotropy of the N-LC. For example, in nematic LCs with positive dielectric 

anisotropy the minimum in free energy density is obtained by parallel orientation of the 

director to the external electric field.  In addition, the larger the dielectric anisotropy the 

smaller electric field is needed to reorient the LC molecules. 

The Fréedericksz transition represents the field-induced reorientation of a uniform 

director pattern in a nematic LC sample under the influence of an external field, first time 

reported by Fréedericksz and Zolina.25 Once the field strength exceeds some threshold or 

critical value, reorientation begins which causes additional distortions in the director field, 
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thus increasing the free energy density due to the increase in the elastic energy. The system 

then achieves a new equilibrium state by a gradual change of the director structure. Figure 

1.9 depicts a type of Fréedericksz transition containing a splay deformation of molecules.  

The field-induced Fréedericksz transition and the resulting equilibrium director field not 

only depend on the applied electric field, but also on the elastic properties of the LC and 

the boundary conditions at the surfaces. Therefore, performing field-induced Fréedericksz 

transition experiments on a uniformly aligned nematic LC sample can reveal information 

about boundary conditions of the sample as well as on the dielectric and elastic properties 

of the nematic material. 

Typical electro-optical characterization of the LC nanocomposite samples performed 

in this thesis involves applying an external electric field to induce director deformation in 

pre-aligned nematic composite samples with well-defined director field, and detecting 

changes in the director field using capacitance or transmission measurements. More details 

about the electro-optical characterization of the LC samples is presented in the following 

electro-optical characterization section. 

 

Figure 1.9 Schematic drawing of the splay Fréedericksz transition in a rod-like N-LC with 

positive Δε. The image on left shows the initial undistorted alignment in the absence of the 

electric field and the image on the right depicts the distorted state with splay type 

deformation upon the application of an external electric field. 
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1.8 Characterization of Liquid Crystals 

In this thesis, pure and doped N-LC samples have been fully characterized using multiple 

techniques including polarized optical microscopy, fluorescence confocal polarized 

microscopy, differential scanning calorimetry, and electro-optic measurements. 

1.8.1 Polarized Optical Microscopy 

Polarized optical microscopy (POM) is a key technique to detect the existence of LC 

phases. It has all the benefits of bright field microscopy and offers a wealth of information 

about local orientations, formation of characteristic defect textures, alignment and phase 

transitions, which are not simply available with any other microscopy techniques. In this 

thesis, all pure and doped nematic samples were fully characterized by the POM to study 

the influences of the spherical NP dopants on the alignment and optical textures of the 

nematic composites, as well as test their phase transition temperatures and defects 

formation.  

This technique is based on the polarization of light in an optical microscope. A typical 

setup of a POM and the equipment for the POM studies at the University of Manitoba are 

shown in Figure 1.10. There are two polarizers in each POM, which are designed to be 

oriented at an angle to each other, typically oriented at 90° (also termed as crossed 

polarizers). The light polarized by the first polarizer, will be blocked the second polarizer 

(also known as analyzer) since this polarizer is oriented perpendicular to the incident wave. 

As it was mentioned in section 1.7.1, an anisotropic material like an LC has optical 

properties that vary with the orientation of incident light with the orientation of the 
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specimen. In observing LC samples by POM, LC specimen can act as beam splitters and 

divide light rays into two parts (ordinary and extraordinary rays) due to the birefringent 

properties. The POM technique exploits the interference of the split rays, as they are 

reunited along the same optical path. The combined rays can partially pass through the 

analyzer due to the change in polarization, and therefore usually an optical texture can be 

observed and photographed by a digital camera. However, when the transmission axis of 

the first polarizer is parallel to either the ordinary or extraordinary directions, the light is 

not broken up into components, and no change in the polarization state occurs. In this case, 

there is not a transmitted component and the region appears dark. In addition, when the 

sample is not birefringent or the LC is in the isotropic liquid phase, no change to the 

direction of the polarized light occurs, thus no light can pass through the analyzer and the 

field of view will be entirely black. 

 

 

Figure 1.10 a) Schematic setup of a polarized optical microscope, b) POM facility at the 

LC Nanocomposite Lab, Department of Chemistry, University of Manitoba.  
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The optical texture observed for each thermotropic LC material at a given temperature 

has its own characteristic features representing a unique mesophase. In addition, the colors 

and intensity of each color in the optical texture depends on the local orientation of LC 

molecule, as well as the thickness of the sample.26 As it was mentioned earlier, the substrate 

surface condition and certain treatment of the substrate surfaces determine the orientation 

of LC molecules and consequently have impacts on the observed POM textures. For 

example, untreated glass slides promote heterogeneous planar orientation of the N-LC 

molecules in which the director n is parallel to substrates but points in different directions 

and the texture of the N-LC sandwiched between two glass slides under this condition 

appears as a Schlieren texture. Figure 1.11(a) shows a typical Schlieren texture of the 

nematic and Figure 1.11(b) shows a typical optical texture of a SmA mesophase. 

The Schlieren texture shows characteristic sets of dark brushes, mainly four brushes 

along with two brushes (figure 11a). These dark brushes correspond to the domains with 

extinction orientation of the N-LC molecules where the director n lies parallel to either the 

polarizer or analyzer axes. The points, where the two or four brushes meet, correspond to 

the director singularities and are topological defects known as disclination points.27  
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Figure 1.11 POM photomicrographs of LC samples (top, a-b untreated plain glass slides; 

bottom, c-d polyimide rubbed planer cell). a) Schlieren texture of the nematic phase, b) 

focal conic texture of SmA phase, c) homogenous planar alignment of nematic with the 

director oriented at 45° with respect to either polarizer and analyzer, and d) homogenous 

planar alignment of nematic LC with the director parallel to the polarizer. The inset in a 

and b shows selected areas magnified. The white arrow in the bottom right corner in c and 

d shows the rubbing direction of the cell, and the crossed arrows indicates crossed polarizer 

and analyzer. Micron size dark objects which are seen on images c and d are pieces of glass 

used as spacer in the electro-optic cells. 

When the N-LC sample is placed in electro-optic cells featuring rubbed polyimide 

alignment layers with strong planar anchoring of molecules at the LC interface, 

homogeneous planar alignment of nematic molecules will be achieved. In this case the 

POM texture usually appears as a bright uniform color or completely black depending on 

the orientation of the sample with respect to the direction of polarizer and analyzer.  The 

maximum brightness or birefringence is achieved when the rubbing direction of the test 

cell surface and therefore the director is at a 45° angle with respect to the crossed polarizer 
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and analyzer [Figure 1.11(c)]. The texture is completely black when the director direction 

is either parallel or perpendicular to the transmission axis of the polarizer or analyzer 

[Figure 1.11(d)]. 

1.8.2 Fluorescence Confocal Polarized Microscopy 

A more advanced microscopy technique than POM for studying LC materials is 

fluorescence confocal polarized microscopy (FCPM) which offers 3-dimensional imaging 

capability by combining the features of fluorescence and confocal microscopies with POM.  

An FCPM setup offers emission and detection of polarized light, and by adding anisometric 

fluorescent dye molecules which, on average, align parallel or perpendicular to the 

molecules of the studied host LC material, orientational order of anisotropic LC samples 

can be probed.28 The basic principle of FCPM is illustrated with the help of a schematic 

drawing shown in Figure 1.12.  In addition, the confocal feature enables focusing light into 

a small volume element using a special objective with a high numerical aperture and a 

pinhole in front of the detector that functions as a spatial filter to reduce the signal emerging 

from outside the selected volume.29, 30 As a result, FCPM can resolve the z-component of 

the LC director (along the optical axis of the microscope) in addition to some average of 

the two orthogonal x- and y-components. 
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Figure 1.12 a) Schematic drawings representing the principle of FCPM technique. 

Reproduced with permission from Ref.28- Copyright: Elsevier Science.  b) FCPM setup at 

the LC Nanocomposite Lab, Department of Chemistry, University of Manitoba.  

The importance of FCPM studies on the dispersion of colloidal semiconductor QDs 

into different LC phase is twofold. QDs have size-dependent photoluminescence, so they 
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can be excited separately from the anisometric dye using two different lasers with the 

appropriate wavelengths. FCPM of the LC-QD nanocomposites can reveal critical 

information on the spatial distribution of the NPs and their interaction with LC molecules, 

as well as on the assembly and orientation of QDs within the mesophase. Therefore, LC-

QD composites can be used as model systems to study and predict behavior of the 

nanoscale dopants in liquid crystalline media. Some examples highlighting the role of 

FCPM investigations on the LC phases doped with different types of QD are discussed in 

Chapter 2.  

The FCPM facility at the LC Nanocomposite Lab is equipped with two lasers (408 nm 

and 488 nm; Figure 1.12) and is suitable for collecting information on the orientation of 

the nematic director and simultaneously the local distribution and agglomeration of CdSe 

QDs. The research and experimental aspect of FCPM studies performed in this thesis on 

the dispersions of a series of CdSe QDs in the nematic phase are presented in Chapter 3. 

1.8.3 Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) is a versatile tool and a complementary technique 

to study LC phase transitions. In thermal characterization of the LC phases, POM gives 

optical texture information along with the appearance or disappearance of the LC phases, 

while it does not deal with transition temperatures, enthalpy values and order of the 

transition.  In this thesis, phase transition temperatures and mesophase ranges of all nematic 

nanocomposites have been investigated using both POM and DSC. N-LCs doped with NPs 

often demonstrate a co-existence of two neighboring phases instead of sharp transitions 

from one phase to another. POM allows us to collect information about these ranges of 
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temperature at which phase transitions occur, and to observe selected areas of the nematic 

nanocomposites with the co-existence of two phases (biphasic regions). On the other hand, 

phase transition temperatures obtained by DSC, although generally consistent with POM 

results, represent transitions throughout the bulk of samples rather that local areas observed 

under the microscope.  

The principle of DSC is based on determining the heat supplied or extracted during a 

phase transition of an LC or any other material.31 A power compensation DSC like the one 

in our group at the Department of Chemistry, University of Manitoba typically has two 

chambers side by side, one for the sample and one as the reference. During the 

measurement these two chambers are heated equally and the thermal properties of the 

sample are compared with a standard reference material which has no phase transition in 

the same temperature range such as an empty alumina holder (or pan). The temperature of 

each holder is monitored and the heat (power) is supplied to each holder to keep the 

temperature of the two holders equal. Important information about phase transitions and 

changes in heat capacity are obtained by plotting the difference in the power supplied 

against the temperature attained.31 

Figure 1.13 shows a complete DSC trace (thermograms) obtained for 8CB (8CB: Cr 

21.5 SmA 33 N 40.5 Iso). The top thermogram in Figure 13 corresponds to the heating 

cycle, and the one below that belongs to the cooling cycle.  The three peaks in the heating 

thermograms indicates three phase transition, namely crystalline to SmA, SmA to nematic 

and finally nematic to isotropic liquid. The cooling cycles proves the enantiotropic nematic 

and SmA mesophases. It should be noted that in this example significantly lower SmACr 
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phase transition on cooling compared to the heating cycle, is mainly due to super-cooling 

of the materials, along with contributions of instrumental hysteresis. 

 

 

Figure 1.13 DSC plots of 8CB with phase transition temperatures and chemical structure. 

 

1.8.4 Electro-Optical Measurements 

One important aspect of this thesis is to investigate colloidal N-LC composites as 

alternatives for LC-only mixtures for electro-optic and display applications. This can be 

realized by achieving the desired optical and electro-optical properties in these 

nanocomposites with the right type and amount of NPs. Therefore, throughout this thesis 

new doped nematic samples have been made and their electro-optical (EO) parameters 

have been measured. These parameters mainly include: threshold voltage (Vth) for splay-

type Fréedericksz transition, parallel and perpendicular permittivity values (ε∥ , ε⊥), 
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dielectric anisotropy (Δε), elastic constants (usually K11 related to splay deformation), and 

finally rise and decay times (τrise , τdecay). 

Prerequisite for any electrical measurements of the N-LCs is loading the sample into 

an EO test cells. There are different types of homemade and commercially available test 

cells and are typically comprised of transparent substrates such as glass, alignment layer 

and ITO-coated glass (indium tin oxide, a transparent conductive oxide). Figure 1.14 

depicts a schematic drawing of the EO test cells similar to those used for the EO 

measurement in this thesis. 

  

 

Figure 1.14 Schematic drawing of a commercially available electro-optic test cell. 

 There is usually one opening on two sides of the cell for filling the LC sample by 

capillary forces. For this purpose, nematic dispersions are heated to the isotropic phase and 

a small droplet of the mixture is placed by a glass capillary next to the opening of the test 

cell, in a way that the liquid enters and is forced into the cell gap. Extensive experiments 

performed throughout this thesis have shown that filling the test cells in the isotropic phase 

gives less agglomeration of the NPs due to a relatively higher solubility of NPs in the 

isotropic phase in comparison to the nematic phase. 
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Following is a summary of three types of EO measurement performed on the nematic 

nanocomposites in this work. Further experimental details and information on 

instrumentation are presented in the experimental sections of Chapters 3, 4, 5. 

 

Capacitance Measurements 

Capacitance measurements of the nematic mixtures are based on the "single-cell" method 

described by Wu et al.32 Pure and doped nematic samples are filled in commercially 

available EO test cells which promote planar homogeneous alignment of LC molecules 

and the applied electric field will be perpendicular to the substrate. The EO test cell with 

the N-LC inside is assumed as a capacitor and the LC analyzer like the one in the 

Nanocomposite Lab (LCAS by LC-Vision; Figure 1.10b) at University of Manitoba are 

capable of measuring capacitance and resistance of such a capacitor.    

The single-cell method relies on obtaining a capacitance versus driving voltage (C-V) 

curve by stepping the voltage in non-uniform steps (more steps at lower voltages near the 

switching threshold of the nematic samples, fewer steps at higher voltages) and nulling the 

cell at each voltage to measure the test cell capacitance.  Following this method, by 

convention the threshold voltage (Vth) above which nematic molecules undergo a splay-

type Fréedericksz transition is then measured as a 5% change of capacitance. Figure 1.15 

shows a screen shot of the capacitance versus driving voltage by the LCAS software.  
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Figure 1.15 A screen shot of the LCAS software and typical C-V curve for a nematic 

sample with the position of Vth shown on the curve. 

Obtaining the curve of capacitance versus RMS voltage normalized to the threshold 

voltage, and extrapolation of that yields the capacitance for the finite voltage applied to the 

cell. This capacitance is used for the parallel dielectric permittivity (ε∥) calculation32, which 

then affords the dielectric anisotropy (Δε) for the N-LC sample. For determining parallel 

and perpendicular dielectric constants (ε∥ , ε⊥) and Δε, as well as the test cell thickness (d) 

and specific resistivity (ρ), Equation 1.5 and the following Equations are used: 

 

 
𝜀∥ =

𝐶∥

𝐶empty
 

(Eq. 1.8) 

 
𝜀⊥ =

𝐶⊥

𝐶empty
 

(Eq. 1.9) 
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where C∥ is the capacitance for the finite voltage (extrapolated) at Vth/Vrms = 0, C⊥ is the 

measured capacitance at V<<Vth , and Cempty is the capacitance of the empty cell which is 

measured before filling the cell along with the cell thickness according to the Equation 

1.10: 

 
d = 

 ε0 × Ac

Cm ˗ Cp
  

(Eq. 1.10) 

 

where d is the thickness of the empty cell, ε0 is the vacuum dielectric constant = 8.85 × 10-

12 (F/m), AC is the area of the liquid crystal, Cm is the measured capacitance of the empty 

cell and Cp is the measured parasitic capacitance. 

By applying the range of voltages specified in the nematic test setup for obtaining the 

C-V curve, nematic mixtures eventually undergo a splay-type Fréedericksz transition, 

hence it is critical to compare the splay elastic constant (K11) of the pure N-LC with the 

doped nanocomposites along with other parameters discussed earlier. K11 is determined 

using Equation 1.11: 

 

 
𝐾11 = (

𝑉𝑡ℎ

𝜋
)

2

× 𝜀0 × |∆𝜀| 
(Eq. 1.11) 

 

In this thesis, only splay elastic constants (K11) related to the performed splay-type 

Fréedericksz transition in the pure and doped N-LC materials have been measured and 

discussed. 
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Transmittance and Dynamic Measurements 

One aspect of great importance to the research presented in this thesis is that EO parameters 

of the nematic nanocomposites have been measured using two complementary techniques 

of capacitance and transmittance measurements. Transmittance measurements are based 

on probing changes in the birefringence of the LC materials due the field-induced 

reorientation of the LC molecules. Typically a nematic sample filled in an LC test cell is 

placed under the microscope with the easy axis at an azimuthal angle of 45° between 

crossed polarizer. The sample is then illuminated by a monochromatic and stable light 

source at a specific wavelength using an interference filter (commonly a halogen lamp at 

542 nm).  

Similar to the capacitance measurements, data acquisition begins by stepping up an 

applied voltage at a predefined interval to induce reorientation of the director. In the 

transmittance technique though, changes in the birefringence of LC ample will be detected 

by a photomultiplier tube (PMT) detector. To ensure a birefringence detection from the LC 

thermodynamic equilibrium state, a latency period of 250-500 milliseconds is used after 

each applied voltage before data acquisition. This latency is one magnitude higher than the 

switching times of the N-LCs 5CB and Felix-2900-03 (used in this thesis), therefore a 

completion of director reorientation can be expected after this period. No hysteresis 

between signals on increasing and decreasing voltage is found, which proves that 

transmittance is measured under equilibrium conditions. A curve like the C-V curve is 

obtained by plotting relative intensity of the detected light versus the applied voltage. 

Figure 1.16 depicts a typical example of data obtained in a combined field dependent 

capacitance/transmittance measurement for the pure N-LC Felix-2900-03 at 58 °C. 
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Figure 1.16 C-V (red) and relative intensity versus voltage (blue) curves obtained in a 

combined capacitance/transmittance measurement, respectively, for pure nematics LC 

FELIX-2900-03 in a 4-micron test cell at T = 58 °C.  

For the calculation of threshold, the transmission data are transformed into phase 

retardation data, using Equation 1.12: 

 

 
𝐼𝑑𝑒𝑡 =

1

2
× 𝐼0 × 𝑠𝑖𝑛(2𝜑)2 × sin (

∅

2
)

2

 
(Eq. 1.12) 

 

where Idet and I0 are the detected and initial light intensity, respectively; φ the polar angle 

(45°) and the phase retardation (Equation 1.13). 

 

 
ϕ = 

2πΔneff

λ   
(Eq. 1.13) 
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where d is the thickness of the sample, Δneff the effective birefringence, and λ the 

wavelength of the used light source. The threshold is then defined by a decrease of phase 

retardation by 5%.  Figure 1.17 shows a plot of an electro-optic transmittance data and its 

corresponding calculated phase retardation. 

 

 

Figure 1.17 Plot of an electro-optic transmittance data (red curve) and its corresponding 

calculated phase retardation (black curve). 

 

The electro-optic results presented in this thesis are obtained by the two different yet 

complementary techniques of capacitance and transmittance measurements. Overall, EO 

results such as threshold voltages obtained from these two techniques agree very well.  

However, it seems that transmittance measurements are sometimes more stable than 

capacitance measurements, as the plateau in the latter ones can exhibit high deviations. In 

addition, transmission measurements can selectively choose small regions from the cell for 

data acquisition, while the capacitance is always measured over the complete electrode 
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area. The latter is important in the case of doped nematic samples where it is often observed 

that some NPs tend to migrate to the interface of LC and substrate. This can impact the 

boundary condition of the substrate, changing the surface energy, therefore causing some 

deviations in the threshold voltage values, even within one cell. 

Another characteristic of a nematic LC intended for the display application is the 

switching time which translates into response time of the LC material to the external field. 

The two switching times studied in this thesis are rise (ON) time and decay (OFF) time and 

are measured using dynamic analysis. As depicted in Figure 1.18 two voltages of Va (well 

below the Vth) and Vb (just below the following maximum in intensity) are chosen.32 The 

rise time (τrise) and decay time (τdecay) obtained by light transmission analysis are then 

defined as the time between an increase from Va to Vb and decrease from Vb to Va 

accompanying by 90% change in the normalized phase retardation. Using this method, rise 

and decay times can be observed simultaneously with a high intensity contrast caused by 

only small changes in the director field.  Rise and decay times are given by the Equations 

1.14, 1.15 according to the theoretical derivation of rise and decay times of N-LCs.34  

 

 
τdecay = 

γ × d2

π2 × K  

 

(Eq. 1.14) 

 
τrise = 

γ × d2

π2 × K  [(
V

Vth
 )2 ˗ 1]-1 = 

γ × d2

ε0 × Δε × (V2 ˗ Vth2)   

 

(Eq. 1.15) 

 

where γ is the rotational viscosity, d is the cell thickness and K is the effective elastic 

constant. Figure 1.18 shows plots related to determination of switching times for the N-



1.9 Liquid Crystal Displays 46 

 

 

LC Felix-2900-03 in a 4-micron test cell at 58 °C .The decay time at a given cell thickness 

depends only on the ratio of rotational viscosity (γ1) and effective elastic constant (Keff). It 

is therefore independent of applied voltages Va and Vb that caused the distortion in the 

director field. In this way, the ratios of γ1/Keff for different samples can be directly 

compared by dividing the measured decay times by the square of sample thickness (d2). 

The rise time, on the other hand, does depend on the applied field. Therefore, the rise time 

is characterized by the slope of a plot of measured rise time vs. [(V/Vth)
2˗1]-1 , as can be 

seen from Equation 1.15. 

 

Figure 1.18 a) Determination of Va and Vb in the transmission characteristic of a 4 µm test 

cell filled with pure FELIX-2900-03 at 58 °C. b) Example of switching characteristics of 

pure FELIX-2900-03 at 58 °C. 

1.9 Liquid Crystal Displays 

In this section, a brief overview of LCD technology is provided. Invention and 

development of LCDs have been made possible by the invention of transistors and 

integrated circuits, and developments in electrical and mechanical engineering, as well as 

in material and LC sciences. As shown in Figure 1.19 an LCD is comprised of major 
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optical and electrical components. There are many types of LCDs based on the type of LC 

materials and particular fabrication and engineering of the alignment and electro-optical 

layers.  

One of the first and most common LCD used for everyday items such as digital watches 

and calculators is called the twisted nematic (TN) display.35 A TN cell consists of upper 

and lower substrate plates separated by a narrow gap (typically 5–10 microns) filled with 

a layer of nematic LC. The substrate plates are normally transparent glass and carry 

patterned electrically conducting transparent coatings of indium tin oxide (ITO). A special 

surface treatment (commonly rubbed polyimide) is given to the glass such that the LC 

molecules are homogeneous (planar), yet the director at the top of the sample is 

perpendicular to the director at the bottom. This configuration sets up a 90° degree twist 

into the bulk of the liquid crystal, hence the name of the display (Figure 1.20). 

 

Figure 1.19 Schematic representation of the major optical and electrical components of a 

liquid crystal display. Reproduced with permission from Ref.36- Copyright: Academic 

Press. 
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In the absence of an applied voltage, the TN cell in a reflective mode appears to be 

transparent because the optics of the twisted LC match the crossed arrangement of the 

polarizers. Application of three to five volts across the LC destroys the twisted state and 

causes the molecules to orient perpendicular to the substrate plates, giving a dark 

appearance to the cell.  Displaying information and characters is possible by patterning the 

electrodes in segments or as an array of small squares, producing the so called pixels.36 

More advanced LCD modes include super twisted nematic mode (STN)37, in-plane 

switching (IPS) mode38, 39, polymer dispersed LC (PDLC) mode40, multi-domain vertical 

alignment (MVA) mode41,  patterned vertical alignment (PVA) mode42, zenithal bistability 

device (ZBD)43, 44 and blue phase (BP) mode.45, 46 Figure 1.21 represents a flowchart of 

the development of different modes of the LCD technology from the first invented dynamic 

scattering mode to the current TN, IPS and VA modes and future ZBD and BP LCD modes. 

 

Figure 1.20 Schematic drawing of operating principle of the TN mode; a) OFF-state, b) 

ON-state. Reproduced with permission from Ref. 165 – Copyright: The Royal Society of 

Chemistry. 
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Figure 1.21 Flowchart of the development of LCDs highlighting the advantage of each 

mode, starting with the dynamic scattering mode to the new Blue Phase concept. 

Reproduced with permission from Ref. 5b – Copyright: Taylor & Francis. 

1.10 Gold Nanoparticles 

1.10.1 Synthesis of Gold Nanoparticles 

Colloidal gold nanoparticles (Au NPs) in the size regime between 1-100 nm in diameter 

have been intensively studied due to their unique size- and shape-dependent physical and 

chemical properties that have led to applications in catalysis, optoelectronics, imaging, 

drug delivery as well as chemical and biological sensing.47-50  Assembly of Au NPs into 

stable functional materials is another promising area of research of Au NPs and is a hot 



1.10 Gold Nanoparticles 50 

 

 

topic in nanotechnology.51, 52 There are several methods for the synthesis of colloidal, 

quasi-spherical Au NPs, but two of them are more commonly used.52 The first method to 

synthesize Au NPs is based on the citrate reduction of HAuCl4 in water as reported by 

Turkevitch53 in 1951 (Figure 1.22a). This method leads to hydrophilic Au NPs in the range 

of 10-20 nm in diameter, and the resulting Au NPs are only stable in water and to some 

extent in alcohols such as methanol and ethanol. 

The second method which was first reported by Brust and Schiffrin in 1994, has been 

regarded as a breakthrough in the research of Au NPs. Both one-phase54 and two-phase55 

versions of Brust-Schiffrin syntheses are easy to perform and yield very small hydrophobic 

alkanethiolate-capped Au NPs in the size range of 1-7 nm in diameter (Figure 1.22b). The 

Brust-Schiffrin methods provide relatively easy control of the functionalization and size of 

NPs by adjusting the thiol/gold precursor ratio (typically n-alkyl thiols with a 6-12 carbon 

chain length and HAuCl4) and the speed of addition of the reducing reagent.52  

 

Figure 1.22 Schematic drawing of the Au NP syntheses, a) Turkevitch method and b) 

Brust-Schiffrin method. Vials contain citrate-stabilized Au NP in water (top) and 

hexanethiolate-capped Au NP in toluene. 
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The synthesis of Au NPs and other metallic NPs is the subject of several leading 

reviews.48, 56, 57. In selecting an appropriate method for the synthesis of Au NPs suitable for 

LC doping, two important considerations are: (1) easy functionalization and (2) stability of 

the resulting NPs. In the following section and in the introduction of Chapter 4, a review 

of different surface ligands and functionalization protocols is presented along with the 

disadvantages of the above mentioned Turkevitch and Brust-Schiffrin methods. Although 

the focus of the next section and introduction of Chapter 4 is on Au NPs, the concepts and 

techniques can be generalized to other metal nanoparticulate systems. 

1.10.2 Surface Functionalization of Nanoparticles 

As in the cases of the Turkevitch and Brust-Schiffrin methods, the synthesis of NPs 

generally involves ligand molecules or surfactants that initially bind to a metal precursor. 

Then nucleation of the NPs starts upon addition of a reducing agent or a thermal event and 

the reaction proceeds with competing process of growth of atom clusters that eventually 

stops when coordination of the ligands to the surface atoms of the clusters becomes more 

favorable. At this point, surface ligands not only prevent further growth of the NPs, but 

also create a layer that protects the NPs against aggregation.  The protection is in principle 

based on repulsive force between nanoparticles, which can be due to electrostatic repulsion 

(e.g. citrate-stabilized Au NPs), steric exclusion (e.g. alkanethiolate-capped Au NPs), or a 

hydration layer on the surface. Therefore, choice of ligand and variation of its concentration 

can have profound impacts on the particle size, geometric shape, and its colloidal 

stability.57 For instance, it has been shown that the Brust-Schiffrin methods can be modified 

to provide Au NPs with the core size ranging from 0.7 to 7 nm by only choosing different 
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concentrations of the alkyl thiol while using similar amount of gold precursor and reducing 

agent.59  

The importance and role of surface coating is not limited to the stability of the NPs and 

determining the size and shape. Surface ligands are critically relevant for the electronic 

properties of NP as well. Most importantly, the surface ligand functionalization in NPs 

seems essential in order to render them compatible or miscible with another material or 

medium and is a prerequisite for their potential applications in LC nanocomposites. In most 

cases the surface ligand of NPs can determine their interaction with the medium and these 

interactions ultimately affect the colloidal behaviour of the NPs and their effects on the 

host molecules. Likewise, particular properties of certain mediums such as the LC can be 

transferred to NPs via intermolecular interactions and this may result in self-assembled 

oriented arrays of NPs.60 

Today along with advances in synthesis of nanoparticles of different core materials, a 

number of practical approaches exist that allow alterations of molecular chemistry of the 

NP surface.  All of these methods are based on the insertion of molecules bearing atoms 

with high affinity toward atoms on the particle surface along with the control of their 

architecture and surface density. Syntheses of colloidal NP can be divided into two major 

categories, those performed in hydrophilic and those performed in hydrophobic medium 

depending on the hydrophilicity or hydrophobicity of the resulting particles. In addition, 

some types of NPs may have amphiphilic groups on the surface and are expected to be 

miscible in both environments.   

While in some applications, mainly in biological systems and drug delivery,61 

hydrophilic water-soluble NPs are desired, in other applications such as LC composites, 
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NPs with a hydrophobic surface are essential for miscibility with liquid crystals featuring 

hydrocarbon segments and non-polar organic solvents.   

The common functionalization strategies that stabilize particles in organic or aqueous 

phases include ligand exchange, ligand modification, and polymer encapsulation. Figure 

1.23 shows a general scheme of different surface functionalizations on hydrophobic NPs 

coated with greasy surfactants.  It should be noted that ligand exchange can result in a 

phase transfer of the NPs from an organic to an aqueous phase or vice versa. For example, 

Bruce Lennox’s research group at McGill University has developed a facile phase transfer 

of different types of water-soluble NPs to nonpolar solvents using thiol-terminated 

polystyrene.62    

 

Figure 1.23 Various ligand exchange and modifications of hydrophobic nanoparticles. 

Reproduced with permission from Ref. 63 – Copyright: The American Chemical Society. 
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In ligand exchange methods, the new ligand molecules should have relatively high 

affinity to the inorganic core in order to effectively replace the original surfactant 

molecules and yet retain the colloidal stability. A well-established ligand exchange method 

in many metallic NPs employs alkyl thiols, which have a high affinity to noble metal 

surfaces such as gold.64, 65 For example, as depicted in Figure 1.24, the alkanethiolate 

ligands of as-synthesized Au NPs using the Brust-Schiffrin methods66, 67 can be partially 

replaced by other alkanethiolate molecules carrying mesogens68-70, dendrimers71, peptides 

or modifiable functional groups such as carboxylic acid,72 terminal double bond for 

metathesis chemistry,73 maleimide as dienophile74 for utilizing in Diels-Alder 

cycloaddition and pyridine75 or phosphine76 groups for further complexation allowing 

formation of organometallic moieties on the nanoparticles corona.  

 

Figure 1.24 Schematic diagram of surface functionalization of a NP with mesogens, 

dendrimers or pyridine in alkyl thiol-for-alkyl thiol exchange. Adapted from Ref. 75 – 

Copyright: Elsevier. 
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Despite the potential of alkyl thiol ligand exchange methods in introducing a variety 

of surface chemistries for NPs, this method does not always provide a complete 

displacement of ligands or the formation of robust NPs and requires excess amounts of the 

new ligands. One possible alternative ligand exchange can be performed on NPs stabilized 

with amines like 4-(N,N-dimethylamino)pyridine (DMAP)77 or phosphines such as 

triphenylphosphine.78, 79 The fact that the original amine and phosphine ligands have 

weaker bonds to the surface of metal NP than thiols brings the advantage of using milder 

reaction condition and the use of stoichiometric quantities of the incoming thiol. Figure 

1.25 shows how surface of Au NPs can be functionalized by thiol molecules by removing 

DMAP from the surface. 

 

Figure 1.25 Schematic reaction of DMAP to thiol exchange. X moiety may introduce new 

surface chemistry on the NPs. Reproduced with permission from Ref. 80 – Copyright: 

Springer-Verlag. 

However, it has been shown that the bonds between the inorganic NP surface and thiol, 

amine or phosphine groups of a ligand molecule experience dynamic binding and 

unbinding processes.81, 82 The consequence of such a phenomenon is limited stability of 

particles against excess washing, surface oxidation, and thermal treatment, which may 

cause irreversible aggregation (for further details on thermal instability of Au NPs see the 
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introduction of Chapter 4).  Therefore, a surface chemistry which can address this problem 

is critical, especially in an application such as LC nanocomposites with a demonstrated 

need for surface modification as well as high chemical and thermal stability of the NPs. 

 Silica coating of NPs of different core materials and shapes can provide a protective 

and functionalizable shell through alkoxysilane chemistry around NPs.83 Most of the 

protocols are modifications of the classic Stöber method.84 Typically, for preparing silica 

coated gold NPs (Au NP@SiO2) citrate-stabilized Au NP are synthesized. The as-

synthesized Au NP in an alcoholic solution undergoes the next step in which a polymeric, 

cross-linked inorganic silica shell through the controlled hydrolysis of tetraethyl 

orthosilicate (TEOS) in basic condition (NH4OH) is deposited on the particles (Figure 

1.26). The resulting particles are initially water-soluble but provide the opportunity to 

convert them into hydrophobic NPs by reacting them with organosilanes long alkyl chains 

such as trichlorooctadecyl silane.85, 86 

  In this thesis, this method was investigated as an approach for the preparation of 

uniform Au NPs with robust and modifiable surface chemistry.  However, a major 

drawback of the silica coating method using TEOS remains and that is associated with the 

sensitivity of this method to experimental parameters like the nature of the initial ligand, 

concentration, and ratios of TEOS, base, and NP, as well as relatively fast hydrolysis of 

TEOS. In most cases, it is hard to control the silica shell thickness and the resulting NPs 

are not uniform and have high tendency to aggregate and form multicore particles. 

Moreover, Au NPs after silica coating are hydrophilic and additional steps are required to 

render them hydrophobic.     
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Figure 1.26 Left: Stöber reaction of citrate-stabilized Au NP. Right: Transmission electron 

microscopy image (scale bar, 100 nm) of resulting silica coated Au NP (non-uniform 

shells). 

Hence, there was a need for an alternative method to the Stöber reaction, and the 

research in this thesis led to versatile syntheses of silane conjugated Au NPs coated with 

aliphatic chains or liquid crystalline moieties suitable for the use in nematic LC 

nanocomposites. The silanized hydrophobic Au NPs synthesized in this thesis are based on 

the silane conjugation chemistry for coating NPs, first reported by Ying and co-workers.86 

In the modified method (3-mercaptopropyl)trimethoxysilane (MPS) is used to cap the Au 

NPs. Then, the as-synthesized MPS-coated Au NPs undergo further surface 

functionalization using a particular trialkoxysilane depending on the desired surface 

decoration.  Controlled hydrolysis and co-condensation of alkoxysilanes form a thin well-

defined siloxane shell along with the functional moiety in the outer layer around the NP. 

Hydrophobic silanized Au NP with C18H37 alkyl chains discussed in Chapter 4 and 

silanized LC-coated Au NPs discussed in Chapter 5 have been synthesized and 

functionalized using this method. Results from the nanocomposites of these particles with 
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nematic LCs show unprecedented thermal and chemical stability of these particles, as well 

as relatively good dispersibility in the nematic mesophase. 

1.10.3 Characterization of Nanoparticles 

Multiple techniques have been used for the characterization of Au NPs, QDs, and other 

synthesized NPs. The main characterization techniques are only discussed in this section 

including transmission electron microscopy (TEM), UV-vis spectroscopy and to some 

extent X-ray photoelectron spectroscopy (XPS) and thermogravimetric analysis (TGA). A 

description of the photoluminescence of QDs and its role in their identification is presented 

in Chapter 2.  

TEM is perhaps the most powerful and the most commonly used technique to 

determine the size of NPs and other materials with nanoscale dimensions. TEM provides a 

direct image of size, size distribution and assembly of NPs, as well as quantitative 

information about their structure. TEM can also provide information about the chemical 

composition when coupled with energy dispersive X-ray spectroscopy (EDS) and electron 

energy-loss spectroscopy (EELS).87  

A schematic setup of a TEM instrument is shown in Figure 1.27a. A TEM consists of 

an illumination system using a thermionic emission source (inside the electron gun) or a 

field emission source, a specimen stage, an objective lens, a magnification system (with 

magnification up to 1.5 million times), and a data recording system. The electron-optical 

column is maintained under high vacuum during TEM analysis. Figure 1.27b shows the 

high-resolution TEM (HR-TEM) facility at the University of Manitoba and Figure 1.27c 

is a TEM image of octadecanethiol-capped Au NP with an average size of 7 nm.  
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Figure 1.27  (a) Schematic drawing of the TEM electron beam (photo credit: Wikipedia).  

b) HR-TEM facility (JEOL JEM-2100F) at University of Manitoba (photo credit: Manitoba 

Institute for Materials). c) TEM image of octadecane thiol protected Au NP (Scale bar: 20 

nm). 

In this thesis, for calculating the average size of NPs, ImageJ software has been used; 

a free particle and image analysis tool offered by the US National Institute of Health. With 

this software, first we need to set the scale in the image by zooming in the scale and 

measuring the length of the scale bar to the nearest pixel. Then we can use either automatic 
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or manual particle sizing/counting to obtain the average size, standard deviation or a size 

histogram using statistical calculations from at least 100 particles. 

Depending on the specimen and what is being examined, TEM may encounter some 

drawbacks. First, the area of view is only a small part of the entire sample and therefore 

several areas must be studied (imaged) in order to obtain an overall view of the sample. 

Second, the resolution of the instrument may be problematic especially for very small NPs 

(<2 nm) when the error range is sometimes larger than the actual size distribution of the 

particles.88 Third, it is a two-dimensional image of three-dimensional particles and thus 

cannot simply provide of a complete image of the shape. However, it should be noted that 

recent advances in nanostructure imaging and electron tomography have enabled 

reconstructions of a three-dimensional image of the object from a series of two-

dimensional projections obtained by TEM.89  

Other methods that can be used to measure or calculate the size of NPs include powder 

X-ray diffraction (XRD), UV-vis absorption spectroscopy and dynamic light scattering 

(DLS).  DLS is a routine technique to obtain the hydrodynamic radius of particles and 

aggregates such as large carbohydrate molecules, polymers and proteins,90, 91 but it is not 

very suitable for finding size and size distribution analysis of small NPs such as the ones 

studied in this thesis.  The primary reason here is that strong optical absorption of small 

Au NPs along with their weak scattering result in a very low signal-to-noise ratio causing 

errors in DLS size measurements.88  

UV-vis spectroscopy is another powerful characterization tool for the Au NPs due to 

the surface plasmon resonance (SPR) emerging as a broad absorption band in the visible 

region from ~510 to ~540 nm (for spherical Au NPs larger than 2 nm in diameter).  



1.10 Gold Nanoparticles 61 

 

 

According to the “electron cloud” model in metals, electrons are not tightly bound to their 

nuclei and are free to travel within the material.92 SPR is due to the polarization and 

subsequent collective oscillations of the free electrons at the nanoparticle’s surface in 

response to the electrical field of light radiation, as shown in Figure 1.28a. When the 

resonance frequency of the free electron cloud hit the frequency of the irradiation light, the 

electromagnetic wave is not allowed into the material but is instead absorbed or scattered 

away very efficiently.  The origin of purple-red color of colloidal dispersions of Au NPs 

comes from this specific absorption/scattering phenomenon.93, 94  According to Mie theory, 

plasmon resonance frequency and SPR bandwidth depend on the size and shape of the 

particle as well as dielectric constant of the particle and medium.94  

In studying UV-vis spectra of batches of Au NP with the same stabilizing ligand and 

solvent, SPR peaks at different wavelengths can be indicative of the relative different sizes. 

For larger Au NPs, the peak will be shifted to longer wavelengths while smaller Au NPs 

absorb at relatively lower wavelength (Figure 1.28b). Therefore, the color of Au NPs 

solutions and UV-vis absorption wavelength maxima can give a quick feedback on the NP 

size.88 The strong dependency of the SPR on the local environment has made Au NPs 

attractive candidates for sensors and biological applications.95, 96  
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Figure 1.28 (a) Schematic illustration of the origin of the SPR in quasi-spherical Au NPs. 

(b) Optical absorption spectra of 22, 48 and 99 nm spherical Au NPs. The broad absorption 

band corresponds to the surface plasmon resonance. Reproduced with permission from Ref. 
94 – Copyright: Taylor & Francis. 

A spectroscopic technique such as NMR is commonly used to determine the purity of 

Au NPs (i.e., removal of free, non-bound ligands and the phase transfer agent). However, 

1H-NMR spectra of Au NPs usually suffer from broad and weak signals relative to those 

of free alkanethiols. Factors attributing to this phenomenon include broadening of the spin-

spin relaxation time, a distribution in chemical shifts due to differences in Au NP-SR 

binding sites, and a gradient in monolayer packing density from nearcore to chain terminus 

with associated dipolar broadening.97 Previous studies in the solid-state and solution NMR 

of colloidal thiol-capped Au NPs confirm an overall broadening of the NMR resonances 

along with disappearance of signals related to the carbons and the protons attached to the 
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first two carbons closest to the sulfur head group in 13C- and 1H-NMR spectra, 

respectively.97, 98  

X-ray photoelectron spectroscopy (XPS) is a useful technique to obtain information 

about the composition and the chemical state of surface constituents in NPs and other solid 

materials. XPS is based on the measurements of the kinetic energy of generated 

photoelectrons when the sample is illuminated with soft (1.5 kV) X-ray radiation in 

ultrahigh vacuum.99  The difference between the photon energy and the electron kinetic 

energy is called the binding energy and is characteristic of the orbital of a specific element 

from which the electron is ejected. The photoelectrons emitted from the sample are 

detected by an electron energy analyzer, and their energy is determined as a function of 

their velocity entering the detector. By counting the number of photoelectrons as a function 

of their energy, a spectrum is obtained. The energy corresponding to each peak is 

characteristic of an element present in the sample. The area under a peak in the spectrum 

is a measure of the relative amount of the element represented by that peak. The peak shape 

and precise position indicates the chemical state for the element. It should be noted that 

XPS is a surface sensitive technique because only those electrons generated near the 

surface escape and are detected.100  

Thermogravimetric analysis (TGA) is a technique in which the mass of a substance is 

monitored as a function of temperature or time as the sample specimen is subjected to a 

controlled temperature program in a controlled atmosphere. In characterizing NPs by TGA 

samples are heated to very high temperatures (up to 1000 °C) while monitoring the mass 

of the sample, which yields the decomposition curve. Analysis of the decomposition curve 

yields the residual mass of the sample which should be mainly due to the inorganic metallic 
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core of the NPs. By knowing the initial amount of the sample, one can calculate the amount 

of surface coverage. Further experimental details about TGA studies performed in this 

thesis are presented in the experimental section of Chapter 5. A drawback on the use of 

TGA is that a single run can consume several milligrams of a NP with costly and time-

consuming synthesis, therefore, limiting additional analysis to gain meaningful statistics. 

Recently, new methods known as microthermogravimetric analysis (μ-TGA) for the 

determination of NP surface coatings and NP purity have been developed that have similar 

thermal decomposition principle as TGA, but the use of sample is in the order of 1μg. These 

new techniques can detect mass changes less than a nanogram, thus greatly improving the 

detection limits of conventional TGA for the nanomaterials where scarcity and high cost 

are often concerns.101, 102 

1.11 Doping Liquid Crystals with Nanoparticles 

Incorporating different types of nanoparticles, e.g. metal, metal oxides, semiconductor, 

carbon nanotubes, within different types of lyotropic and thermotropic liquid crystals has 

been a hot topic over the last decade.103-105 Doping LCs with NPs can improve the physical 

properties of LCs and can give rise to various technologies such as improved LC materials 

for display devices, LC-based sensors and alignment of LCs using NP printing.106-108 In 

addition, impacts of the anisotropic and ordered nature of LC phases on the properties and 

assembly of NPs have been explored in the LC-NP hybrids as a promising bottom-up 

approach for fabricating novel functional materials.109-112 
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A review of the literature on the topic is given in Chapter 2 presenting LC composites 

with QDs. Although research discussed in Chapter 2 covers QDs, most of the principles, 

challenges and applications can be generalized to other nanostructured dopants. In the 

following sections, a brief overview about LC-NP composites provides basic information 

about defect formations, modulating LC properties, LC-decorated NPs with a focus on Au 

NPs, and the dispersion of carbon nanotubes (CNTs) in LCs. 

1.11.1 Formation of Defects in Liquid Crystal 

The majority of pioneering studies in the field of doping LCs with particles dealt with the 

nematic phase and microparticles with respect to defect formation induced by the 

particles.113 As mentioned in the section 1.6, N-LCs possess orientational ordering along a 

certain direction, called the director. In a pure nematic and without any perturbation, the 

local director field in a given domain is uniformly aligned in one direction. Adding particles 

into the bulk of nematics LC will change the director around the particles, and depending 

on the boundary conditions around the particles, LC molecules are forced to assume a 

homeotropic or planar orientation. However, this change is limited to an area around the 

particle and will disappear at a distance away from the particle, where LC molecules are 

still uniformly aligned. These dissimilarities in local orientation cause topological defects 

due to the induced elastic distortions.114-117  

Theoretical calculations and experimental observations have shown that particles with 

homeotropic boundary condition can induce hyperbolic hedgehog or Saturn ring defect, 

and particles with planar anchoring conditions induce a pair of point defects called 
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boojums.116, 118 Figure 1.29a-c shows schematic drawings of these three possible particle-

induced defects.  

Depending on the director configuration around the particle, a hedgehog defect 

behaves like a dipole, whereas a Saturn ring and boojum defects have quadrupolar 

symmetry.  It has been shown that that colloidal particles in this micron size regime can 

arrange into one-, two- or three-dimensional arrays by sharing topological defects.116, 119 

Topological defects represent a highly distorted director field and self-assembly of particles 

will minimize the elastic part of free energy density. A schematic drawing and optical 

image of a chain of droplets formed by the interaction between defects are shown in Figure 

1.29d and Figure 1.29e, respectively.  

 

Figure 1.29 Typical defects created by spherical particles in N-LCs. (a) hyperbolic 

hedgehog, (b) Saturn ring and (c) boojums defect with two surface defects forming around 

particles with planar boundary conditions. (d) A chain of droplets formed by interaction 

between the topological dipoles with hedgehog-type defects. (e) Optical microscope 

picture of several water droplets forming a long chain with hedgehog type of defects. 

Reproduced with permission from Ref. 117 – Copyright: The American Physical Society. 
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Examples of microparticles showing these types of defects and arrangements include: 

water microdroplets,116, 117, 120 silicon oil,115, 121 gold-coated glass spheres,122 magnetic 

particles,123, 124 and silica particles.125  

It has been shown that particle radius (r) is important to the energy of the induced 

defects. For example, by decreasing r the energy of a Saturn ring defect will be decreased 

logarithmically while the hyperbolic hedgehog is not affected.126 In general, formation of 

defects in colloidal LC composites strongly depends on the size regime of particles as 

studies show that with decreasing particle size the influence of surface energy decreases.118 

An estimated critical particle radius of ~300 nm has been reported for the particle size that 

below which the strong anchoring condition of particles is low and therefore formation of 

topological defects is unlikely.118 Other theoretical calculations have shown that even 

particle in the size regime of 10-20 nm can cause distortions and increase in the elastic free 

energy density of the N-LCs.127, 128 

Overall, it is assumed that very small spherical NPs in a size regime smaller than 10 

nm like those studied in this thesis, show none of the above mentioned topological defects 

and are expected to be randomly dispersed in the liquid crystalline host. However, this is 

not entirely the case in this thesis as discussions in Chapters 4 and 5 explain the role of 

other factors such as stability of and chemical structure of the NP surface ligands. 

1.11.2 Modulating Liquid Crystal Properties Using Nanoparticles 

Addition of NPs into N-LCs also referred to as doping covers different types of NPs and a 

wide range of NP concentrations. In this thesis, composites of nematic samples with Au 

NPs and QDs at concentrations between 0.25 wt% (weight percentage) and 7.5 wt% are 
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investigated. In general, Au NPs and semiconductor QDs with different sizes and surface 

ligands are the most frequently used NP-based LC dopants among other types of NPs due 

to their unique optical and electronic properties (see sections 1.10 and 2.2).  

By doping N-LCs with Au NP, Müller et al. have shown an electrically controlled light 

scattering phenomenon129 and Kossyrev et al. have demonstrated a dynamic, continuous 

and reversible voltage-controlled colour tuning promoted by Au NP arrays formed on a 

glass substrate of a sandwiched nematic test cell.130 Further, research by Kobayashi and 

co-workers successfully demonstrated lower operating voltages, shorter response times, 

and reduced viscosities in different LCs (nematic and chiral nematic mesophases) via NP 

doping.131 Several investigations on nematic LCs doped with alkanethiolate-capped Au 

NPs (e.g. SC6H13 and SC12H25) performed by Hegmann’s research group indicated 

improvement in EO properties such as lower Vth values for the planar to homeotropic 

Fréedericksz transition and higher dielectric anisotropy along with homeotropic alignment 

of LC molecules and formation of pattern stripes within untreated glass slides.10, 132, 133 

Further studies and FCPM measurements have shown that homeotropic alignment is due 

to the NPs residing at the LC/substrate interface causing homeotropic anchoring of the 

nematic director, while birefringent stripes correspond to twist disclination of nematic 

molecules.133, 134  

Another interesting concept demonstrated by Hegmann’s group is that chirality can be 

transferred from Au NPs capped with chiral ligands to the non-chiral nematic phase, 

inducing physical and optical properties of the nematic phase (N*). It has been shown that 

low concentration (less than 0.1 wt%) of Au NPs capped with a monolayer of (S)-naproxen 

end-functionalised alkyl thiols act as a chiral dopant in a nematic phase.135 Figure 1.30a-c 
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show POM images of a pure nematic LC1 (Figure 1.30a) and the same N-LC doped with 

5wt% of (S)-naproxen-functionalized thiol Au NP (Figure 1.30b) and 5 wt% of 

dodecanethiolate-capped Au NP (Figure 1.30c). 

 

Figure 1.30 a) Structure and phase transition temperatures (°C) of nematic LC1 (top) and 

its POM photomicrographs taken on cooling just below the Iso–N phase transition (crossed 

polarisers) showing Schlieren texture of the N phase (bottom). b) Structure of truncated 

cuboctahedral shape of the Au NP capped with (S)-naproxen-end thiol (top) and fingerprint 

POM texture of the N∗ phase of LC1 doped with 5wt% (S)-naproxen-capped Au NP at 44 

°C (bottom). c) Structure of truncated cuboctahedral shape of the Au NP capped with 

dodecanethiolate (top), and stripe texture of the N phase with coexisting areas of 

homeotropic alignment of 5wt% dodecyl thiol-capped Au NP in LC1 at 64 °C (bottom). 

Reproduced with permission from Ref. 10 – Copyright: The Royal Society of Chemistry. 

As highlighted, NPs not only influence the optical and EO properties of LCs, but also 

induce alignment modes of LCs,136, 137 a critical prerequisite for the application of these 

materials in many devices. Recently, Torsten Hegmann’s group at Kent State University 

have used this phenomenon to create pre-defined alignment patterns in nematic LC thin 

films using ink-jet printing of alkylthiol-capped Au NPs.107 As shown in Figure 1.31a 
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nematic LC molecules show homeotropic alignment on the NP-printed areas of the 

substrate, and planar alignment on other areas with planer alignment layer. The patterns 

printed by this technique (e.g. see Figure 1.31b) have shown stability over several months 

and no deterioration with respect to the alignment quality or any migration of the NPs into 

the bulk of the aligned LC film. This approach has the potential to provide low-cost electro-

optical LC devices featuring a wide range of NPs and substrate materials including 

flexible138 and uneven substrate for applications in areas such as adaptive LC Fresnel 

lenses, vertical alignment mode LCDs and flexible LCDs, to name a few.107 

 

Figure 1.31 a) Schematic image of the substrate design of an LC cell with ITO electrodes 

and alignment layers comprised of continuous layer of 30° SiOx and patterned printed layer 

of gold NPs. b) POM image of the LC texture and alignment pattern in cells (bare ITO and 

cell gap: 5 μm) created by printed NPs in the nematic mixture MLC-6610 (Reproduced 

with permission from Ref. 107 – Copyright: WILEY-VCH. 

LC composites with other types of NPs such as silica NPs have shown promising 

results.139-141 For example, silica NP-doped nematic samples in EO test cells have shown 
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the so-called memory effect, where the LC orientational state is retained after the applied 

electric field is removed.139, 142 This memory effect can be applied for the improvements in 

bistable display modes.142 Kobayashi et al. described an EO frequency modulation with 

millisecond or sub-millisecond response time in twisted nematic LCDs as well as lower 

operating voltages in different LCD switching modes using particles such as Pd, Ag, Ag-

Pd, Au, MgO, or SiO2.
143-145  

In addition, results from colloidal LC dispersions with ferroelectric NPs (e.g. Sn2P2S6, 

BaTiO3) suggest increase in the order parameter and clearing temperature of N-LCs along 

with enhancement of the dielectric anisotropy.146-149  

Carbon nanotubes are also found to impact the properties of the liquid crystalline host 

in various ways including: improvements in dielectric anisotropy,150, 151 faster response 

time,152 and lower or higher driving voltages.150, 151, 153-155 There are also reports using 

carbon nanotube films to control the alignment of N-LCs for flexible display 

applications.156 

These studies and experimental results confirm that NPs can modulate optical and 

electro-optical properties of the N-LCs and other mesophases. However, carefully designed 

nanoparticles and experiments are needed to fully exploit these NP-LC systems particularly 

with respect to size and chemical/thermal stability of NPs. 

1.11.3 Liquid Crystal-Functionalized Nanoparticles 

Apart from doping of LCs with NPs, there has been great interest in the formation of liquid 

crystalline NPs by directly attaching LC building blocks to NPs. Of course, this is not an 

easy task considering broad size distribution and/or polyhedral structures in synthetic NPs 
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causing inhomogeneous ligand distribution at the surface.103 Moreover, other difficulties 

such as the tuning of thickness, density and fluxionality of surface ligands make this task 

even more challenging.103 A common approach toward LC-decorated Au NPs is ligand 

exchange between alkanethiols and mesogenic molecules. Mehl and Cseh have used this 

approach for synthesizing Au NPs (1.6-2 nm) decorated with mesogenic molecules and 

observed the formation of typical nematic marble and Schlieren textures157, 158 (Figure 

1.32) and later investigated 3–dimensional self-assembly of the Au NP facilitated by 

ordering of the mesogenic surface ligands.69 

 

Figure 1.32 Schematic representation of synthesis of LC-functionalized Au NP using LC 

thiols exchange reaction (top). (a) TEM micrograph (scale bar: 5 nm) of the Au NP (b) 

POM texture of the LC ligand (c) POM texture of the LC-functionalized Au NP showing 

the typical nematic Schlieren texture. Reproduced with permission from Ref. 157 – 

Copyright: The American Chemical Society.  

 

Other groups have also used the ligand exchange method for synthesizing liquid 

crystalline Au NPs.159-161 For example, Kim et al. obtained a 1-dimensional arrangement 
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of the Au NPs capped with cyanobiphenyl-functionalized thiolates upon heating the Au 

NPs in the mesophase temperature range.161  

LC-functionalization of other inorganic nanostructures has also been investigated. 

Kanie and co-workers reported on the formation of a thermotropic nematic phase by 

coating TiO2 and Fe2O3 nanoparticles with LC units.162, 163 Goodby et al. showed that C60-

fullerene decorated with twelve LC units symmetrically positioned around the C60 core, 

can form a chiral nematic phase.164 In all the above mentioned examples of LC-decorated 

NPs and in NP-LC hybrids a promising avenue is to control the macroscopic organization 

of NPs by utilizing the capability of LCs phases to respond to external stimuli such as 

electric or magnetic fields.165 Similar to NP doping in LCs, this avenue of LC 

nanocomposites needs further research on a variety of stable, compatible and well-

dispersed nanocomposites to reach its full technological potential. More details about LC 

nanocomposites is provided in Chapter 2. 
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  Abstract  

Liquid crystal nanoscience, a field exploring the mutually beneficial combination of the 

unique properties of nanoscale materials and fluid, yet ordered liquid crystalline phases, is 

increasingly focusing on semiconductor quantum dots. In one major research thrust, the 

anisotropic properties of the liquid crystal host are sought to facilitate the assembly of 

quantum dot into arrays, in another, both size- and shape-dependent optical and electronic 

properties of quantum dots are used to manipulate optical, electro-optical and alignment 

properties of liquid crystalline materials. This chapter highlights recent accomplishment 

and new insights in this fascinating area of soft matter nanocomposites including work 

from our laboratory on a series of CdSe and CdTe quantum dots as additives in nematic 

liquid crystal hosts. 
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2.1 Introduction 

Over the last two decades the development of nanomaterials and nanostructures 

experienced tremendous innovative impacts on science and technology. Nanoscale 

materials with physical dimensions of 1 to 100 nanometers (nm), featuring unique 

properties different from individual atoms or molecules as well as the bulk, have 

revolutionized many fields in R&D including catalysis, computing, photonics, energy, and 

medicine. Along with the ‘nanomaterial revolution’, the field of liquid crystals (LCs) is a 

particular vibrant area benefitting from both use and advancement of nanomaterials that 

vary in size, shape, core material, and surface functionality.  

Liquid crystal nanoscience as a subject can be approached from two major 

perspectives. One perspective focuses on using reconfigurable liquid crystals either for 

template-assisted syntheses of nanomaterials or using these self-organizing anisotropic 

fluids to assemble and manipulate nanoscale materials. The second one encompasses 

approaches where nanomaterials such as nanoparticles (NPs) impact liquid crystals based 

on very fundamental interactions between liquid crystal host molecules and nanomaterials 

as dopants. Here, the modulation of optical and electro-optical effects in liquid crystal-

nanomaterial composites for potential application in devices such as liquid crystal displays 

(LCDs) appears to be the main focus. Many important aspects of liquid crystal nanoscience, 

including studies elucidating the roles of nanomaterial shapes and sizes, were summarized 

in various review papers.1-6 This chapter will primarily focus on recent developments in 

the use of semiconductor nanoparticles, also known as quantum dots (QDs), as dopants in 
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LC phases. In addition, recent advances in the assembly and organization of QDs in 

anisotropic LC media will be highlighted.   

2.2 Quantum Dots 

Inorganic metal and semiconductor NPs are zero-dimensional (quasi-spherical) 

nanomaterials.  Among the various colloidal NPs with diverse core compositions, 

semiconductor QDs are being extensively developed and studied for their promising 

applications in medicine (bio-labelling/imaging,7-13 cancer therapy12, 14-16), photonics 

(light-emitting diodes,17-20 lasers21, 22), alternative energy sources (QDs-sensitized solar 

cells23-28), and possible future QD-based devices (e.g., superconductor nanodevices).29-31  

QD semiconductors in the range of 2 to 10 nm in diameter are made of hundreds to 

thousands of atoms of group IIB and VIA elements (e.g., CdSe, CdTe, and ZnO), group 

IIIA and VA elements (e.g., InP and InAs), and group IVA-VIA elements (e.g., PbS). Their 

unique size- and shape-dependent optical and electronic properties differing from the bulk 

and from the atomic/molecular level are attributed to the 3-dimensional quantum 

confinement effect, i.e. the strong confinement of electrons and holes in the case where the 

radius of a particle is below the exciton Bohr radius of the material.32-34  In a semiconductor, 

an electron will be promoted from the valence to the conduction band, leaving a ‘hole’ or 

‘absence of an electron’ in the valence band upon irradiation by photons with greater 

energy than the bandgap.  Therefore, this ‘hole’ is assumed to behave as a ‘particle’ with a 

certain effective mass and positive charge. The bound state of the electron–hole pair is 

called an ‘exciton’.35 The relation between the size and the bandgap energy of 
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semiconductor nanocrystals was developed by Luis Brus by applying the particle in sphere 

model approximation to the bulk Wannier Hamiltonian.35, 36 According to the 

approximation, the lowest Eigenvalue in a quantum confined system is given by Equation 

2.135: 
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(Eq. 2.1) 

  

here the first two energy terms (E) are the bandgap energies of the quantum dots and bulk 

solid, respectively. R is the quantum dot radius, me is the effective mass of the electron in 

the solid, ‘e’ is elementary charge of the electron, ‘ħ’ is Planck’s constant, the mh is the 

effective mass of the hole in the solid, and ‘ε’ is the dielectric constant of the solid. The 

middle term and the last term represent the exciton of a ‘particle-in-a-box-like’ and 

Coulomb attraction of the electron-hole pair, respectively.  As we can see, Eg of QDs is 

correlated with the size. As the dimension (R) decreases, the bandgap energy increases. In 

other words, the smallest QD will emit light with the shortest wavelength (highest energy) 

as governed by the bandgap.37 Hence, the photoluminescence (PL) colors of QDs can be 

tuned by controlling the particle radius.38, 39 This also means that fluorescence spectroscopy 

can be utilized to determine the relative size and size distribution of QDs using the emission 

wavelength, where the relative size distribution is determined by the full-width-at-half-

maximum (FWHM) of the emission peak.40 Figure 2.1 shows the size-dependent 

photoluminescence of semiconductor nanocrystals throughout the visible region of the 

electromagnetic spectrum.  
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Figure 2.1 Size-dependent PL colors of semiconductor QDs. Electronic structure of QDs 

correlated with the QD radius and resulting ‘blue shift’ due to quantum confinement. 

Reproduced with permission from Ref. 41 – Copyright: Wiley VCH. 

Despite the fact that size control of QDs in a given synthesis procedure should allow 

for different peak emission wavelengths as expected from the bandgap approximation, 

problems associated with the surface of QDs known as “surface traps” often cause emission 

at wavelengths higher than expected.  In QDs with very high surface-to-volume ratio, these 
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surface traps are due to imperfections (surface defects) and dangling bonds. Such surface 

trap sites have their electronic energy states, which are usually localized within the QD’s 

bandgap.41 This concept was first suggested by Efros and Rosen.42 Defects on the surface 

of the QD act as temporary surface traps for an electron or hole (i.e. a charge carrier), 

leading to non-radiative relaxation, therefore preventing radiative recombination that 

greatly reduces the quantum yield (Figure 2.2).41 The resulting low fluorescence quantum 

yield, broad fluorescence range and blinking due to the charge recombination pathway are 

among major problems in utilizing QDs for optical applications. A review by Carrillo-

Carrión and co-workers elaborated on QD luminescence and the important aspects 

affecting the photoactivation of QDs.43 One approach to minimize the negative effects of 

surface traps and increasing quantum yields in QDs is composition of two or more 

semiconductors or doping one semiconductor with a small quantity of another metallic or 

semiconductor element. Combination of two or more semiconductors forming 

heterojunctions in so-called ‘core-shell’ semiconductor QDs can diminish the instability 

caused by the abundance of surface states.44-48 In these core-shell systems, a semiconductor 

QD core is surrounded by another semiconducting material with wider bandgap as a shell 

to passivate the surface states of the nanocrystal (Figure 2.2). However, the surface trap 

phenomenon is not always a disadvantage for QDs. One can selectively use controlled trap 

states to tune the emission of QDs. A bifunctional linker molecule, such as 3-

mercaptopropionic acid (MPA), assists in joining the two semiconductors close together 

with a uniform coverage.25, 49, 50 By varying the alkyl chain length of the linker molecule, 

it was shown that electron injection yields increase with decreasing inter-particle 

separation51 (Figure 2.3). Thiols, such as MPA, or other ligands noticeably alter the 
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chemical and physical states of the quantum surface and affect photophysical properties of 

semiconductor QDs by interacting with surface atoms.52-54 

 

 

Figure 2.2 (a) Schematic representation of surface trap sites and their effect on quenching 

PL. Adapted from Ref. 50 – Copyright: American Chemical Society.  (b) Electronic 

structure of a core-shell quantum dot made of two semiconductors forming a heterojunction 

(core surrounded by the shell of a wider bandgap). Adapted from Ref. 41 – Wiley VCH.  

 

In addition, doping of semiconductors nanocrystals with transition-metal ions or other 

semiconducting elements is another alternative approach to modulate the electronic and 

optical properties of QDs. Such approach, in addition, can introduce exotic magnetic and 

magneto-optical properties in QDs.55 For instance, doping of non-magnetic CdSe QDs by 

Mn2+ leads to formation of diluted magnetic semiconductors (DMSs).56 These doped 

nanocrystals are showing interesting phenomena such as the giant Zeeman splitting of 

electronic states and carrier-induced ferromagnetism arising from the sp-d exchange 
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interaction between the transition-metal ions and the electronic states of the host 

semiconductor.55, 57, 58 

 

 

Figure 2.3 Exchange of dodecylamine with 3-mercaptopropionic acid and its effect on 

charge recombination dynamics of TOPO-capped CdSe QDs. Reproduced with permission 

from Ref. 50 - Copyright: American Chemical Society.  

2.2.1 Synthesis of colloidal quantum dots 

Synthesis efforts to obtain QDs focus on the preparation of QDs with highly desired 

monodispersity and uniformity of shape (i.e. with narrow FWHM). In the early 1980s, 

syntheses of QDs in aqueous solutions resulted in broad size distributions of the particles, 

often characterized by poor luminescence efficiencies.59-61 In 1993, Murray and co-workers 

for the first time62 synthesized high-quality, monodisperse chalcogenide QDs at high 

temperature. However, in their method a toxic, unstable and expensive precursor like 

dimethyl cadmium was used. Since then, many attempts have been made to develop 

methods without such drawbacks. Aqueous phase synthesis (mainly at high temperatures), 

vapor phase deposition, microwave-assisted syntheses, Langmuir-Blodgett films, polyol 

methods, and sol-gel process are the most common synthetic methods for QDs which have 

been discussed along with following surface modifications for different applications in 

some recent reviews.12, 16, 26, 59, 63, 64  
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Ligand selection is one of important aspects having a considerable effect on QD 

quality. Many approaches have been reported where the nature and concentration of the 

ligand, ratios of precursors, controlled nucleation and growth time, and tuning the 

temperature led to stable QDs with high photoluminescence efficiencies.  Yu and co-

workers have reported several syntheses of a series of single-sized CdSe nanocrystals by 

choosing distinct precursors in various ratios as well as careful ligand choice and adjusted 

reaction media.65, 66 These so-called magic-sized nanocrystals (MSNs) have sharp 

absorption and strong bandgap PL.67  A wide variety of molecules such as trioctylphospine, 

trioctylphosphine oxide and trioctylphosphine selenide,32, 62, 68-70 thioglycolic acid, 

tiopronin, glutathione,71 l-cysteine ethyl ester hydrochloride,72 oleylamine,73 and 

polyethylenimines of various molecular weights74 served as successful ligands for the 

synthesis of QDs with high PL quantum yields. 

Template-based syntheses of QDs, mainly using lytropic LC (LLC) phases is a 

fascinating topic relevant to the scope of this article to point out some of the most prominent 

approaches on the synthesis of QDs in liquid crystal media.  Liquid crystalline materials 

naturally exhibit space partitioning and organization making them a suitable medium for 

the synthesis of many nanostructures. Utilizing LCs as templates for the synthesis can offer 

remarkable advantages including the ability to control the size and shape of nanomaterials 

simultaneously by choosing different mesophases and LC compositions. This can be a very 

versatile pathway for synthesizing semiconductor nanocrystals, and a precise tool to tune 

their optical and electronic properties as well as their overall functionality for potential 

applications.75 Among the different LC materials and phases, LLC phases namely, 

lamellar, columnar and cubic, have been frequently reported in the literature due to broad 
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variety of LLC phases which can be organized by various amphiphilc molecules in a well-

chosen solvent. The leading synthesis of QDs in LLC phases was reported by Braun and 

co-workers in 1996.76 They demonstrated that CdSe and CdS superlattices can be formed 

in LLC phases formed by a nonionic organic amphiphiles in water using a semiconductor 

precursor.  Their results showed that the nanostructures followed the symmetry of the 

hexagonal LC medium.76 Inspired by this work, several groups utilized this approach to 

fabricate metal77-79 and semiconductor NPs such as CdSe,80, 81 CdS,82 ZnSe,83, 84 ZnO,85, 86 

and ZnS87 in LLCs.  Among these, the work carried out by Mountziaris et al. for the 

formation of ZnSe nanostructures seems the most intriguing.83 They have shown that by 

using cubic, hexagonal and lamellar phases of LLCs in self-assembled ternary systems 

consisting of a block copolymer as the surfactant, hexane and formamide as non-polar and 

polar phases, respectively, ZnSe nanostructures of different morphologies could be 

obtained. More precisely, QDs, nanowires and nanodisks of ZnSe were successfully 

synthesized using cubic, hexagonal and lamellar LLCs as templates.   

Another interesting topic related to the synthesis of QDs is the post-synthesis surface 

modification of QDs for designated applications.  Different surfaces or ligands on QDs can 

induce different physical and chemical behavior, and it is often necessary for the surface 

to be pre-modified for a particular application.88  Silica encapsulation is one of the most 

interesting and facile approaches to obtain QDs with characteristic properties such as water 

solubility, buffer stability, photo-stability, and the prevention of aggregation frequently 

occurring in colloidal nanoparticle solutions due to ligand dissipation.89, 90 The latter 

advantage can be very critical for making robust QDs for the use in LC nanocomposites. 
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There are many reports on the silica coating of QDs via reverse microemulsion91-97 and 

Stöber methods.96, 98-101 

2.3 Alignment of QDs in liquid crystals  

As mentioned earlier, LC-QD composites can have mutually beneficial effects on both 

optical and electro-optical properties of LC materials as well as on the collective 

spectroscopic, dynamic and electronic properties of particulate semiconductor QDs.  In this 

section we will focus on the latter topic. Unique properties of as-synthesized colloidal 

semiconductor nanoparticles that originate from the quantum confinement effect can be 

harnessed for various applications if one can organize QDs in well-defined morphologies 

with both control over the orientation and inter-nanoparticles interactions and distances.102 

Only then can QDs exhibit well-defined collective properties due to coupling of discrete 

energy states. For instance, coherent coupling of discrete electronic and excitonic states is 

the main topic in quantum computational research,102, 103 while incoherent long-range 

energy-transfer mechanism in close-packed assemblies can be useful in photovoltaic 

devices.19, 104  

However, realizing organized arrays of QDs and manipulating the formed assemblies 

seem challenging in practice because of insufficiencies arising from improper solvents and 

suitable conditions for assembly, causing formation of unwanted aggregations of 

nanoparticles. Other detrimental factors are the low monodispersity and the inadequate 

solubility of QDs. It has been shown that the LC materials can be a very promising medium 

for assembly and alignment of a variety of nanostructures with fascinating results (see 
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earlier reviews highlighted in the introduction). The LC materials are self-organized fluids 

in which the constituent molecules with diverse molecular structures and shapes possess 

long-range orientational order in one, two or three dimensions, producing a variety of 

mesophases depending on the temperature (in thermotropic LCs) or their concentration in 

solution (in lyotropic LCs).  

Among the various liquid crystalline phases, the most widely used and well-studied 

are thermotropic nematic (N-LC) and smectic (Sm) phases (Figure 2.4). Also, mostly these 

phases have been used as hosts for QD dopants, as described in this article. In N-LCs as 

depicted in Figure 2.4 a, all molecules tend to align along one selected direction called the 

director. The chiral nematic or cholesteric phase (N* or CLC), produced either by chiral 

nematogens or by addition of a chiral additive, is characterized by a continuous chiral 

(helical) distortion of the director along the long molecular axis. Smectic phases consist of 

layers of molecules. In the smectic A phase, molecules are aligned perpendicular to the 

boundaries between layers; in the smectic C phase molecules are tilted with respect to the 

layer normal (Figure 2.4 b-c). If the molecules in a smectic C liquid crystal are chiral, or 

if a chiral dopant is added, it can display ferroelectric (if molecules in every next layer are 

rotated slightly with respect to the previous layer) or anti-ferroelectric (when the tilt is 

reversed from layer to layer) properties.  
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Figure 2.4 Liquid crystalline phases: (a) nematic; (b) smectic A; (c) smectic C 

 

LC materials are also optically anisotropic and therefore are usually birefringent. Their 

anisotropy allows for the creation and manipulation of macroscopic domains with a defined 

optical axis, for example, by inducing anisotropy on ordered/pre-treated substrates 

confining the liquid crystalline sample.  Moreover, the molecular orientation in most LC 

phases can be further controlled reversibly by an external force like electric or magnetic 

fields. In particular, an applied electric field induces a reorientation of the molecules in 

certain LC phases (e.g., N, N*, SmC*, and others), leading to the collective switching of 

the LC sample by the E-field.  In turn, anisotropic ordering of LCs can translate order to 

nano-sized guest particles, and an external force can selectively reconfigure the assembled 

array.  Some of the recent papers on assembly of semiconductor QDs and nanorods as well 

as on tuning their electro-optical properties by LCs are summarized in Table 2.1. 
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Table 2.1 Examples of QDs arrays in LC media. 

Semiconductor 
Shape / 

Size(s) 
LC(s) / Phase(s) Effect(s) Ref(s). 

GaSe 

Disk-shaped / 

2.5-12 nm in 

diameter; 

thickness: 0.8 

nm  

5CB / nematic 

Increasing inter-

particle coupling in 

assembled 

aggregates of GaSe, 

E-field in-plane 

reorientation of 

arrays 

105, 

106 

CdSe/ZnS 

(core-shell) 

Spherical / 

~1.2 nm and 

~5 nm – core 

and shell 

diameters, 

respectively 

Cholesteryl oleyl 

carbonate (COC) (60 

wt%) and 5CB (40 

wt%) / cholesteric 

Modulation of 

spectral emission of 

QDs embedded in 

CLC 

106, 

107 

CdSe 
Spherical / 3-

6 nm 

5CB / nematic 

5CB + COC / 

cholesteric 

8CB + chiral 

ferroelectric material 

AIS179 

Dispersions of QDs 

with respect to 

particle surface and 

concentrations, 

Pattern formations in 

different phases and 

potential assembly 

of QDs 

108 

CdS 
Spherical / 

2.3 nm 
5CB / nematic 

Formation of one-

dimensional chain-

like arrays, larger 

dielectric constant 

for doped sample 

109 

GaSe/InAs 

Spherical / 

size not 

specified 

(QDs are 

embedded in 

fabricated 

microdisks) 

5CB / nematic 

Thermal and E-field 

induced tuning of 

photonic modes of 

microdisk device 

containing QDs 

110 

GaSe 
Spherical / 8 

nm 
8CB / smectic A 

Alignment of 

aggregates of QDs in 

LC 

111 

CdSe 

Spherical / 

2.4, 2.6 and 

3.2 nm 

Polymerizable 

poly[4-(n-

acryloyloxyalkoxy)] 

Formation of aligned 

layers of CdSe 

nanocomposites via 

surface modification 

112, 

113 
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benzoic acid (BA-

nPA) / smectic CA 

of QDs by 

hydrogen-bonded 

LC polymer (LC-

decorated ligand) 

CdSe/ZnS 

(core-shell) 

Spherical / 4 

nm 

E7 + chiral dopant + 

LC diacrylate 

monomer + gelator / 

cholesteric 

Modulation of 

photoluminescence 

of QDs using E-field 

114 

CdSe/ZnS 
Spherical / 

6.2 nm 

Commercial nematic 

LC + chiral dopant + 

azobenzene / 

cholesteric 

Light-induced 

switching of QDs 

photoluminescence 

115, 

116 

CdSe 
Spherical / 

4.1 nm 
E7 mixture / nematic 

Modulation of 

coupling between 

excitonic state of 

QDs and surface 

plasmon band of 

gold nanoparticles 

117 

CdSeTe 

Spherical / 

from Qdot® 

800 ITK™ 

Left-handed 

oligomeric 

cyclosiloxane / 

cholestric 

Tuning QDs 

emission in CLC 

phase 

118 

 

InGaAsP 
Not 

mentioned 
5CB / nematic 

Optical and thermal 

tuning of photonic 

crystal nanocavities 

119 

CdSe 
Spherical and 

rod-shape 
E7 mixture / nematic 

Self-alignment of 

QDs and nanorods 
120 

CdSe 

Spherical / 5 

nm rod-

shape/ 7 nm 

× 25 nm 

(diameter and 

length, 

respectively) 

E7 mixture / nematic 

Orientation of QDs 

and semiconductor 

nanorods along the 

LC molecules 

orientation and 

impact on emission 

under E-field 

121 

CdS 

Rod-shape / 

5 nm × 40 

nm 

E7 mixture / nematic 

Alignment of 

nanorods using E-

field 

122 

CdSe 

Nanotube / 

200 nm × ~ 

60 µm 

E7 mixture / nematic 

Alignment of 

nanotubes and 

increasing emission 

anisotropy 

123 

CdSe/ZnS 

Rod-shape / 

two types: 

3 × 25 nm 

7 × 50 nm 

5CB / nematic 

Alignment and 

effects on 

photoluminescence 

of nanorods 

124 
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ZnS, PbS 

Rod-shape/ 

ZnS, 1.2 nm 

× 5 nm 

PbS, 1.7 nm 

× ~13 nm 

Commercial LC 

mixture (ZLI-4792) / 

nematic 

Alignment of 

nanorods along the 

direction of the E-

field and effects of 

nanorods on 

switching behaviors 

of nematic LC 

125 

 

In most of these articles, the authors demonstrated effective self-assembly of quasi-

spherical QDs or nanorods induced by the LC medium. An exceptional example is the work 

of Basu and Iannacchione,109 who demonstrated the assembly of CdS QDs into nanoscale 

macroscopic chain-like configurations (Figure 2.5). 

 

 

Figure 2.5 Self-assembly of CdS QDs in the 5CB nematic host as a function of applied 

electric field: (a) symmetry of the QDs chain aggregates in the nematic phase; (b) QD 

aggregates in the nematic host below the Fréedericksz transition; (c) switching of the QDs 

aggregates by the electric field above the Fréedericksz transition. Reproduced with 

permission from Ref. 109 – Copyright: American Physical Society. 
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The authors used indirect techniques to demonstrate the presence of anisotropic 

assemblies by measuring dielectric properties and the relaxation times of the LC-QDs 

colloidal mixture. It was shown that doping nematic 5CB with CdS QDs led to longer 

relaxation times, which could not be explained by simple increase of the material’s 

viscosity due to very low concentrations of the dopant. Therefore, slower relaxation is 

explained by presence of long anisotropic “pearl-necklace” strands made of QDs. Also, 

measurements of the dielectric anisotropies of the colloid below and above the 

Fréedericksz threshold in comparison with pure 5CB demonstrated considerable changes 

in the dielectric response due to the presence of the QDs. This result points to the existence 

of highly anisotropic structures aligned along the director of the LC. Measuring the 

dielectric response of the same materials at elevated temperatures above the clearing point 

of the LC showed that the QDs in the absence of the ordered nematic matrix are probably 

homogeneously distributed and do not form self-assembled arrays. Another example of the 

assembly of QDs in nematic 5CB has been discussed by Ghosh and co-workers.105-107 They 

have shown that nanodisks of GaSe at concentrations up to 10% assemble into ordered 

aggregates each composed of 15-60 GaSe nanodisks in the nematic phase of 5CB.105, 106 

Emission spectra, optical textures and size distribution of GaSe clusters in the N-LC 

mixture are shown in Figure 2.6.   
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Figure 2.6 (a) Comparison of normalized photoluminescence spectra of QDs in toluene 

and in N-LC matrix. The emission of the latter is red-shifted by Δλ = 37 nm.  Optical texture 

of the nematic phase imaged with polarized optical microscopy for (b) unaligned pure N-

LC, (c) unaligned mixture of N-LC with QDs 30:1 by volume confirming the nematic phase 

in the mixture by showing typical Schlieren texture.  (d) DLS exhibits small particles in 

the range of 1-9 nm for pure GaSe nanodisks in toluene, whereas formation of clusters on 

the order of hundreds of nanometers in the N-LC. Reproduced with permission from Ref. 
105 – Copyright: American Physical Society. 

 

Their investigation using spatially and polarization-resolved PL spectroscopy coupled 

with confocal microscopy not only revealed the spatial distribution and orientation of nano-

sized aggregates but also showed the effect of a well-defined director configuration of the 

N-LC in the mixture sandwiched between rubbed polyimide coated films as well as an 
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applied in-plane electric field on the inter-dot-dependent intensity of the emitted light by 

QDs aggregates in the N-LC mixture (Figure 2.7). The wavelength and polarization 

analysis of the emission maps indicated strong anisotropic absorptions and emissions 

emerging from the assembled stacks of QDs in the N-LC while the QD-toluene samples 

remained isotropic. 

 

 

Figure 2.7 (a) Spatially-resolved PL map of QD-LC mixture showing emission in the range 

of 500-515 nm when N-LC is unaligned. (b) Red-shifting up to 520-530 nm of the same 

sample when the N-LC is aligned with the director axis along x using a thin coating of 

rubbed polyimide but no electric field. (c) Further red-shift to 540 nm when an electric 

field of 0.8 V/µm is applied along the x axis. Reproduced with permission from Ref. 105 – 

Copyright: American Physical Society. 

 

Following their research on QD-based optical materials, Ghosh and co-workers have 

also studied composites of core-shell CdSe/ZnS QDs emitting at 609 nm with an LC host 

material showing a cholesteric phase.107 This cholesteric mixture was composed of 60% 

cholesteryl oleyl carbonate and 40% of nematic 5CB and exhibited a cholesteric pitch of 

about 600 nm at 25 °C. They selected this type of QDs in such way that the emission has a 

significant overlap with the reflection stop band of the CLC. In these experiments Cano-
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wedge cells were used in which CLCs show textures known as Grandjean steps under 

polarized light due to formations of different pitch lengths (Figure 2.8 a and b). Their 

results are indicating that CLC phases can be utilized as one-dimensional photonic band-

gap material which enable tuning of the emission of assemblies of QDs by spatially 

changing the pitch of a CLC host using these wedge cell (Figure 2.8 c and e).  

 

Figure 2.8 (a) Schematic drawing demonstrating the helical arrangement of the CLC in a 

Cano-wedge cell. (b) Polarized optical microscopy transmission image of the CLC. 

Spatially-resolved PL scans of QD-CLC mixture at: (c) 35 °C shows that emission of QDs 

varies across the sample film following the Grandjean step pattern of the cholesteric phase, 

(d) when heated to 43 °C systematic wavelength gradient disappears due to random 

distribution of QDs in isotropic mixture, and (e) when it cools back to 25 °C QDs emission 

gradient reforms. Adapted with permission from Ref. 107 – Copyright: American Physical 

Society. 
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As it was mentioned in section 1.5, chiral nematic or cholesteric LCs can be seen as a 

stack of layers of molecules with an orientational order, rotating each layer with a constant 

angle with respect to its neighbouring layer.  The periodicity of this arrangement results in 

an alternating modulation of the refractive index, creating a one-dimensional photonic 

band-gap material. 

In another study, both the mechanism of QDs alignment using an anisotropic LC 

medium and the possibility for the fabrication of multifunctional switchable devices have 

been explored.108 In general, QD self-assembly in LCs depends on particle surface 

properties and concentration in the LC medium. The authors observed interesting structures 

and a phase behavior in nematic, cholesteric and smectic LCs by varying these parameters 

using polarized optical microscopy and fluorescence microscopy. 

While higher concentrations of QDs led to the appearance of large fractal-shaped 

aggregates, lower concentrations did not tend to aggregate, but still affected the LC host. 

In particular, in the cholesteric phase, adding QDs led to a change in a helical pitch. In 

order to study QD pattern formation, the authors compared images of the same LC-QDs 

sample taken by polarized and fluorescence optical microscopy (Figure 2.9). The formed 

QDs pattern did not coincide with the defect walls in either the nematic or the cholesteric 

phases. This suggests that the observed QD patterns (marked by lines in Figure 2.9 c and 

f) resulted from the phase transition of the LC host from the isotropic phase to the 

nematic/cholesteric phase, i.e. the QDs remained in the isotropic islands, where they are 

better soluble, for as long as possible during the phase transition until the isotropic islands 

disappeared. Then, QDs form a network of QD-rich areas in the sample, leaving an ‘image’ 

of the growth pattern of the LC phase from the isotropic. 
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Figure 2.9 Images of nematic (a-c) and cholesteric (d-f) phases doped with QDs. Images 

(a) and (d) that show LC texture are taken using polarized optical microscope; images (b) 

and (e) were taken using fluorescence optical microscope thus showing localization of the 

QDs in the LC host; images (c) and (f) are the overlays of both images shown for 

comparison with the overall QD distribution marked by lines to demonstrate where  the  

QDs  are  with  respect  to  the  LC texture.  Lines are intended to guide the eye. Each set 

of images represents the same sample area. Reproduced with permission from Ref. 108 – 

Copyright: SPIE. 

 

2.4 Modulating liquid crystals via QD doping 

Over the last decade, along with continuing efforts focusing on the creation of novel 

metamaterials and devices based on assembled arrays of semiconducting nanoparticles in 

LC nanocomposites, there has been a steady increase in the number of articles describing 

the use of nanomaterials as additives in LC phases.  Zero- and one-dimensional 

nanomaterials with metallic, semiconducting, ferromagnetic, or ferroelectric 
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characteristics have been investigated in mixtures with LCs for optimizing optical and 

electro-optical properties of the host LC and in some cases applications in device and 

display industries are emerging.  Dispersions of different types of nanomaterials, 

particularly metallic NPs, in LCs were discussed earlier. For more in-depth information, a 

reader should refer to the following review articles.1-3  

In the following section we will only review mixtures of LCs with semiconductor 

nanoparticles.  Semiconductor QDs and nanorods can impact optical and electro-optical 

properties of LCs and, depending on their elemental composition, can potentially induce 

several new effects, unlike those seen in the well-studied metallic nanoparticle LC colloids. 

Aside from the fact that QDs are a new promising platform for research on modulating LC 

properties, they also facilitate LC-NP research by providing two advantageous tools in 

understanding the intriguing interactions between molecules of an LC host and 

nanoparticles. First, the size-dependent photoluminescence of QDs allow, in principle, the 

use of size-separated batches containing predominantly monodisperse QDs. This can be 

very important in systematic investigations of LC-NPs interactions, since a comprehensive 

understanding of many puzzling effects requires the change of only one NP parameter at a 

time (similar to all other structure-property relationships in LCs), such as NP size (average 

size and size distribution), while the other parameters like NP composition and surface 

functionality are kept unchanged.  It is worth pointing out that despite the fact that there 

have been significant advancements in syntheses of metallic and semiconducting NPs, 

obtaining series of these particles varying in one parameter only, such as size or surface is 

still practically challenging in cases when pure and stable NPs are required for maximal 

LC property optimizations. Overall, QDs seem the better candidates compared to other 
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types of NPs in terms of synthesis versatility and size homogeneity. Another rational for 

the advantage of QDs over metallic NPs is the wide variety of available QD compositions 

as highlighted in the synthesis section above.   

The second advantageous point in doping LCs with QD is also related to their size-

dependent emission when photoluminescence measurements coupled with confocal 

polarized microscopy techniques are used as an analytical tool to trace the distribution and 

orientation of QDs in the LC host (i.e. fluorescence confocal polarizing microscopy, 

FCPM). These techniques allow for a much more detailed picture of the spatial distribution 

and optical defects of QDs in LC.  

Despite such promising features, examples of modulating LC properties using QDs are 

still rather rare in comparison to their metal-based NP counterparts. The increasing number 

of examples using QDs as additives in LCs shows the great promise and capacity of this 

field.  Table 2.2 summarizes recent articles on the topic.  The discussion here will be 

limited to those QDs capped mainly with aliphatic amines and phosphine, thiols and fatty 

acid. Because of their hydrophobic nature and better solubility in organic solvents, these 

QDs are likely of more interest due to their predicted better dispersibility in LC phases 

composed of rod- or disc-like molecules featuring flexible alkyl chains.  



2.4 Modulating liquid crystals via QD doping 112 

 

 

Table 2.2 Examples of QDs as additives in LC media. 

Semiconductor 
Size(s) / Surface 

ligand 
LC(s) / Phase(s) Effect(s) Ref(s) 

CdTe 

 

3.5 nm / mixed 

thioglycolic acid 

and hexane 

thiolate 

4.1 nm / mixed 

thioglycolic acid 

dodecane 

thiolate 

Felix-2900-03 / 

nematic 

8CB / nematic 

Effects of 

concentration of 

QDs on optical 

properties, 

dielectric 

anisotropy (Δε) and 

threshold voltage 

(Vth) of N-LC 

126 

CdSe 

2.5, 3, 3.5 4.2 

and 5 nm / 

hexadecylamine 

Felix-2900-03 / 

nematic 

Mainly 

homeotropic 

alignment with 

birefringent stripes 

in plain-glass slides 

and planar in EO 

cells, concentration 

and size-dependent 

effects on Vth 

127 

CdTe 

3.2, 3.4, 3.7 and 

4 nm / 

thioglycolic acid 

Felix-2900-03 / 

nematic 

Planar alignment in 

plain-glass slides 

and in EO cells, 

concentration and 

size-dependent 

effects on Vth 

127 

CdSe 
5 nm / 

hexadecylamine 

Felix-2900-03 / 

nematic 

FCPM studies of 

optical texture of 

LC-QDs film in 

plain-glass slides 

128 

CdSe 

CdSe@Zn 

2 nm / myristic 

acid (two types 

with different 

defects) 

2 nm / myristic 

acid (doped with 

Zn) 

Felix-2900-03 / 

nematic 

Effects of different 

core composition 

and surface defects 

in QDs on EO 

properties of 

nematic LC at 

different 

concentrations and 

temperatures 

129, 

130 

CdSe 
4 nm / TOP and 

TOPO 

1658 LC mixture / 

nematic 

Enhancing 

diffraction 

efficiency in 

nematic LC cells 

131 
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CdSe/ZnS 
4.5-6 nm / fatty 

acid 

Cyanobiphenyl-

based mixture / 

nematic 

Lower switching 

voltage for planar 

to homeotropic 

transition in the 

cell 

132 

CdSe/ZnS ~3.5 nm / TOPO 

Cyanobiphenyl-

based mixture / 

nematic 

Lower phase delay 

and dielectric 

permittivity values 

for doped samples 

133 

CdSe 

2.4 and 3.5 nm / 

TOPO and 

octadecyl amine 

Hexabutyloxytriph

enylene (H4TP) 

discotic LC / 

hexagonal 

columnar 

Investigation on 

phase behavior of 

mixtures of 

columnar LC with 

QDs 

134 

CdTe 

2-7 nm / poly(3-

hexylthiophene) 

(P3HT) 

Various 

ferroelectric LC 

(FLC) materials / 

SmA* and SmC* 

Charge storage, 

electro-optical 

modulation and 

reversing of 

alignment in QDs 

doped FLC 

135-

137 

ZnS 

~2-7 nm / 3-

mercaptopropen

oic acid 

KCFLC 7S, LC 

(FLC) / SmA* and 

SmC* 

Effects of QDs on 

photoluminescence 

of FLC 

138 

ZnO 
7 nm / not 

specified 

KCFLC 7S, LC 

(FLC) / SmA* and 

SmC* 

Lowering of 

switching voltage 

and improving 

optical behavior in 

doped FLC 

139 

 

Since 2004 Dr. Hegmann’s research group at the Department of Chemistry, University 

of Manitoba has been actively engaged in systematic studies of optical and electro-optical 

effects of different NPs namely Au, Ag, CdSe and CdTe QDs of various sizes and with 

multiple surface functionalities in nematic, smectic and columnar LC materials. In 2008, 

they reported that mixtures of two types of CdTe QDs of two different sizes (3.5 and 4.1 

nm) capped with a mixed monolayer consisting of thioglycolic acid and hexane or 

dodecane thiolate, respectively, in nematic 5-n-heptyl-2-(4-n-octyloxyphenyl)-pyrimidine 

(Felix-2900-03; Figure 2.10) and 4-octyl-4’-cyanobiphenyl (8CB) showed lower threshold 
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voltages, Vth, and altered dielectric permittivities (ε∥ and ε⊥).126 The results obtained from 

electro-optic measurements using these two CdTe QDs as additives indicated that the QDs 

with shorter alkyl chain length in the capping layer induced more pronounced effects 

regarding the electro-optic parameters of the N-LC used in comparison to other QDs and 

even gold NPs at the same size-regime.126 

 

 

Figure 2.10 Chemical structure and phase transition temperatures of 5-n-Heptyl-2-[4-(n-

octyloxy)-phenyl]-pyrimidine a nematic LC (Felix-2900-03) (Cr = crystalline solid, SmA 

= smectic-A phase, N = nematic phase, Iso = isotropic liquid). 

In another study focusing on nematic LC-QD composites, data collected from optical 

as well as electro-optic measurements indicated that different LC-QD mixtures depending 

on the size, capping agent and concentration of added CdSe and CdTe QDs can have 

different alignment and electro-optic characteristics.127 The five investigated CdSe QDs 

varied in size from 2.5 to 5.2 nm, and the four CdTe QDs sizes ranged from 3.2 to 4.0 nm. 

The miscibility of these QDs in Felix-2900-03 showed clear size-dependencies. Polarized 

optical microscopy (POM) studies of different concentrations of these QDs in Felix-2900-

03, established that the mixture doped with 2wt% CdSe QDs in Felix-2900-03 favored 

homeotropic (vertical) alignment of the N-LC molecules with the commonly observed 

birefringent stripe patterns between plain glass slides and planar alignment in planar 

electro-optic cells (Figure 2.11).  Samples doped with 1 wt% of CdSe showed homeotropic 

not only within plain glass slides but also in the planar cells, indicating that above 1wt% 
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these QDs began to aggregate also in the bulk, in addition to the segregation of the QDs to 

the substrates responsible for the induced homeotropic alignment (see below). In all LC-

QD composites, decreases in the threshold voltage (Vth) and the splay elastic constant (K11) 

were observed. The most significant reduction over the entire temperature range, however, 

was seen for the smallest QD, CdSe480 (2.5 nm in core diameter), which clearly showed 

the least tendency of all investigated QDs to aggregate in this nematic host (see Figure 

2.11; aggregation is clearly visible for CdSe590 in the inset image of Figure 2.11d taken 

with parallel polarizers).127 

 

Figure 2.11 POM images of the 2wt% mixtures of CdSe480 – CdSe610 (numbers 

indicating the wavelength of the emission maximum) in the nematic phase of 5-n-heptyl-

2-(4-n-octyloxyphenyl)-pyrimidine (Felix-2900-03) at TIso/N – T = 9 ̊ C between plain glass 

slides (a–e) and in planar aligned cells (f–j). Red arrows show rubbing direction of the 

planar, rubbed polyimide coated ITO cells. The inset in each figure shows the same area 

with parallel (un-crossed) or slightly un-crossed polarizers. Reproduced with permission 

from Ref. 127 – Copyright: Royal Society of Chemistry. 

  

The CdTe QDs in this series were capped with thioglycolic acid rendering the QD 

surface hydrophilic, i.e. soluble in water or alcohol/water mixtures. However, we were able 

to demonstrate that such hydrophilic-capped QDs can be dispersed in quasi non-polar N-

LCs like Felix-2900-03 with two terminal hydrocarbon chains.127 This would be indicative 
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of the fact that both the solubility and dispersibilty in an N-LC with flexible alkyl chains 

do not necessarily require a hydrophobic capping agent. POM studies of the CdTe doped 

samples containing lower concentrations of the QDs (up to 2 wt%), showed similar optical 

and alignment behavior in the nematic phase as pure Felix-2900-03 (planar alignment 

between plain glass slides and in rubbed polyimide EO cells, see Figure 2.12). Higher 

concentration (>2wt%) of CdTe caused small changes in Vth (lower values) and K11 for the 

mixture.127 The results of POM studies of this type of CdTe QD were particularly 

surprising. It appeared that planar anchoring of the N-LC molecules to the QD surface 

induced by the hydrophilic capping favored planar alignment in thin films. This was in 

contrast to previously observed homeotropic alignment, independent of the thermal and 

electric field history, in mixtures with the same nematic host doped with CdTe QDs (4.1 

nm, emission at λ = 620 nm) capped with a mixed monolayer of thioglycolic acid and 

dodecane thiolate,126 similar to our frequently-used mixed monolayer-capped gold NP.2, 140 

These mixed monolayer CdTe QDs also decreased Vth values more significantly than the 

thioglycolic acid-capped CdTe QDs investigated later.126 
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Figure 2.12 POM images of the 2wt% mixtures of the CdTe530 – CdTe610 QDs in the 

nematic phase of Felix-2900-03 at TIso/N – T = 9 ˚C between plain glass slides (a–d) and 

planar aligned cells (e–h). Red arrows show rubbing direction of the planar cells. Mixtures 

at this concentration showed homogenous planar alignment similar to non-doped LC. 

Reproduced with permission from Ref. 127 – Copyright: Royal Society of Chemistry. 

 

In the next chapter another series of QD-LC composites will be discussed. These new 

composites are based on the dispersions of three types of monodisperse CdSe QDs in 

nematic Felix 2900-03.  

Two other examples of doping LCs with CdSe QDs, I wish to highlight are reports by 

Anczykowska et al. as well as Kumar and co-workers. The first group demonstrated how 

incorporating 4 nm CdSe QDs into a photoconductive polymer layer of a fabricated 5 µm 

cell as well as to the bulk of the LC can enhance diffraction efficiency of the nematic LC 

mixture.131 It was shown that doping LCs with semiconductor QDs as well with metallic 

NPs could help to develop and optimize faster and more efficient holographic materials 

(Figure 2.13). 
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Figure 2.13 Comparison of experimental voltage dependencies of maximum diffraction 

efficiency for pure and functionalized liquid crystal structures. Green line corresponds to 

pure LC on un-doped photoconductive polymer; other lines correspond to doped LC and/or 

photoconductive polymers. Reproduced with permission from Ref. 131 – Copyright: 

American Institute of Physics. 

 

Kumar and co-workers studied the effects of different concentrations of CdSe QDs 

(2.3 and 3.5 nm) capped with mixed-monolayer of TOPO and octadecylamine on the LC 

phase behavior of a discotic columnar phase formed by a triphenylene derivative 

(H4TP).134 Their results including data obtained with SAXS measurements indicated that 

in all composites that form Colh phase, mesophases remain largely undisturbed with the 

exception of a minor shift in transition temperatures. This is also supported by differential 

scanning calorimeter (DSC) thermograms as shown in Figure 2.14. Most notably, these 

composites exhibited an enhancement in the DC conductivity when compared with pure 

H4TP. 
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Figure 2.14 DSC thermograms of pure LC (H4TP) and composites with CdSe (2.3 nm) at 

various concentrations. Adapted from Ref. 134 – Copyright: Royal Society of Chemistry. 

 

Other combinations of CdSe QDs in the form of core-shell semiconductor nanocrystals 

have been applied to LC composites as well. Two groups have used CdSe/ZnS QDs as 

dopants to modulate the electro-optical properties of the nematic phase of cyanophenyl-

based mixtures. Here, a decrease in the ON and OFF switching times (rise and fall times)132 

with larger CdSe/ZnS (4.5 – 6 nm) as well as reduced Vth values, phase delay and dielectric 

permittivity133 with smaller particles (3.5 nm) have been demonstrated separately.   

Another emphasis of recent research dealing with LC-QDs colloids focuses on tuning 

ferroelectrics LC (FLC) materials by doping with QDs such as CdTe, ZnS and ZnO. Kumar 

and co-workers presented results on FLC-QDs composites publishing several papers in the 

field.135-139 They presented and discussed concentration-dependent effects on dielectric and 



2.4 Modulating liquid crystals via QD doping 120 

 

 

electro-optical parameters of an FLC material after doping with CdTe QDs.135, 136 The 

results indicated pronounced memory effects, enhanced values of physical parameters like 

spontaneous polarization and rotational viscosity at lower concentrations of CdTe QDs (1–

3wt%) and changed alignment (at higher concentration of CdTe QDs, greater than 5wt%) 

in the doped-FLC material, similar to our alignment scenarios in nematic LCs.  

These results may eventually have an impact on the practical application of FLC-based 

devices. Their fascinating properties such as bistability and ultrafast switching rates 

promised a great future, but due to numerous technological complications such as 

formation of chevron defects they were only able to occupy a niche area of micro-display 

LCOS devices. One of those complications is the necessity for very small cell gaps (<2 

µm) to ensure a surface-stabilized mode that suppresses the intrinsic helix of the chiral 

SmC* ferroelectric phase. A possible advantage of QD-doped FLC materials is the 

possibility of using thicker cell gaps, as both memory effect and bistability are the result 

of interactions of the FLC molecules with the CdTe-QDs capped with poly-3-

hexylthiophene (P3HT) in contrast to common surface stabilization.  Both memory effect 

and electrical bistability depend on the QD capping agent that is in this case the conductive 

polymer P3HT. The application of a DC bias across the QD doped FLC layer induces 

charge transfer from FLC molecules to CdTe-QDs. The P3HT provides a low resistive path 

to the charges in reaching the QDs. The charge is stored in CdTe-QDs and can remain there 

for minutes after removal of the DC bias. This charge makes the nearby FLC molecules 

stay in the switched state, which leads to the memory effect. The FLC molecules form a 

helix in the SmC* phase and show a higher value of dielectric permittivity (ε´) due to the 

contribution of so-called Goldstone mode that corresponds to the rotation of the molecules 
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around the director cone. Application of DC bias leads to unwinding of a helix and 

suppressing the Goldstone mode. The material exhibits memory upon removal of the bias, 

the helix remains in the unwound state with the lower value of ε´. Figure 2.15 from [135] 

demonstrates results of the memory effect in CdTe QD-doped FLC for various FLCs and 

cell gaps.  

 

Figure 2.15 Dielectric permittivity at different DC biases of CdTe-QDs doped FLCS: (a) 

LAHS19, (b) LAHS18, and (c) FLC 6304 in 4 µm-cells; (d) KCFLC 7S in 10 µm-cell. 

Reproduced with permission from Ref. 135 – Copyright: American Institute of Physics. 

 

The authors also reported that a small percentage (~3 wt%) of CdTe QDs in various 

FLC mixtures induced a uniform homeotropic alignment (dark state). With one of the FLC 

mixtures (CS1026) with positive Δε, it was possible to switch the cell to a homogenous 
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configuration (bright state) by applying a high DC voltage (Figure 2.16).137 A change of 

the sign of Δε at some temperatures was shown to cause this effect (Figure 2.17). 

 

Figure 2.16 Phase transition of CS1026 FLC and optical micrographs showing the 

transformation from homeotropic to homogeneous (planar) configuration of CS1026 

material doped with (a), (b) 1wt% (c), (d) 3wt% of CdTe QDs by application of dc bias 

field at room temperature. Reproduced with permission from Ref. 137 – Copyright: 

American Institute of Physics. 

 

Figure 2.17 Dielectric anisotropy (a) 1 and (b) 3wt% CdTe QDs doped CS1026 material 

with temperature at different (10 and 100 kHz) frequencies. Reproduced with permission 

from Ref. 137 – Copyright: American Institute of Physics. 
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Other types of QDs in FLC mixtures and their electro-optical effects were investigated 

as well. Biradar et al. showed that ZnO NP-doped FLC mixtures display lower switching 

voltage and higher optical tilt angles compared to the un-doped FLCs.139 The effects were 

explained by larger dipole moment of ZnO-NPs enhancing the anchoring of FLC molecules 

around ZnO semiconductor NPs. 

Also, ZnS in FLC mixtures can have concentration-dependent impact on increasing 

the intensity and wavelength of photoluminescence in doped FLC mixtures (Figure 

2.18).138 An enhancement in PL intensity and a red shift in the maxima of the PL emission 

wavelength were observed for the FLC host doped with ZnS QDs. The PL emission from 

the ZnS QDs was thought to combine constructively with that of the FLC yielding 

enhanced PL intensity. On the other hand, the FLC itself provided strong light scattering 

and improved the PL intensity of the composite. The red shift was caused by the change in 

effective refractive index of FLC due to different concentrations of the ZnS QDs. 

 

Figure 2.18 (a) Comparison of excitation (inset) and emission spectra (recorded at λexc.= 

293 nm) of the FLC material KCFLC 7S doped with different (1, 3, and 5 µl) 

concentrations of ZnS QDs and (b) emission spectra of FLC material KCFLC 7S doped 

with different (1, 3, and 5 µl) concentrations of ZnS QDs by exciting with 336 nm. . 

Reproduced with permission from Ref. 138 – Copyright: American Institute of Physics. 
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2.5 Conclusion 

Explorations of new aspects of soft matter nanoscience along with advancements in the 

synthesis of semiconductor QDs and nanorods coupled with an enhanced experimental and 

theoretical understanding of their optical and electronic properties at ensemble and single-

particle levels are opening new doors for creation of novel photonic devices from tuneable 

assembled arrays of QDs in LC mixtures. Simultaneously, applications of nanoparticles as 

dopant for improving LC properties is gaining more attraction with the hope for innovation 

of new LC mixtures with higher quality and less energy consumption for the next 

generation of display technology.  Here QDs emitting white light would be extremely 

useful candidates.141 However, this demands more interdisciplinary investigations to 

address many questions regarding role of intrinsic electronic properties at the atomic level 

to the size, shape, surface coating, aggregation and other interferences in particles at the 

nanoscale. 

 Besides, further research on practical aspect of this field in terms of improving 

characterization techniques and increasing quality of LC-QD composites by maximizing 

homogenous dispersion is indispensable. In this regard, exploration of liquid crystal motif-

capped QDs will prove to be a valuable strategy. Finally, aside from the use of QDs as 

analytical emissive tracers (using FCPM) furthering the understanding of processes in 

nanomaterial-doped LC mixtures, the manipulation of QD properties using LCs, for 

example for photonic bandgap structures, appears to be the most promising avenue for 

future research in this field.
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Connecting Text for Chapter 3 

Chapters 1 and 2 provided background information and introduced concepts in nematic 

LCs and doped LC nanocomposites, along with the main characterization techniques 

utilized in this thesis to study optical and electro-optical properties of the nematic samples. 

Chapter 1 also provided a summary of the approaches for the synthesis and 

functionalization of gold NPs applied and developed in this thesis. Chapter 2 presented 

opportunities and challenges in colloidal LC dispersions in further detail by exploring 

semiconductor QD as LC dopants. Chapter 3 describes nematic nanocomposites with a 

series of small and monodispersed CdSe QDs. The three types of CdSe QDs are similar in 

size and shape and all passivated with a monolayer of myristic acid but vary in their core 

compositions. The first two vary in the amount of defects as demonstrated by different 

photoluminescent properties compared to the third one doped with a small concentration 

of Zn atoms (CdSe/Zn). While the first two CdSe QDs showed no significant influence on 

the nematic LC, the nematic samples doped with different concentrations of the third CdSe 

QD surprisingly proved to have different optical and electro-optical behaviour from the 

undoped LC. Based on these observations, it was proposed that the small changes in 

synthesis protocols can change the core composition of QDs and introduce surface defects 

which may ultimately alter the ligand coverage of QDs and their impacts on the nematic 

LC host. Overall, this chapter investigates the mechanism of LC-NP interactions by 

looking at the role of small changes in the core composition and surface defects of NP 

dopants. 



 

 

Chapter 3 

Nanocomposites of a Nematic Liquid Crystal 

Doped with Magic-Sized CdSe Quantum Dots
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 Abstract  

This chapter demonstrates the optical, alignment and electro-optic properties of a nematic 

liquid crystal affected by the presence of semiconductor CdSe magic-sized nanocrystals 

(MSNCs). Three single-sized CdSe samples were tested, exhibiting bright bandgap 

photoluminescence (PL) with max ~ 463 nm and ~ 10 nm full width at half maximum 

(FWHM). The three quantum dot (QD) samples were passivated with a monolayer of 

myristic acid. Two of them (QD1 and QD2) only vary in the amount of defects as indicated 

by different bandgap and deep trap PL. The third MSNC sample (QD3) is compositionally 

different, doped with Zn. These MSNCs with almost identical sizes were doped at different 

concentrations (1-5 wt%) into the nematic phase of 5-n-heptyl-2-(4-n-octyloxyphenyl)-

pyrimidine (LC1). Only QD3 showed the formation of birefringent stripes surrounded by 

areas of homeotropic alignment between plain glass slides at all concentrations as observed 

for many other nanoparticle-doped nematic liquid crystals reported earlier by our group. In 

polyimide-coated glass slides favouring planar orientation of the nematic director, planar 

alignment was observed. Surprisingly, only the Zn-doped magic-sized QD3 quantum dots 

(CdSe@Zn) significantly lower the dielectric anisotropy as well as the splay elastic 

constant of the nematic host, despite identical size and surface functionality, which 

highlights the tremendous effect of the nanocrystal core composition on the electro-optic 

properties of the nematic host. In addition, fluorescence confocal (polarizing) microscopy 

studies show the director field within and around the birefringent stripes and confirm 

locally elevated concentrations or aggregates of the MSNC that are otherwise randomly 

distributed in the nematic host. 
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3.1 Introduction 

Doping, i.e. the intentional incorporation of small quantities of an additive into a nematic 

liquid crystal (N-LC), is one of the most prominent processes to tune both the optical and 

electro-optical properties of anisotropic nematic fluids.  

The response of a nematic liquid crystal such as LC1 (Figure 3.1) to an applied electric 

field is an important property in the application of N-LCs in many optical devices such as 

liquid crystal displays (LCDs). The ability of the director (parallel to the long molecular 

axis for a rod-like N-LC) to align along an external field results from permanent or induced 

electric dipoles within the molecules. Pure LCs or custom LC mixtures for LCD 

applications are generally desirable with low threshold voltage (Vth) and maximal dielectric 

anisotropy ∆ε (∆ε = ε∥ - ε⊥ where ε∥ is the electrical permittivity along the long molecular 

axis and ε⊥ the electrical permittivity perpendicular to ε∥), either positive or negative, along 

with low viscosity and short switching times (rise and fall times).  

 

 

Figure 3.1 Chemical structure and phase transition temperatures of LC1 (Cr = crystalline 

solid, SmA = smectic-A phase, N = nematic phase, Iso = isotropic liquid). 

For an N-LC such as LC1 in a planar, rubbed polyimide-coated cell, the splay elastic 

constant (K11) is also of significance. Splay is the deformation that arises when an electric 

field is applied to such cell.1 Above Vth, the director gradually reorients from a planar 
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orientation near the alignment layers to a vertical (or homeotropic) orientation in the bulk 

of the LC film in the so-called Freedericksz transition. K11, as shown in Equation 3.1 below, 

is directly proportional to Vth
2 and  where ε0 is the permittivity of free space.1  

 

 
𝐾11 = (

𝑉𝑡ℎ

𝜋
)

2

× 𝜀0 × |∆𝜀| 
(Eq. 3.1) 

 

Doping LCs with colloidal particles such as aerosils,2-5 or more recently with nanoscale 

materials such as carbon nanotubes6-12 or quasi-spherical nanoparticles (NPs) is an active 

interdisciplinary research topic attracting interest from both academia and industry since 

such suspensions exhibit striking properties not observed for pure LCs or LC mixtures. For 

example, changing the optical behaviour by imposing discrete alignment modes different 

from the corresponding non-doped LC, generating rheological changes due to topological 

defects, improving response times, and lowering of Vth values have all been reported for 

N-LCs doped with metal-based, ferroelectric, dielectric or semiconductor NPs, among 

others.13-24 However, irreversible aggregation or phase separation or segregation of NPs in 

the LC host as well as defect formation induced by the presence of NPs were often either 

neglected, difficult to ascertain, or did simply not result in a visualizable or measurable 

event or effect. Earlier work from our group on the other hand has frequently described 

multiple alignment modes and defect textures due to NP segregation along with lower Vth 

(as a result thereof), altered elastic constants, and dielectric properties in N-LCs doped with 

alkylthiol-capped gold NPs as well as CdSe and CdTe quantum dots (QDs).17, 25-27 
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QDs were particularly attractive for addressing the problem of larger size distributions 

known to arise from the synthesis of gold NPs and particularly for investigating trends in 

the effects of NP size and surface functionality (non-polar aliphatic vs. polar) in N-LCs. 

An important piece of the puzzle still missing to gain a more complete understanding of 

NP-LC interactions is the use of truly monodisperse NPs, which, in a series, would ideally 

differ in one or more parameter such as core composition or coating.  

Building on our earlier data on NP doped N-LCs including the formation of 

electrohydrodynamic instabilities (i.e. convection rolls or Kapustin-Williams domains).26, 

28, 29 In this chapter new detailed data from optical (textures and defects), electro-optic as 

well as alignment studies using magic-sized QDs with very low polydispersity index as 

dopants in the N-LC host LC1 (frequently used in earlier studies) will be presented. To 

demonstrate effects of small changes in QD surface disorder or the QD surface composition 

on the optical, electro-optic and alignment properties of LC1, we selected three CdSe QDs 

with QD130 and QD231 only differing in the degree of surface defect states (indicated by 

differences in deep trap PL emission) due to an altered preparation procedure, and QD332 

differing from the other two by Zn doping, CdSe@Zn. All three QDs are quasi identical in 

core size and are consistently capped, in principle, with the same fatty acid (i.e. myristic 

acid). 

The strong, narrow bandgap PL emission of these QDs (Figure 3.2) was also used in 

fluorescence confocal polarizing microscopy (FCPM) experiments to determine the 

distribution of the QDs in the N-LC as well as their aggregation and segregation behaviour. 

Several of these imaging studies were performed in conjunction with a dichroic dye (vide 

infra) to clarify LC alignment as well as director fields within or around defects in the 
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absence or presence of an applied electric field, using plain glass or rubbed polyimide ITO-

coated glass cells. 

3.2 Experimental 

LC1 was used as received from Synthon Chemicals GmbH. The three QDs (QD1 – QD3) 

were prepared using a non-injection, one-pot synthesis as reported earlier,30-32 using 

Cd(OAc)2·2H2O, Se, and Zn (for QD3 only) in 1-octadecene in the presence of myristic 

acid (CH3(CH2)12CO2H) and trioctylphosphine (TOP) in a small quantity (to activate Se) 

as surface ligands (see  

Table 3.1). 

Photoluminescence spectra were collected using a Varian Cary Eclipse (λexc = 400 nm). 

UV-vis spectra were collected using a Varian Cary 5000 UV-vis-NIR spectrophotometer 

(for absorption spectra of the three QDs see supplementary information presented in 

Appendix A). The mixtures of the CdSe quantum dots in LC1 were prepared by weighing 

accurate amounts of the solid LC using a micro-balance and dissolving it in a known 

amount of toluene for QD1 and QD2 or hexane for QD3. The toluene solutions of the QD1 

and QD2 QDs and the hexane solution of CdSe@Zn QDs (QD3) were combined in a V-

vial® with the LC solution to produce the exact concentration of the QDs in LC1 (1, 2.5 & 

5wt% mixtures). 

The solvent was then allowed to evaporate under a steady stream of dry N2 at ~ 70 °C 

for about 24 - 48 h followed by sonication. The importance of direct, pulsed sonication 
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using a sonotrode (output power: 750 W, f = 20 kHz, 5 s ON then 5 s OFF at an output 

power amplitude of 21%) is demonstrated in the supplementary information. 

 

Figure 3.2 PL emission spectra (λexc = 400 nm) of magic-sized quantum dots QD1 (green), 

QD2 (blue), and QD3 (red) in toluene. The spectra were normalized with the same optical 

density at the excitation wavelength. Note that compared to QD2, QD1 exhibits relatively 

enhanced deep trap emission, while QD3 much decreased deep trap emission at ~ 512 nm 

(with respect to the bandgap emission at ~ 463 nm) as a result of the Zn doping. 

 

Table 3.1 Size-distribution of magic-sized QDs QD1-QD3# 

QDx Size ± SD (diameter / nm) Capping agent 

QD1 (CdSe)30 2.0 ± 0.1‡ (quasi-spherical)     CH3(CH2)12COOH 

QD2 (CdSe)31 2.0 ± 0.1‡ (quasi-spherical)    CH3(CH2)12COOH§ 

QD3 (CdSe@Zn)32 2.0 ± 0.1‡ (quasi-spherical)    CH3(CH2)12COOH§ 

# Calculated from the 1st excitonic absorption peak position. ‡ On TEM grids, some 

aggregation after solvent evaporation leads to larger QD assemblies, which can be broken 

up by re-dispersing them in toluene or hexane. Size distributions as small as 0.1 nm (as 

calculated from spectroscopic data including XRD and Diffusion Ordered NMR 
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Spectroscopy (DOSY)) are difficult to estimate by TEM image analysis. § The surface of 

these QDs is simultaneously capped with a small percentage TOP (trioctylphosphine) used 

to ‘activate’ Se. For more details, see references [30-32]. For XPS data, see supplementary 

information. 

Polarized optical microscopy (POM) images were taken using an Olympus BX51-P 

polarized optical microscope in conjunction with a Linkam LS350 heating/cooling stage. 

Electro-optic (EO) analysis was performed using an LCAS 1 automated liquid crystal 

analyzer (LC Vision). EO data were obtained using the single-cell method built into the 

LCAS 1 software as originally described by Wu et al.33 The LC test cells used were planar 

4.0 µm cells with antiparallel polyimide alignment layers and 1° to 3° pre-tilt (LC Vision). 

For all POM imaging and EO measurements, the LC mixtures were heated above the 

isotropic/nematic phase transition temperature (TIso-N) and cooled at a rate of 1 °C min–1 

until the desired temperature below TIso-N was reached. The average of all values and 

standard deviations of each electro-optic parameter were calculated from at least five or up 

to ten measurements at any given temperature for the each mixture (also using different 

cells). FCPM images were obtained using a Nikon LV 100D-U upright microscope coupled 

with a Nikon Eclipse C1 Plus scanner/controller using two excitation lasers; excI = 408 nm 

to excite the QDs and excII = 488 nm to excite the dichroic dye N,N’-bis(2,5-di-tert-

butylphenyl)-3,4,9,10-perylenedicarboximide (obtained from Aldrich) used at 0.001 wt%. 

The dye shows a bright fluorescence at  = 540 nm that was easily separated from the PL 

emission of the QDs using a beam splitter cube or interference beam splitter as well as by-

pass filters. Moreover, for some experiments, the microscope was equipped with a 

polarizer, a quarter wave plate, and an analyzer for polarization control. 
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3.3 Results and Discussion 

3.3.1 Polarized light optical microscopy (POM) 

POM investigations, as in all the studies on NP-doped N-LCs, are always the starting point 

for further optical and electro-optic measurements. POM provides first clues on the 

aggregation and segregation behaviour of the NPs dispersed in the N-LC host. The 

formation of characteristic birefringent stripe defects as well as the temperature-dependent 

induction of homeotropic alignment for several N-LC hosts despite the presence of surfaces 

known to promote planar alignment were frequently observed in our lab for NP-doped 

mixtures showing the most drastic changes of the EO properties. Most likely, altered EO 

properties were observed as a consequence of these aggregation and segregation 

phenomena. 

 Hence, all mixtures were first studied by POM between plain, untreated microscopy 

glass slides and then in rubbed polyimide-coated, ITO-glass cells promoting planar 

alignment. Figure 3.3, Figure 3.4 and Figure 3.5 show optical photomicrographs of 

textures observed between plain glass slides (a-c) and the alignment as well as defects in 

planar EO cells (d-f) of LC1 doped with QD1 – QD3 at 1, 2.5, and 5wt%. A close 

inspection of these images reveals the first major differences in the behaviour of the three 

QDs in LC1.  

 Both QD1 and QD2 in LC1 mainly show schlieren textures between plain glass 

slides (with the exception of the 2.5wt% QD1 in LC1 mixture showing the typical 

birefringent stripe texture). QD3, however, only shows homeotropic alignment with an 
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increasing area density of birefringent stripe defects usually observed by our group for NP-

doped N-LCs.  

 This observation provides the first important hint that QD1 and QD2 are 

significantly better miscible with the N-LC host, and that QD3 segregates to the LC-glass 

interfaces (top and/or bottom) inducing homeotropic alignment of the director on plain 

glass. The same trend is also observed in rubbed polyimide-coated ITO-glass cells 

(thickness: 4 μm). Mixtures of LC1 doped with QD1 and QD2 show relatively defect-free 

planar alignment with some point-like defects (not exclusively caused by spacers), which 

in some cases follow the rubbing direction of the cell (see both images of 5wt% QD1 or 

QD2 in LC1 in Figure 3.3 f and Figure 3.4 f). These circular, point-like defects are most 

likely caused by minor aggregation of the QDs in the N-LC film (very pronounced for 

2.5wt% of QD2 in LC1 in Figure 3.4 e). Results of FCPM imaging discussed in the 

Appendix A shine more light onto the origin of these defects. QD3, however, notably 

distorts the homogeneous planar alignment of LC1 in planar cells Figure 3.5 d-f). Here, 

just 1wt% of QD3 in LC1 produces quasi chain-like networks of point defects (similar to 

the highest concentrations of QD1 and QD2 in LC1). Increasing the amount of QD3 in 

LC1 initially produces defect domains with reduced birefringence (Figure 3.5 e at 2.5 

wt%) and at 5wt% a network of defects with homeotropic alignment (Figure 3.5 f). These 

homeotropic areas are probably caused by a combination of some QD aggregation and 

most certainly by QD segregation to the alignment layer-LC interface. 
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Figure 3.3 POM photomicrographs (crossed polarizers) of LC1 doped with QD1 at TIso-N 

– T = 9 C (top, a-c: plain glass; bottom, d-f: 4.0 mm anti-parallel planar cell): (a, d) 1wt%, 

(b, e) 2.5wt%, (c, f) 5wt%. The white arrow in the bottom right corner in d-f shows the 

rubbing direction of the cell, and the inset in d-f shows the same area with parallel 

polarizers.   

 

Figure 3.4 POM photomicrographs (crossed polarizers) of LC1 doped with QD2 at TIso-N 

– T = 9 C (for details, see caption Figure 3.3). 
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Figure 3.5 POM photomicrographs (crossed polarizers) of LC1 doped with QD3 at TIso-

N – T = 9 C (for details, see caption Figure 3.3). 

 However, major aggregation of the QDs in all mixtures with LC1 is not observed 

as can be seen in the images with parallel, un-crossed polarizers. With respect to their 

optical behaviour in thin films, both QD1 and QD2 in LC1 behave similar to hydrophilic 

CdTe QDs capped with thioglycolic acid ranging in size from 3.2 to 4.0 nm,25 and QD3 

similar to alkylthiol-capped gold NPs of similar size17 and hydrophobic CdSe QDs capped 

with hexadecylamine ranging in size from 2.5 to 5.2 nm reported earlier (the latter only at 

lower concentrations, i.e. 1wt%).25 

 The difference in alignment, texture and defect behaviour is all the more significant 

considering that Zn doping for QD3 is the only difference to QD1 and QD2 with all other 

parameters such as size and monolayer capping kept largely constant.  
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3.3.2 Electro-optic (EO) characterization 

To see if this difference in defect formation between QD1/QD2 and QD3 in LC1 affects 

the response of this N-LC host to an applied electric field, we next performed detailed 

electro-optic tests (i.e. measuring the capacity vs. applied voltage) using the single-cell 

method described in the experimental section. 

 

 

Figure 3.6 Plots of the threshold voltage, Vth vs. the reduced temperature T/TIso-N (Vth was 

plotted against T/TIso-N to account for changes in the Iso-N phase transition temperature due 

to an increasing amount of dispersed QDs) of pure LC1 (black data set) as well as QD1 

(green), QD2 (blue) or QD3 (red) in LC1 at: (a) 1wt%, (b) 2.5wt%, and (c) 5wt%.  
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 Rather surprisingly, considering most of our earlier work on Au NPs and QDs in 

LC1,25-27 data collected in Figure 3.6 show that none of the QDs exerts any significant 

effect on Vth of LC1 over the investigated concentration range up to 5wt%. Only at 5wt%, 

and at temperatures well below the Iso-N phase transition, the slope of Vth vs. T/TIso-N 

begins to show a trend to lower values of Vth. Transmission vs. applied voltage 

measurements confirm a steady decrease of Vth with increasing QD concentration for QD3 

in LC1, and show the lowest value of Vth for the 2.5wt% mixture of QD1 in LC1 (the 

mixture with a QD concentration showing a birefringent stripe texture in Figure 3.3. (see 

supplementary information provided in Appendix A).34 
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Figure 3.7 Plots of the dielectric anisotropy, Δε vs. the reduced temperature T/TIso-N of pure 

LC1 (black data set) as well as QD1 (green), QD2 (blue) or QD3 (red) in LC1 at: (a) 

1wt%, (b) 2.5wt%, and (c) 5wt%. Δε values especially for the 5wt% sample are affected 

(i.e. slightly higher) because not the entire electric field-addressed area participates in the 

reorientation.    

 Since nearly all metal NPs and semiconductor QDs capped with hydrophobic 

hydrocarbon monolayers reduced Vth in the past, the question we asked is: Do these magic-

sized QDs, at that particular size, impart any effect on the electro-optic properties of LC1? 

Plots of the dielectric anisotropy (Δε) vs. T/TIso-N (see Figure 3.7) demonstrate that this is 

indeed the case. 
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 Two unique trends can be seen in these plots. First, increasing the concentration of 

all three QDs gradually lowers Δε (little at 1wt%, but more and more significantly at 2.5 

and 5wt%); with a largely identical slope of Δε vs. T/TIso-N. Second, and particularly 

striking, the Zn-doped QD3, which are compositionally different from QD1 and QD2, 

induce significantly lower values of Δε than QD1 and QD2, highlighting that changes in 

surface composition of these QDs intrinsically or concurrently via induced local changes 

of the alignment in planar EO cells (see alignment defect network in Figure 3.5 f) can have 

a considerable effect on the dielectric properties of a given N-LC host.  

 Considering Equation 3.1, and unaltered values for Vth discussed earlier, one would 

expect that the splay elastic constant, K11, of LC1 in this cell geometry would also be 

reduced with an increasing concentration of all three QDs. In addition, the most drastic 

decrease would be expected for QD3. Data collected in Figure 3.8 confirm this, showing 

that the two effects, a reduction in Δε and in K11 cancel each other out. Consequently, the 

measured Vth values are similar to those obtained for pure LC1. 
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Figure 3.8 Plots of the splay elastic constant, K11 vs. the reduced temperature T/TIso-N of 

pure LC1 (black data set) as well as QD1 (green), QD2 (blue) or QD3 (red) in LC1 at: (a) 

1wt%, (b) 2.5wt%, and (c) 5wt%. 

 Additional electro-optic data such as ε∥ and ε⊥  vs. T/TIso-N as well as transmission 

vs. applied voltage measurements at various frequencies can be found in the supplementary 

information in Appendix A. It is important to note that the decrease in Δε is caused by a 

decrease in ε∥, with ε⊥ showing values similar to pure LC1. Considering all electro-optic 

measurements, one can conclude that the new magic-sized QDs featuring a much narrower 

size distribution in comparison to previously examined QDs and Au NPs induce noticeably 

less significant changes in the electro-optic properties of LC1, and most notably no 
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changes in Vth. We also noticed, however, that the magic-sized QDs used in the current 

study appear to be better dispersible (even in the form of aggregates) in LC1 judging from 

the texture characteristics between plain glass (with the exception of the Zn-doped QD3) 

and more importantly in planar EO test cells. Only QD3 significantly reduces both Δε and 

K11. QD3 is the only QD of the three in this series that shows the formation of birefringent 

stripes between plain glass slides and, at higher concentration, the induction of domains 

with homeotropic alignment in planar test cells. In this respect, QD3 behaves similar to 

previously studied Au NPs25 featuring almost identical core size and n-alkylthiol capping 

agents with similar alkyl chain length as myristic acid used here (C12H25SH vs. 

C13H27COOH). 

 

3.3.3 Fluorescence confocal polarizing microscopy (FCPM) 

To obtain more detailed information on the distribution of these magic-sized QDs in films 

of LC1 between plain glass slides, we performed FCPM studies. Of specific interest are 

here mixtures of QD1 at 2.5wt% and QD3 (2.5wt% are here representative for the entire 

concentration range) in LC1, since only those two QDs showed textures between plain 

glass slides featuring birefringent stripes and homeotropic alignment in all domains 

surrounding the stripes.  
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Figure 3.9 POM and two-channel FCPM images of 2.5wt% QD1 (a, b) and 2.5wt% QD3 

in LC1 (c, d). (a, c) Transmission channel (POM); (b, d) (x-y) scan of blue (QD) and green 

(dye) channel. Scale bars: (a, b) 20 mm; (c, d) 60 mm. 

 The emission of the dichroic dye mimicking the director orientation of the nematic 

LC in these domains35 and the emission from the QDs are easily separated. The final 

combined images showing both channels confirm homeotropic alignment of LC1, planar 

alignment of the molecules within the birefringent stripes, as well as the (x-y) distribution 

of the QDs. Earlier experiments using larger Au NPs have already shown that these 

birefringent stripes correspond to twist disclinations located at the substrate interface,36 and 

established that larger CdSe QDs (4.0 to 4.3 nm in diameter) segregate to the bottom and 

top interfaces using (x-z) scans.37 

 Figure 3.9 evidently demonstrates the existence of homeotropic alignment in the 

areas surrounding the birefringent stripes (no dye emission, see Figure 3.9b and d). The 
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orientation of the LC director within the birefringent stripes was also confirmed as in our 

previous work36 by comparison of linearly polarized scans with a circularly polarized (x-

y) scan (see supplementary information). Limited spatial resolution in the z-direction while 

imaging both channels (i.e. dye and QDs), however, prevented us so far from determining 

the z-distribution of these QDs in contrast to earlier FCPM experiments using larger CdSe 

QDs.36  

 It is important to highlight that all three QDs are generally reasonably well 

dispersed in LC1. Locally elevated PL intensities imaged by confocal microscopy (intense 

blue signals in Figure 3.9b and d) only show that the QDs aggregate in some areas more 

than in others. The dispersion of the QDs can be demonstrated by adjusting the gain on the 

PL detector and by using the most suitable aperture of the objective lens. The image in 

Figure 3.10 for 2.5wt% QD3 in LC1 clearly shows that the QD are dispersed throughout 

the entire nematic film. 

 

 

Figure 3.10 FCPM image of 2.5wt% QD3 in LC1 (blue channel, i.e. QD3 only). Inset 

shows a false colour image of the same area with much better contrast. Scale bar: 20 mm. 
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3.4 Conclusions 

We have, for the first time, tested if truly monodisperse, so-called magic-sized 

semiconductor quantum dots can be used as dopants in a nematic LC host to unravel 

fundamental structure-property relationships governing interactions in LC/NP dispersions. 

Three different magic-sized quantum dots were investigated; two differing in surface defect 

states (due to differences in the preparation protocol and very small amounts of TOP on 

the QD surface in addition to the general monolayer capping of myristic acid, and a third 

one differing from the other two in the core composition (Zn doping). These quantum dots 

are smaller in comparison to quantum dots studied previously in the same nematic host,25 

but similar in size to gold nanoparticles with a comparable chain length of the aliphatic 

capping agent.26 

 Surprisingly, the magic-sized quantum dots investigated here only marginally alter 

the electro-optic properties, yet some very distinct trends are clearly observable. Only the 

Zn-doped QD3 quantum dots, which are core-compositionally different from the other two 

(QD1 and QD2), affect both the electric permittivity along the long molecular axis of the 

nematic host (LC1), ε∥ and the splay elastic constant K11, but the effects largely cancel each 

other out with respect to the threshold voltage, Vth. Hence, only slightly lower values for 

Vth were observed, both in capacitance and transmission vs. applied voltage measurements 

for QD3 in LC1. QD3 is also the only of the three quantum dots (and QD1 at 2.5wt% - the 

mixture with the lowest value for Vth in transmission vs. applied voltage measurements) 

inducing significant textural changes in LC1 between plain glass slides as well as in rubbed 

polyimide-coated ITO/glass cells favouring planar alignment over the entire concentration 
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range (from 1 to 5wt%). In this respect, only QD3 behaves similar to alkylthiol-capped 

gold NPs, which induce homeotropic alignment and the formation of birefringent stripes 

between plain glass and in planar test cells.27 In fact, since only QD3 induces significant 

alignment changes in some smaller localized domains, as observed by POM, one could 

conclude that primarily segregation phenomena producing altered alignment scenarios are 

responsible for significant changes in the electro-optic behaviour of this particular N-LC 

host. Recent experiments by Goodby et al.,38 however, revealed that both types of NPs, 

NPs that segregate as in most of our NP-doped mixtures as well as well-miscible, LC-

decorated NPs, are capable of inducing sizeable electro-optic effects. Considering the 

series presented here, differences in the density of the monolayer capping (or quality of the 

monolayer) due to variations in surface defect states might well account for the differences 

in QD miscibility. Future work will now address the role of electroconvection (or perhaps 

surface polarization effects39) as described in previous work from our groups using Au NPs 

in the same N-LC host.29, 37 Finally, images obtained from FCPM studies (x-y scans) 

confirm the director field in the birefringent stripes,36 prove homeotropic alignment in the 

surrounding domains, show that these magic-sized QDs are reasonably well dispersed in 

the nematic host, and finally that some domains show more significant QD aggregation 

than others.
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Figure A3.1 Absorption spectra of magic-sized quantum dots QD1 (green), QD2 (blue), 

and QD3 (red) in toluene. Note the exact identical absorption maxima and FWHM. 

 

 

Additional FCPM images 

 

Figure A3.2 Fluorescence confocal polarising microscopy image of a sample obtained by 

adding 0.007% (by weight) of the dichroic fluorescent dye BTBP to the 2.5wt% QD3 in 

LC1. Illumination (only green channel; emission of dye) with (a) circularly polarised light, 

(b) linearly polarised light (E along y), and (c) linearly polarised light (E along x), 

respectively. 

(a) (b) (c) 
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Figure A3.3 Fluorescence confocal microscopy images of LC1 in polyimide-coated ITO 

test cells (4 micron spacers): (a) 5wt% QD1 (compare to image in Figure 2f in the main 

text), and (b) 2.5wt% QD2 (compare to image in Figure 3e in the main text). Only the blue 

(QDs) and the transmission channel are observed in both images. These images highlight 

that the QDs are only to some extent responsible for the point-like defects observed by 

POM in planar cells. 

 

Permittivities measured on cooling 
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Figure A3.4 Plots of the parallel (red cross) and the perpendicular (blue line) permittivity 

vs. the reduced temperature measured on cooling for pure LC1 (a),  and mixtures of LC1 

with 1, 2.5 and 5 wt% of QD1 (b-d), QD2 (e-g) and QD3 (h-j)  
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Resistivity 

 

Figure A3.5 Plots of the specific resistivity vs. reduced temperature for pure LC1 and 

mixtures of LC1 with 1, 2.5 and 5 wt% of QD1-3 (a-f)  
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Frequency dependence 

Experimental setup: 

The electro-optical measurements were performed on a Leica Ortholux II POL-BK 

microscope with a white light source and a green interference filter (541 nm). All samples 

were positioned in the beam path under an angle of 45° between crossed polarizers. To 

apply voltages, an Analogic 2030 waveform synthesizer and a Krohn-Hite model 7500 

amplifier were used. The light intensity was detected using an Oriel photomultiplier tube 

and a Keithley 197 DMM. Both signals (voltage and intensity) were averaged (8 to 256 

circles) and stored on a Gould 4064 oscilloscope. 

 

Results: 

The electro-optical response was measured at different frequencies (0.1 Hz, 1 Hz, 5 Hz, 10 

Hz, 50 Hz, 100 Hz, 500 Hz and 1000 Hz). To point out differences or unusual effects due 

to nanoparticle doping, we first measured the electro-optic response of the pure LC. The 

results for pure LC1 are plotted below, followed by the QD-doped samples:   
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Figure A3.6 Plots of the intensity vs. voltage measured at different frequencies for electro-

optic response of pure LC1 
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Figure A3.7 Plots of the intensity vs. voltage measured at different frequencies for electro-

optic response of LC1 samples doped with QD1 at 1 wt% 
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Figure A3.8 Plots of the intensity vs. voltage measured at different frequencies for electro-

optic response of LC1 samples doped with QD1 at 2.5 wt% 



Appendix A: Supplementary Information for Chapter 3 176 

 

 

 

Figure A3.9 Plots of the intensity vs. voltage measured at different frequencies for electro-

optic response of LC1 samples doped with QD1 at 5 wt% 
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Figure A3.10 Plots of the intensity vs. voltage measured at different frequencies for 

electro-optic response of LC1 samples doped with QD3 at 1 wt% 
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Figure A3.11 Plots of the intensity vs. voltage measured at different frequencies for 

electro-optic response of LC1 samples doped with QD3 at 2.5 wt% 
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Figure A3.12 Plots of the intensity vs. voltage measured at different frequencies for 

electro-optic response of LC1 samples doped with QD3 at 5 wt% 
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Transmission vs. applied voltage 

 

Figure A3.13 Plots of the intensity vs. voltage based on electro-optic response obtained 

from transmission measurements for pure LC1 and doped LC1 at different concentrations 

of QD1 (a, c) or QD3 (b, d). In such plots, 10% increase in intensity is accounted for 

threshold voltage. Lower threshold voltage values are observed for doped LC1 samples. 

Plots c and d are enlarged section of plots a and d, respectively.  
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Comparison of ultrasonication using sonotrode (internal sonication) vs. sonication bath 

(external sonication) 

 

 

Figure A3.14 Photograph of vials under UV light irradiation (λexc = 366 nm) showing the 

effect of sonication conditions for LC1 doped with QD1 (as a representative example) at 

5wt% 10 minutes after sonication: (left vial) using 5 minutes regular sonication bath, and 

(right vial) using 5 minutes ultrasonication (Sonics VCX 750 Watts, Frequency 20 kHz) in 

pulse mode (5 seconds On followed by 5 seconds Off at an amplitude of 21%). Note the 

improved homogeneity of the mixture on the right. 

 

XPS 

XPS analysis of the QD samples was performed using a Kratos AXIS ULTRA 

spectrometer with a 300 W monochromated Al Kα source and a delay line detector. The 

survey and high-resolution scans were recorded with pass energies of 160 and 40 eV, 

respectively. All spectra were collected at 90° take-off angle and referenced to the C 1s 

peak set at 285 eV. The background pressure in the analyzer chamber was 10−9 Torr. For 

quantitative analysis sensitivity factors supplied by the instrument manufacturer were used. 
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QD1 (CdSe) 

 

 

      Peak          Type     Position      FWHM    Raw Area    RSF     Atomic     Atomic    Mass    

                                       BE (eV)       (eV)        (cps eV)                  Mass        Conc %    Conc %   

      C 1s            Reg      285.023     1.154      103130.8    0.278     12.011     85.35     62.07    

      O 1s           Reg      531.823     1.763       39531.6      0.780    15.999     10.33      10.01    

      Cd 3d         Reg      405.323     1.163      109032.4    6.623    112.422    3.58       24.37    

      Se 3d          Reg      54.023       1.593      2507.3        0.853     78.982      0.74        3.55 

 

  

 Peak            Type    Position   FWHM   Raw Area    RSF       Atomic     Atomic     Mass    

                                  BE (eV)      (eV)       (cps eV)                   Mass        Conc %     Conc %   

Cd 3d          Reg     405.323    1.163    109032.4    6.623     112.422     82.83     87.29    

 Se 3d          Reg      54.023      1.593    2507.3        0.853      78.982       17.17     12.71  
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QD2 (CdSe) 

 

 

 

 

 

 

 

 Peak         Type      Position     FWHM   Raw Area     RSF      Atomic     Atomic     Mass    

                                 BE (eV)       (eV)         (cps eV)                    Mass        Conc %     Conc %   

C 1s            Reg     285.024       1.127       51670.3     0.278     12.011      71.78       35.28    

O 1s           Reg      531.724      1.608       34385.4     0.780     15.999      15.09       9.88    

Cd 3d         Reg     405.524       1.045      164580.4   6.623     112.422    9.07        41.72    

Se 3d          Reg     54.424         1.659       8179.0       0.853     78.982      4.06        13.13 

 Peak          Type     Position    FWHM   Raw Area     RSF        Atomic     Atomic     Mass    

                                 BE (eV)      (eV)         (cps eV)                      Mass      Conc %     Conc %   

Cd 3d         Reg     405.524     1.045      164580.4    6.623      112.422     69.06      76.06    

 Se 3d          Reg     54.424      1.659       8179.0         0.853      78.982       30.94       23.94  
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QD3 (CdSe@Zn)  Zn-rich surface (surface doping) 

 

 

 

 

 

 Peak           Type    Position    FWHM   Raw Area      RSF      Atomic      Atomic      Mass    

                                 BE (eV)      (eV)        (cps eV)                     Mass         Conc %     Conc %   

C 1s             Reg     285.002      1.234    109850.9    0.278     12.011      88.99      74.48    

 O 1s            Reg     532.002      1.639     31933.9     0.780     15.999       8.17        9.11    

 Cd 3d          Reg     405.502      1.330     31809.6     6.623    112.422     1.02        8.01    

 Se 3d           Reg     54.602        1.547     431.7         0.853     78.982       0.13        0.69    

 Zn 2p           Reg     1022.502   2.003     61732.0     5.589     65.387       1.69        7.72  

 Peak              Type     Position    FWHM    Raw Area    RSF    Atomic     Atomic     Mass    

                                      BE (eV)     (eV)         (cps eV)                  Mass       Conc %     Conc %   

  Cd 3d            Reg     405.502     1.330     31809.6    6.623    112.422    35.98      48.79    

  Se 3d            Reg     54.602        1.547     431.7         0.853    78.982      4.40         4.19    

  Zn 2p            Reg     1022.502    2.003    61732.0    5.589    65.387      59.62       47.02    
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TEM 

A discussion on the synthesis and characterization including detailed TEM analyses of 

QD1 and QD2 can be found in earlier publications by Yu et al. (see references [30] and 

[31] of chapter 3). A high-resolution TEM image for QD3 is shown below (TEM was 

performed on a JEOL JEM-2100F electron microscope operating at 200 kV and equipped 

with a Gatan UltraScan 1000 CCD camera. A TEM sample was prepared by depositing a 

dilute dispersion of a purified sample in toluene onto a 300 mesh carbon-coated TEM 

copper grid and dried in air.) On TEM grids, some aggregation after solvent evaporation 

leads to larger QD assemblies, which can be broken up by re-dispersing them in toluene or 

hexane. 

 

Figure A3.15 HR-TEM of QD3

 Peak             Type    Position    FWHM    Raw Area     RSF      Atomic   Atomic    Mass    

                                    BE (eV)      (eV)        (cps eV)                    Mass      Conc %    Conc %   

  Cd 3d           Reg      405.502    1.330      31809.6     6.623    112.422   89.10    92.09    

  Se 3d           Reg      54.602       1.547      431.7         0.853     78.982     10.90     7.91  
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Connecting Text for Chapter 4 

Chapters 2 and 3 described many aspects of colloidal dispersions in nematic LCs. The 

stability of NP dopants in the LC medium is an important issue that needs to be resolved 

in order to fully exploit applications of LC-NP composites. In Chapter 4, we presents the 

synthesis and functionalization of Au NPs using silane conjugation chemistry. The 

silanized Au NPs are shown to have improved thermal and chemical stability in the 

colloidal form and in LC media. Our observations and measurements confirmed higher 

stability and miscibility of silanized Au NPs functionalized with aliphatic chains in nematic 

LC hosts. Electro-optic data collected for the silanized Au NPs, allowed a comparison with 

previous data from studies using non-silanized alkanethiolate-capped Au NPs, and a better 

understanding of the role and importance of robust ligands for NPs used as LC dopants. 
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Abstract 

We examine for the first time how chemically and thermally stable gold nanoparticles, 

prepared by a silane conjugation approach, affect both the thermal and the electro-optical 

properties of a nematic liquid crystal when doped at concentrations ranging from 0.25 to 

7.5wt%. We find that the octadecyl-silane conjugated gold nanoparticles stabilize both the 

enantiotropic nematic and the monotropic smectic-A phase of the liquid crystal host with 

a maximum stabilization of 2 °C for the nematic and 3.5 °C for the smectic-A phase for 

the mixture containing 1wt% of the silanized particles. The same mixture shows the lowest 

values for the Fréedericksz transition threshold voltage and the highest value for the 

dielectric anisotropy. Generally, all nanoparticle-containing mixtures, except mixtures 

with nanoparticle concentrations exceeding 5wt%, reduce the threshold voltage, increase 

the dielectric anisotropy and reduce both rise and decay time; the latter particularly at 

temperatures at least 10 °C below the isotropic-nematic phase transition on cooling. 
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4.1 Introduction 

Liquid crystal-particle composites have been extensively studied owing to their importance 

and potential use in modulating optical and electro-optical properties of anisotropic ordered 

fluids. Traditionally, dyes1, 2 and chiral additives3-7 were most commonly pursued to induce 

properties such as photoswitching, lasing,8-10 helical twisting, or spontaneous polarization. 

Many of these induced properties were tuned and optimized for applications in liquid 

crystal displays (LCDs) using chiral smectic-C and nematic (or chiral nematic) phases. The 

response of a nematic liquid crystal (LC) to an applied electric field is of great importance 

for such display applications. While the key display modes, namely twisted nematic (TN), 

vertical alignment (VA) and in-plane switching (IPS) use different nematic LC materials 

and alignment approaches, the ON and OFF state of each pixel always relies on an electric 

field being applied through the LC material to induce a bulk change of the LC orientation.11, 

12 In general, it is desirable that the LC material or mixture of interest for an LC display 

has a minimal threshold voltage (Vth), maximal dielectric anisotropy  (positive or 

negative), low viscosity (), high birefringence (n), and short switching times (i.e. rise 

and fall times, ).  

Minimizing the Vth is generally important for maximizing energy efficiency of an LC 

display.13 Vth is typically measured as the voltage at which a 5 or 10% change in capacitance 

(or 10% in transmittance) occurs. The dielectric anisotropy and the elastic constants of the 

nematic LC are governed by the slope of the C-V plot. The splay elastic constant (K11) is 

particularly important for the cell geometry used to study these systems (Fréedericksz 

transition in a planar cell), because the splay deformation (re-orientation from a planar to 
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a vertical configuration and vice versa) is the deformation that occurs when an electric field 

is applied to a rubbed polyimide-coated planar cell. The splay elastic constant (K11) is 

derived from Equation 4.1: 

 

 
𝐾11 = (

𝑉𝑡ℎ

𝜋
)

2

× 𝜀0 × |∆𝜀| 
(Eq. 4.1) 

 

where Vth is the threshold voltage, Δε the dielectric anisotropy ( = ∥  ) , and εo is the 

permittivity of free space. 

Over the past decade, doping LCs with nanoparticles (NPs) has provided an intriguing 

and viable way of manipulating the properties of LCs.14-17 If stable dispersions can 

eventually be achieved, this pathway may well provide the means to be of significant 

importance for LC-based device and display applications. Tremendous global research 

efforts demonstrated that doping LCs with NPs can introduce original effects related to NP 

pattern formation, NP-guided LC alignment, and alteration of optical or electro-optic 

characteristics in both nematic and smectic LC phases.18 For example, several reports 

demonstrated lower values for Vth, induced homeotropic alignment or faster switching in 

nematics, and higher values for the spontaneous polarization in ferroelectric SmC* 

materials.18  

Using larger, micron-sized particulate systems as dopants to alter the properties of 

nematic LCs is an area of research that has been ongoing for quite some time. Early studies 

focused on defect formation induced by aerosils particles.19-34 Commonly, these particles 

produced a large number of defects resulting in intense light scattering of the mixture in 
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the field-OFF state, and becoming transparent when driven with an electric field.35-37 As 

more nanomaterials varying in shape, size, and composition, became available, research 

focused on incorporating nanomaterials. 

Previous work in our laboratory has shown that alkylthiolate-capped gold (Au NPs) 

and silver NPs (Ag NPs) can modulate the optical and electro-optic properties in dispersion 

with nematic LC hosts in a unique fashion.16, 38-40 For example, we have demonstrated that 

alkylthiol-capped Au NPs induce multiple alignment modes in nematic LCs (e.g., a thermal 

history-dependent dual alignment and electro-optic switching mode) in addition to 

minimized threshold voltages and altered elastic constants (particularly the splay elastic 

constant K11) and dielectric properties (, , and ).38, 40  

Au NPs, as the likely most frequent choice to dope LCs, display unusual and unique 

size-dependent chemical and physical properties;41 their surface can be passivated in situ 

or via place exchange reactions with molecules ranging from simple alkanethiols, 

phosphines, and amines to more complex molecular structures including dendrimers, 

polymers, and LC moieties. Drawbacks of these Au NP dopants have always been the fairly 

large size distribution and the difficulty to obtain series of these particles just differing in 

size using the one-42, 43 or two-phase Brust-Schiffrin methods.44 While the ease as well as 

speed in preparing and modifying these Au NPs has to be considered an advantage, their 

stability under various conditions is not. Factors to consider arise from the chemical and 

thermal (in)stability of metal NPs as well as from the mobility of surface bound capping 

agents (usually thiols). The chemical stability or instability of thiol-capped metal NPs 

towards oxidation (i.e. oxidation of surface-bound thiols to disulfides in air or in the 

presence of other oxidants)45, towards halides46, and towards alkaline metal ions has been 
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studied by a number of groups47 highlighting the importance of determining NP purity. The 

thermal stability of Au NPs is particularly considering the use in composites with LCs, 

where sample preparation protocols often call for annealing and slow cooling from 

isotropic liquid phases. Both thermogravimetric analysis (TGA) data48 and temperature-

dependent XPS studies frequently reveal that thiols with an alkyl chain length longer than 

C6 start to or completely desorb (forming dithiols) from the Au NP surface at temperatures 

above 160 °C; thiols with shorter chain length desorb at even lower temperatures (between 

90 °C and 140 °C for C3–C5).49 Sintering of Au NPs is often observed for particle sizes 

below 4 nm as shown by Brust and co-workers, rapidly (i.e. 10 min) at elevated 

temperatures (e.g., 250 °C), but also appreciably at room temperature, an effect known as 

coarsening.48 For example, alkylthiol-capped Au NPs with an average core diameter of 2 

nm are easily converted into Au NPs with a core diameter larger than 5 nm simply by 

refluxing them in toluene.40  Related to this coarsening process, migration of thiols on the 

NP surface is relevant. Using electron paramagnetic resonance (EPR) spectroscopy on Au 

NPs passivated with spin labels such as TEMPO, Chechik and others demonstrated that 

thiol ligands on Au NPs surfaces undergo slow lateral diffusion (even at room temperature) 

that may take several hours at temperatures around 90 °C.50-52 While slow, such migration 

might lead to segregation of thiols on the surface of mixed monolayer-capped Au NPs 

(different ligands simultaneously cap the surface of the NP).53, 54  
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4.2 Experimental 

Hydrogen tetrachloroaurate(III) trihydrate was purchased from Alfa Aesar, 

didodecyldimethylammonium bromide (DDAB), and tetrabutylammonium Borohydride 

(TBAB), 3-mercaptopropyltrimethoxysilane (MPS), and trimethoxy(octadecyl)silane 

(TMODS) were purchased from Sigma-Aldrich. All chemicals were used without further 

purification. Pure LC1 (Felix 2900-03) was purchased from Synthon Chemicals. All 

solvents used for the synthesis and purification were Aldrich purification grade purified 

via a PureSolv solvent system (Innovative Technology). Millipore water (18 MΩ) was used 

to rinse glassware and vials used for sample preparation. In addition, all vials used to store, 

handle and mix NPs with the LC host were cleaned with aqua regia.  

UV-vis spectra were recorded using a Varian Cary 5000 UV-vis-NIR 

spectrophotometer. TEM imaging for Au NPSil was performed using a JEOL JEM-2100F 

TEM instrument at an accelerating voltage of 120 kV or a Hitachi H-7000 electron 

microscope. 1H NMR spectra were acquired using a Bruker Avance 300 MHz 

spectrometer, and XPS data were collected using a Kratos Axis Ultra X-ray Photoelectron 

Spectrometer. 

Polarized optical microscopy (POM) images were taken using an Olympus BX51-P 

microscope in conjunction with a Linkam LS350 heating/cooling stage, a Leica SD6 

Microscope, or an Ortholux II Pol-BK microscope (Leica). In the latter case, for 

illumination, a halogen lamp (XENOPHOT, Osram) with interference filter for 542 nm 

was used. The LC test cells used were planar cells (cell gap: 4.0 µm) with antiparallel 

polyimide alignment layers and 1° to 3° pre-tilt (LC Vision). For all POM imaging, the LC 
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mixtures were heated above the isotropic/nematic phase transition temperature (TNI) and 

cooled at a rate of 1 °C min–1 until the desired temperature below TNI was reached. FCPM 

images were obtained using a Nikon LV 100D-U upright microscope coupled with a Nikon 

Eclipse C1 Plus scanner/controller using a 488 nm laser to excite the dichroic dye N,N’-

bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylenedicarboximide (obtained from Sigma-

Aldrich) used at 0.002wt%. 

Electro-optic parameters were measured using two different setups. One setup included 

an LCAS I automated liquid crystal analyzer (LC Vision, LLC), a second one is described 

below. All test cells were positioned under an angle of 45° between crossed polarizers and 

the light intensity passing through the cell was measured using a photomultiplier tube 

(Oriel). A Linkam LTS350 heating stage with TMS94 controller was used for temperature 

control. Before measurement, all samples were heated up to the isotropic phase and then 

cooled down to 58°C with a cooling rate of 1 °C min-1. Capacitance measurements were 

performed simultaneously to transmission measurement on an HP 4284A LCR bridge, 

varying the sine test signal level by using AC voltages from 0.05 Vrms to 19.95 Vrms to 

reorient the LC. The test signal frequency was 1 kHz. Analysis or interpretation of the data 

is performed based on the single-cell method described by Wu et al.55 

The mixtures of the Au NPSil particles in LC1 were prepared by weighing accurate 

amounts of the solid LC using a microbalance and dissolving it in a known amount of 

toluene. The as-prepared solutions of the respective NP was then combined in a V-vial® 

with the LC solution to produce the exact concentration of the NPs in LC1. The solvent 

was then allowed to evaporate under a steady stream of dry N2 at ~70 °C for about 24 to 

48 h followed by sonication. 
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The synthesis of the silanized gold NPs (Au NPSil) was carried out using a procedure 

adopted from a method reported elsewhere.56 Briefly, a 10 ml solution of HAuCL4 in 

toluene (0.01M) was prepared in the presence of an equimolar amount of DDAB using five 

minutes sonication. Next, 200 µl of a toluene solution of MPS (0.1M) was added under 

stirring followed by addition of 1 ml toluene solution of TBAB and DDAB (30 mg of 

TBAB and 27 mg of DDAB). The reaction solution turned immediately black and changed 

then slowly to pink. After one hour, 100 µl of TMODS and 230 µl of NaOH (1.0M) were 

added to the reaction mixture and stirring was continued for 15 h. Finally, the solvent was 

evaporated, and the collected particles were washed several times with chloroform and iso-

propanol. 

4.3 Results and Discussions 

To enhance both thermal and chemical stability of Au NPs used as additives in LCs 

and circumvent thiol desorption and migration issues that could potentially falsely 

contribute as free thiol ligands to some of the observed effects, we here present a new 

robust type of hydrophobic Au NPs prepared using a simple, versatile silane conjugation 

approach, first reported by Jana and co-workers for hydrophilic thiol-capped Au NPs.56 In 

this two-step silanization, the first step delivers 3-mercaptotrimethoxysilane (MPS)-capped 

Au NPs. These NPs, after isolation and purification, then undergo a silane conjugation step 

(i.e. hydrolysis and dehydration condensation under basic conditions) with a second, long 

chain alkytrimethoxysilane (here: H37C18Si(OCH3)3), which results in Au NPs that are 

thermally and chemically robust, survive extensive sonication without decomposition or 
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thiol desorption, and are well dispersible in both organic solvents and nematic LCs 

featuring aliphatic side chains such as LC1 used in this study (Figure 4.1). We 

systematically characterized the NPs synthesized using the above-described silane 

conjugation approach by 1H NMR (Figure B4.1) in the supplementary information 

presented in Appendix B), UV-vis spectrophotometry, x-ray photoelectron spectroscopy 

(XPS), and transmission electron microscopy (TEM). Batches of the same NPs kept at 

elevated temperatures and under prolonged sonication gave identical 1H NMR spectra, 

visible absorption spectra, and TEM images, which confirms their exceptional stability.  

 

 

Figure 4.1 Silane conjugation synthesis and schematic representation of the silanized, 

hydrophobic Au NPs, and structure as well as phase transition temperatures of the Felix-

2900-03 nematic liquid crystal host (LC1). 

 

A visible absorption spectrum in hexane and a representative high-resolution TEM 

image are shown in Figure 4.2. TEM image analysis provided an average NP size of 4.1 ± 
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0.7 nm, and XPS confirmed the formation of a silica shell around the Au NP core (Table 

B4.1 in Appendix B). More detailed information about the characterization of these NPs 

are given in the supplementary information (Appendix B). 

 

 

Figure 4.2 Visible absorption spectrum of Au NPSil in hexane (a) as well as TEM and high-

resolution TEM images (b, c) of Au NPSil. 

 

Based on protocols for investigating NP-doped nematic LCs established in our 

laboratory,38 we tested seven different concentrations of the silanized Au NP in Felix-2900-
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03 (LC1) from 0.25 to 7.5wt% covering an extended range from low to high NP loadings. 

The same nematic LC has been used for several studies in the past,38, 57-59 which will allow 

us to compare current with prior test results later. Following the sample preparation 

protocol outlined in the Experimental Section provided the first visual clues that these 

silanized NPs are able to form stable suspensions in nematic solvents such as LC1. After 

complete solvent evaporation with the vial placed on a hotplate adjusted to a temperature 

below the isotropic to nematic phase transition (TNI), all seven mixtures of Au NPSil in 

LC1, even up to 7.5wt%, appeared homogeneous, showed no signs of NP settling, and 

displayed a continuous color intensity increase based on the surface plasmon resonance 

(SPR) frequency of the NPs in LC1 (Figure 4.3).  

 

 

Figure 4.3 Photograph showing the quality of dispersion of Au NPSil in LC1 in solid glass 

V-vials after complete solvent evaporation; vials are placed on a hotplate with the NP/LC1 

dispersions in the nematic phase at TNI – T = 2 °C (left to right: concentration ranging from 

0.25 to 7.5wt%). One can clearly see the color of the SPR of the Au NPSil increasing in 

intensity as the concentration is raised from 0.25 to 7.5 wt%. No settling or macroscopic 

aggregation is visible. 
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Thin films of the LC colloids between plain, un-treated glass slides were first 

investigated by polarized optical microscopy (POM) to test alignment and thermal 

properties. Predominantly at NP loadings ranging from 0.25 to 2.5wt% in LC1, large 

domains of NP-induced homeotropic alignment due to partial segregation of NPs to both 

glass substrates are observed. These homeotropic domains surround birefringent stripe 

features (see Figure 4.4a – c) frequently observed for many other types of Au NPs and 

quantum dots.60, 61  

We recently investigated these textural features in more detail using fluorescence 

confocal polarizing microscopy (FCPM) and established both the director field within the 

stripes and the segregation of NPs causing the induced homeotropic alignment.60 Two 

additional striking features were observed by POM both in untreated glass slides and 

rubbed polyimide-coated ITO-glass cells (cell gap: 4 m). First, at NP concentrations 

exceeding 2.5wt% an increasing number of isotropic domains persist well below TNI of the 

mixture on cooling. 
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Figure 4.4 POM photomicrographs (crossed polarizers) of LC1 doped with Au NPSil at TNI 

– T = 5 C between plain glass slides; (a) 0.25wt%, (b) 0.5wt%, (c) 1.0wt%, (d) 2.5wt%, 

(e) 5.0wt%, and (f) 7.5wt%. 

Coexistence ranges observed for all mixtures by POM on cooling are plotted in Figure 

4.5. A very similar trend was also observed on heating. Second, and noticeable from the 

temperature plot in Figure 4.5, mixtures in the mid-concentration range (from 0.5 to 2.5 

wt%) show an apparent stabilization of the nematic phase on heating from the solid state 

and on cooling from the isotropic liquid. To confirm these optical microscopy results, we 

performed differential scanning calorimetry (DSC) studies on all mixtures. DSC does not 
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register the biphasic behavior (coexistence of nematic and isotropic phase), but measures 

the bulk thermal behavior of these samples. Nevertheless, the DSC data show the same 

phase transitions temperature trends as noticed by POM (Figure 4.6). The bar diagrams 

show the measured phase transition temperatures on heating (Figure 4.6a) and cooling 

(Figure 4.6b) taken at a heating/cooling rate of 10 °C min-1. Practically identical DSC 

traces were observed during the first and second heating/cooling run. Notably, not only the 

nematic, but also the monotropic smectic-A phase is stabilized (higher TN-SmA) for all and 

especially in the lower to mid-concentration range mixtures (0.25 to 2.5 wt%), which we 

were able to confirm by POM. The full series of DSC traces can be found in the 

supplementary information. 

 

 

Figure 4.5 Plot of the phase transition temperatures (TNI and biphasic N/Iso regions) of all 

mixtures of LC1 doped with Au NPSil observed by POM on cooling at a rate of 1 °C min-1 

(plain glass and LC test cells). Red color denotes nematic-isotropic phases; blue color, 

nematic phase. 

This thermal phase stabilization by about 1.5 to 2.0 °C for the nematic and about 3.5 

°C for the smectic-A phase (at 0.5 to 1.0wt% of the NPs; far above the experimental error) 
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is a very surprising and stimulating result. We have not observed such stabilizing effect for 

any of the other NPs we tested in LC1 until that time including similar sized Au NPs or 

CdSe quantum dots capped with alkylthiols, amines or carboxylic acids featuring similar 

hydrocarbon chain lengths.57 Any other NP doped into a nematic or smectic mixture 

showed either no or a slight phase destabilizing effect. While some of the silanized Au 

NPSil appear to segregate to the interfaces inducing homeotropic alignment between plain 

glass slides, these NPs appear to enhance the overall order parameter of the nematic and 

the smectic-A phase. Similar drastic stabilizing effects have so far only been described for 

anisometric NP inclusions such as carbon nanotubes62 or polar ferroelectric NPs63. In 

general terms, a mesophase stabilizing effect by NP inclusions is believed to be caused by 

weak interactions between NP and LC host or by NPs that are well compatible with (well 

dispersed in) a given nematic LC host.64 

 

 

Figure 4.6 Plots of the phase transition temperatures measured by DSC at a rate of 10 °C 

min-1: (a) on heating highlighting the stabilization of the nematic phase (blue, nematic; 

black, crystalline), and (b) on cooling demonstarting the stabilization of both the 

enantiotropic nematic (blue) and the monotropic smectic-A (green) phases. 
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The next step, alignment of the doped samples in rubbed polyimide coated ITO-glass 

cells was studied. Such cells were independently prepared in both participating 

laboratories, and the images in Figure 4.7 and Figure 4.8 show the polarized optical 

microscopy results with respect to alignment and biphasic behavior. All mixtures in the 

cells align perfectly planar without the formation of birefringent stripe defects or 

homeotropic domains as observed for other Au NPs in prior work. The cells only show the 

afore-mentioned isotropic domains, even ‘deep’ into the nematic phase on cooling (see 

Figure 4.7e, f and Figure 4.8f, g). 
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Figure 4.7 POM photomicrographs (crossed polarizers) of LC1 doped with Au NPSil at 

TNI – T = 5 C in planar cells (cell gap: 4μm) – a selected, representative section is shown; 

(a) 0.25wt%, (b) 0.5wt%, (c) 1.0wt%, (d) 2.5wt%, (e) 5.0wt%, and (f) 7.5wt% (arrows in 

bottom right indicate rubbing direction; small dots in these images are the spacers of the 

4μm cells). 
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Figure 4.8 POM photomicrographs (crossed polarizers) of LC1 doped with Au NPSil at 

TNI – T = 5 - 7 C in planar cells (cell gap: 4μm) – entire cell is shown; (a) 0.25wt%, (b) 

0.5wt%, (c) 1.0wt%, (d) 2.5wt%, (e) 5.0wt%, and (f) 7.5wt% (tilting of the sample 

indicates the isotropic nature of the dark spots – coexistence of nematic and isotropic even 

7 °C below TNI). 

FCPM tests using a dichroic dye (see Experimental Section) with a much better 

solubility in the isotropic liquid phase of LC1 confirm the isotropic or biphasic nature of 

these domains (Figure 4.9). In addition, between uncrossed, parallel polarizers the locally 

elevated concentration of the Au NPs is clearly visible (dark spot-like regions in Figure 

4.9c). This is not surprising for two reasons. First, NPs are in general better soluble in the 

isotropic liquid phase of an LC host, and secondly, the concentration ≥ 5wt% in these 

mixtures is far above the typical solubility limit of NPs in nematic phases; only a limited 

number of reports claims higher well-dispersed NP loads.65 
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Figure 4.9 Photomicrographs showing the 5wt% Au NPSil in LC1 mixture at TNI – T = 5 

C in a planar cell: (a) POM image (crossed polarizers) – see Figure 4.7e, (b) combined 

POM/FCPM image (both polarized transmission = red channel and fluorescence confocal 

= green channel) showing the larger concentration of the dye in the isotropic domains, and 

(c) POM image under identical conditions with parallel, un-crossed polarizers showing the 

larger concentration of NPs in these isotropic regions.  

Electro-optic measurements were subsequently performed on all mixtures. Earlier 

studies on alkylthiol-capped metal NPs (dodecanethiol-capped Au NPs with core diameter 

of 5.4 nm38 as well as hexanethiol-capped Ag NPs with a core diameter of 4.2 nm40) showed 

a tremendous reduction of Vth despite much reduced values for the dielectric anisotropy 
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(). In contrast to the Au NPSil described here, these NPs induced homeotropic alignment 

in both untreated glass slides as well as rubbed polyimide-coated planar ITO-glass cells. 

For these NPs we always observed the dual and reverse electro-optic mode (switching from 

homeotropic to planar for a nematic LC with positive , particularly at low field 

frequencies)38, 58 that was not observed in the current mixtures. The robustness of the 

current Au NPSil, allowing for the preparation of much-improved homogeneous and stable 

dispersion in LC1 appears to be responsible for the diminished NP segregation to 

interfaces, and hence the lack of homeotropic alignment in planar cells. 

Vth was determined from capacitance and transmittance measurements. However, 

transmittance measurements are sometimes more stable than capacitance measurements, 

as the capacitance plateau in latter can occasionally exhibit significant deviations. In 

addition, transmission measurements can selectively choose small regions from the cell for 

data acquisition, while the capacitance is always measured over the complete electrode 

area. In previous experiments using for example quantum dots, we were able to show that 

different areas within one cell can show different behavior: when a slight surface coverage 

of particles occurs due to NP segregation, the surface energy is changed and the threshold 

gets lost. For the calculation of threshold, the transmission data are transformed into phase 

retardation data, using Equation 4.2: 

 

 
𝐼𝑑𝑒𝑡 =

1

2
× 𝐼0 × 𝑠𝑖𝑛(2𝜑)2 × sin (

∅

2
)

2

 
(Eq. 4.2) 
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where Idet and I0 are the detector and initial intensity, respectively, the polar angle (45°) 

and  the phase retardation (Equation 4.3): 

 

 
ϕ = 

2πΔneff

λ   
(Eq. 4.3) 

 

where d is the thickness of the sample, neff the effective birefringence, and  the 

wavelength of the used light source. Plots of Vth vs. temperature and vs. reduced 

temperature T – TNI are collected in Figure 4.10. 
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Figure 4.10 Plots of the theshold voltage (Vth): (a) vs. temperature and (b) vs. reduced 

temperature T – TNI. 

In general, a slight decrease of threshold with increasing particle concentration was 

found. Neglecting the mixtures with coexistence of nematic and isotropic domains (5 and 

7.5wt%), the mixture with a concentration of 0.5, 1.0 and 2.5wt% of Au NPSil in LC1 show 

the lowest values for Vth in the Vth vs. reduced temperature plots (which are corrected for 

the difference in clearing point between mixtures). Maybe not surprisingly, the mixtures 

showing the most significant stabilization of the nematic and the monotropic smectic-A 

phase (0.5 and 1.0wt%) are the mixtures with the overall lowest Vth (Figure 4.10b). The 
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slope in each set of plots remains approximately identical, also in comparison to pure LC1, 

hence we conclude that the temperature dependence of Vth is not affected by the presence 

of suspended NPs. Accordingly, the same mixtures of 0.5 and 1.0wt% Au NPSil in LC1 

also show among the highest values for  in the investigated series (Figure 4.11). For 

both of these values, Vth and , the mixture containing 0.25wt% of the silanized NPs 

appears to show almost identical values to pure LC1 within experimental error. It appears 

that this concentration is the lower threshold for electro-optic alterations in the current 

series, while concentrations around 5wt% and higher represent the upper useful limit. 
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Figure 4.11 Plots of the dielectric anisotropy (): (a) vs. temperature and (b) vs. reduced 

temperature T – TNI. The plots for the mixtures containing 5 and 7.5wt% of Au NPSil 

(AuSi_5.0 and AuSi_7.5) show lower values for  because of defects originating due to 

isotropic domains. 

Lastly, we also measured the switching times of all mixtures; both rise time () and 

decay time (off). For all tested cells, we found an increase of off with increasing 

temperature. Obvious concentration dependencies were hard to find. Nevertheless, almost 

all NP-doped samples show lower decay times, increasingly so as we depart from TNI on 

cooling at T – TNI < −10 °C.  Interestingly, the mixture doped with only 0.25wt% shows 

the lowest values for off in this series at T – TNI < −5 °C (Figure 4.12). Similar trends were 
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also observed for the rise time. The NP-doped mixtures show lower rise times far from the 

isotropic-nematic phase transition on cooling (T – TNI < −10 °C) and slower rise times 

closer to the clearing point of the mixture. Overall, however, an increase in  with 

increasing NP concentration can be seen in Figure 4.13. 

 

 

Figure 4.12 Plots of the decay time (off): (a) vs. temperature and (b) vs. reduced 

temperature T – TNI. At temperatures closer to TNI, values of the off significantly scatter, 

making a clear interpretation of trends with respect to NP concentration at higher 

temperatures somewhat difficult. 
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Figure 4.13 Plots of the rise time (): (a) vs. temperature and (b) vs. reduced temperature 

T – TNI. 

 

4.4 Conclusions 

For the first time, we have been able to prepare and test truly robust Au NPs as additives 

in a nematic LC host. The silane conjugation chemistry used to synthesize these NPs 

provides access to chemically and thermally stable Au NPs without the risk of thiol 

desorption from or thiol migration on the Au NP surface. In addition, NP ripening or 
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sintering at elevated temperatures in the LC solvent during sample preparation and testing 

is also prevented by the stable siloxane corona around the NP. In this way, exceedingly 

reliable optical, thermal as well as electro-optic data of nematic mixtures containing these 

Au NPs could be collected. The nematic LC host is structurally characterized by a 2-

phenylpyrimidine rigid core flanked by two terminal hydrocarbon chains, which, based on 

past and current experiments, enhance the dispersibility of alkyl monolayer-capped Au 

NPs. The Au NPSil particles used in this study, however, are much easier to disperse in the 

same nematic host used in numerous prior studies (LC1). Considering calculated molecular 

parameters, this enhanced dispersibility is most likely due to the larger, fixed distance 

between neighboring alkyl chains provided by the siloxane framework around the NP. 

Considering a homeotropic anchoring of the LC molecules to the NP surface, such larger 

distance may well provide better access for the LC molecules of the host, but could also 

mean weaker anchoring. In any event, the robustness imparted by the siloxane network 

allows for extended sonication times that help ensure well-dispersed LC colloidal samples. 

Thermal characterization revealed that these silanized Au NPs induce a NP 

concentration-dependent LC phase stabilizing effect of up to 2.0 °C to the enantiotropic 

nematic phase and up to 3.5 °C to the monotropic smectic-A phase of the LC host, which 

one would only expect in this magnitude from anisometric, magnetic or ferroelectric NP 

inclusions. The exact nature of this stabilizing effect is somewhat unclear at the moment, 

but additional experiments with modified alkyl chain lengths of the alkyltrimethylsilane 

used to conjugate the MPS-coated Au NPs are pursued to shine more light onto this 

phenomenon. The mixture containing exactly 1wt% of the suspended NPs shows the 

largest thermal stabilization effect. The same mixture also shows the lowest values for the 
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threshold voltage and the highest values for the dielectric anisotropy, which indicates that 

thermal and electro-optic effects are to some extent connected. Finally, all NP doped 

nematic samples show faster optical switching (both rise and decay time) particularly at 

lower temperatures away from the isotropic-nematic phase transition on cooling. 

In conclusion, the chemically and thermally robust, silanized Au NPs presented here 

are ideal candidates for studies of NPs in LCs and applications of such composites in 

devices based on the manipulation of optical and electro-optic properties. With the option 

to translate this approach to other NP platforms, silanization appears as ‘the way to go’. 
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Figure B4.1 1H NMR spectrum of Au NPSil particles in CDCl3 (typical broad peaks). 

 

Table B4.1 XPS data of Au NPSil particles  

Peak Type Position FWHM 
Raw 

Area 
RSF Atomic Atomic Mass 

  BE (eV) (eV) 
(cps 

eV) 
 Mass Conc % Conc % 

         

C 1s Reg 285.017 1.26 51353.5 0.278 12.011 66.05 51.99 

O 1s Reg 532.417 1.172 46690.5 0.78 15.999 18.96 19.88 

Si 2p Reg 102.317 1.333 12791.4 0.328 28.086 14.94 27.5 

Au 4f Reg 84.717 1.576 790.7 6.25 196.967 0.05* 0.63* 

 (*possibly shielded by the dense aliphatic layer and siloxane ‘belt’) 
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Figure B4.2 DSC traces of the Au NPSil /LC1 mixtures
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Connecting Text for Chapter 5 

Chapter 4 described the synthesis of silanized Au NP featuring hydrophobic aliphatic 

chains and their nematic nanocomposites. The data obtained by optical and electro-optical 

characterization of these doped nematic composites showed improved stability and 

miscibility of the silanized NP dopants and encouraged us to prepare Au NP dopants with 

ligands similar or structurally similar to nematic LC molecules using silane conjugation 

chemistry. In Chapter 5, we present the synthesis of three types of LC silane-functionalized 

Au NPs and their impact on the optical and electro-optical properties of nematic LC hosts. 

The results obtained from each Au NP dopant are discussed with respect to the structure of 

the ligand as well as the size of NP and the surface coverage. Finally, a theoretical model 

for the interaction of LC molecules and the liquid crystalline ligands on the NP dopants is 

proposed. 

One of the Au NP studied in Chapter 5 showed the strongest effect on the electro-

optical parameters. In view of the importance of these observations and to better understand 

the mechanism of LC-NP interactions, the nematic dispersions of this NP and a previously 

reported CdSe were chosen for complimentary theoretical studies and numerical 

simulations, which we present in the second appendix of Chapter 5. 

 



 

 

Chapter 5 

Synthesis of Liquid Crystal Silane-

Functionalized Gold Nanoparticles and Their 

Effects on Optical and Electro-Optic Properties 

of a Structurally Related Nematic Liquid 

Crystal
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Abstract 

Chemically and thermally robust liquid crystal silane-functionalized gold nanoparticles 

(AuNP1-AuNP3) were synthesized via silane conjugation. Colloidal dispersions of these 

particles with mesogenic ligands structurally identical (AuNP1, AuNP2) or compatible 

(AuNP3) with molecules of the nematic liquid crystal host (N-LC) showed superior 

colloidal stability and dispersibility. The thermal, optical and electro-optic behavior of the 

N-LC composites at different concentrations of each gold nanoparticle was investigated. 

All dispersions showed lower values for the rotational viscosity and elastic constant, but 

only AuNP3 with a dissimilar structure between nanoparticle ligand and host displayed the 

most drastic thermal effects and overall strongest impact on the electro-optic properties of 

the host. The observed results were explained considering both the structure and the density 

of surface ligands of each gold nanoparticle. 

 

 

Graphical abstract 
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5.1 Introduction 

Considering advances in nanoscience and nanotechnology over the past decade, 

incorporation of functional nanoparticles (NPs) in liquid crystals (LCs) has emerged as a 

promising approach to create LC nanocomposites with synergistic properties of both 

components.1-7 Research on LC nanocomposites mainly focuses on LC-guided self-

assembly and alignment of NPs as well as on modulating the properties of different LC 

phases using small quantities of a nanoscale additive. The bulk of research on the latter is 

devoted to nematic LC (N-LCs), because of their use in display and other optical and 

electro-optical technologies8-10 such as optical antennas or optical shutters.11  

It has been shown that doping N-LCs with low concentrations of NPs is an efficient 

way to tune the optical and electro-optic properties.4, 12 For example, doping N-LCs with 

metallic NPs such as Au 13-17 or Ag NPs18 capped with alkyl thiolate groups or 

semiconducting NPs also known as quantum dots (QDs), namely CdSe18-21 and CdTe19 can 

alter the properties of the host in a unique fashion. It is frequently observed that textures 

observed by polarized optical microscopy of these nematic nanocomposites containing less 

than 5 wt% of NPs capped with aliphatic ligands show birefringent stripes of equal width 

surrounded by homeotropic domains due to homeotropic orientation of the nematic director 

imposed by the NPs residing at the substrate/N-LC after the N-LC expelled the initially 

well-suspended NPs.15, 17 Many electro-optic studies of such composites in ITO-coated 

cells with rubbed alignment layer confirmed altered (in part improved) electro-optical 

parameters including lower threshold voltage (Vth), larger dielectric anisotropy (∆ε), and 

faster response time.17-20  Colloidal LC dispersions are not limited to metallic NPs. 
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Different other types of NPs including magnetic,22, 23 ferroelectric,24, 25 semiconductor3 

have also been found effective additives to alter properties such as bulk ordering, phase 

transition temperatures, birefringence, dielectric anisotropy, and response to external fields 

in N-LCs.  Recently, substantially altered properties of ferroelectric LCs (FLCs) doped 

with metallic, semiconductor and metal oxide NPs were reported as well.26-32 These 

experimental findings suggest that NPs are also uniquely able to alter electro-optic, 

dielectric, even luminescent properties and memory effects in FLCs.26-34 

Despite all prospects and potential applications for the field, LC-NP composite 

research has been suffering from an apparent insufficiency of knowledge about the 

mechanism of interactions between LC molecules and NPs or their organic corona. In order 

to understand these mechanisms better, it seems urgent to primarily tackle two major 

obstacles facing LC nanocomposites. The first obstacle is the low miscibility or 

dispersibility of NPs in LCs that is exacerbated in the absence of compatible functional 

groups on surface of NPs. It is worth noting here that dispersibility of NPs in any liquid 

crystalline phase is expected to be lower than in the isotropic liquid by virtue of intrinsic 

limited miscibility in any partially ordered medium. The tendency of NPs to aggregate can 

also be viewed as the compensation of the system for distortions in the local order 

parameter in the presence of NPs smaller than 100 nm.35 The second obstacle is the weak 

stability of NPs in LC composites arising from the lack of robust capping agents or 

inadequate coverage on the surface of NPs.  

This limited stability can essentially increase the risk of NP aggregation causing 

irreversibly phase-separated (segregated) NP-LC system from the nano- to the macro-scale. 

Both of these obstacles have links to surface chemistry of the NP and therefore any attempt 
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to achieve well-dispersed and stable colloidal LCs should be addressed together. It is 

proven that when the surface of NPs is covered with organic ligands or surfactants featuring 

mesogenic or pro-mesogenic motifs close or comparable to those of host LC molecules, 

interactions of NPs with the LC matrix will be more specific.5, 36 A mixed ligand shell (i.e. 

longer functional and shorter aliphatic) or more space between functional ligands would 

essentially enable insertion of organic ligands and host LC molecules (inter-digitation) in 

order to minimize the disturbance of the local director in the LC phase caused by presence 

of the NPs.37 For example, Au NPs functionalized with mixed monolayer of alkyl thiolates 

and pro-mesogenic cyanobiphenyl,38, 39 bent-core LC40 or mesogenic triphenylene-based 

ligands41 result in a larger impact on the LC properties because of the compatibility with 

the LC host molecules. It has been shown that Au NPs functionalized with LC or pro-

mesogenic moieties can form mesophases and show rather unique multi-level self-

assembly behavior.42-49 Apart from Au NPs, there are several reports on other types of 

liquid crystalline NPs featuring TiO2
50, Fe2O3

51, 52, CdSe53, ZnO54 and CdSe/ZnS37 cores 

decorated with (pro-)mesogenic groups. 

 However, dispersions of LC-decorated NPs are still limited to very low concentrations 

and the LC or self-assembly properties of such NPs may vanish due to a lack of long-term 

stability.5, 37 This is when LC dispersions are being challenged by the second obstacle; i.e. 

instability of NPs. Au NPs are the most frequently used particles in colloidal LCs. Apart 

from our interest in the unique size-dependent characteristics; Au NPs are relatively easy 

to make following the Brust-Schiffrin method.55, 56 Moreover, Au-thiol ligand interactions 

are probably the best understood, and it is feasible to partially or completely remove 
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thiols57, 58 or other stabilizers such as phosphines59, 60 and amines61-63 in situ or via place 

exchange reactions for further functionalization. 

 Nevertheless, it has been shown that the bonds between Au-atoms on the surface of 

NPs and the S-atoms of thiols experience dynamic binding and unbinding processes.64, 65 

This phenomenon increases the risk of NP aggregation as a result of the chemical 

vulnerability of thiolate-capped Au NPs towards oxidation66,  chemicals such as halides67 

or alkaline metal ions,68 and elevated temperatures. The latter has been shown by 

thermogravimetric analysis (TGA) and temperature-dependent X-ray photoelectron 

spectroscopy (XPS). In fact, alkyl thiolate capping agents start to or completely desorb 

from the Au NP surface at temperatures between 90 °C and 160 °C depending on the length 

of the thiol alkyl chain.69, 70 It should be noted that the thermal stability of Au NPs plays 

an important role in the overall stability of colloidal LCs, particularly when LC phases 

persist at higher temperatures and sample preparation requires annealing and slow cooling 

from the isotropic liquid phase.  Another consequence of thiol migration on Au NP surfaces 

can be seen in sintering of particles. Sintering or coarsening is often observed for smaller 

Au NPs that tend to grow and form larger particles, an effect occurring rapidly at elevated 

temperatures (250 °C); but noticeably already at room temperature.70, 71 Silica coating or 

silanization was found to be a prominent way to increase the stability of NPs and potentially 

avoid all of the aforementioned consequences.72, 73 In a prior study, we utilized a versatile 

silane conjugation approach to synthesize hydrophobic Au NPs based on a method reported 

by Jana and co-workers.74  The as-synthesized, silanized Au NPs bearing aliphatic C18H37 

chains allowed for the preparation of homogenous N-LC dispersions even with high 

concentrations of NPs up to 5 wt% along with exceptional thermal and chemical stability.16  
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The motivation for the current study was to evaluate the effect of functionalizing such 

silane shell, that has proven to give stable nematic nanocomposites with (pro-)mesogenic 

ligands. Herein, we report the synthesis and mesogenic functionalization of a series of Au 

NPs (AuNP1 − AuNP3) via silane conjugation, and experimental results of optical/electro-

optical measurements in dispersions with the nematic Felix-2900-03 (LC1, Figure 5.1). 

As discussed earlier, by addressing both obstacles, these nematic dispersions give us a 

reliable platform to evaluate influences of NPs on N-LCs and shed more light on the 

complex mechanism of interactions of NPs with host LC molecules. 

5.2 Experimental 

Materials and methods  

Hydrogen tetrachloroaurate(III) trihydrate was purchased from Alfa Aesar. 

Didodecyldimethylammonium bromide (DDAB), and tetrabutylammonium borohydride 

(TBAB), (3-mercaptopropyl)trimethoxysilane (MPS), 8-bromo-1-octene, 11-bromo-1-

undecene, and platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldi-siloxane complex solution 

(Karstedt’s catalyst) were purchased from Sigma-Aldrich. Pure LC1 (Felix 2900-03), 2-

(4’-hydroxyphenyl)-5-n-heptylpyrimidine and 4-(6-acryloyloxy-hex-1-yl-oxy)phenyl, and 

4-(hexyloxy)benzoate were purchased from Synthon Chemicals GmbH. All chemicals 

were used without further purification. All solvents used for the synthesis and purification 

were Aldrich purification grade purified via a PureSolv solvent purification system 

(Innovative Technology Inc.). Millipore water (18 MΩ) was used to rinse glassware and 

vials used for sample preparation. In addition, all glassware and vials used for synthesis, 
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sample handling, and mixing NPs with the LC host were cleaned with aqua regia and 

thoroughly rinsed with DI water. 1H NMR spectra were recorded on a Bruker Avance 300 

MHz spectrometer using deuterated chloroform (CDCl3). Tetramethylsilane (TMS) was 

used as an internal standard. UV-vis-NIR absorption spectra were obtained by a Varian 

Cary 5000 UV-vis-NIR spectrophotometer using a quartz cell (1 cm path). HR-TEM 

images were recorded on a Jeol ultra-high resolution FEG-T/STEM operating at an 

accelerating voltage of 200 kV. The samples were prepared by drop casting a 5 μL 

dispersion of the Au NP toluene solution on carbon-coated copper grids (400 mesh) and 

dried for one hour under ambient conditions. XPS analysis of the Au NP samples was 

performed using a Kratos AXIS ULTRA spectrometer with a 300 W monochromated Al 

Kα source and a delay line detector. The survey and high-resolution scans were recorded 

with pass energies of 160 and 40 eV, respectively. All spectra were collected at 90° take-

off angle and referenced to the C 1s peak set at 285 eV. The background pressure in the 

analyzer chamber was ~10−9 Torr.  For quantitative analysis, sensitivity factors supplied 

by the instrument manufacturer were used. Melting points, phase transition temperatures, 

and the corresponding enthalpy values of all final LC-AuNP mixtures were determined by 

means of a Perkin-Elmer Pyris Diamond differential scanning calorimeter (DSC), obtained 

based on two cycles of heating and cooling at a rate of 10 °C min-1. Thermogravimetric 

analysis experiments were carried out with a Linseis L81 thermobalance. The Au NP 

samples (~ 10 mg) were heated from 25 to 1000 °C in argon flows and then cooled to room 

temperature in static air at a rate of 20 °C min-1. Experiments were conducted in alumina 

crucibles with an empty crucible as the reference. The buoyancy correction was carried out 

with an empty crucible in the sample position for all the samples.  
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Synthesis of silanes 3a-b  

For the synthesis of the phenylpyrimidine derivatives 3a-b commercially available 2-(4’-

hydroxyphenyl)-5-n-heptylpyrimidine was alkylated with appropriate commercially 

available bromoalkenes to yield LC compounds 2a-b containing a hydrocarbon chain with 

terminal vinyl group at one side. The terminal alkenes of 2a-b were converted to a 

trimethoxysilane end group by a hydrosilylation reaction. The experimental details are 

given in the supplementary information (Appendix C). While compounds 3a-b are not 

showing liquid crystalline behavior, POM confirms the formation of enantiotropic SmA 

and N phases and monotropic SmC phases for LCs 2a-b with the phase transition 

temperatures matching with those previously reported75 (for further experimental details 

see supplementary information in Appendix C). 

Synthesis of LC silane 5  

The terminal alkene-substituted nematic LC 4 is commercially available from Synthon 

Chemicals GmbH. Compound 4 shows a N-phase with the following phase transition 

temperatures: Cr 54 N 67 Iso. Similar to a method described elsewhere,76 the terminal 

alkene of 4 was converted to silane in 5 by hydrosilylation reaction.  

Synthesis of LC-decorated Au NPs  

The synthesis of silanized NPs in one step starts from hydrogen tetrachloroaurate trihydrate 

as gold precursor, MPS and trialkoxysilane as capping ligands, and DDAB and TBAB as 

phase transfer catalyst and reducing agent, respectively. The general method for making 

all three AuNP1-AuNP3 includes: A 10 mL solution of HAuCL4 in toluene (0.01M) was 

prepared in the presence of an equimolar amount of DDAB using 5 min sonication. Next, 

1 mL of a toluene solution of 3-mercaptopropyltrimethoxysilane MPS (0.1M) was added 
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under stirring followed by addition of 1 mL toluene solution of TBAB and DDAB (27 mg 

of TBAB and 25 mg of DDAB). The reaction solution turned immediately black and 

changed slowly to pink indicating formation of Au NPs coated with MPS. After 30 minutes 

without isolating the initial NPs, a 1.5 mL toluene solution of the second silane bearing a 

trimethoxysilane group (0.2M) (compounds 3a, 3b, or 5) was added to the reaction mixture 

followed by 200 μL of an aqueous solution of NaOH (1.0M) for the silane conjugation 

step. This step comprises hydrolysis of alkoxysilanes to silanol groups under basic 

conditions followed by co-condensation of the two silanol groups. After stirring for 7 h 

solvent was evaporated, and the collected particles were washed several times with 

chloroform and isopropanol. The process of precipitation and re-dispersion was repeated 

several times until the last supernatant was free from any residual non-bound 

silane/siloxane as confirmed by 1H NMR.  The as-synthesized Au NPs (AuNP1-AuNP3) 

were dispersed in toluene and filtered through a 0.45 µm syringe filter (PTFE, Whatman) 

and then characterized by UV-vis, TEM, XPS and NMR spectroscopy. 

Au NPs dispersion in nematic LC  

The mixtures of the Au NPs in LC1 were prepared by weighing accurate amounts of each 

Au NP and LC using a micro-balance and dissolving it in a known amount of dry toluene. 

Colloidal solutions of Au NPs were sonicated for about 15 minutes (water-bath sonication; 

f=37 KHz power). Then toluene solutions of each of AuNP1, AuNP2 and AuNP3 were 

combined in a V-vial® with the LC solution to produce the exact concentration of the Au 

NPs in LC1 for each Au NP (0.5, 1, 2.5 & 5 wt% mixtures) and final solutions were 

sonicated for another 1 h. The solvent was then allowed to evaporate under a steady stream 

of dry N2 at ~ 70 °C for about 48 h followed by sonication. 
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Optical and electro-optical characterization methods  

Polarized optical microscopy (POM) images were taken using an Olympus BX51-P 

polarized optical microscope in conjunction with a Linkam LS350 heating/cooling stage 

with the samples sandwiched between untreated microscope glass slides. Electro-optic 

(EO) analysis was performed using an LCAS1 automated liquid crystal analyzer (LC 

Vision). EO data were obtained using the single-cell method built into the LCAS 1 software 

as originally described by Wu et al.77  The LC test cells used were planar 4.0 µm cells with 

antiparallel polyimide alignment layers and 1° to 3° pre-tilt (LC Vision). Loading of the 

cells with LC-NP mixtures was performed by capillary force with the LC in the isotropic 

liquid phase (74-78 °C). For all POM imaging and EO measurements, the LC mixtures 

were heated above the Iso/N phase transition temperature (TIso-N) and cooled at a rate of 1 

°C min-1 until the desired temperature below TIso-N was reached. The average of all values 

and standard deviations of each electro-optic parameter were calculated from at least five 

or up to ten measurements at any given temperature for the each mixture (also using 

different cells).  

In addition, simultaneous measurements were performed by light transmittance in a 

polarizing microscope to obtain threshold voltages, dielectric anisotropy, and switching 

times. The test cells were positioned under an angle of 45° between crossed polarizers 

within a Linkam LTS350 heating stage with TMS94 controller for temperature control. All 

samples were at first heated to 76 °C at a heating rate of 8 °C min-1, followed by cooling 

procedure at 1 °C min-1 until the first measuring temperature of 48 °C or 58 °C, 

respectively, is reached. All measurements were performed on an Ortholux II Pol-BK 

microscope (Leica) using a halogen lamp (Xenophot, Osram) with DC stabilized power 
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supply. For monochromatic light, an interference filter with a transmission maximum at 

542 nm (FWHM 10.8 nm) was used. Simultaneously, the cell capacitance was measured 

on an HP 4284A LCR bridge, varying the sine test signal level from 0.05 Vrms to 19.95 

Vrms at a test signal frequency of 1 kHz. The blind capacitance (cable parasitic capacitance) 

of the setup due to wires, contacts etc. was determined to be 4.125 pF. The electro-optical 

analysis was done both on cooling and heating. Measurement on heating allows the 

determination of threshold voltages even at higher temperatures, as the temperature regime 

with a coexistence of nematic and isotropic phase was smaller on heating than on cooling. 

The results are not affected by the different sign of the temperature gradient. We showed 

that for a dispersion containing 0.5 wt% of AuNP3 in LC1, the dielectric properties or the 

threshold voltage are similar on heating and cooling (see supplementary information, 

Appendix C Figure C5.11). The switching times were recorded on a PicoScope3206A at a 

sampling rate of 100k samples/second. The driving frequency was 10 kHz, and the intensity 

signal was filtered by a 10 kHz low-pass filter to eliminate intensity fluctuations due to the 

driving frequency. 

5.3 Results and Discussions 

Nanoparticle Characterization 

Characterization of the as-synthesized Au NPs using silane conjugation method started 

with collecting UV-visible spectra and high-resolution transmission electron microscopy 

(HR-TEM) images to obtain information about their optical behavior and physical 

dimension (average diameter and size uniformity). As shown in Figure 5.2, the visible 
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absorption spectrum in toluene for each Au NP showed the presence of the surface plasmon 

resonance (SPR) band at 530, 540 and 538 nm AuNP1, AuNP2, and AuNP3, respectively. 

 

Figure 5.1 Schematic synthesis and idealized structure of the Au NPs (AuNP1 - AuNP3) 

featuring either phenylpyrimidine or phenylbenzoate (pro-)mesogenic ligands. The most 

likely deviations from this idealized 2D schematic structure of the NP corona are shown in 

the SI. Abbreviations: MPS = (3-mercaptopropyl)-trimethoxysilane, DDAB = 

didodecyldimethylammonium bromide, and TBAB = tetrabutylammonium borohydride. 
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Figure 5.2 UV-vis spectra, HR-TEM image (scale bars: 20 nm) and size distribution 

histograms for AuNP1 (a, d, g), AuNP2 (b, e, h), and AuNP3 (c, f, i). Inset in each 

absorption spectrum shows the colloidal solution of AuNP1−3 in toluene. 

 

The shift in the SPR band maximum in AuNP2 and AuNP3 compared to AuNP1 is 

primarily due to larger particle size, and the size distribution analyses from TEM images 

confirm this (Figure 5.2d-f). AuNP1 with the average NP size of 4.09 ± 0.7 nm is smaller 

than batches of AuNP2 and AuNP3 with average sizes of 6.9 ± 1.7 nm and 7.07 ± 1.6 nm, 

respectively. Since the synthetic conditions for all three types of Au NP were kept identical, 
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except of course for the trialkoxysilane LC ligand, this difference in average size can only 

be due to the different structure or chemical reactivity of this second trialkoxysilane LC 

ligand in the hydrolysis and condensation steps in the preparation of each of these Au NPs.  

The size histograms in Figure 5.2g-i are depicting the size distribution of AuNP1−3. 1H 

NMR spectra of each of the NPs confirmed the presence of silane-conjugated ligands and 

that all impurities and non-reacted ligands were removed.  XPS data confirm the formation 

of the silane shell around the Au NPs (for NMR and XPS data see supplementary 

information). In XPS, AuNP2 and AuNP3 are not showing any peak for Au 4f, which may 

be due to the presence of the longer silane-capping agents considering an instrumentally 

limited penetration depth.  

To test the thermal stability of these NPs, batches of each type were kept at elevated 

temperatures (190 °C) under prolonged sonication. The silanized NPs after these conditions 

showed good re-dispersibility in non-polar solvents with identical UV-visible absorption 

spectra and TEM images indicating their exceptional stability. To prove and compare their 

superior thermal stability, we also synthesized dodecanethiol-capped Au NP, heated the 

dry NPs to 190 °C as well, and kept the sample at this temperature for 30 minutes following 

a procedure reported elsewhere.78 The TEM of these particles before and after thermal 

treatment (Figure 5.3a-b) confirmed that the particle size increases from an average of 2.3 

nm to about 7.2 nm, which is consistent with data reported earlier.78 Interestingly, but not 

surprisingly, when we performed a similar thermal treatment for AuNP1 (representative 

for all three silane conjugation-capped Au NPs described here), the average size showed 

only a negligible increase, bringing the average to 4.4 ± 0.9 nm (see Figure 5.3c-d).  
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Figure 5.3 HR-TEM of dodecanethiol-capped Au NPs before (a) and after (b) thermal 

treatment at 190 °C (Note the increase in size of the thiol-capped Au NPs). In comparison, 

TEM of AuNP1 before (c) and after (d) similar thermal treatment – no increase in size 

(scale bars: 10 nm for (a) and 20 nm for (b-d)). 

 

To ascertain the NP surface coverage with organic LC ligands, we performed TGA 

experiments and implemented the results and average NPs size obtained from TEM in a 

series of calculations according to a spherical particle model developed by Imahori et al.79   

Table 5.1 summarizes the result of geometric calculations for each type of Au NP including 

volume and number of Au atoms in each particle. We also calculated the volume of organic 

corona and total volume for each particle by assuming the orthogonal orientation of the 

ligand molecules and using their molecular lengths obtained by MOPAC simulations. 

These calculations together with TGA data helped us estimate the density (coverage) of the 

organic corona for each AuNP1−3 (Table 5.1). The obtained results, although 

approximate, can sufficiently provide a scale for comparing the amount and density of 



5.3 Results and Discussions 246 

 

 

organic ligands in each type of NP. As presented in Table 5.1, AuNP2 has the densest 

organic corona, about three-times higher than AuNP1 and AuNP3, which have almost 

equal density. However, for AuNP1 and AuNP3 if we take the number of ligands per 

nanoparticle into account, we will notice 2602 ligands for AuNP3, which is three and a 

half-higher than for AuNP1. It should be mentioned that as there is a network formed by 

two silanes in the organic corona; the number of ligands represents an approximate total 

number of both silane types (fully conjugated with the LC silane and just MPS) and does 

not necessarily mean ligands attached to the surface gold atoms. Using the aforementioned 

result, we also estimated the number of particles per unit volume of LC1 for the three NP 

tested (Table 5.1). A representative sample calculation for AuNP1 is given in the 

supplementary information (Appendix C). 

 

Table 5.1 Determination of the density of ligands covering the surface of the Au NPs, 

and number of particles per unit volume in LC1.[a] 

AuNP 

Average 

NP size 

(nm) 

Length 

of 

ligand 

(nm) 

Number 

of Au 

atoms per 

NP 

Number 

of Surface 

Au atoms 

Total 

Volume 

of each 

NP (nm3) 

Volume 

of organic 

corona 

(nm3) 

Number 

of ligands 

per NP  

Density of 

organic 

corona 

(g/cm3) 

Number of 

NPs per unit 

volume in 

LC1 (1/cm3) 

MW of Au 

NP 

(g/mol) 

1 4.09 2.39 2077 630 366.95 331.15 728 2.22[b] 7.13×1015 852306 

2 6.90 2.62 9973 1906 937.26 765.35 4538 6.40 1.23×1015 4910955 

3 7.07 3.18 10728 2005 1270.5 1085.6 2602 2.83[b] 1.53×1015 3986970 

[a] For details on these calculations, see SI. [b] The lower density for AuNP1 and AuNP3 are likely the result of incomplete conjugation with the LC 

silane in step 2 of the synthesis shown in Figure 1; i.e. the ligand shell is not as complete as indicated in the cartoon. 

 

Optical and Thermal Characterization 

After the detailed characterization of the Au NPs, composites with the N-LC Felix-2900-

03 (LC1) and AuNP1–AuNP3 were prepared on the basis of protocols for investigating 

NP-doped N-LCs established in our laboratory and described in the Experimental Section. 
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We chose LC1 as a structure for the ligand (initially for AuNP1 and AuNP2, and a 

structurally different ligand for AuNP3 to allow comparison) and the N-LC host because 

we used this N-LC for several studies in the past. This allowed us to compare current results 

with previous findings.14, 16, 19, 20, 80 In these earlier studies, we noticed that the minimum 

and maximum NP loading with noticeable and positive doping effects was primarily 

between 0.5 and 5 wt %. After the preparation of the NP-doped samples, the quality of the 

dispersions was initially examined visually by inspecting the quality of the dispersion of 

the silanized NPs in the nematic phase (N phase) of LC1 at temperatures close to the 

nematic-to-isotropic phase-transition temperature (TN-Iso). The absence of NP settling or 

color changes in the V vials as well as a continuous color intensity on the basis of the SPR 

and the concentration of the NPs in LC1 all suggested homogeneous and stable dispersions 

for all three types of Au NPs in LC1 at concentrations of 0.5, 1, 2.5, and 5 wt % (Figure 

5.4 shows LC1–AuNP2 mixtures; images for AuNP1 and AuNP3 are collected in Figure 

C5.7 and Figure C5.7 in the supplementary information presented in Appendix C). 

 

 

Figure 5.4 Figure 4. Mixtures of LC1 doped with AuNP2: a) in toluene and b) after solvent 

evaporation right below the Iso/N phase transition temperature (70 °C). 
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Polarized optical microscopy (POM) textures of thin films between plain, untreated 

glass slides offer first clues on the alignment and thermal properties of NP-doped LC1 and 

further guide electro-optical measurements. All doped LC1 samples studied showed 

temperature-dependent alignment; that is, starting with homogenous or planar orientation 

of the nematic molecules and slowly transforming into homeotropic alignment with the 

appearance of birefringent stripe textures. This texture was frequently observed by our 

group in the past for nematic mixture doped with comparable NPs.13-16 NPs residing at 

LC/glass interface impose homeotropic anchoring of the nematic director.15 The origin of 

the birefringent stripes, which are in fact  walls extending almost through the entire 

nematic film, for which the rodlike N-LC molecules follow the long axis of these stripes 

as described in our earlier work using fluorescence confocal polarizing microscopy 

(FCPM)81 was found to be network of particles gathered in isotropic domains surrounded 

by forming nematic droplets upon cooling from the isotropic to the N phase.82  

Again, NPs are normally more soluble in the isotropic LC than in the N phase. Figure 

5.5 depicts the POM images collected for AuNP1 at different concentration at 58 °C upon 

cooling, these images show that an increasing concentration of the Au NPs 

(demonstratively for AuNP1) leads increasingly to vertical alignment. Figure 5.6 and 

Table 5.2 are together presenting optical textures and the temperatures at which the 

average planar alignment in the LC1-AuNP1 nanocomposites start to transform into 

homeotropic at each concentration of AuNP1.  The temperatures obtained for this 

alignment switching suggest a concentration-dependent effect, that is, dispersions with 

higher concentration of NPs tend to change alignment at higher temperatures. However, 
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we did not see any noticeable aggregation by increasing the NP load, as supported by 

microscopy images with uncrossed polarizers. 

 

Figure 5.5 POM micrographs (crossed polarizers) of LC1 doped with AuNP2 at 58 °C: a) 

0.5, b) 1, c) 2.5 and d) 5 wt% on cooling at a rate of 1 °C min-1. 

 

For mixtures of nematic LC1 and AuNP2, POM micrographs of composites between 

untreated glass slides also confirmed the presence of homeotropic alignment of the N-LC 

molecules. For 0.5 and 1 wt%, the optical textures were initially randomly planar and then 

they transformed into a homeotropic orientation upon slow cooling, whereas at higher 

concentrations of 2.5 and 5 wt% of AuNP2 in LC1, homeotropic alignment was observed 

upon cooling from the isotropic phase to the N phase and remained so until cooled to the 

smectic A phase (Figure 5.7). The temperatures at which the initial planar alignment for 

0.5 and 1 wt% AuNP2 doped samples turned to homeotropic were 63.5 and 65 °C, 

respectively. These temperatures are similar to those observed for the 2.5 and 5 wt% 
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AuNP1 dispersions, which indicates that size, ligand density, or both play a role in this 

change in LC orientation upon cooling. 

 

Figure 5.6 POM photomicrographs (crossed polarizers) of the temperature-dependent 

alignment of nematic phase of LC1 doped with AuNP1 (Every row showing similar area 

on cooling at a rate of 1 °C min-1) 

Table 5.2 Temperature of alignment change from planar to homeotropic with some 

birefringent stripes for LC1 doped with AuNP1 (sandwiched thin film samples between 

plain, non-treated microscopy glass slides). 

AuNP1 concentration wt% Planar to homeotropic switch (°C) 

0.5 52 

1 59 

2.5 61-60 

5 62-61 
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Figure 5.7 POM micrographs (crossed polarizers) of LC1 doped with AuNP2 at 58 °C: a) 

0.5, b) 1, c) 2.5 and d) 5 wt% on cooling at a rate of 1 °C min-1. 

 

For LC1 doped with AuNP3, as depicted in Figure 5.8, with a structurally different 

ligand on the surface of the NP, similar optical patterns were observed. In terms of 

changing the alignment mode from planar to homeotropic, these changes also occurred at 

temperatures similar to those for the AuNP1 dispersions (52, 58, and 60 °C for 0.5, 1, and 

2.5 wt %, respectively), which is not surprising given the similar density of the ligand 

corona, as shown in Table 5.1. The mixture of 5 wt % AuNP3, however, showed 

birefringent stripes and homeotropic domains right at the transition from the isotropic 

phase to the N phase. This mixture also showed a relatively wide range over which the 

isotropic and nematic phases coexisted upon cooling. This is to be explained in the studies 

of phase transitions by POM and differential scanning calorimetry (DSC). 
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Figure 5.8 POM micrographs (crossed polarizers) of LC1 doped with AuNP3 at 58 °C: a) 

0.5, b) 1, c) 2.5 and d) 5 wt% on cooling at a rate of 1 °C min-1. 

 

Analysis of the phase-transition temperatures observed by microscopy and DSC 

measurements revealed no increase in the phase-transition temperatures due to NP doping 

for AuNP1, AuNP2, and AuNP3. Higher concentrations of AuNP2 and AuNP3 even led 

to a slight decrease in the phase-transition temperatures and caused a rather broad 

temperature range over which the nematic and isotropic phases coexisted. This effect was 

very pronounced for 2.5 and 5 wt % AuNP3, which is in agreement with the phase-

transition temperatures obtained by DSC. Figure 5.9 shows the phase-transition 

temperatures for LC1 and doped LC1 samples at different concentrations of AuNP1–

AuNP3 obtained by DSC and POM upon heating. Notably, similar trends in the isotropic-

to-nematic phase transitions were found during the cooling cycle with 5 wt % AuNP2 and 

with all of the AuNP3 samples, particularly 2.5 and 5 wt % AuNP3, which showed the 
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lowest isotropic-to-nematic transition temperatures, yet an almost identical N phase range 

to that of pure LC1 (Figure 5.10). 

 

Figure 5.9 Phase-transition temperatures of pure LC1 and dispersions containing various 

concentrations of NPs obtained by DSC upon heating at a rate of 10 °C min−1: a) AuNP1, 

c) AuNP2, and e) AuNP3. Phase-transition temperatures and biphasic ranges of pure LC1 

and dispersions containing various concentrations of NPs obtained by POM upon heating 

at a rate of 2 °C min−1: b) AuNP1, d) AuNP2, and f) AuNP3. 

 



5.3 Results and Discussions 254 

 

 

 

Figure 5.10 Phase-transition temperatures of pure LC1 and dispersions containing various 

concentrations of nanoparticles obtained by DSC upon cooling at a rate of 10 °C min−1: a) 

AuNP1, c) AuNP2, and e) AuNP3. Phase-transition temperatures and biphasic ranges of 

pure LC1 and dispersions containing various concentrations of NPs obtained by POM upon 

cooling at a rate of 2 °C min−1: b) AuNP1, d) AuNP2, and f) AuNP3. 

 

The next step was to investigate the alignment and possible formation of defects for 

the NP-doped LC1 in commercially available ITO-coated, antiparallel rubbed polyimide 

electro-optic (EO) cells favoring a planar alignment of the N-LCs. Figure 5.11 shows 
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photomicrographs (crossed polarizers) at temperatures between 65 and 67 °C for AuNP1–

AuNP3 at different concentrations. The mixtures doped with AuNP1 at all concentrations 

tested and with AuNP2 at concentrations of 0.5 and 1 wt % showed fairly homogeneous 

planar textures expected from a rubbed polyimide cell inducing planar alignment (Figure 

5.11a-b). The black area appearing for the LC1 dispersion containing 2.5 wt % AuNP1 is 

an inclusion of air, as tilting the sample between crossed polarizers as well as cooling to 

room temperature did not show any signs of birefringence, so that homeotropic alignment 

can be excluded. The optical textures of thin films of LC1 doped with AuNP2 and AuNP3 

in the EO cell at some concentrations appear to be different. As depicted in Figure 5.11b-

c, LC1 samples doped with 2.5 and 5 wt % AuNP2 and with 1 wt % AuNP3 and 

concentrations above started to induce inhomogeneities and optically isotropic domains in 

the N phase. This is not very surprising, as the phase-transition temperatures indicated a 

destabilized nematic phase and wider ranges of phase coexistence. These inhomogeneities 

were also observed in other LC1 samples doped with another type of Au NP and were 

confirmed to be regions in which the nematic and isotropic phases coexist.16 Although 

these domains become smaller upon decreasing the temperature, they do not disappear 

completely, and therefore, they always influence the dielectric characterization of these test 

cells. It was also found that these defects become smaller upon heating, after the samples 

are heated to the isotropic phase and subsequently cooled at 1 °C min−1 to 48 °C. Hence, 

all subsequent electro-optic measurements were performed both upon cooling and heating. 
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Figure 5.11 Top) Macroscopic images of the test cells containing a) AuNP1, b) AuNP2, 

and c) AuNP3 in LC1 between crossed polarizers at a temperature of 65–67 °C. Bottom, 

100× magnification) POM images of the same test cells at a temperature of 65 °C after 

cooling from the isotropic phase. The white bar represents 200 μm, the gray bar represents 

the easy direction of the cells, and the crossed arrows represent the position of the polarizer 

and analyzer, respectively. 

 

Electro-optic Characterization 

Doping LC1 with AuNP1 slightly increased the Fréedericksz transition threshold voltage 

(Vth) of the doped samples relative to that of pure LC1, as shown in Figure 5.12a. For LC1 
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samples doped with AuNP1, the measured values of Δε as well as those of γ/Δε and γ/Keff, 

in which γ is the rotational viscosity and Keff is the effective elastic constant, were also 

plotted versus temperature and are shown in Figure 5.12b-d. The dielectric anisotropy (Δε) 

was only slightly affected for lower particle concentrations. As shown in Figure 5.11a, the 

test cell containing 2.5 wt % NPs is not completely filled with dispersion as a result of the 

inclusion of air, which explains the significantly smaller dielectric anisotropy for this 

particular sample (Figure 5.12b). The slightly larger dielectric anisotropy for the 

dispersion containing 5 wt % AuNP1 is caused by a larger value of the parallel dielectric 

permittivity (ε∥) relative to that of the pure host, as indicated by dielectric permittivity 

measurements (for plots of the calculated permittivity values, see Figure C5.8 in the 

Appendix C). One possible explanation, among others (because the capacitance data would 

be strongly influenced by NPs residing at the interface), could be a higher order parameter 

(S) in the 5 wt % dispersion of AuNP1 in LC1, which is also evident from the phase-

transition temperatures (Figure 5.9a-b). 
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Figure 5.12 Plots of electro-optic data a) Vth, b) Δε, c) γ/Δε, and d) γ/Keff versus 

temperature for dispersions of AuNP1 in LC1 at different particle concentrations. 

AuNP2 in LC1 slightly increases the value of Vth at low doping concentrations, 

whereas it decreases the value of Vth at high doping concentrations; the latter occurs due to 

their influence on the initial tilt angle. Figure 5.13a shows the plots of Vth versus 

temperature for all AuNP2 dispersions. Plots of Δε, γ/Δε, and γ/Keff versus temperature are 

shown in Figure 5.13b-d. Studying the values of the dielectric anisotropy versus 

temperature (Figure 5.13b) plot revealed the presence of a trend similar to that for Vth, that 

is, low concentrations of NPs lead to a slight increase in the value of Δε, and high 

concentrations of NPs decrease the value of Δε. Interestingly, both the perpendicular 

dielectric permittivity (ε⊥) and the parallel dielectric permittivity (ε∥) are enhanced for 

samples containing 0.5 and 1.0 wt % NPs. This cannot be explained by an increased order 
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parameter (S), as an increase in S should reduce ε⊥ relative to the value of ε⊥ for the pure 

host LC1. 

 

Figure 5.13 Plots of electro-optic data a) Vth, b) Δε, c) γ/Δε, and d) γ/Keff versus 

temperature for dispersions of AuNP2 in LC1 at different particle concentrations. 

The EO data for the AuNP3 in LC1 dispersions are plotted in Figure 5.14. As shown 

in the Vth versus temperature plot, all doped samples containing AuNP3 exhibited 

lower Vth values than the pure host LC1. This improvement is unusual, as we initially 

expected that this type of particle with surface ligands less similar to those of the LC1 host 

molecules should have a lower level of functionality and effect in LC1 dispersions. 

However, the Δε values obtained for all concentrations of AuNP3 in LC1 are mostly lower 

than those for pure LC1, which does not confirm improved parameters for electro-optic 

switching. Another interesting observation was made for the test cell containing 2.5 wt % 

AuNP3, which showed a clear switch from tilted alignment at lower temperatures to 
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homogeneous planar alignment at higher temperatures. This can be derived from the field-

dependent capacitance, as shown in Figure 5.15. At low temperatures, the light 

transmission changes continuously without exhibiting a threshold, but at a temperature of 

about 56 °C a threshold sets in. This implies the movement of the NPs from the surface to 

the bulk at higher temperatures, which causes a change in alignment from tilted to 

homogeneous planar. A similar effect can be observed for the field-dependent cell 

capacitance, for which an initial plateau and a threshold appear only above 56 °C. This 

process is reversible and presumably corresponds to a planar-to-homeotropic switch, which 

was observed in plain glass slides just by changing the temperature. However, except for a 

color change (white light illumination) or intensity change (monochromatic illumination) 

caused by the increased birefringence at lower temperatures, no other textural changes were 

observed by POM. With the easy direction of the polyimide alignment layers unchanged, 

we expect only minimal interface coverage with the NPs. Notably, the EO cell containing 

5.0 wt % AuNP3 in LC1 at temperatures above 60 °C did not respond to an external field 

for unknown reasons, and response to an external field simply stopped during the 

measurement cycle at a voltage less than 10 Vrms. Microscopic investigation did not show 

any typical signs of a shortened cell or any similar issues. 
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Figure 5.14 Plots of electro-optic data a) Vth, b) Δε, c) γ/Δε, and d) γ/Keff versus 

temperature for dispersions of AuNP3 in LC1 at different particle concentrations. 

 

 

Figure 5.15 Plots of capacitance versus applied voltage of the test cell containing 2.5 wt % 

AuNP3 at different temperatures. 

Further EO characterization was performed to calculate the rotational viscosity (γ1) and 

effective elastic constant (Keff) for all the LC1 dispersions with AuNP1–AuNP3 at 
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different temperatures. According to the rotational viscosity data plotted in Figure 5.16, 

doping seems to have led to a general decrease in the rotational viscosity. Especially for 

AuNP3, the decrease was found to be proportional to the doping concentration. As for the 

effective elastic constants, the calculated data was found to be lower for dispersions 

containing AuNP1 or AuNP3 (see the Keff plot for dispersions of AuNP1–AuNP3 in 

Figure C5.9; Appendix C). For AuNP2, slightly lower values of Keff were only found at 

temperatures above 62 °C. This might also be indicative of NPs residing at the interface at 

lower temperatures and migrating to the bulk at higher temperatures as described above, 

and this would lead to a change in the elastic properties of the material. 

 

 

Figure 5.16 Plots of the calculated rotational viscosity (γ1) for the three NP systems: a) 

AuNP1, b) AuNP2, and c) AuNP3 
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Calculation of the rotational viscosity and elastic constant as well as the interpretation 

of data relies on the correct analysis of the switching times. The switching experiments 

confirm, on the one hand, that the decay time τdecay is independent of the applied voltage 

and, on the other hand, that the Vth values obtained by dynamic measurements match very 

well with the Vth data obtained by capacitance or light-transmission measurements. 

However, the dynamic data do not fully correspond to the observed switching behavior. 

With the calculated values of Keff and Δε, it is possible to calculate a threshold voltage 

(Vth,calcd) by using Equation 5.1: 

 

 

𝑉𝑡ℎ,𝑐𝑎𝑙𝑐 = 𝜋 √
𝐾𝑒𝑓𝑓

𝜀0∆𝜀
 

(Eq. 5.1) 

 

   To verify the coherency of the measured data, Vth,calcd values were compared to the 

experimentally measured values, Vth,meas. We found that the calculated values were on 

average 1.8 times higher than the measured values (see plot of the Vth,calcd/Vth,meas ratio in 

the Appendix C, Figure C5.10). This discrepancy is independent of the type of NP or NP 

concentration and is, therefore, a measure of the accuracy of the electro-optical analysis. 

One basic drawback is that the determination of threshold, rotational viscosity, and elastic 

constant strongly depends on the boundary conditions. Hence, a director tilt as well as weak 

boundary conditions should be minimized for higher accuracy in dynamic measurements. 

This prerequisite, however, can hardly be achieved if the NPs reside at the interface and 

influence the polyimide alignment layer.  
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Interpretation of Interaction of NPs with Host LC 

Analyzing the alignment of all AuNP1 dispersions in polyimide-coated EO cells (Figure 

5.11a) revealed that doping LC1 with AuNP1 did not affect the alignment of the LC 

molecules and did not cause biphasic regions. Similarly, samples of LC1 doped with 

AuNP1 between plain glass slides at higher temperature did not cause homeotropic 

alignment of the nematic phase, except for 5 wt %. This is indicative of a good dispersion 

with minimum distortions in the local order parameter. The determined phase-transition 

temperatures upon cooling and heating confirm this. None of the doped samples showed 

considerably altered temperatures in comparison to pure LC1 (Figure 5.9a and Figure 

5.10a). Comparing the numbers obtained by DSC is even more convincing considering the 

bulk-phase transition temperatures. The only slight exception is the 5 wt % sample, and to 

some extent the 2.5 wt % sample, which even showed a minor stabilizing effect of the NP 

inclusions on the N phase. This observation can perhaps be explained by the ligand 

structure and density. Studying the parameters listed in Table 5.1 revealed that AuNP1 is 

the smallest NP (with maximum curvature) with the lowest density of the organic corona. 

These together will allow extended interaction between the surface ligands of AuNP1 and 

the host LC1 molecules, which will allow the nematic-to-isotropic phase transition to be 

stabilized a few degrees.83 However, AuNP1 dispersions in LC1, in general, are not 

effective in influencing the EO properties except at the highest concentrations. It is rather 

surprising to see that fairly well-dispersed colloidal LC samples are less effective in 

modulating the EO parameters than those noticeably impacting both alignment and local 

ordering. 
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Dispersions of AuNP2 and AuNP3 in LC1, however, affect the alignment of the N 

phase whether in plain glass or planar cells, and this causes numerous defects, especially 

at concentrations of 2.5 and 5 wt %. These defects are not found to be distortions in the 

director field, but rather optically isotropic domains that persist even upon cooling well 

below the biphasic behavior observed by POM and DSC. Moreover, these samples 

(AuNP2 and AuNP3 at 2.5 and 5 wt %) exhibited reductions in the phase-transition 

temperatures along with very broad biphasic temperature regions. For AuNP2, reduced 

interaction between the surface ligands and the LC1 host molecules are probably due to 

the larger size of the particles, which results in a lower surface curvature, that is, denser 

ligand coverage compared to AuNP1 (≈three times higher, as shown by the estimated 

values in Table 5.1). Otherwise, the surface ligands in AuNP2 are structurally very close 

to those of AuNP1 and the LC1 molecules. For AuNP3, the observed thermal effects could 

be attributed to the larger size, the slightly higher ligand coverage, and the structural 

mismatch between the ligand and host. Together, these observations imply that dispersions 

with more significant thermal and alignment effects appear to have the strongest impact on 

the electro-optic properties of the N-phase of LC1. High doping concentrations for both 

AuNP2 and AuNP3 at all concentrations decreased the value of Vth for LC1, but apparently 

for different reasons. Nevertheless, dispersions of AuNP3 in LC1 at low concentrations 

(0.5 and 1.0 wt %) show no alignment or texture defects, no agglomeration, only a minimal 

decrease in the isotropic-to-nematic phase-transition temperature, but the most significant 

decrease in the value of Vth. 

The dielectric anisotropy values of LC1 doped with AuNP2 and AuNP3 at low 

concentrations and lower temperatures were larger than those for pure LC1. In general, the 
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dielectric properties of several test cells indicate a change in the bulk of the NP-doped 

nematic LC with increasing temperature. Although at low temperatures, higher parallel 

dielectric permittivity (ε∥) than for the pure host was found, with increasing temperature 

this effect disappears and the ε∥ values become smaller. The temperature of this change 

roughly corresponds to the observed temperatures of changing from planar to homeotropic 

upon cooling between plain glass slides. A very clear example of this behavior is found for 

the sample containing 2.5 wt % AuNP3, which showed tilted alignment at low 

temperatures and planar alignment at higher temperatures. Therefore, these results might 

be evidence for the temperature-dependent movement of the particles from the surface to 

the bulk or vice versa. 

The calculated rotational viscosities (γ1) and elastic constants (Keff) appear, in general, 

to be lowered by NP doping (Figure 5.16). To explain the reduced viscosity and elastic 

constant as well as reduced threshold voltage, we propose a model. On the basis of this 

model and the assumption that there is sufficient interaction between the LC molecules and 

the ligands of the NPs, the anisometric host will impose a tactoidal deformation of the 

ligand shell.47 This anisometric shape presumably originates from ligand chains in the axial 

position of the NP that fold and coil, whereas ligands in the equatorial region fully extend 

or unfold (Figure 5.17). Upon applying external electric fields, small distortions in the 

surrounding director field could induce a flip in the equatorial and axial orientation, for 

which coils unfold and unfolded ligands fold up. In this manner, the reorientation of the 

host molecules is facilitated by the presence of the NPs even without a rotation of the NP 

core by anisometric interactions of the ligands and the host molecules. This model would 

best explain the reduced Vth values and the reduced γ1 values in dispersions with AuNP3 
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and high concentrations of AuNP2. It seems that for the latter particles, although the 

surface ligands are fairly compatible with the host molecules, for reasons such as larger NP 

size and higher density of organic ligands this compatibility is not sufficient to cause 

similar EO effects as AuNP3. 

 

 

Figure 5.17 Schematic drawings of the expected mechanism of facilitated switching due 

to NP doping. Left) The ligand shell is deformed to a tactoidal shape due to anisometric 

interactions with the LC host. Right) Upon applying an electric field, the LC molecules 

rotate, whereas the particle remains unrotated. The previously folded ligands unfold, and 

the previously unfolded ligands fold. 

 

Hence, the easier it is to achieve a distorted ligand shell, the more likely it will be to 

observe an altered EO response. We can interpret this as a dynamic feedback system, in 

which the effectiveness of a NP to alter the EO response depends on how it can be affected 

by the LC host. Notably, this model of anisotropic interactions comes along with an 

increase in the order parameter S, which could only be confirmed for lower temperatures 

considering the permittivity data. This is somewhat contradictory, as at lower 
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concentrations the NPs were found to affect the alignment and are therefore expected to be 

located at the interface. 

5.4 Conclusions 

Our studies suggest that LC-functionalized Au NPs prepared through silane conjugation 

have superior stability than other Au NPs functionalized by other methods, including ligand 

exchange. The as-synthesized particles in colloid form and in LC dispersions easily 

survived harsh conditions, such as high temperatures and prolonged sonication. In addition 

to enhanced chemical and thermal stability, the presence of LC-compatible surface ligands 

indeed allowed us to explore nematic dispersion with relatively high concentrations of NPs 

without any considerable aggregation. For example, LC1 doped with AuNP1 up to 5 wt% 

showed no signs of aggregation at the microscale or noticeable destabilization of the 

nematic phase. Preliminary experiments with the use of a laboratory-based small-angle X-

ray scattering instrument showed no formation of periodic NP arrays or chains, but might 

need brighter synchrotron sources, as described recently by Hirst and co-workers for 

dispersions of quantum dots in a N-LC host.84 Considering frequently reported colloidal 

LC mixtures with a NP loading limit of 0.5 to 1 wt%, our current results are promising. 

Thorough optical and electro-optic characterization of doped LC1 nematic mixtures, along 

with estimated values for ligand coverage for each Au NP obtained from theoretical 

calculations and TGA data, enabled us to study the effects of parameters such as size and 

concentration of the NPs, as well as the structure and density of the surface ligands. Each 

of these parameters, in part, can impact the quality of the NP dispersions in N-LCs, in 
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addition to the electro-optic properties of the N-LCs. It appears that although the presence 

of robust surface ligands with a structure similar to that of the host LC molecules is 

necessary to realize stable dispersions, optimization of the electro-optic properties of the 

N-LCs requires balancing of all aforementioned parameters involved in NP–LC 

interactions. Our proposed model also explains the plausible mechanism of interaction of 

the NPs with the LC molecules and also explains how the observed lower rotational 

viscosity and elastic constant values in the doped LC1 samples likely affect the overall and 

local order parameters.85 Finally, AuNP3 proved to have the strongest effect on the electro-

optic parameters, although at high concentrations there were some signs of nematic phase 

destabilization. In view of the importance of these results and to understand better the role 

and mechanism of NPs in a LC medium, complimentary experimental studies and 

theoretical simulations for dispersions of AuNP3 in LC1 were performed and the results 

are summarized in the supplementary information (Appendix D). 
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Synthesis of silanes 

5-heptyl-2-(4-(oct-7-en-1-yloxy)phenyl)pyrimidine (2a) 

Potassium carbonate (0.45 g, 3.3 mmol) was added to a solution of 2-(4’-hydroxyphenyl)-

5-n-heptylpyrimidine (1) (0.3 g, 1.1 mmol) and 8-bromo-1-octene (0.33 mL, 1.9 mmol) in 

methyl ethyl ketone (10 mL). The resulting mixture was stirred at 75 °C for 24 h. The 

reaction mixture was filtered; then solvent was removed by evaporation under reduced 

pressure. The product was purified using column chromatography with a hexane/ethyl 

acetate (5/1) mixture as eluent and finally was recrystallized from ethanol to yield pure 

product (0.23 g, 55%). 1H NMR (300 MHz, CDCl3)  (ppm): 0.9 (t, 3H, CH3), 1.2-1.6 (m, 

16H, -CH2-, overlapping peaks), 1.8 (q, 2H, -O-CH2-CH2-CH2-), 2.09 (q, 2H, -CH2-CH2-

CH=), 2.6 (t, 2H, -CH2-Ar), 4.04 (t, 2H, -O-CH2-CH2), 5 (d, 2H, -CH2=CH-), 5.8 (m, 1H, 

-CH2-CH=CH2), 6.9 (d, 2H, Ar-H), 8.3 (d, 2H, Ar-H), 8.6 (s, 2H, Ar-H). IR (KBr) νmax: 

2925, 2850, 1639, 1600, 1584, 1540, 1425, 1252, 915, 850, and 790 cm-1. 5-heptyl-2-(4-

(undec-10-en-1-yloxy)phenyl)pyrimidine (2b) has been prepared following the same 

method described above using 11-bromo-1-undecene. 
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Figure C5.1 Schematic synthesis of silanes 3a-b 

 

5-heptyl-2-(4-((8-(trimethoxysilyl)octyl)oxy)phenyl)pyrimidine (3a): 

A typical procedure followed to obtain silane 3a from compound 2a is described below 

(Figure C5.1). Compound 2a (0.13 g, 0.34 mmol) was dissolved in dry toluene (10 mL) 

and trimethoxysilane (0.45 mL, 3.4 mmol) added under nitrogen atmosphere and stirred 

for 30 min. To this solution, platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane 

complex (Karstedt’s catalyst) in xylene 40 µl was added and stirring continued for further 

48 hours maintaining the nitrogen atmosphere. The solvent and excess trimethoxysilane 

was removed under vacuum resulting in a light brown residue. Attempts to purify the silane 

from this residue using column chromatography (both silica and alumina) were 

unsuccessful; however, TLC and NMR of the final product showed purity of product with 

no sign of vinlyic or allylic hydrogens which could emerge in the presence of starting 
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material (2a) or isomerized starting material with double bond migrated from terminal 

position (vinyl → allyl). 1H NMR (300 MHz, CDCl3)  (ppm): 0.66 (t, 2H, -CH2-Si-

(OCH3)3), 0.88 (t, 3H, -CH3), 1.2-1.8 (m, 22H, -CH2-, overlapping peaks), 2.6 (t, 2H, -CH2-

Ar), 3.6 (s, 9H, -Si-(OCH3)3),  4.0 (t, 2H, -O-CH2-CH2), 6.9 (d, 2H, Ar-H), 8.3 (d, 2H, Ar-

H), 8.5 (s, 2H, Ar-H).  IR (KBr) νmax: 2925, , 2853, 1607, 1584, 1428, 1250, 1189, 1166, 

1078, 884, 796, 723, 653, 613 and 445 cm-1. The other ligand 5-heptyl-2-(4-((11-

(trimethoxysilyl)undecyl)oxy)phenyl)-pyrimidine (3b) was synthesized similarly using 

corresponding alkene-terminated LC (3a). 

 

4-((6-((3-(trimethoxysilyl)propanoyl)oxy)hexyl)oxy)phenyl-4-(hexyloxy)benzoate (5): 

The terminal alkene-substituted nematic LC 4 is commercially available from Synthon 

Chemicals GmbH. As described above, the terminal alkene of 4 was converted to 

compound 5 a trimethoxysilane derivative by similar hydrosilylation reaction. (Figure 

C5.2) 1H NMR (300 MHz, CDCl3) δ (ppm): 0.1 (m, 2H, -CH2-Si-(OCH3)3), 0.89 (t, 3H, -

CH3), 1.24–1.50 (m, 12H, -CH2-), 1.75–1.6 (m, 2H, -OCO-CH2-CH2 ),  1.84 (4H, m, -O-

CH2-CH2 ), 2.3 (t, 2H, -OOC-CH2), 3.6 (s, 9H, -Si-(OCH3)3), 4.10–3.95 (m, 4H, -O-CH2), 

4.16 (t, 2H, -OCO-CH2), 7.0–6.9 (m, 4H, Ar-H), 7.1 (d, 2H, Ar-H),  8.15 (d, 2H, Ar-H). 

IR (KBr) νmax: 3078, 2918, 2851, 1738, 1719, 1601, 1512, 1472, 1410, 1312, 1251, 1202, 

1163, 1122, 1053, 1021, 885, 838, 750, 691, 652, and 632 cm-1. 
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Figure C5.2 Schematic synthesis of silane 5 

 

XPS of AuNP1-AuNP3 

AuNP1: 

 

 

Peak Position FWHM Raw Area RSF Atomic Atomic Mass 

 BE (eV) (eV) (cps eV)  Mass Conc (%) Conc (%) 

        

C 1s 284.995 1.302 8334.8 0.278 12.011 76 64.59 

O 1s 532.295 1.358 5183.1 0.78 15.999 15.07 17.06 

Si 2p 102.495 1.521 1033.7 0.328 28.086 8.88 17.65 

Au 4f 84.495 1.203 108.8 6.25 196.967 0.05 0.7 
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AuNP2: 

 

 

Peak Position FWHM Raw Area RSF Atomic Atomic Mass 

 BE (eV) (eV) (cps eV)  Mass Conc (%) Conc (%) 

        

C 1s 284.954 1.165 9637.3 0.278 12.011 70.32 57.98 

O 1s 532.454 1.157 7872.9 0.78 15.999 18.31 20.11 

Si 2p 102.354 1.274 1652.6 0.328 28.086 11.37 21.91 

 

AuNP3: 

 

Peak Position FWHM Raw Area RSF Atomic Atomic Mass 

 BE (eV) (eV) (cps eV)  Mass Conc (%) Conc (%) 

        

C 1s 284.958 1.08 6757 0.278 12.011 56.58 41.57 

O 1s 532.558 1.058 8188.6 0.78 15.999 21.86 21.39 

Si 2p 102.458 1.23 2731.8 0.328 28.086 21.56 37.04 
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The percentage of Au atom is low in AuNP1 probably due to the formation of silanized 

coating the Au NP core and in AuNP2 and AuNP3 with larger diameter this effect limits 

detection of gold by XPS. 

 

TGA analysis of AuNP1-3 

An initial weight gain is observed for all three AuNP1-AuNP3 samples at almost the same 

temperature range (Figure C5.3). Although the exact reason is unknown, it is probably be 

due to an adsorption of substance present in the argon gas used for analysis, at higher 

temperatures. However, since the effect was almost identical for all three AuNP1-AuNP3, 

the weight loss was calculated based on the original weight. In order to investigate this 

observation, TGA experiment was repeated only for AuNP2 sample (representative for all) 

due to scarcity of the other two Au NP. This time oxygen gas was used for analysis and 

almost identical weight loss to the first run was observed for AuNP2 with the absence of 

the initial weight gain in the curve (Figure C5.3). 
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Figure C5.3 Plots of weight loss percentage vs. temperature obtained by TGA analysis 

(analysis gas: argon) a) AuNP1, b) AuNP2 c) AuNP3 and d) AuNP2 (second run; analysis 

gas: oxygen) 

 

Sample Calculation of nanoparticle weight and number of ligands for AuNP1 

Average size: 4.09 nm 

R = 2.045 nm 

Volume of each NP: 
4

3
 × 3.14 × (2.045)3 = 35.80 nm3   

Assuming the density of hexagonal-close-packed gold is 58.01 atom per 1 nm3 

Total number of gold atoms in each NP: 35.80 × 58.01 = 2077 atoms  

Radius of the core of NP: RNP-Rgold atom: 2.045 ˗ 0.145 = 1.9 nm  

Surface area of the core of NP: 4 × 3.14 × (1.9)2 = 45.34 nm2 

Number of gold atoms on the surface of NP assuming the number of gold atoms per unit 

area on the surface is 13.89 nm-2: 45.34 × 13.89 = 630 atoms  
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From TGA analysis the weight loss due to loss of organic ligands is 48%. So from 6.7 mg 

of sample analyzed 3.48 mg is the total weight of organic ligands and 3.22 mg is related 

to the gold atoms: 

3.22 mg gold: 
0.00322

196.97
 × 6.02 × 1023 = 9.84 × 1018 total number of gold atoms  

9.84 × 1018

2077
 = 4.73 × 1015 total number of NPs  

For finding the total weight of organic corona for each NP: 

 
0.00348

4.73 × 1015 = 7.36 × 10-19 (g) weight of organic corona for each NP 

Total molecular weight for surface ligands is approximately 607.9 (g/mol) so: 

7.36 × 10-19

607.9
 = 1.21 × 10-21 (mol) × 6.02 × 1023 = 728 

Volume (total) = 
4

3
 × 3.14 × (2.045 + 2.397)3 = 366.95 nm3 

Volume (organic corona) = Volume (total) ˗ V (core gold) = 366.95 -35.80 = 331.15 nm3 

 

Density values: 

Weight of core gold of each NP: 
0.00322

4.73 × 1015 = 6.80 × 10-19 g 

Density (d; of core gold) = 
m

v
 = 

6.80 × 10-19

3.58 × 10-20 = 18.99 g/cm3 

d (of organic corona) = 
7.36 × 10-19

3.31 × 10-19 = 2.22 g/cm3 

d (of core + corona) = 
1.41× 10-18

3.66 × 10-19 = 3.86 g/cm3 

  

Number of AuNP1 in 1% mixture 

For making 1 wt% dispersion of AuNP1 in LC1, 0.15 mg of AuNP1 in 14.85 mg LC1 

were used. 
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0.00015

1.41 × 10-18 = 1.06 × 1014 of nanoparticles 

Assuming LC1 has a density of 1 g/cm3: 

1.06 × 1014

0.01485
 = 7.13 × 1015 NPs per unit volume of LC1 (

1

cm3) 

 

Deviations from the idealized structure shown in Figure 5.1 

As indicated in the experimental part: “The process of precipitation and re-dispersion was 

repeated several times until the last supernatant was free from any residual non-bound 

silane/siloxane as confirmed by 1H NMR.” 

The resulting sticky nanoparticle samples always showed considerable amounts of solvent 

from the washing steps, which make integration really difficult and almost useless.  Key 

signatures (in the aromatic section) for the LC ligands are discernible, and in principle the 

sharp singlets indicating free Si-OCH3 groups at around 3.5 ppm are absent.  

In addition, the peaks of almost all hydrogen atoms are very broad and “smeared out” 

because all ligands are to some extent all linked via silane conjugation (Si-O-Si linkages 

in three dimensions).  This is in agreement with the much simpler spectra of other silane-

conjugated nanoparticles.  This also means that some linkages are not active, i.e. some 

simply hydrolyzed without condensation causing various deviations from the idealized 

structure shown in Figure 5.1.  Some of these structures are summarized in the Figure 

C5.4. 
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For the above reasons, both TGA and XPS measurements were performed. In addition, 

spectra of the silanes used for the conjugation step – silanes 1 to 3 were collected (silanes 

3a, 3b and 5 in the manuscript; for the synthesis of AuNP1 – AuNP3, respectively). 

 

 

Figure C5.4 Other possible and likely structures of Au NP deviated from perfect/idealized 

silane shell 
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Figure C5.5 1H NMR of AuNP1 (a), AuNP2 (b) and AuNP3 (c). Due to extensive 

washing of Au NPs with solvents in purification step, solvent peaks are visible. Enlarged 

intensity of the signals is necessary for Au NP samples due to weak signals as a result of 

scarcity of the samples for NMR.  
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Au NP-doped LC samples 

 

Figure C5.6 AuNP1-LC1 in V-vials (0.5, 1, 2.5 and 5 wt%) in toluene: a) before and d) 

after solvent evaporation at 73 °C using a hotplate and a steady stream of dry N2 (as in c). 

AuNP3-LC1 in V-vials at 0.5, 1, 2.5 and 5 wt% in toluene: b) before and e) after solvent 

evaporation at 73 °C. 

 

Figure C5.7 Sample preparation by placing a few drops of LC1 doped with 5 wt% of 

AuNP3 on a microscope slide at Iso-N temperature with no NP settling and turbidity. 



Appendix C: Supplementary Information for Chapter 5 291 

 

 

Electro-optical measurements 

Dielectric permittivity values 

 

 

Figure C5.8 Plots of the calculated permittivity values ⊥ and ∣∣ for the three nanoparticle 

systems AuNP1 (a), AuNP2 (b), and AuNP3 (c).  
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Effective elastic constant Keff 

 

Figure C5.9 Plots of the calculated effective elastic constant Keff for the three nanoparticle 

systems AuNP1 (a), AuNP2 (b) and AuNP3 (c). 
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Figure C5.10 Plot of the ratio Vth, calc. / Vth, meas. of all measured samples. The ratio is found 

to be ca. 1.8 instead of 1.0, indicating some lack of accuracy in the experiments. 

 

Figure C5.11 Comparison of electro-optic results obtained during heating (red lines) and 

cooling (blue lines) of a dispersion obtaining 0.5 wt% AuNP3. Left: Threshold voltage 

obtained by light transmission measurement. Right: Dielectric properties. 
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Abstract 

Doping nematic liquid crystals with small amounts of nanoparticles can significantly alter 

the electro-optic response of the nematic host. Some of these effects result from 

nanoparticles influencing on the liquid crystal / substrate interface, while other effects are 

caused by nanoparticles in the bulk. So far, little attention has been paid to the influence of 

surface interactions on the determination of bulk properties. In the present study, these 

effects are investigated experimentally and confirmed by numerical simulations. The 

splay-type Fréedericksz-transition of the nematic liquid crystal 5CB doped with CdSe 

quantum dots is investigated, as these dispersions are known from earlier studies to affect 

the initial alignment layers. In comparison, dispersions of chemically and thermally stable 

silanized gold nanoparticles in the apolar nematic host FELIX-2900-03 are analyzed, 

which are expected to be bulk active only. A data fitting routine is presented which allows 

a distinction between bulk and surface effects of nanoparticle doping. For the quantum 

dots, an increase of pretilt angle proportional to the doping concentration is found, as well 

as a slight decrease of the anchoring energy of molecules at the confining substrates. The 

silanized gold particles show no influence on the boundary conditions up to doping 

concentrations of 2.5 wt%. For higher concentrations an increase of pretilt angle is 

reported. 
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Introduction 

A relatively young research field of increasing interest is doping of liquid crystals with 

nanoparticles. It is known that ferroelectric nanoparticles can enhance the dielectric 

anisotropy1 and the orientational order2 of nematic liquid crystals. Dispersions of ultra-

small magnetic needles3 or platelets4 result in ferromagnetics, which can be reoriented by 

weak magnetic fields and allow threshold-less optical switching in electric fields.5 Carbon 

nanotubes are found to be compatible with nematic hosts due to their anisometric shape.6 

All these examples utilize nanoparticles with additional special physical properties, such 

as ferroelectricity, magnetism or anisotropic shape. Since the pioneering work of Qi et al.7 

it is known that doping nematic liquid crystals with spherical nanoparticles made of gold 

or semiconductors can also significantly change the electro-optical properties of the host. 

These dispersions are particularly interesting as they allow investigating pure interactions 

between dopant and host, without overlaying additional effects. However, even in the 

simplest case of nanoparticle doping, occurring surface and bulk effects can interfere and 

make proper data interpretation difficult. In the present study we show different 

possibilities of nanoparticle / host interactions, and utilize numerical simulations to 

distinguish these effects.  

It has been reported several times over the past few years that doping a nematic liquid 

crystal with a small quantity of functionalized nanoparticles can influence the initial 

alignment of liquid crystal cells and induce homeotropic alignment. This phenomenon is 

reported for alkylthiol-capped gold particles,8 for mesogenic functionalized gold particles,9 

for hexadecylamine functionalized CdSe particles10, 11 as well as for myristic acid capped 
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magic-sized CdSe quantum dots.12 Other groups made similar observations, like da Cruz 

et al. for γ-Fe2O3 in 5CB13 and Bezrodna et al. by investigating montmorillonite clay in 

5CB.14 The underlying mechanism of this alignment change can be explained by 

nanoparticles residing on the interface and thereby superimposing the effects of any 

underlying alignment layer. An insufficient miscibility between the nematic host and the 

organic ligand shell leads to agglomeration of particles and to an expulsion of particles 

from the liquid crystal phase. This gives rise to the observed accumulation of particles close 

to the confining substrates and therefore may strongly affect the boundary conditions. As 

shown by Qi et al.8, preloading liquid crystal test cells with nanoparticles and subsequent 

filling with a nematic liquid crystal also leads to homeotropic alignment. Fluorescence 

confocal microscopy on a CdSe-quantum dot doped sample revealed evidence for the 

accumulation of particles at the substrate interfaces of the test cell as well as signs of 

agglomeration (see Figure D5.1 and the discussion reported elsewhere15). Hegmann et al. 

recently introduced ink-jet printed nanoparticle alignment layers as a versatile tool in the 

production of patterned alignment layers.16 As shown by Mehl et al. gold nanoparticles 

with side-on functionalized mesogenic units show a typical schlieren texture and do not 

induce homeotropic alignment.17 In general, the alignment of nematic nanoparticle 

dispersions strongly depends on the chemical modification of the surface of particles, the 

solubility of particles in the host, and the properties of the confining substrates. 

In addition to effects on the surface, nanoparticles can also influence the bulk 

properties of the nematic guest phase. For example, formation of electro-convection rolls 

at low-frequency electric fields have been shown.15 This electro-convection effect results 

from the combination of homeotropic alignment at the surface and nanoparticle induced 
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charges in the bulk of nematic nanocomposites.15 As a result, a reverse switching is 

observed, where a liquid crystal with positive dielectric anisotropy switches from a 

homeotropic dark state to a birefringent bright state between crossed polarizers. With an 

increase of dielectric anisotropy and a decrease in threshold voltage, pure bulk effects have 

recently been published by Mirzaei et al.18 where the authors investigated gold 

nanoparticles with stabilizing silane shell. A systematic study by Prodanov et al. recently 

showed the importance of an optimized interaction between ligand shell and host to yield 

stable dispersions.19 

When the presence of nanoparticles influences both the surface and bulk properties of 

a nematic test cell, several difficulties occur: The common methods used to determine the 

bulk properties of a nematic material require known and well-defined boundary conditions, 

which are usually achieved by high quality alignment layers, e.g. rubbed polyimide.20 

However, when nanoparticles reside on the initial alignment layers, the well-defined 

boundary conditions might get obscured and the theoretical approach does no longer match 

the experimental conditions. 

In this work, we aim to investigate the effect of nanoparticles on the boundary 

conditions with respect to pretilt angle θ0 and polar anchoring energy (W). We use 

numerical simulation routines which enables us to determine the elastic constants K11 and 

K33, the dielectric permittivities ε⊥ and ε∥, the initial pretilt angle θ0 and the polar anchoring 

energy coefficient W by fitting simulation data to corresponding experimental data. This 

allows us to distinguish nanoparticle-induced effects on the anchoring conditions and 

effects of nanoparticles on the liquid crystal bulk properties. In order to investigate the 

effect of nanoparticles on the boundary conditions, dispersions of hexadecylamine-capped 



Appendix D: Surface and Bulk Effects by Numerical Simulations 300 

 

 

CdSe quantum dots (NP1) in the host 4-cyano-4’-pentylbiphenyl (LC1, see Figure D5.2) 

are studied, as these dispersions are known for strong surface interactions.10 In contrast, 

dispersions of silanized gold particles (NP2) in the nematic host 5-n-heptyl-2-(4-n-

octyloxy-phenyl)pyrimidine (LC2) are investigated, which are expected to show only little 

or no surface effects. This expectation is based on previous work with similar 

nanoparticles, as reported previously.18 

 

 

Figure D5.1 Confocal fluorescence microscopy image obtained from a sample of 1 wt% 

NP1 in LC2. The intensity distribution in the (x, z)-plane strongly indicates that the 

luminescent nanoparticles are residing at the liquid crystal / substrate interface. The 

directions for x and z correspond to the definitions in Figure D5.3. 

 

 

Figure D5.2 Chemical structures and phase transition temperatures of the liquid crystalline 

hosts LC1 and LC2 (a) and chemical structures of nanoparticles NP1 and NP2 (b). 
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Experimental and Methods 

Materials 

The hexadecylamine-capped CdSe nanoparticles NP1 were purchased from Sigma-Aldrich 

as LumidotTM CdSe quantum dots with core sizes between 4.7-5.2 nm and a fluorescence 

emission maximum at 610 nm. Dispersions of NP1 were prepared in the host LC1 (4-

cyano-4’-pentylbiphenyl, 5CB) by adding suitable amounts of the quantum dots dissolved 

in toluene (5 mg/ml) to a small amount of liquid crystal in toluene. The solvent was then 

removed under mechanical stirring and reduced pressure of p< 5.0×10-3 Pa  at a temperature 

of 60-70°C for 36 hours. For electro-optic characterization, the dispersions were filled in 

polyimide coated test cells (E.H.C Co., Ltd, Japan) with 10 µm cell gap and antiparallel 

rubbing. In this work, results for dispersions containing 0.5 %, 1.0 % and 2.5 wt% of 

nanoparticles are shown. Higher doping concentrations induce homeotropic alignment and 

therefore cannot undergo a Fréedericksz transition. 

Liquid crystal-decorated gold nanoparticles NP2 with an average diameter of 7 nm 

were synthesized via a modified silane conjugation method descried elsewhere.21 Pure LC2 

(5-n-heptyl-2-(4-n-octyloxy-phenyl)pyrimidine, FELIX-2900-03) was purchased from 

Synthon Chemicals GmbH and used without further purification. Dispersions of NP2 in 

LC2 were prepared by weighing accurate amounts of particles and LC2 using a micro-

balance and dissolving them separately in a known amount of toluene. Colloidal solutions 

of NP2 were sonicated for about 15 minutes (water bath sonication, f=37 kHz power). Then 

accurate amounts of solutions of each NP2 and LC2 were combined in a V-vial to produce 

colloidal dispersions with particle concentrations of 0.5, 1.0, 2.5 and 5.0 wt%. These 
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mixtures were sonicated for another 1 h. Then toluene was allowed to evaporate under a 

steady stream of N2 at about 70°C for about 48 h followed my 1 minute sonication. The 

test cells used for these dispersions exhibit antiparallel polyimide alignment layers for 

planar alignment (1°-3° pretilt) and a thickness of 4.0 µm (LC Vision, USA). Loading of 

cells with LC-NP mixtures was performed by capillary force with the liquid crystal in the 

isotropic phase at temperatures between 74°C and 78°C. 

Methods 

The characterization of test cells follows the Single-Cell-Method as described by Wu et 

al.22 with additional simultaneous measurement of light transmittance in a polarizing 

microscope. The test cells were positioned under an azimuthal angle of φ=45° with respect 

to the optical axis between crossed polarizers within a Linkam LTS350 heating stage with 

TMS94 controller for temperature control. Samples of LC2 were first heated up to 76°C at 

a heating rate of 8°C/min, followed by a cooling procedure at 1°C/min until the first 

measuring temperature of 48°C is reached. Samples of LC1 were heated up to 40°C at a 

heating rate of 8°C/min and cooled at 1°C/min to the first measuring temperature of 25°C. 

All measurements were performed on an Ortholux II Pol-BK microscope (Leica) using a 

halogen lamp (Xenophot, Osram) with DC stabilized power supply. For monochromatic 

light an interference filter with a transmission maximum at 542 nm (FWHM 10.8 nm) was 

used. Simultaneously, the cell capacitance was measured on an HP 4284A LCR bridge by 

varying the sine test signal level from 0.05 V to 19.95 V at a test signal frequency of 1 kHz. 

The blind capacitance of the setup due to wires, contacts etc. was determined to be 4.125 

pF. POM images were obtained on a Leica DM4500 P microscope using a Leica DFC295 

digital camera. 
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Experiments for determining the bulk properties of liquid crystalline materials are 

well-known and have been refined over the last decades to enhance precision. Two of the 

most established methods are the capacitance measurement and the birefringence 

measurement during a Fréedericksz-transition. The Single-Cell geometry reported by Clark 

et al.23 and refined by Wu22, 24 allows a full determination of elastic and dielectric properties 

in a single experiment and has been implemented in automatic liquid crystal testers like the 

ALCT from Instec, Inc (USA) or the LCAS by LC Vision (USA). The basic principle of 

these techniques is the determination of elastic constants by finding the threshold of the 

Fréedericksz-transition and the determination of the dielectric properties by measuring the 

capacitance of the test cell in the planar and homeotropic state. However, this well-

established method requires good knowledge about the anchoring conditions at the 

substrate boundaries. For liquid crystals with positive dielectric anisotropy (∆ε = ε∥- ε⊥ > 

0), usually test cells with opposing electrodes and a high-quality alignment layer for 

inducing planar alignment are used. In this case, a splay-type Fréedericksz-transition can 

be observed and used for data evaluation. A schematic drawing of the respective cell 

geometry is given in Figure D5.3. 

 

Figure D5.3 Illustration of cell geometry in the field OFF state (left) and under the 

influence of an external electric field (right). 
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The threshold VTh of the Fréedericksz-transition is given by the onset of director 

deformations when the electric torque overcomes the restoring elastic torque of the nematic 

material, and can be expressed by the relation
11 0/ThV K    . Here, K11 represents the 

elastic constant for the splay deformation. During the measurement, a certain change of 

director field is required to detect this onset, which is chosen rather arbitrarily to be a 

change of 5 % in capacitance C or phase retardation R. Therefore, by this simple but widely 

used approach the experimentally determined threshold slightly overestimates the elastic 

constant for the splay deformation, as illustrated in Figure D5.4. The threshold VTh can be 

only defined in a strict sense for zero pretilt angle (θ0 = 0). The polyimide test cells 

commonly used for electro-optical experiments exhibit, depending on the manufacturer, 

pretilt angles between 1° and 3° (LC Vision) or 0° < θ0 <1°  (EHC), respectively. Therefore 

only a quasi-threshold behavior is observed within these cells. As the pretilt is still small, 

the aforementioned overestimation is compensated and good results are yielded. Any larger 

pretilt angle leads to a deformation of the director field at lower field strengths compared 

to zero pretilt, and in consequence to lower quasi-threshold voltages. This causes a 

significant decrease of apparent threshold VTh,app for large pretilt angles, as shown in Figure 

D5.5. Additionally, a finite pretilt angle increases the cell capacitance in the field-off state, 

which seemingly decreases the dielectric anisotropy of the nematic material. 

The polar anchoring energy W at the confining substrates of a liquid crystal test cell 

also influences the Fréedericksz transition of the cell. Weaker anchoring energy leads to 

smaller threshold voltages VTh, although the bulk elastic properties K11 and K33 remain 

unaffected. Therefore the relation 
11 0/ThV K     can be used to estimate the splay 
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elastic constant for strong anchoring only. In the case of weak anchoring this equation no 

longer holds. Commercial electro-optic test cells with rubbed polyimide alignment layer as 

used in this work are designed to yield strong anchoring conditions. However, the effect of 

nanoparticles on the anchoring strength when residing at the interface has not been 

investigated yet. As a nanoparticle-induced change from planar to homeotropic alignment 

is frequently observed in literature (see references given in the introduction) and the 

anchoring energy of homeotropic alignment layers is typically two magnitudes smaller 

compared to alignment layers for planar anchoring,25 the influence of nanoparticles on the 

anchoring strength of nematic nanoparticle dispersions is discussed in the following 

section. 

 

 

Figure D5.4 Simulation of the onset of director deformation for LC2 at T-TNI = -25 °C 

with (dashed curve) and without (solid line) pretilt angle θ0. While in the case of no pretilt 

angle the threshold VTh is slightly overestimated, a finite pretilt angle leads to an 

underestimation of VTh. 
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Figure D5.5 Dependence of apparent threshold VTh,app compared to 
11 0ThV K   

with increasing pretilt angle θ0 when using an onset of capacitance change for 

experimentally determining the threshold voltage. 

 

Anchoring energy (W) 

Several experimental techniques are discussed in literature in order to measure the 

anchoring strength at a nematic liquid crystal / substrate interface.26 We follow the high 

field approach introduced by Yokoyama and van Sprang.27 The precipitation of particles 

from the bulk to the surface cannot be quantitatively controlled yet, which makes it 

impossible to prepare identical conditions on different substrates or test cells. However, 

with the high field approach by Yokoyama and van Sprang we can determine the bulk 

properties as well as the boundary conditions within the same test cell, and therefore under 

identical experimental conditions. The method is based on measuring changes in the cell 

capacitance C and phase retardation R at high electric fields, where the director in the bulk 

of the test cell is fully reoriented and additional changes of the director distribution occur 

only in the vicinity of the confining substrates. To fulfil this condition, Yokoyama and van 
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Sprang suggest a lower voltage limit for the measurement of surface energies given by the 

inequality V > Vmin > 6 VTh. A second restriction for the observable voltage range is given 

by the condition that the surface reorientation is small. Assuming a Rapini-Papoular 

potential for the anchoring energy25, the surface energy density fs can be estimated by using 

Equation (1): 

 2

0

1
sin

2
sf W     (1) 

For zero pretilt and Δθ = θ˗θ0 <0.3, this relation can be simplified to fs =½×W×(Δθ)2. In 

case of finite pretilt angle, this simplification is valid only for Δθ=0.1.26 The maximum 

voltage Vmax which still hold this requirement is found to be proportional to the product 

ΔθWd , whereas a higher accuracy is obtained for thicker cells. As shown by Lavrentovich 

et al.,28 the cell thickness should be at least 200 times larger than the surface extrapolation 

length b= K11/W  to obtain reliable results. This condition is clearly fulfilled in 10 µm 

polyimide coated test cells (E.H.C Co., Ltd, Japan) filled with LC1 as used in our 

experiments.  

As the surface coverage of nanoparticles residing on the alignment layers of the 

electro-optical test cells is not necessarily homogeneous over the complete electrode area, 

it is undesirable to perform capacitance measurements for determining W. Instead, the RV-

routine developed by Lavrentovich et al.28 is preferred, requiring field-dependent phase 

retardation data only. According to this approach, the experimental data is plotted using 

Equation (2): 

 
  11

0

0

2
1 p

R V V K
J y V V

R Wd



     (2) 
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with  33 11 11K K K   , 
2

0sinpy  , the cell thickness d , the intercept 0J  depending 

on the material parameters of the nematic material (for details see reference [28]), and 

Equation3 (3) and (4): 

ThV V






   (3) 

and 

  
 

1 1 11

1py
dy

y y

 


 

 


 . (4) 

The phase retardation R is obtained by light transmission measurements using Equation 

(5): 

 2 2

det

1
sin 2 sin

2 2

R
I 

 
  

 
 (5) 

Where ϑ=45° represents the azimuthal angle between the optical axis of the liquid crystal 

and the crossed polarizers. Equation (2) gives a linear relation where the slope is 

proportional to the anchoring energy W. 

One fundamental drawback of this approach is that the determination of α requires 

knowledge about the parameters K11, K33, ε∥, ε⊥ and θ0 of the dispersion, which are not 

known a priori. A fitting routine, however, requires knowledge of the anchoring energy W 

to yield proper results. To solve this problem, it is assumed that nanoparticle coverage 

might affect the anchoring energy, but will not cause drastic changes. Then in a first step, 

a numerical simulation is performed assuming W=∞, and in a second step the obtained 

parameters for K11, K33, ε∥, ε⊥, and θ0 are used to determine the anchoring energy W. This 
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value can then be used to refine the fitting parameters. This procedure is repeated, until the 

change in the surface correlation length b between two iterations is less than 0.01 µm. 

Results and Discussion 

Simulation results for NP1 nanoparticles in LC1 are shown in Figures D5.6 and Figure 

D5.7. It is found that NP1 nanoparticles strongly influence the elastic constants K11 and 

K33, the tilt angle θ0 as well as the polar anchoring energy W. The decrease of the elastic 

constants is in agreement with earlier observations.10 A possible explanation model is given 

previously,9 where the authors report a tactoidal deformation of the ligand shell 

surrounding the metal core. Thereby, a field-induced reorientation of the nematic host is 

facilitated by folding and unfolding of ligands without rotating the nanoparticle itself. With 

increasing particle concentration, an increase in θ0 and a decrease of anchoring strength W 

is found. This observation confirms the expectation of an intermediate state of nanoparticle 

surface covering between planar and homeotropic alignment. As the anchoring strength 

has to be regarded in comparison with the bulk elastic properties, the respective measure 

is the surface correlation length b= K11/W  (see Figure D5.6a). Doping concentrations of 

≥5 % by weight induced homeotropic alignment in polyimide coated test cells and are 

therefore not investigated in this work. 
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Figure D5.6 (a) Anchoring extrapolation length b= K11/W for dispersions of NP1 

nanoparticles in LC1. (b) Calculated surface energy coefficients W for the same 

dispersions. Although nanoparticle doping leads to a decrease of surface energy and an 

increase of anchoring extrapolation length, the changes are small compared to the cell 

thickness and therefore can be neglected. 

 

 

Figure D5.7 Simulation results for NP1 nanoparticles in LC1. (a) Elastic constant K11 for 

splay deformations. (b) Initial tilt angle θ0. Nanoparticle doping leads to a slight decrease 

of elastic constant, which is in accordance to earlier observations. Additionally, a clear 

increase of initial tilt angle is found, which is presumably caused by nanoparticles residing 

at the initial alignment layers of the test cell. 
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In order to answer the question whether surface effects have to be considered or not 

for dispersions of NP1 in LC1, the effective cell thickness d* =d + 2b is compared to the 

physical cell thickness d.26 Although for the dispersions investigated here nanoparticle 

doping clearly leads to an increase of the effective cell thickness, the deviation is still 

smaller than 1% compared to the cell thickness, so the assumption d* ≈ d holds. The 

anchoring strength W  of strong anchoring conditions is usually found to be in the range of 

4 310 10  J/m2 which is fulfilled for all samples investigated here.28 Numerical 

simulations with the simplifying assumption W=∞ yield values for K11 which are under 

10% higher than values obtained for finite anchoring strength. The self-consistent 

algorithm described above gives stable values for K11 and W  after 3-4 iterations. In 

summary it is found that NP1 particles do affect the polar anchoring energy W, but this 

effect is small and negligible for the cell thicknesses investigated here. A change of initial 

tilt angle θ0 however is significant and has to be considered in the simulation models used 

to estimate the dispersions bulk properties. 

In a second set of experiments, dispersions of NP2 nanoparticles in the host LC2 are 

investigated. The determination of anchoring strength for these dispersions was not 

successful, as the RV-routine gives negative anchoring energy coefficients W for the 

nematic host LC2, and therefore fails to produce meaningful values for W. This is 

presumably caused by deviations of the director field deformation from the one-

dimensional theoretical approach at high field strengths.28 However, earlier experimental 

results with silanized gold nanoparticles indicate that this group of nanoparticles yields 

stable dispersions without signs of surface interactions on polyimide alignment layers.18 A 

simplified simulation model with five parameters (K11, K33 , ε∥ , ε⊥ and W) following the 
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Welford-Sambles approach29 is found to be sufficient to reproduce the measured 

capacitance responses for pure and doped samples with high accuracy. An influence of 

particles on the polar anchoring energy coefficient W therefore is excluded. The initial 

pretilt angle θ0 of the pure compound is found to be 1.4°-1.7° in LC Vision test cells. This 

confirms the data provided by the manufacturer. The dispersions containing 0.5 % and 1.0 

wt% of nanoparticles show no effect on the pretilt angle (Figure D5.8a). 

 

 

Figure D5.8 Simulation results for NP2 particles in LC2 showing the splay elastic constant 

K11 (a) and the initial tilt angle θ0 (b). Nanoparticle doping is found to decrease the elastic 

constant. At low doping concentrations the nanoparticles do not affect the initial tilt angle 

θ0, while higher doping concentrations increase θ0. For the sample containing 2.5 wt% of 

nanoparticles, a correlation between the increase of pretilt angle and the decrease of elastic 

constant is found: When at low temperatures the tilt angle is high, the elastic constant of 

the dispersion is comparable to the values of the pure compound. With decreasing tilt angle 

at higher temperatures the elastic constant also decreases, which indicates a movement of 

particles from the interface to the bulk. 

 

For the highest doping concentration of 5.0 wt% an average pretilt angle of 5.7° is 

found. The dispersion containing 2.5 wt% of nanoparticles reproducibly shows very large 
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pretilt angles above 20° for low temperatures, while at high temperatures no change of 

pretilt compared to the pure compound is found. The respective data can be found in Figure 

D5.8b. The analysis of elastic constants reveals a general decrease with increasing doping 

concentration, as shown in Figure D5.8a and Figure D5.9a. A similar effect of 

nanoparticle doping has recently been reported elsewhere.18 However, in this case there 

seems to be a correlation between the decrease in the K11 elastic constant and the pretilt 

angle θ0: When dispersed in the bulk, NP2 particles lead to a decrease of the splay elastic 

constant of the dispersion compared to the pure compound. When residing at the interface, 

the particles have an effect on the tilt angle but no longer on the bulk properties. This can 

clearly be seen for the dispersion containing 2.5 wt% of nanoparticles, where an increase 

of pretilt angle correlates to an increase of splay elastic constant, yielding values of the 

pure compound. There is evidence for a temperature dependent shift of particles from the 

surface to the bulk in a polyimide coated test cell. Similar observations have been reported 

so far only for plain glass substrates in other references.8, 10  
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Figure D5.9 Simulation results for NP2 dispersions in LC2 showing the bend elastic 

constant K11 (a) and the dielectric anisotropy Δε (b). Nanoparticle doping with NP2 

decreases the bend elastic constant, while a clear trend for the dielectric anisotropy is not 

found. 

 

Numerical simulations 

The theoretical director field distribution within the test cell is simulated using the well-

known theory of the Fréedericksz-transition,29 and the fitting parameters of the respective 

model are varied until the mean square difference between theoretical capacitance response 

and measured capacitance data is minimized. 

The theoretical calculation of director field distributions follows the idea of minimizing 

the total free energy F of the liquid crystal. This total free energy F of a nematic liquid 

crystal under an external electric field is given by Equation (6): 

 e E s
V S

F f f dv f ds     (6) 
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Where fe, fE and fs represent the bulk elastic free energy density, the electric field energy 

density and the surface anchoring energy density, respectively.30 According to the Frank-

Oseen theory, the elastic free energy density is given by Equation (7): 

     

   

22 2

11 22 0 33
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    (7) 

For the case studied here (nonchiral nematics, splay type Fréedericksz-transition), the 

elastic free energy density fe only depends on the one-dimensional angle-dependency ϕ(Z)  

given by equation (8). 
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           (8) 

The electric field energy density fE in this geometry is then given by Equation (9): 

 2 2 2
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1
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2
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
    (9) 

The minimum in the total free energy F is obtained by using first order variations, leading 

to Equation (10): 
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 (10) 

A very commonly used simplification of equation (10) is the One-constant-

approximation25 by assuming K11 = K33 = K. This simplified approach yields reliable results 

for the threshold VTh as well as the permittivities ε⊥ and ε∥  only under the condition of small 

initial tilt angles θ0<2° and strong anchoring(W=∞). For larger angles θ0, the fit condition 

of minimizing the mean square difference between experimental data and simulation 
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requires a consideration of two independent elastic constants for the splay and bend 

deformation. Therefore in this work only an extended model is used. 

For liquid crystals with large dielectric anisotropy γ = Δε/ε⊥, the reorientation of 

molecules causes a non-negligible change of permittivity and therefore affects the local 

electric field. The electric field distribution through the cell can be obtained by solving the 

Laplace equation [Equation (11)]: 

0u   ε   (11) 

where u  represents the potential and E u   In the one-dimensional case observed here, 

Equation (11) leads to Equation (12): 

 
2

2

2
2 sin cos sin 0

d du d u

dz dz dz


     


      (12) 

Equations (10) and (12) represent a system of coupled second-order differential equations, 

which can be linearized and solved using numerical solving routines, e.g. the bvp4c solver 

implemented in Matlab software (TheMathworks, Inc). 

For the assumption of strong anchoring of molecules at the surfaces of the test cell, the 

set of equations can be solved using Dirichlet boundary condition by using θ0 = θ. In the 

general case of arbitrary anchoring strength W, Neumann boundary conditions have to be 

used, allowing the director at the surface to change its orientation under the influence of 

electric fields. As shown by Yokoyama and van Sprang26, the torque balance at the surface 

is given by Equation (13): 

 
 2 2

11 33

0

cos sins

z

df d
K K

d dz

 
 

 

   (13) 

The angle θ at the interface is then given by Equation (14): 
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For the case of strong boundary conditions and small dielectric anisotropies, another 

numerical approach is more convenient, as the aforementioned system of coupled 

differential equations might cause instable solutions at high fields when using the described 

commercial solvers. The numerical algorithm follows the approach by Welford and 

Sambles given in another reference31 and is based on the work of Deuling32 with extension 

to arbitrary initial tilt angles θ0 In a first step, the voltage V required to yield a maximum 

tilt angle ϕm in the middle of the test cell is calculated by means of Equation (15): 
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With Y = tan2ϕm, Q = tan2ψ, sinψ = sinϕ/sinϕm, γ = Δε/ε⊥ and κ = (K33 - K11)/ K11. The lower 

limit of the integral depends on the initial tilt angle θ0 and is given by Equation (16):  
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The spatial angle distribution along the z-direction is given by Equation (17): 
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With Equation (18): 
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The upper limit in the integral is given by Equation (19): 
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The cell capacitance for a given spatial angle distribution is then given by a calculated 

permittivity profile along the z-direction of the cell. As shown in Figure D5.10, this 

approach yields very good results for dispersions of NP2 nanoparticles in the host LC2. 

The mean deviation between experiment and simulation is less than 0.1 pF. 

 

 

Figure D5.10 Comparison of experimental and simulated data for 0.5% (w) of NP2 in LC2 

using the approach by Welford and Sambles.31 As the dielectric anisotropy of the host LC2 

is small (Δε ≈ 0.5) changes of the permittivity tensor ε during director redistribution can be 

neglected. The mean deviation between experiment and simulation is less than 0.1 pF. 

Conclusion 

Based on experimental and numerical results with nanoparticle dispersions, the anchoring 

conditions require additional attention when investigating the properties of nematic 

nanoparticle dispersions. Nanoparticles residing at the liquid crystal / substrate interfaces 

can affect the anchoring energy W and the tilt angle θ0 to varying degrees. We distinguish 

three general cases of surface interactions (Figure D5.11). 
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In the case of no surface interactions or negligible surface coverage of nanoparticles 

on the alignment layers, the initial alignment layers ensure strong boundary conditions with 

sufficiently small director tilt from the planar surface. In this case the standard techniques 

for investigation nematic liquid crystals work very well, and the Single-Cell-Method as 

described by Clark and Wu yield reliable results. 

In the case of high surface coverage, a switching from planar alignment to homeotropic 

alignment can occur. According to the explanation model established in literature and 

based on own experiments, this switching is caused by nanoparticles residing at the 

interfaces and superimposing the effects of the initial alignment layers. As has been 

reported several times in literature and is in accordance with our own observations, the 

surface coverage can be dependent on temperature or external electric fields. In any case 

reported, the surface coverage is proved by homeotropic alignment in POM images. No 

Fréedericksz-like switching can be observed for liquid crystals with positive dielectric 

anisotropy and homeotropic alignment in test cells with opposing electrodes, where the 

electric field is perpendicular to the substrates. Therefore, the standard methods for 

determining bulk properties cannot be performed. 
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Figure D5.11 Illustration of three possible degrees of surface interactions of nanoparticles 

with the alignment layers. Left: No surface coverage of particles, therefore no influence on 

the initial alignment layers. The bulk properties can be determined using simple models. 

Center: Slight surface coverage might influence the initial tilt angle θ0 and anchoring 

strength. The determination of bulk properties via Fréedericksz-transition is possible, but 

requires additional numerical simulations. Right: Strong surface coverage can induce 

homeotropic alignment. For materials with positive dielectric anisotropy no Fréedericksz-

like switching is possible, therefore the bulk properties cannot be measured by the methods 

used in this paper 

An intermediate surface coverage on the substrates may have an effect on the initial 

tilt angle θ0 and the anchoring energy W, but is still not sufficient to induce homeotropic 

alignment. In this case a Fréedericksz-transition can be observed, and therefore the Single-

Cell-Methods could in principle be applied. However, influences of tilt angle and weak 

boundary conditions have to be considered during data evaluation, as these parameters 

strongly affect the threshold voltage VTh, the permittivity of the field-OFF state and thus 

on the estimation of elastic constants. 
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In this work we proved the influence of nanoparticles on the initial tilt angle θ0 as well 

as on the anchoring energy W. However, for the dispersions investigated here we also 

showed that the change in anchoring energy W is small and negligible. On the other side, 

the influence of nanoparticles on the initial tilt angle θ0 can be significant and requires 

consideration during data evaluation. By numerical fitting routines we succeeded in 

determining the surface parameters θ0 and W as well as the bulk properties K11, K33, ε∥ and 

ε⊥. We showed that nanoparticle doping can influence the apparent threshold voltage VTh,app 

not only by changing the bulk properties, but also by affecting the boundary conditions on 

the substrates. Finally our results confirm earlier experimental studies on nanoparticle 

dispersions concerning a reduction of elastic constants and a slight decrease of dielectric 

anisotropy. 
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6.1 Summary 

The research presented in this thesis shines new light on the complex interactions between 

the host N-LC molecules and NPs with regard to the role of size, core composition, type   

and density of surface ligands of the NPs. In view of the importance of the chemical and 

thermal stability of NPs in thermotropic nematic LC composites, silanization of Au NPs 

has been developed to provide robust and easy-to-functionalize surface coating for metal 

NPs. Silanized Au NPs are proven to be more finely dispersed in the nematic medium with 

superior thermal/chemical stability as showcased by means of optical and electro-optical 

studies of the nematic composites.  

In this thesis, the impacts of NP doping on the physical properties of N-LCs such as 

alignment, phase transition temperatures, stability of the mesophase and important electro-

optical parameters, were investigated by detailed POM studies and electro-optical 

measurements. Investigations on optical textures obtained by POM were used as strong 

evidence for the alignment and formation of defects in the liquid crystalline host, placed 

between plain glass slides or in polyimide-rubbed electro-optic test cells. In addition, POM 

studies coupled with DSC measurements were used to study the phase transition 

temperatures and the influence of NPs on stabilizing/destabilizing mesophases as well as 

on inducing biphasic behavior in doped samples.  

In order to obtain reliable results from EO measurements, two techniques of 

capacitance and transmittance were applied to detect and measure field-induced 

permittivity and birefringence changes in the pure and doped nematic samples. The 

nanocomposites studied in this thesis covered metallic Au NPs and semiconducting CdSe 
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QDs of different diameters up to 10 nm and with different hydrophobic organic 

functionalized ligands. 

Insights into the role of core composition and differences on NP surface defect states 

were obtained by studying nematic nanocomposites with three types of monodisperse CdSe 

quantum dots similar in size and capping agent (myristic acid), but slightly different in 

surface defect states and core composition (using a type of CdSe doped with Zn). We were 

able to show that small compositional and subsequent surface defect state differences in 

NPs can influence their impacts on the nematic LC properties. Additionally, FCPM was 

used to study the distribution of photoluminescent QDs within nematic dispersions and to 

confirm the director field distribution in particle induced-disclination lines observed in the 

POM textures. 

In all the LC-NP composites, whether with small semiconductor QDs or metallic Au 

NPs that were tested in this thesis, it was found that the NP surface ligands play a critical 

role in the interaction of the NPs with the nematic LC molecules; and, consequently, in the 

final quality of dispersions. Surface passivation of NPs with robust organic ligands and 

functional groups compatible with those of LC molecules are prerequisites for chemically 

and thermally stable LC-NP composites. Such hybrid systems ultimately provide a better 

understanding and control of structure-property relationships between LCs and NPs. 

Numerous experiments performed in this thesis led to the development of syntheses of Au 

NPs with robust and functionalized coatings for colloidal LC dispersions by utilizing silane 

conjugation chemistry. Silanized Au NPs with a siloxane network, are proven to have 

superior thermal and chemical stability due to the low or eliminated tendency of ligand 

dissipation and thiol migrations compared with alkylthiolate-capped Au NPs. Surviving 
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long extended sonication times and high temperatures, silanized Au NPs as nematic LC 

dopants, provide access to higher concentrations of doping without considerable NP 

settling.  

Silanized Au NPs studied in this thesis were either functionalized with long aliphatic 

chains (-C18H37) or liquid crystalline groups. Detailed optical and electro-optical 

measurements were utilized to investigate the influence of such particles on the nematic 

medium. Different N-LC properties were discussed with respect to the concentration and 

size of NP dopant, as well as with the chemical structure and coverage density of surface 

ligand molecules. 

It is shown in this thesis that a mesogenic ligand shell has the potential to provide better 

miscibility of NPs in the LC medium, and facilitates a tactoidal deformation of the ligand 

shell which can be assumed accountable for the improved EO responses such as lower Vth 

values and shorter rise times in doped nematic samples. However, studies and 

characterizations performed on these nematic nanocomposites with silanized aliphatic- or 

LC-functionalized Au NPs, in comparison with the results from previously-studied 

nanocomposites with alkylthiolate- or amine-capped Au NPs and QDs, strongly indicate 

that achieving ideal dispersions not only requires stability of the surface ligands and their 

compatibility with host LC molecules, but also needs an optimization of the coverage 

density and molecular length of the surface ligands, in order to provide maximum 

penetration of the host LC molecules into the ligand layer. 

The key information summarized in this thesis and analysis of previous results, allow 

the conclusion that particle size influences the LC-NP composites, considering the fact that 

different sizes result in different surface curvature in NPs which can then determine the 
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density of ligand coverage. It is therefore conceivable that relatively smaller particles with 

a higher curvature allow for better interdigitation between ligands and host molecules. 

However, this effect seems to be less pronounced for the particles in the size regime of less 

than 10 nm, like those studied in this thesis, where NPs often show a relatively broad size 

distribution.  

Throughout these studies, no general difference between Au and CdSe particles with 

different core compositions was found in terms of their impacts on the physical properties 

of colloidal nematic dispersions. A possible explanation may be related to the high density 

of ligands on the surface of the NPs, which may prevent a direct interaction between core 

material and host molecules. As a result, in colloidal dispersion of NPs in N-LCs by 

changing the core materials, the quality of the composite and its physical properties should 

not change noticeably providing all the other parameters such as surface ligand and size 

remain identical. Despite the fact that the synthesis of well-defined clusters with various 

surface functional groups and different core compositions may be very challenging, 

following such an avenue in LC-NP studies, appears to be a promising continuation of this 

thesis. 

All nematic nanocomposites investigated in this work showed homeotropic alignment 

within untreated glass slides due to NP migration and agglomeration at the LC/substrate 

interface. As was shown, this phenomenon is more pronounced with NPs lacking sufficient 

chemical compatibility of their surface ligand shell with the N-LC host molecules.  In 

electro-optical test cells deposition of NPs over the surface can superimpose the initial 

alignment layers for planar alignment and can, therefore, cause some disruptions in 

standard planer boundary condition required for the EO measurements of nematics using 
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the single-cell method. By numerical simulations we were able to investigate the bulk and 

surface effects NPs and have shown how partial surface coverage of NP at the LC/substrate 

interface, may cause changes in the initial tilt angel (θ0) and surface anchoring energy (W). 

6.2 Future Work and Outlook 

Silanization is without a doubt a prominent method for the synthesis and functionalization 

of NPs, maintaining the stability and compatibility required for the homogeneous 

dispersion of NPs in LC media. It has been shown recently that NPs with mixed layers of 

both aliphatic and mesogenic surface ligands obtained by ligand exchange methods yield 

homogeneous LC dispersions.1, 2 The silanization chemistry may be applied to prepare NPs 

with mixed mesogenic and aliphatic ligands. According to the results of this thesis, such 

new NPs are expected to further improve the miscibility and stability of LC 

nanocomposites, therefore leading to new LC mixtures with superior electro-optical 

properties.  

Future research should also focus on the development of feasible synthetic methods 

that provide more benign NPs using cheaper reactants and allow large scale preparations. 

In recent years, carbon NPs also known as “carbon dots” (C-dots), have attracted 

significant attention due to their unique properties. Carbon dots possess distinct 

advantages, such as chemical inertness, a lack of optical blinking, low cytotoxicity, and 

excellent biocompatibility, especially as fluorescent labels compared to organic dyes and 

other semiconductor QDs with heavy metal cores.3, 4 In view of the unique properties of C-

dots and the prospects of their applications in LC phases, synthesis of hydrophobic C-dots 
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was initiated in this thesis. There are numerous methods for the synthesis of C-dots, 

including chemical or thermal oxidation of carbonaceous compounds.3 However, most of 

these methods provide hydrophilic particles that are not suitable for LC applications in 

which there is a need for compatibility of C-dots with non-polar LC molecules. As shown 

in Figure 6.1, the synthesis of a series of hydrophobic carbon dots (C-dot1-3) and 

organosilanes-functionalized carbon dots (SiC-dot), have been accomplished by making 

modifications to previously reported methods.5, 6 Preliminary results related to the 

characterization of the colloidal C-dots (TEM, PL of only C-dot2 are shown) and 

composites of nematic LC Felix-2900-03 with C-dot2 are summarized in Figure 6.2. Our 

collaborators are currently conducting further optical and electro-optical studies of nematic 

composites doped with C-dots. 

 

Figure 6.1 Schematic diagram for the syntheses of carbon dots. (a) Hydrophobic C-dot1-

3 and (b) hydrophobic organosilanes-functionalized carbon dots (SiC-dot). 
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Figure 6.2 (a) Absorption spectra of purified C-dots1-3 and SiC-dot; (b) colloidal 

dispersion of C-dots in hexanes, under ambient light (top) and 366 nm illumination 

(bottom) indicating bright photoluminescent of C-dots; (c) PL spectra of purified C-dot2 

at different excitation wavelengths from 360 nm to 540 nm increasing at 20 nm intervals; 

(d) TEM image of C-dot2; (e-f) vials containing nematic Felix-2900-03 doped with 

different concentrations of C-dot2 after solvent evaporation under ambient light and 

illumination of 366 nm;  (g-h) POM micrographs of the nematic composites doped with 

1wt% of C-dot2 in plain glass slides (g) and polyimide rubbed test cell (h). 
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Despite significant advancement in the preparation and characterization of NPs and 

significant interest in the development and application of LC nanocomposites, there remain 

several challenges that need to be overcome by the scientific community in the LC 

nanoscience field. These challenges encompass various aspects, including the following: 

1) Design of 1D-nanomaterials with anisometric properties such as carbon 

nanotube, and nanorods of different core materials with optimized surface 

functionalities for LC dispersions. 

2) Gaining deeper insights into the mechanisms of the interaction between NPs 

and LC molecules by obtaining the capability to visualize the location of NPs 

in nematic hosts, (current efforts are focused on using polymerizable nematic 

mixtures that can be isolated as thin films and sectioned for TEM or using 

FCPM technique on QD-doped liquid crystalline materials). 

3) Conducting a more extensive and systematic study of the electro-optic 

properties of LC-NP composites in conjunction with industry partners 

interested in incorporation of nanotechnology into LCD devices. 

  

Liquid crystal-nanoparticle composites have become one of the most exciting areas of 

research within the LC community, as evidenced by global research in this field. The 

outcomes of every research on a particular type of nanomaterial and LC phase, may benefit 

the other LC nanocomposites of various nanostructures and mesophases. With the current 

progress in modulating electro-optical properties of various LC phase by nanoscale 

additives, emergence of new flat panel displays with high energy efficiency and stunning 

image quality based on this new technology is not far from becoming a reality. In addition, 
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advances in LC-directed assembly of NPs into well-ordered arrays that can be manipulated 

by electric fields or temperature, will lead to the creation of novel types of materials with 

applications in devices such as tunable lasers, sensors and more.7-9 
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