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ABSTRACT 

"Liquid Crystals" (LCs) are ‘mesomorphic phases’ having symmetries intermediate between 

those of liquids and crystals. LCs show interesting properties and have potential industrial 

applications. The shape anisotropy of the constituent molecules is one of the fundamental 

requirements for the formation of mesophases. The most widely developed application of LCs 

is in flat panel display technology which potentially uses nematic LCs (NLCs) as their main 

components. Liquid crystal display (LCD) devices have become indispensable part of modern 

life because of their wide-spread use in television displays, electronic book readers, digital 

photo frames, display panels of industrial appliances, personal computers (PCs), smart phones 

etc. The important properties that LCs offer from application point of view are low driving 

voltage, low power consumption, low melting point, high clearing point, modest birefringence, 

low viscosity, large bend to splay elastic constant ratio and low ionic transport number. The 

main disadvantages that affect the LCD device performance include difficulty in producing 

black and very dark greys resulting in low contrast ratio, restricted viewing angle, low 

resolution, slow response times and scan rate conversion resulting in severe motion artifacts 

and image degradation for moving or rapidly changing images. Nematic LCs (NLCs) cannot 

emit their own light; hence, backlight becomes an essential component in display devices 

which in turn increases the power consumption. To overcome the difficulties that emerge 

during fabrication of LCD devices, industry as well as researchers are taking serious efforts. 

Modification of physical properties of liquid crystal by dispersion of nanomaterials is widely 

investigated and the results indicate improvement of display device parameters. Based on the 

available literature, spherical NPs are observed to decrease the order parameter while elongated 

particles are expected to fit into liquid crystalline ordering and promote long-range molecular 

interactions. Also, in some of the reported investigations, spherical particles or quantum dots 

are observed to form chain-like structures in LC matrix under the influence of nematic 

orientational ordering which affects the order parameter and behaviour of isotropic-nematic 

phase transition. Theoretical investigations on nanocomposites of liquid crystal with different 

shapes and size of nanomaterials suggests that rod-shaped nanomaterials are expected to yield 

ameliorate long range orientation as compared to its spherical or disc-shaped counterparts. 

However, there is comparatively less literature available for the systematic experimental 

investigations for nanocomposites of 1D nanomaterials in NLC. In this thesis, an attempt has 

been made to experimentally investigate the effect of incorporation of 1D nanostructures on 
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physical properties of liquid crystals including dielectric anisotropy, elastic constants, 

threshold voltage, electro-optic response time and ionic conductivity. 

To summarize the work presented in this thesis: 

Introduction to liquid crystals, its properties, applications, and research background is 

presented in Chapter 1. The experimental techniques used for synthesis and characterization of 

the nanomaterials as well as various measurement techniques used to study the electro-optic 

and dielectric properties of liquid crystals and its nanocomposites are discussed in Chapter 2. 

The results on effect of incorporation of CdS nanowire capped with oleic acid on behaviour of 

isotropic-nematic (I-N) phase transition and physical properties of NLC, PCH5 are presented 

in Chapter 3. Results on effect of synthesized zinc oxide nanorods capped with oleic acid 

(ZOR) on physical properties of 8CB are presented in Chapter 4.  The results of the study 

indicate that above a critical concentration of ZOR (0.3 wt%) in host LC, ZOR induces vertical 

alignment of LC molecules in planar/unaligned cells. To study the effect of shape of 

nanoparticles, further work is carried out in which zinc oxide (ZnO) nanoparticles of different 

shapes (sphere, rod, wire) are synthesized without any functionalization. The results on effect 

of these ZnO NPs on physical properties of PCH5 are presented in Chapter 5. The results of 

the study indicate that incorporation of ZnO nanorods and ZnO nanowires helps better 

dispersion, alignment and improved physical properties of nanocomposite samples as 

compared ZnO nanospheres in NLC. In continuation to this work, results on effect of size of 

ZnO nanorods with similar aspect ratio but different size (diameter: length), on physical 

properties of PCH5 are presented in Chapter 6. Results of the study indicate that properties of 

PCH5 can be tuned by variation in size as well as concentration of nanorods in NLC. The 

conclusion of the work done in the thesis followed by the future scope of the work is presented 

in Chapter 7. 
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CHAPTER 1   

INTRODUCTION 

Conventionally, the common states of condensed matter are distinguished as solid, liquid and 

gas. The liquid state has highest possible symmetry but no long-range order. The crystalline 

solid state has much lower symmetry than the liquid state but shows long-range positional and 

orientational order. Between these extremes, there exists systems that have symmetries 

intermediate between those of liquids and crystals. These ‘mesomorphic phases’ grouped 

together are called "Liquid Crystals" (LCs) [1,2]. The field of LCs have attracted many 

researchers due to their interesting properties and potential industrial applications. The history 

of the invention of these mesomorphic phases, experimental and theoretical advancements and 

their applications is summarized in Table1-1. The shape anisotropy of the constituent 

molecules is one of the fundamental requirements for the formation of mesophases. The 

important properties that LCs offer from application point of view are low driving voltage, low 

power consumption, low melting point, high clearing point, modest birefringence, low 

viscosity, large bend to splay elastic constant ratio (K33 /K11) and low ionic transport number. 

The most widely developed application of LCs is in flat panel display technology which 

potentially uses nematic LCs (NLCs) as their main components. Liquid crystal display (LCD) 

devices have become indispensable part of modern life because of their wide spread use in 

television displays, electronic book readers, digital photo frames, display panels of industrial 

appliances, personal computers (PCs), smart phones etc. [3]. Apart from display, LCs also can 

be used for potential applications in the field of photovoltaics[4–6], organic light emitting 

diodes, organic field effect transistors, 2D optoelectronics and photonics[7] as well as 

biomedical applications such as drug delivery and sensing (Fig 1-1). The main disadvantages 

that affect the LCD device performance include difficulty in producing black and very dark 

greys resulting in low contrast ratio, restricted viewing angle, low resolution, slow response 

times and scan rate conversion resulting in severe motion artifacts and image degradation for 

moving or rapidly changing images. Nematic LCs (NLCs) cannot emit their own light; hence, 

backlight becomes an essential component in display devices which in turn increases the power 

consumption. Constant efforts are made by industry as well as researchers to overcome the 

difficulties that emerge during fabrication of LCD devices. 
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Table 1-1 History of evolution of liquid crystals (Theory and Applications)[2,8,9] 

Year Researcher Research 

Area 

Observation/ Research 

1850-1888 R Virchow,  

C Mattenheimer,  

G Valentine 

Biologist Unusual effects under polarized light shown by 

nerve fibres 

1877 Otto Lehmann Physicist Constructed Heating stage and added polarizers to 

microscope 

 P Planer 

W Lobisch 

B Raymann 

 Striking colours on cooling of cholesterol 

compounds 

 W Heintz  Unusual melting behaviour of stearin (fat) 

1888 F Reinitzer Biologist Cholesterol Derivatives in plants show[1] 

• 2 melting points 

• Blue colour upon cooling from liquid phase 

• Blue-violet colour near crystal transition 

 Otto Lehmann  Coined term “LIQUID CRYSTALS” 

 L Gattermann 

A Ritschke 

 Synthesis of first LC (p-azoxyanisole, PAA) 

 G Tammann 

W Nerst 

Chemist 

Physicist 

Suggested that LC maybe a mixture/emulsion 

 O Lehmann 

R Schenk 

 LC is a Single Phase 

1900 D Vorlander Chemist Synthesized many new LCs 

Single LC material possessing many LC phases 

Suggested that molecules with linear shape are 

more likely to be liquid crystalline 

 E Bose Physicist Attempted to give complete theory of LCs base on 

molecular structure 

 M Born  Separation of charges causes basic interaction in 

linear molecules leads to LC phase 

1922 G Freidel Minerologist Proposed classification using words Nematic, 

Smectic, Cholesteric 

Molecular ordering 

Defect structures 

Layer structure of Smectic LC 

Orientation of LC by electric field 

1922-1942   Theoretical work on elastic properties of LC 

1925 C Oseen Physicist  Continuum theory (Oseen’s theory of nematics) 

   X-ray Experiments to prove that order in LCs is 

more than liquids but less than solids 

Effect of electric and magnetic field on LC 

Light scattering properties of LCs 

1927 

1933 

Zocher 

Freedericksz & 

Zolina 

Physicist 

Physicist 

Freedericksz transition[10] 

1942-1945   Flow properties of LCs in high electric and 

magnetic fields 

1949 Onsager Physical 

Chemist  

Statistical theory of nematics[11] 

1957 G Brown  Published: Review of LC phase 

1958   Faraday Society of London held a conference  
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1958 F C Frank Physicist Developed Oseen’s theory of nematics (Oseen-

Frank theory) 

1950-1959   the development of LC thermometers using 

cholesteric LC.  

1961 Ericksen  Generalization of static theory of nematics 

1962 G Gray Chemist Published a book: Molecular structure and 

properties of LCs 

 Brown  Establishment of Liquid crystal Institute @ Kent 

State University 

   Series of International conference (ICLC) 

   the switchable orientation of LC molecules was 

first utilised in laser devices 

 W Maier 

A Saupe 

Physicist Microscopic Theory of Liquid crystals 

No separation of charges 

1964 Scientists @RCA  Switching of Thin layer of LC on application of 

voltage (first LCD) 

1965 George H. 

Heilmeier 

Engineer the first prototype LCD was developed [12] 

1966-1968 Leslie  Dynamic theory for NLCs 

1969 Fischer & 

Fredrickson 

 Experiment on unusual scaling law of Poiseuille’s 

flow 

1970 Atkin  Theoretical prediction of unusual scaling law of 

Poiseuille’s flow  

Late 1960s Leslie  Dynamic theory for cholesterics 

1971   LC turns clear to black by application of voltage 

Improved display quality and low power 

consumption 

1969-1971   the first twisted nematic cell displays were 

developed from the initial work of Martin Schadt 

and incorporated in display devices 

1971   LC turns clear to black on application of voltage 

Improved display quality and low power 

consumption 

1974 W MacMillan  

R Meyer 

 proposed a mean-field theory for smectic. 

1977 S Chandrasekhar Physicist reported the existence of discotic liquid 

crystals[13] 

1980-1990   LCDs found widespread application in small 

mobile devices as the display of choice 

Late 1990s Leslie 

Carlson 

Laverty 

 Proposed biaxial nematic theory 

1991 Leslie 

Stewart 

Nakagawa 

 Nonlinear static and dynamic theory for non-

chiral SmC LCs 

1991 PG de Gennes  Nobel Prize 

Landau - de Gennes theory 
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Figure 1-1 Applications of liquid crystal (*Collage is prepared using Images taken from the reports cited in the text) 

Figure 1-2 Classification of liquid crystal phases 
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1.1 CLASSIFICATION OF LIQUID CRYSTALS 

Based on various shapes and external stimuli (temperature, concentration etc.) responsible for 

formation of mesophases, liquid crystal phases are classified as shown in the Fig 1-2. Based on 

the parameter governing phase transition, liquid crystals can be classified as follows: 

Thermotropic liquid crystals: 

Thermotropic liquid crystals are the liquid crystal compounds that show phase transition with 

the variation of temperature. These compounds exhibit liquid crystalline mesophases in defined 

temperature range. If the formation of mesophases is stable with increasing as well as 

decreasing temperature, i.e., heating, and cooling cycles, then such LCs are termed as 

enantiotropic LCs. If the mesophase formation is observed only during cooling cycles, then 

these mesophases are termed as monotropic LCs. Generally, thermotropic LC phases are 

exhibited by low molecular weight compounds. 

Lyotropic liquid crystals: 

Lyotropic liquid crystals are formed by dissolving amphiphilic mesogens in solvent under 

appropriate conditions of concentration, pressure, and temperature. In lyotropic LCs, 

constituent molecules are observed to form aggregates with well-defined geometries such as 

lamellar, cubic, hexagonal etc. 

Polymer liquid crystals: 

Some of the high molecular weight polymeric compounds are also observed to exhibit LC 

mesophases. These are called polymer liquid crystals. They can be further classified into main 

chain polymers and side chain polymers. 

Thermotropic LCs are further classified based on the shape of constituent molecules as follows: 

Calamitic liquid crystals 

Calamitic liquid crystals are made up of elongated, rod-shaped molecules. Generally, they are 

composed of three main structural elements: rigid ring systems, connective linkage groups, and 

flexible terminal groups. Based on the orientational and positional order present, they can be 

classified further as nematic, smectic and cholesteric. 
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Discotic liquid crystals 

Discotic liquid crystals are made up of disc-shaped molecules. Generally, they are composed 

of central rigid aromatic core and numerous flexible alkyl chains in the periphery. These 

molecules can form columnar assemblies and show unique functional properties like 

unidimensional charge conduction and aggregation-induced emissive/quenching phenomenon. 

Bent-core liquid crystals 

Bent core liquid crystals are made up of molecules having bent-shaped rigid core instead of a 

linear one.  There are three main groups of such materials: (i) molecules containing a rigid bent 

aromatic core (ii) mesogenic dimers with an odd-numbered non-cyclic spacer unit and (iii) 

hockey-stick molecules, where an alkyl chain is attached at one end of an aromatic core. Bent-

core liquid crystals show polar order and chiral superstructures in their LC mesophases, despite 

the constituent molecules of these mesophases being achiral.  

Based on the symmetry of the medium, Calamitic LCs are further classified as: 

Nematic liquid crystal 

Nematic liquid crystals (NLC) are the most common and simplest form of LCs. NLCs made 

up of rod-shaped molecules exhibit long range orientational order but no translational order. 

The average direction of orientation of long axes of the molecules is known as director (𝒏̂). 

NLCs are the least ordered thermotropic LC phases.  Some of the characteristic properties of 

NLCs are: 

• The isotropic to nematic phase transition is weakly first order discontinuous phase 

transition. 

• The director (𝒏̂) is dimensionless apolar unit vector, i.e., 𝒏̂ 𝑎𝑛𝑑 − 𝒏̂ are equivalent 

• Due to long range orientational order of constituent molecules, NLCs show anisotropy 

in its different physical properties such as dielectric, optical and conductivity properties. 

• NLCs can be deformed easily with weak external perturbations.  

Smectic liquid crystals 

Smectic liquid crystals are characterized by presence of quasi-long range 1D or 2D translational 

order along with the orientational order.  Among all the known smectic LC phases, smectic A 

and smectic C are least ordered in which constituent molecules show quasi-long range 1D 

order. 
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Cholesteric liquid crystals 

Cholesteric phase is observed in nematic LCs made up of optically active molecules. Hence, it 

is also termed as chiral nematic LC phase. The direction of average orientation of molecules 

(director) rotates in a helical fashion. The distance along the helix over which complete 360° 

rotation of director is observed is called helical pitch. 

The current thesis work is mainly focused on the modifications of the properties of calamitic 

nematic liquid crystals. 

1.2 PROPERTIES OF NEMATIC LIQUID CRYSTALS  

The physical properties of NLCs such as dielectric, optical, conductivity properties are 

anisotropic. These anisotropic properties of NLCs are highly sensitive to the changes in the 

external stimuli such as temperature, pressure, electric and magnetic fields. Hence, the basic 

understanding of the changes in the physical properties of NLCs with external stimuli is 

important. 

1.2.1 Order Parameter 

NLCs are characterized by the presence of long range orientational order. Orientational order 

can be described as the extent to which the long axis of the molecules is aligned in a particular 

direction. The average direction of preferred orientation of long axes of the molecules in NLCs 

is known as director (𝒏̂). The degree of order can be quantified by orientational order parameter 

(S) given as  

S =  
1

2
 ⟨3𝑐𝑜𝑠2𝜃 −1⟩ 

where, 𝜃 denotes the angle made by long axis of the molecule with 𝒏̂ (Fig 1-3). For isotropic 

liquid S =0 whereas S=1 for perfectly aligned nematic. Generally, the value of S varies from 

0.3 to 0.8 in NLCs. The value of S is temperature dependent, and it decreases as the temperature 

of the system increases. It can be correlated with experimentally measured parameters such as 

dielectric anisotropy and birefringence[14,15]. 
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1.2.2 Dielectric Properties 

Measure of a response of the material on the application of external electric field is termed as 

dielectric permittivity (𝜀). Generally, for NLCs, the variation of 𝜀 with temperature and 

frequency gives the information on molecular polarizability, dipole moments, intermolecular 

interactions, and relaxation processes.  

The dielectric anisotropy (∆𝜀) is defined as 

∆𝜀 = 𝜀∥ − 𝜀⊥ 

where, 𝜀∥ is the dielectric permittivity measured when the applied external electric field is in 

the direction parallel to that of the director and 𝜀⊥ is the dielectric permittivity measured when 

the applied external electric field is in the direction perpendicular to that of the director. For 

positive dielectric anisotropy NLCs, ∆𝜀 >  0, i.e., 𝜀∥ > 𝜀⊥ whereas for negative dielectric 

anisotropy NLCs, ∆𝜀 <  0, i.e., 𝜀∥ < 𝜀⊥.The description of both positive and negative ∆𝜀, the 

observed temperature dependence of the principal dielectric constants 𝜀∥ and 𝜀⊥ and the 

existence of a special  𝜀∥-dispersion is given by Maier-Meier theory[16]. Maier- Meier theory 

is a hybrid theory which considers the Onsager's theory of static dielectric polarization of a 

dipole along with the anisotropy of the molecular polarizability, the orientation of the 

permanent dipole moment in the molecule and the long-range nematic order. They introduced 

an additional contribution to the interaction energy of the system dependent on the orientation 

of the molecules, the nematic potential Ui. The orientation distribution of the permanent dipoles 

determining part of the potential energy is given by Onsager theory as 

𝑈𝑖 = −ℎ(𝜇∗̅̅ ̅𝐸̅) 

Figure 1-3 Schematic representation of nematic phase of calamitic LCs: 𝒏̂ denotes 

director; 𝜃 denotes the angle made by long axis of the molecule with 𝒏̂  
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where, h- cavity field factor, 𝜇∗̅̅ ̅- dipole moment and 𝐸̅ is applied electric field vector. 

In a simplified version neglecting internal field and polarization effects, the mean square dipole 

moments parallel 〈𝜇∥
2〉 and perpendicular 〈𝜇⊥

2〉 to the director 

〈𝜇∥
2〉 =  

𝜇2

3𝑘𝐵𝑇
 [1 − (1 − 3𝑐𝑜𝑠2Ψ)𝑆] 𝐸 

〈𝜇⊥
2〉 =  

𝜇2

3𝑘𝐵𝑇
 [1 +

1

2
(1 − 3𝑐𝑜𝑠2Ψ)𝑆]  𝐸 

is obtained where Ψ is the angle between the direction of dipole moment and the long axis of 

the molecule (kB is the Boltzmann constant and T the temperature). The difference in the quasi 

static permittivities parallel ( 𝜀𝑠,∥) and perpendicular (𝜀𝑠,⊥) to the director based only on the 

orientation is 

𝛿𝜀 = 𝜀𝑠,∥ − 𝜀𝑠,⊥ = − 
𝜇2

2𝑘𝐵𝑇𝜀0

𝑁

𝑉
 (1 − 3𝑐𝑜𝑠2Ψ)𝑆 

where N is the number of dipoles/ number density of molecules, V the volume of the system 

and ε0 is the permittivity of free space. With the addition of molecular polarizability, a shift 

component (based on polarizability anisotropy) is added to the total anisotropy function. 

Hence, the total dielectric anisotropy (∆𝜀) of the system can be described as  

∆𝜀 =  
𝑁ℎ𝐹

𝜀0
 [∆𝛼 − 

𝐹

2𝑘𝐵𝑇
 𝜇2 (1 − 3𝑐𝑜𝑠2Ψ)] 𝑆 

The sign of the dielectric anisotropy ∆𝜀 is positive if  Ψ is small. Generally, for Ψ >  55°, the 

sign of ∆𝜀 is observed to be negative. 



10 
 

 

 

The response of a sample to an external applied electric field of varying frequency is studied 

by dielectric spectroscopy (DS) also known as impedance spectroscopy [17].  The relaxation 

processes in a typical dielectric material are categorized as shown in Fig1-4 [18]. DS can 

provide information on the structure of matter, ion displacement, valence cloud distortion, 

defect displacement, state and local space-charge electric moment orientation, etc.[18,19]. The 

highlight of this technique is the measurement of various dielectric parameters in a range of 

frequencies from10-6 Hz to1012 Hz. These measurements can also be performed under different 

temperatures, pressures, and environmental conditions, permitting one to observe a large 

variety of mechanisms at very different timescales.  In this experimental window, molecular 

and collective dipolar fluctuations, charge transport, and polarization effects occur, and these 

effects help, in turn, to determine the dielectric response of the material of interest. The 

complex dielectric function (𝜀∗) has its foundation in Maxwell’s equations. It describes – 

within the regime of linear response – the interaction of electromagnetic waves with matter and 

underlying molecular mechanisms. The variation of 𝜀∗ as a function of frequency can be 

described by a generalised relaxation function[20,21] 

𝜀∗(𝜔) = 𝜀∞ + 
𝛿𝜀

((1 + 𝑖𝜔𝜏)𝛼)𝛽
− 𝑖

𝜎

2𝜋𝜀0 𝑓𝑛
 

Figure 1-4 Frequency response of relaxation mechanisms of a dielectric material 

(Reprinted from Ref 14) 

Radio 
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where f denotes frequency, 𝜔 denotes angular frequency, 𝛼 and 𝛽 are the shape parameters 

describing the asymmetry and broadness of the dielectric dispersion curve at higher 

frequencies. For 𝛼 = 𝛽 = 1, the famous Debye function [21] is obtained. The third term 

accounts for the contribution of conductivity (𝜎) in very low frequency region (mHz −

 few Hz), with n as fitting parameter. The plot of imaginary part (𝜀") 𝑣𝑠 𝑟𝑒𝑎𝑙 𝑝𝑎𝑟𝑡 (𝜀′) of 

dielectric permittivity showing Debye type relaxation mechanism is Cole-Cole plot. The 

measured dispersion of 𝜀′  in Cole-Cole plot can be described by [22] 

𝜀′ = 𝜀∞ + [𝜀𝑠 − 𝜀∞ (1 + 𝜔2𝜏1
2)⁄ ] 

where, low frequency limit of the Cole-Cole plot is static dielectric permittivity, 𝜀𝑠, whereas 

high frequency limit is 𝜀∞ and 𝜏1 is relaxation time. The difference (𝛿𝜀 = 𝜀𝑠 − 𝜀∞) is known 

as dielectric strength. Meier and Saupe [23] correlated 𝜏1 with the ordinary Debye relaxation 

time 𝜏0 by a retardation factor 𝑔 =
𝜏1

𝜏0
  which can be calculated approximately as  𝑔 =

𝑘𝐵𝜏1𝑊 exp (
𝑊

𝑘𝐵𝑇
), where, W is the height of the potential barrier due to intermolecular forces 

hindering the reorientation of the molecules in the parallel direction.  

The relaxation processes generally observed in NLCs follow an Arrhenius type dependence 

𝑓𝑟 = 𝑓∞ exp(−𝐸𝐴 𝑘𝐵𝑇⁄ ) 

where, kB is the Boltzmann constant, and EA is the activation energy corresponding to the flip-

flop motion of molecules about their short axes. 𝑓∞ corresponds to the relaxation rate in the 

high temperature limit.  

The salient features of measured variations of  𝜀∥(𝜔) and 𝜀⊥(𝜔) using aligned samples of 

NLCs, over a wide frequency range (radio(~106𝐻𝑧) and microwave(~109𝐻𝑧) frequencies) 

are [2]: 

i. Both 𝜀∥(𝜔) and 𝜀⊥(𝜔) usually show a Debye type relaxation at microwave frequencies 

(109𝐻𝑧). Similar relaxation is also found in isotropic phase. 

ii. In the measurement of parallel component of dielectric constant 𝜀∥(𝜔) which 

determines component of electric dipole along long axis of a molecule, an additional 

relaxation process is observed at lower frequencies (radio frequencies). The effect was 

discovered by Maier and Meier and interpreted by Meier and Saupe in terms of a 180° 

rotation of a molecule around one of the short axes of the molecule. For a long molecule, 

such a rotation is obviously difficult in the nematic phase and the resulting relaxation 
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rate is comparatively slow- typically 103times slower (in MHz) than the rotations 

around the long axis. 

1.2.3 Fréedericksz transition and Elastic constants  

External applied electric field (𝑬⃗⃗ ) couples to the NLC medium through its dielectric anisotropy 

(∆𝜀). The orientational part of the energy density is given by −𝜀0∆𝜀 (𝒏̂ ⋅ 𝑬⃗⃗ )2/2. Applying 

external field to uniformly aligned sample, orientation due to surface anchoring competes with 

that due to applied field causing a distortion in the original director field. In a planar aligned 

LC sample, when strength of applied electric field exceeds threshold electric field (Eth) which 

is slightly higher than or comparable to surface anchoring energy, distortion in the orientation 

of the director is observed. This is known as Fréedericksz transition (Fig 1-5b) [10]. The free 

energy of the distorted state is described initially by Oseen& Zocher[24]  which was further 

elaborated by Frank[25]. Free energy density due to distortion in 𝒏̂ is given as 

𝐹𝑑 = 
1

2
 𝐾11 (𝑑𝑖𝑣 𝒏̂)2 +

1

2
 𝐾22 (𝒏̂ ∙ 𝑐𝑢𝑟𝑙 𝒏̂)2 + 

1

2
 𝐾33 (𝒏̂ × 𝑐𝑢𝑟𝑙 𝒏̂)2 

This free energy density is known as the Frank-Oseen free energy density and is the 

fundamental formula for continuum theory for nematics. The elastic constants Kii (i = 1, 2, 3) 

are respectively associated with three types of deformations shown in Fig 1-5.  

K11 : conformation with 𝑑𝑖𝑣 𝒏̂  ≠ 0   (splay) 

K22 : conformation with 𝒏̂ ∙ 𝑐𝑢𝑟𝑙 𝒏̂  ≠ 0  (twist) 

K33 : conformation with 𝒏̂ × 𝑐𝑢𝑟𝑙 𝒏̂  ≠ 0  (bend) 

Generally, 

1. 𝐾33  >  𝐾11 > 𝐾22 ; 

2. 𝐾𝑖𝑖 ∝ 𝑆2 ; 

3. the value of Kii decreases with increasing T; 

4. their ratio is nearly independent of T. 
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The use of LCs in devices require modification in their characteristic properties because, 

generally, single LC material is observed not to exhibit all the desired properties. In view of 

this, many researchers have been trying to synthesize new LC materials with different 

structures which can exhibit optimized properties required for device application. This 

approach seems to be tedious and time-consuming. One of the approaches for modification of 

properties of LCs is mixing of several LCs to enhance the characteristic features of the mixture 

which is commercially used technology in present days. With the emergence of 

nanotechnology, the research on the composite systems of nanomaterials in the LC hosts has 

shown promising results with improved physical properties for device applications[26]. This 

approach seems to be promising as compared to the ones mentioned above for modification of 

properties of LC host.   

1.3 NANOSCIENCE AND NANOTECHNOLOGY 

Nanotechnology [27,28] has emerged as one of the most promising technologies of the 21st 

century. The study, manipulation and engineering of matter, particles, and structures on the 

Figure 1-5 Schematic showing (a) different deformations (b) splay and bend deformations as a 

function of applied field for calamitic nematic liquid crystal filled in planar aligned cell 

(a) 

(b) 
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nanometre scale is referred to as ‘Nanoscience’. With the dominance of quantum mechanical 

effects, nano-structures differ in various properties from their bulk counterparts. This scientific 

field stands at the interface between physics, chemistry, materials science, microelectronics, 

biochemistry, and biotechnology which thus requires a multidisciplinary scientific exploration. 

Two approaches have been developed for the synthesis of nanostructures: top-down and 

bottom-up approach (Fig1-6). The top-down approach is the breaking down of bulk material 

to get nano-sized particles achieved by using advanced techniques such as precision 

engineering and lithography which have been developed and optimized by industry during 

recent decades. Top-down approach consists of various methods, including mechanical 

milling, electrospinning, lithography, sputtering, arc discharge, and laser ablation methods. 

Next, the bottom-up approach refers to the build-up of nanostructures atom-by-atom or 

molecule-by-molecule by physical and chemical methods which are in a nanoscale range using 

controlled manipulation of self-assembly of atoms and molecules. This includes chemical 

vapor deposition (CVD), solvothermal and hydrothermal, sol–gel, and reverse micelle 

methods. Chemical synthesis is a method of producing materials used either directly in product 

in their bulk disordered form or as the building blocks of more advanced ordered materials. 

Self-assembly is a bottom-up approach in which atoms or molecules organize themselves into 

ordered nanostructures with the help of physico-chemical interactions.  

 

Figure 1-6 Different methods used generally for synthesis of nanomaterials. 
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The nanomaterials family includes metal-based nanomaterials, carbon-based nanomaterials, 

ultrathin 2-dimensional nanomaterials, nanoporous materials and core–shell materials. Carbon-

based nanomaterials are a fascinating class of nanomaterial, consisting of fullerenes, carbon 

nanotubes, carbon-based quantum dots and graphene. After isolation of graphene in 2004 from 

graphite, large interest in applications of ultrathin 2D materials is witnessed due to their 

numerous exceptional features. Several ultrathin nanomaterials including silicene, borophene, 

antimonene, MXenes, 2D MOF nanosheets, and boron nitride nanosheets have been reported. 

Currently, more efforts are being made on producing nanomaterials with controlled 

morphologies and nanoscale dimensions to achieve the desired outcomes because of well-

organized nanostructures. By using nanotechnology, some commercial devices have already 

been introduced. Submicron-sized tin oxide particles are a key component of white paints. Zinc 

oxide and tin oxide nanoparticles are used in commercial sunscreens.  

 

Figure 1-7 Nanomaterials and its applications 

*Collage is prepared using Electron microscopy images from our work and Images showing various applications taken from reports cited in the text 
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In commercial LCDs, colour pigments with crystalline sizes of < 40 nm are introduced to 

provide better colour purity, brightness, and contrast for high-definition display-based 

applications.  

The properties of matter at the nanoscale level are substantially distinct compared to their bulk 

counterparts as size-dependent effects become more prominent at the nanoscale. Tuning the 

nanomaterial size provides a pathway to tune the properties of nanomaterials. Among a range 

of unique properties, the following key properties can be obtained upon tuning the sizes and 

morphologies of nanomaterials. 

i. High surface area to volume ratio 

ii. High thermal and electrical conductivity 

iii. Excellent mechanical properties 

iv. Dominant quantum mechanical effects 

v. Rich surface textural features 

vi. Enormous number of binding sites 

vii. Discretization of band structure 

Currently, researchers are concentrating on the development of randomly shaped nanomaterials 

as well as rational design of materials with controlled nano-architectures for boosting their 

performances for specific applications. As particle morphology is a crucial factor in the 

performance of nanomaterials for specific applications. The same materials with different 

morphologies can produce different outcomes. In the literature, many nanostructured 

materials[29–31] such as nanotubes [32–34], nanorods[35–37], nanoflowers[38], 

nanosheets[39], nanowires[40–42], nanocubes[43,44], nanospheres[45], nanocages have been 

reported for a range of applications (Fig 1-7). Currently, huge numbers of theoretical and 

experimental studies of nanomaterials and their applications have been witnessed. Most 

nanomaterials are being engineered for lab scale applications, and serious efforts are being 

made to bring them to the commercial market. Future technologies depend upon effective 

manipulation of nanoscale materials for various applications. However, the development and 

effective utilization of nanomaterials involve many challenges. To mention a few: 

i. The presence of defects in nanomaterials can affect their performance and their inherent 

characteristics can be compromised. 
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ii. The synthesis of nanomaterials through cost-effective routes is another major 

challenge. High-quality nanomaterials are generally produced using sophisticated 

instrumentation and harsh conditions which limit their large-scale production. 

iii. The agglomeration/ aggregation of particles at the nanoscale level is an inherent issue 

that substantially damages performance of devices in relevant fields. The process of 

agglomeration may be due to physical entanglement, electrostatic interactions, or high 

surface energy. 

1.4 NANOCOMPOSITES OF LIQUID CRYSTALS 

 

Nanomaterial assisted improvements in the characteristics of liquid crystals (LCs) have 

attracted a great deal of interest from researchers worldwide [26,27]. The extreme size-

dependent characteristics of nanomaterials provide an easy pathway to tailor their properties. 

In the composite systems of nanomaterials and LCs, both size and shape of NPs affect the 

properties of LCs. Generally, spherical NPs are observed to decrease the order parameter while 

elongated particles fit into liquid crystalline ordering and promote long-range molecular 

interactions[46]. In the present thesis work, calamitic LC hosts comprising of rod-shaped 

molecules are used. The addition of 1D nanomaterials which has similar shape anisotropy as 

that of the host LC under investigation is expected to be a good choice amongst the 

nanomaterials. Further, the miscibility of the nanomaterial with the host LC along with its 

aspect ratio is expected to play a major role in the alteration of properties of host LC.  

Various research groups have tried doping metallic (e.g. Ag, Au) [47], ferroelectric (e.g. 

BaTiO3)[48], semiconducting (e.g. ZnS, ZnO, PbS, TiSiO4, etc.)[49–52], magnetic (e.g. 

Fe3O4) nano particles in LC matrix which showed improvement in physical parameters such 

as switching time, threshold voltage, elastic constant, contrast ratio etc. Dispersion of 

ferroelectric nanoparticles in NLC leads to enhancement in the dielectric anisotropy and the 

orientational order of NLC [53]. Dispersions of ultrasmall magnetic needles or platelets results 

in ferronematic domains, which can be reoriented by weak magnetic fields and allow 

thresholdless optical switching in electric fields [54,55]. Anisotropic nanostructures such as 

nanorods, nanowires, nanotubes, nano platelets, nanoflowers etc. have also been used as 

dopants in LCs by few research groups. Apart from these, incorporation of carbon-based 

nanomaterials such as single- and multiwalled carbon nanotubes (S/MWCNTs) [56,57], 

graphene flakes [58,59], graphene QDs (GQDs), fullerenes, carbon dot [60] have also been 

immensely investigated. Switching behaviour of cylindrical shaped LC molecules plays a 
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crucial role in display devices.  Nematic phase exhibited by calamitic liquid crystals is the most 

useful of all the LC phases for display devices because of their long range orientational order, 

low viscosity, and large elastic constant ratio. NLCs composed of cylindrical shaped molecules 

are easy to align and switch at low strengths of electric fields as compared to their other shape 

anisotropic counterparts, discotic and bent core nematic. NLC with unidirectional orientational 

order are naturally suited for hosting 1D nanoparticles (1D-NPs), such as nanorods, nanowires 

and nanotubes  [50–52,61–65]. For composite system of NP in NLC, Osipov et al.[66], Egorov 

et al.[67], and recently Orlandi et al. [68] predicted that the shape of NPs strongly affects the 

interactions between NP and host LC molecules. [35,36]. Uniaxial deformed particles such as 

rods and discs are expected to stabilise the nematic order and widen the nematic temperature 

range. Spherical particles on the contrary are expected to destabilise the nematic order, which 

manifests as a decrease of phase transition temperatures. Classical Onsager theory predicts the 

stable nematic phase for a system consisting of rod shaped particles [11]. The simplest 

explanation for these reported results could be the similarity of shape anisotropy of LC 

molecules with 1D-NPs. Dispersions of rod-shaped particles in isotropic fluids are known to 

exhibit spontaneous formation of orientationally ordered phases by themselves. Therefore, 

composites of 1D-NPs with LC host are expected to exhibit synergetic orientational ordering. 

However, the mixing behaviour is observed to be quite complex. Addition of a relatively small 

amount (≤1 wt%) of 1D-NPs to the nematic LC host can alter the orientational order of the host 

medium. This effect perhaps depends on various factors such as the diameter and aspect ratio 

of the dispersed 1D-NPs with respect to that of the LC molecules, the interaction between the 

NPs and the interfacial interaction between the NPs and the LC molecules, which may alter the 

surface anchoring conditions. These dispersions are interesting to study as they allow 

investigating pure interactions between added nanomaterial and host LC molecules, without 

overlaying additional effects. However, even in the simplest case of nanoparticle doping, 

surface and bulk parameters get altered. The effect of addition of 1-D nanostructures such as 

nanorods, nanowires and nanotubes on physical parameters of NLCs has been studied by 

different research groups [49,52,66,69–72]. Among the 1D nanomaterials, CNTs are known to 

exhibit fascinating properties. The variation of dielectric and electro-optic properties of NLCs 

with the dispersion of CNTs is most extensively studied [56,65,73].  

1.4.1 Carbon Nanotubes (CNTs) in NLCs 

Modification in physical properties of  LCs with the incorporation of CNTs is widely studied 

by researchers [65,74]. The incorporation of functionalized single-walled CNT (SWCNT) in 
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the NLC host shows the reduced threshold voltage and enhanced nematic ordering of host NLC 

in the composite medium [62]. The addition of functionalized multi-walled CNT (MWCNT) 

in the NLC host media shows reduction in threshold voltage of host NLC, fast response, 

reduction in ionic impurities and increase in thermal stability, and better alignment of NLC 

molecules. One of the main conclusions drawn from several investigations is that alignment of 

CNTs in thermotropic LCs is feasible, but in practice very difficult to be achieved because of 

difficulties with CNT dispersibility and dispersion stability. If surfactants are added to improve 

the dispersion properties, the resulting surface anchoring modifications are typically such that 

they contradict requirements for good alignment. On incorporation of CNTs in LC, some of 

the device parameters improve but with deterioration of other key parameters. Therefore, an 

optimized control of modifications in properties of NLC with the incorporation of CNTs is yet 

to be reached. 

1.4.2 Inorganic nanorods in NLCs 

Dispersion of inorganic nanorods in liquid crystals is still a challenging task for researchers 

working in this field. Over the years, there are comparatively very few reports on the 

investigation of physical properties of composite systems of liquid crystals with nanorods.  

Zhang et al [47] demonstrated that molecular-colloidal organic-inorganic composites formed 

by liquid crystals and relatively dilute dispersions of orientationally ordered anisotropic gold 

nanoparticles (rods and platelets) can be used in engineering of switchable plasmonic polarizers 

and colour filters. The use of metal nanoparticles instead of dichroic dyes allows for obtaining 

desired polarizing or scattering and absorption properties not only within the visible but also 

in the infrared parts of an optical spectrum. Effect of dispersion of gold nanorods on properties 

of liquid crystals has been studied by few researchers [75–77]. Gold nanorod dispersion are 

observed to increase dielectric permittivity of LC host but also increases the conductivity[77]  

Wu et al. [51] reported a novel nanocomposite device based on liquid crystals and CdS 

nanorods where polarization of the emission from semiconductor nanorods can be controlled 

by an external bias. This offers new possible applications for one-dimensional semiconductor 

nanostructures in smart optoelectronic applications, including optical switches, integrated 

photonic devices, and electrochromatic gadgets. Kundu et al. demonstrated that dispersion of 

ultranarrow PbS nanorods[50] or ZnS nanorods[78] encapsulated by a fluidlike soft organic 

layer in the NLC results in a novel, highly miscible soft matter type blend where local ordering 

of nanorods significantly affects the global ordering of the blend allowing a more rapid 

response of the electro-optic properties.  
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Gap in the research 

LC field has seen a rapid growth in industry as well as in research due to its potential 

applications, especially in display devices. Different functionalities of LCs offer large number 

of opportunities for their use in various fields along with display. Use of LC in photo-voltaic, 

switchable smart windows, holography, flexible electronics, sensors as well as bio-medical 

applications is gaining interest and advancing research in this direction. State of the art of 

research in LCs in display device applications is more intended to address following issues: 

Minimizing ionic impurities: Presence of ionic impurities limits the device performance to 

larger extent. In display devices, these ionic impurities cause the accumulation of residual 

charges in the defect regions which leads to effects such as image sticking, flickering and slow 

response time. Impurity ions sometimes get adsorbed on inner polyimide layer while driving 

the LC cell causes residual image or ghost image. These impurity ions also induce the screening 

effects across LC layers which further decreases the effective voltage applied across the LC 

layers resulting in the increase of threshold voltage. 

Control of long range of alignment is also one of the important issues to be addressed. The 

defect regions in alignment layer are the main sources for accumulation of impurity ions. 

Defect regions can arise from various mechanical treatments of substrate surface in industrial 

fabrication processes. Incorporation of 1D anisotropic nanomaterials may help in the control 

of long-range alignment of cylindrical shaped NLC molecule without need for such mechanical 

treatments.  

Slow response times and scan rate conversion results in severe motion artifacts and image 

degradation for moving or rapidly changing images. Decreasing response times to an extent to 

achieve nearly zero motion blur in display devices is one of the important aspects to work on. 

Composites of nanorods with liquid crystals may be helpful to meet subcomponent 

manufacturing standards and offer fabrication possibilities for faster polarization-sensitive 

devices with wide viewing angles and improved contrast ratios. 

Miscibility of nanomaterial in LC matrix plays a crucial role in determining the physical 

properties of the LC. If the nanomaterial is immiscible in LC matrix, it is observed to 

accumulate at the interfaces leading to alteration of boundary conditions and increase in the 

ionic conductivity. Also, the concentration of nanomaterial added into the host LC is a critical 

factor. The optimization of concentration of nanomaterial in LC matrix is very important to 

observe the desired properties. 
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Although, research in the composite system of LC and nanomaterials has progressed a lot in 

recent years, most of the studies are confined to the use of spherical nanoparticles. The most 

probable reason could be the ease and control on synthesis of nanomaterials of spherical shape 

and easy dispersion of spherical NPs in LC matrix. Miscibility of NPs in host NLC is one of 

the important factors to investigate the effect of NP on properties of NLC. However, a thorough 

investigation on the effect of incorporation of various 1D nanomaterials on the physical 

properties of LC is much required. CNTs show great potential as one of the only nanomaterials 

for the composite systems with NLC. But the challenge is to control the aggregation of CNTs 

in host matrix. Also, the simple procedure to synthesize high quality of CNTs and control over 

morphology is still a major challenge for material scientists. Hence, the composite systems of 

other 1D nanomaterials and a systematic investigation on incorporation of these 1D NPs in host 

NLC is required to be explored. As discussed above, it has been predicted theoretically that rod 

shaped NPs could greatly improve the properties of LC host starting from classical Onsager 

theory[11] to the recent theoretical investigations [66–68,79]. 

 

 

Objective of the Proposed Research:  

• Selection of nanomaterials, Synthesis and characterization of nanoparticles of various 

aspect ratios based on its compatibility with liquid crystal host, solubility in solvents  

• Optimization of concentration of nanoparticles in liquid crystal matrix so as to achieve 

the enhancement in the physical properties and avoid aggregation or accumulation of 

nanoparticles in liquid crystal matrix. 

• Investigation on effect of concentration, size, and aspect ratio of nanoparticles on the 

physical parameters such as dielectric anisotropy, birefringence, and elastic constants 

of nematic liquid crystals 

• Electro-optical response time, ion transport and conductivity measurements of pure and 

nanocomposites of nematic liquid crystals  
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The work done presented in this thesis is laid out as follows: 

Introduction to liquid crystals, properties of nematic liquid crystals, applications, and research 

background is presented in Chapter 1. The experimental techniques used for synthesis and 

characterization of the nanomaterials as well as various measurement techniques used to study 

the electro-optic and dielectric properties of liquid crystals and its nanocomposites are 

discussed in Chapter 2. Fabrication of LC cells with different alignment configurations and 

preparation of nanocomposite samples is also discussed in Chapter 2. The results of study on 

effect of incorporation of CdS nanowire capped with oleic acid on behaviour of isotropic-

nematic (I-N) phase transition and physical properties of NLC, PCH5 are presented in chapter 

3. Results on effect of synthesized zinc oxide nanorods capped with oleic acid (ZOR) on 

physical properties of 8CB are presented in Chapter 4.  The results of the study indicate that 

above a critical concentration of ZOR (0.3 wt%) in host LC, ZOR induces vertical alignment 

of LC molecules in planar/unaligned cells. To study the effect of shape of nanoparticles, further 

work is carried out in which zinc oxide (ZnO) nanoparticles of different shapes (sphere, rod, 

wire) are synthesized without any functionalization. The results on effect of these different 

shaped ZnO NPs on physical properties of PCH5 are presented in Chapter 5. The results of the 

study indicate that incorporation of ZnO nanorods and ZnO nanowires helps better dispersion, 

alignment and improved physical properties of nanocomposite samples as compared ZnO 

nanospheres in NLC. Also, isotropic particles tend to self-assemble in chains/strands to 

minimize the free energy of the nanocomposite system. In continuation to this work, results on 

effect of size of ZnO nanorods with similar aspect ratio but different size (diameter: length), 

on physical properties of PCH5 are presented in Chapter 6. Results of the study indicate that 

properties of PCH5 can be tuned by variation in size as well as concentration of nanorods in 

NLC according to the application. the conclusion of the work done is presented followed by 

the future scope of the work in Chapter 7. 
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CHAPTER 2   

 EXPERIMENTAL TECHNIQUES 

Physical properties of NLCs with the variation of external stimuli such as temperature, 

frequency, and electric field are studied using different techniques. The electrical and optical 

properties of NLCs are interdependent and can be measured simultaneously. In the present 

chapter, various experimental techniques used for measurement of electro-optic and dielectric 

properties of pure and nanocomposites of liquid crystal are described. Also, the synthesis and 

characterization techniques for the 1D nanomaterials that are used for the preparation of various 

nanocomposites are explained. 

2.1 SYNTHESIS OF NANOMATERIALS 

The synthesis of nanomaterials presented in the following thesis is mainly done by bottom-up 

approaches viz., solid state decomposition and wet chemical synthesis methods. The detailed 

procedures for synthesis of nanomaterials are presented in the relevant chapters. 

2.2 CHARACTERIZATION TECHNIQUES 

The basic properties of synthesized nanomaterials such as crystal structure, morphology and 

thermal properties are studied using different techniques. Some of these techniques are also 

used to characterize the liquid crystals and its nanocomposites.  

2.2.1 X-Ray Diffraction 

X-ray diffraction is the technique for crystal structure analysis. X-ray diffractometer is 

conceptually simple and allows quite an accurate determination of crystal structure of 

polycrystalline samples, thin films, and nanoparticles. The XRD used for measurement in this 

thesis is Rigaku SmartLab II. It consists of X-ray generator (40 kV, 50 mA) with a 

monochromatic source of X-rays, (a copper target giving Cu𝐾𝛼(𝜆 = 1.54Å) after passing 

through nickel filter), sample holder and an X-ray detector. Detector (D/teX Ultra 250) is a 1D 

silicon strip detector with a higher capture angle and a larger active area. The diffracted rays 

make an angle 2𝜃° at the detector with respect to incident beam direction. A plot of intensity 

(counts) as a function of angle 2𝜃° gives the diffraction pattern. The interlayer spacing (d) is 

calculated by simple Bragg’s reflection law, 

2𝑑 sin 𝜃 = 𝑛𝜆 
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and crystallite size(D) is calculated by Debye-Scherrer formula, 

𝐷 =
0.9𝜆

𝛽 cos 𝜃
 

where, 𝛽 is full width at half maximum of specific XRD peak by subtracting instrumental 

broadening and 𝜃 is corresponding Bragg reflection angle. 

2.2.2 Fluorescence Confocal Microscopy  

The principle of imaging using Fluorescence Confocal Microscopy (FCM) imaging is based 

on the confocal microscopy (CM) (Fig 2-1b). Principal elements of a CM include a special 

objective with a high numerical aperture (NA) and a pinhole in front of the detector that 

functions as a spatial filter to reduce the signal emerging from outside the selected volume. 

Light rays from the focal point of the microscope pass through the pinhole, but rays from other 

points focus somewhere behind or in front of the screen and thus are effectively blocked by the 

aperture. The tightly focused light beam scans the sample to obtain a complete image. The 

scanning is usually performed by one focused beam traveling in the horizontal plane and then 

by mechanical or piezo element refocusing at different depths of the sample. The image is 

saved as a stack of thin (submicron) horizontal optical slices in the computer memory. The data 

can then be presented in a variety of forms, as a 3D pattern formed by images of all scanned 

volumes, or as horizontal or vertical ‘cross-sections’ of the sample.  

If the composition of sample under investigation consists of high-quantum-yield fluorescent 

particles that strongly absorb at the wavelength of the exciting beam, FCM can be used. The 

difference between the fluorescence and absorption wavelengths is known as the Stokes shift. 

If the Stokes shift is sufficiently large, the exciting and fluorescence signals can be efficiently 

separated by filters so that only the fluorescence light would reach the detector. The 

concentration of the fluorescent probe becomes coordinate dependent, giving a high-contrast 

image if the sample is heterogeneous. FCM (Zeiss LSM880) is used for the characterization in 

current thesis work. The pure and nanocomposites of LC filled in cells (planar/ homeotropic) 

can be directly probed under this microscope. 

2.2.3 Field Emission Scanning Electron Microscopy 

In field emission scanning electron microscope (FE-SEM), a cold cathode emitting electrons 

on the application of a very high electric field known as field emitter is used. In FE-SEM, 

secondary electrons emitted from the sample are commonly used for imaging (Fig 2-1a). In an 
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FE-SEM, the electron beam is focussed to a very small spot size using electromagnetic lenses. 

The fine beam is scanned or rastered on the sample surface using a scan generator and 

secondary electrons are collected by an appropriate detector. Signal from scan generator along 

with amplified signal from the electron collector generates the image of sample surface. The 

schematic of working principle of FE-SEM is shown in Fig 2-1c. To avoid the oxidation and 

contamination of filament as well as to reduce the collisions between air molecules and 

electrons, filament and sample are housed in a vacuum chamber. Usually vacuum 10-2–10-3 Pa 

or better is necessary for a normal operation of scanning electron microscope. FE-SEM used 

for the imaging of nanomaterials used in the current thesis work has following specifications: 

FEI Apreo LoVac with retractable STEM 3+ Detector and DBS Detector along with Aztec 

Standard EDS system having resolution 127 eV on Mn-kα. For imaging, powder samples are 

dispersed in appropriate solvent and drop casted on silicon wafer. After complete evaporation 

of solvent, thin layer of gold is coated on the sample using sputtering (Leica Ultra Microtome 

EM UC7) technique to avoid accumulation of charges on sample surface. 

2.2.4 Transmission Electron microscopy 

Transmission electron microscope is ideal for investigating the nanomaterials at very high 

resolution (~0.5 nm). Here, the electrons are transmitted through the sample in this microscope. 

Electrons of very high energy (typically >50 keV) are used which pass through a series of 

magnetic lenses. The basic components of TEM include electron source, condenser lens, 

sample, objective lens, diffraction lens, intermediate lens, projector lens and a fluorescent 

screen in the given order (Fig 2-1d). There may be some additional lenses in different 

microscopes in order to improve the image quality and resolution. The lenses are 

electromagnetic with varying focal lengths to obtain optimized images. Similar to SEM, the 

components (and sample) of a TEM have to be housed in a chamber having high vacuum 10-3  

to10-4 Pa for its proper functioning. The specifications of the TEM used for characterization of 

nanomaterials in current thesis work are: FEI Tecnai G2 20 S-TWIN (200 kV) with a point 

resolution of 0.24 nm and line resolution of 0.14 nm. For TEM imaging, samples are dispersed 

in appropriate solvent and drop cast on carbon coated copper grids. 
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Figure 2-1 Schematic showing (a) Interaction of high energy electron with matter; working principle of 

(b) Confocal Microscope; (c) Scanning Electron Microscope; (d) Transmission electron microscope 

(a) (b) 

(c) (d) image 
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2.2.5 Fourier Transform Infra-Red Spectroscopy  

Liquid crystal phases are exhibited generally by organic compounds. Many functional groups 

like –OH, –SH, =C=O, –CH2, –NH2 etc. have some characteristic absorption bands in the Infra-

Red (IR) regions. The transmitted light from the sample produces a spectrum in which certain 

characteristic frequencies are absorbed by molecules present in the sample. Fourier Transform 

IR (FTIR) spectrometer is mainly used to simultaneously record a spectrum for entire IR 

wavelength range in time domain and present the data in Fourier domain.  

 

Attenuated total reflectance (ATR) based on total internal reflection is one of the common 

sampling techniques in FTIR spectroscopy. In ATR-FTIR spectroscopy the sample is in contact 

with the ATR crystal. The IR radiation travels through the crystal and interacts with the sample 

on the surface in contact with the ATR crystal. The differences in refractive indices of both 

materials causes total internal reflection. This reflection forms an evanescent wave which 

extends into the sample. Based on the sample’s composition, a small part of the infrared light 

is absorbed when the evanescent wave interacts with the sample, resulting in a slightly 

attenuated total reflection. Schematic of working principle of ATR-FTIR is shown in Fig 2-2. 

To study the dipolar interactions of the nanomaterials with LC molecules in current thesis work, 

FTIR is performed using Perkin Elmer spectrophotometer equipped with ATR accessory 

(GladiATR).  

Figure 2-2 Schematic showing working principle of ATR-FTIR spectroscopy 
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2.2.6 Ultraviolet-Visible (UV-Vis) Spectroscopy 

Optical absorption spectroscopy is a very useful technique to study metallic, semiconducting 

and insulating materials in bulk, colloidal, thin film and nanostructure forms. Semiconducting 

as well as some insulating materials have an energy gap corresponding to optical frequency of 

electromagnetic spectrum. The excitation of electron from valence band to conduction band 

minimum of a sample under investigation can be detected by absorption of typical wavelength 

(or energy) over a wide range of incident wavelengths.  The absorbed (or reflected) intensity 

as a function of wavelength is useful to understand electronic structure and transitions between 

valence and conduction band of materials. UV-VIS spectrophotometer (Thermo Scientific 

EVOLUTION 201) is used for acquiring absorption spectra of nanomaterials. The powder 

samples are dispersed in appropriate solvents and this solution filled in quartz cuvette is used 

to record absorption spectra. 

2.2.7 Differential Scanning Calorimetry 

Technique for the measurement of the release or absorption of heat during chemical reactions, 

phase transitions, and other physical changes is termed as ‘calorimetry’ in which 

thermodynamic properties such as changes in enthalpy or entropy can be investigated. In 

differential scanning calorimetry (DSC), the difference in heat flow between two pans, one 

containing the sample and the other, a reference material, is determined. The sample and 

reference pans are heated independently such that the temperature difference is monitored and 

maintained at zero. When the material undergoes a phase transition, the amount of heat needed 

to maintain a constant sample temperature varies. The difference in energy needed to match 

the sample temperature to the reference is the amount of excess heat released or absorbed as a 

result of phase transitions. Basically, the information from DSC can be described by  

𝑑𝐻

𝑑𝑡
= 𝑚𝐶𝑝

𝑑𝑇

𝑑𝑡
 

where, dH/dt - DSC heat flow signal; m - sample mass; Cp - sample heat capacity; dT/dt - the 

heating rate. Physical changes in the material, such as melting, crystallization, and glass 

transitions can be observed using DSC. For the measurement of phase transition temperature 

of pure and nanocomposites of LC, Perkin Elmer DSC-4000 is used. A schematic of typical 

DSC thermograph is shown in Fig 2-3a. 
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2.2.8 Thermo-gravimetric Analysis 

Thermogravimetric analysis (TGA) refers to the process in which the sample mass is monitored 

as it is heated at a controlled rate in a controlled atmosphere (reactive, e.g., oxygen, air or inert, 

e.g., argon, nitrogen, or vacuum). The sample is loaded onto a balance within a furnace and 

heated using a specific temperature program. As a result of the heating, the sample mass 

changes due to desorption of an adsorbed species such as water, oxidation of metal species, 

decomposition via pyrolysis or combustion in case of carbonaceous materials. First and second 

derivatives of thermogram of weight loss vs temperature is commonly used for analysis. A key 

TGA measurement parameter is the residual mass (𝑀𝑟𝑒𝑠) of the sample at a given temperature, 

usually given as a percentage of the original sample mass:  

𝑀𝑟𝑒𝑠(%) =  𝑀𝑟 ×  𝑇 × 𝑀𝑠 × 100% 

where, Mr is the mass remaining at a specific temperature (T) and Ms is the initial mass of the 

sample. Temperatures of importance can be determined by differentiating the thermogram with 

respect to temperature or time followed by identification of the peaks. Hence, features that may 

not be easily detected or quantified in the thermogram (e.g., shoulders) can be easily identified 

and the onset temperature at which major transitions occur can also be quantified. Perkin Elmer 

TGA-4000 is used for measurements in current thesis work. A schematic of typical TGA 

thermograph is shown in Fig 2-3b. 

 

 

Figure 2-3 Typical (a) DSC thermograph (b)TGA thermograph 
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2.3 ALIGNMENT OF LC MOLECULES IN A CELL 

The variety of applications that emerge utilizing liquid crystals require the very basic and most 

important quality control, i.e., the alignment of LC molecules. Widely used technique to control 

the alignment of the LC molecules is the use of sandwich cell made up of transparent and 

conducting indium tin oxide (ITO) coated glass plates of specific thickness coated with a 

polymer layer responsible for initial alignment of molecules. Glasses are excellent material for 

substrates because it has a flat surface, high transparency, high corrosion resistance for 

chemicals, very low moisture but lacks flexibility and are brittle. Although, plastic substrates 

may be another choice being light weight, flexible and not easy to break, but they have poor 

thermal resistance and moisture can pass through it easily. ITO is commonly used as electrode 

in LCD, and it is coated on the glass substrate by sputtering. It is smooth, conductive, and 

transparent, can be etched easily to make the desired pattern and it is thermally stable to go 

through processes at high temperature during fabrication. Measurement of different properties 

of LC and its composites can be easily done by applying external stimuli. Nowadays, 

nanoparticle induced alignments are also reported which require no pre-treatment of substrates 

and are also helpful for applications in flexible substrate-based technologies. In this section, 

various types of basic alignment modes and the preparation of classic sandwich LC cell is 

discussed. 

2.3.1 Alignment of LC molecules 

Nematic LCs are composed of rod-shaped molecules and hence are easiest to align making 

them most widely used in the device applications, especially, displays. Depending on the 

direction of molecular orientation, specifically, director with respect to the plane of the 

substrate surface, there exists three basic types of configurations viz., planar, homeotropic and 

twisted. Fig 2-4 depicts the schematic representing arrangement of molecules in these 

configurations. In planar configuration, director is aligned parallel to the plane of substrate 

while it is perpendicular in case of homeotropic configuration. Twisted configuration, which 

is used in commercial display applications, has the arrangement of molecules from bottom 

substrate to top substrate of the cell such that director rotates by 90°. The NLC filled sample 

cell when placed between the crossed polarizers show varying intensity pattern based on the 

configuration of cell. Homeotropic cell is observed to be completely dark at all angles of 

rotation of sample stage. Optical texture of LC filled in planar cell is completely bright and 

completely dark under crossed polarizers when rubbing direction of the cell is at an angle of 

45° and 0°, respectively to either polarizer.  
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Figure 2-4 Schematic showing arrangement of LC molecules in planar and homeotropic cells 

Figure 2-5 Schematic showing procedure for fabrication of LC cells 
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2.3.2 Fabrication of LC sample cells 

The physical property measurement of LCs is performed by filling them in sandwich cells as 

mentioned earlier. The sample cells are prepared in planar and homeotropic configurations 

according to the standard procedure as shown in Fig 2-5. The ITO coated glass substrates are 

etched using 10% HCl in water followed by the thorough cleaning using soap water solution. 

Afterwards, these are ultrasonicated in 10% aqueous solution of ethanol and then completely 

dried in ambient. The cleaned substrates are treated further to obtain desirable configuration. 

a. Planar Cells: 

The cleaned substrate is coated with Polyimide (PI2555) using spin-coating method. 

Afterwards these substrates are heated at 250℃ for 1 hour on a hotop (REMI 2MLH) to 

facilitate polymerization. After cooling to room temperature naturally, the polyimide 

coated substrates are unidirectionally rubbed using a soft cloth which helps making 

microgrooves on the substrate. Two such substrates are placed anti-parallel and glued 

together using epoxy glue mixed with glass spacers of desired thickness. This assembly 

is heated at 100℃ for 1 hour on hotop to obtain planar aligned cell. 

b. Homeotropic Cells: 

Homeotropic cells are prepared by similar method as described above. Here, instead of 

polyimide, substrates are spin coated using octadecyl trimethyl silane (OTMS) and heated 

at 150℃. No mechanical rubbing is required for the preparation of homeotropic cells. The 

glued substrates after heating at 100℃  and cooling down naturally to room temperature 

gives the homeotropically aligned cells. 

c. Uncoated/Unaligned Cells: 

For few of the studies presented in this thesis, we have also used uncoated cells. The 

cleaned ITO substrates are glued together without coating any layer of polymer and heated 

at 100℃ to obtain uncoated or unaligned cells.  

2.4 MEASUREMENT TECHNIQUES 

Various physical properties of pure and nanocomposites of liquid crystals are measured by 

different techniques as described below. 

2.4.1 Thickness and capacitance of empty cell 

Initially, the thickness and capacitance of the cells before filling liquid crystal sample are 

measured. The thickness of the empty cells is measured by interferometric technique using 

fibre-optic spectrometer (Ocean-Optics USB4000-XR1-ES). The corresponding wavelengths 
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(𝜆𝑚 𝑎𝑛𝑑 𝜆𝑛) of the mth and nth maxima are measured, and thickness (d) is calculated using 

equation 

𝑑 =
(𝑚 − 𝑛)

2
 

𝜆𝑚𝜆𝑛

𝜆𝑚 − 𝜆𝑛
 

Empty cells can be considered as a parallel plate capacitor filled with air as a dielectric material. 

Geometrical empty capacitance (𝐶0) of cell is simply a ratio of area (A) to thickness(d) times 

the permittivity of free space (𝜀0). 

𝐶0 =
𝜀0𝐴

𝑑
 

After the parameters of the empty cell are recorded, cells with similar thickness and area are 

chosen for a set of an experiment. The pure and nanocomposites of liquid crystals are filled in 

the cells of desired configuration with the help of capillary action in their isotropic phase. Then, 

these sample filled cells are allowed to cool down to room temperature slowly and can be used 

for further measurement. 

2.4.2 Polarizing Optical Microscopy 

The observation of optical textures of the sample filled LC cells is the most important step 

before measuring any of its physical properties. The optical textures show the alignment of LC 

sample in the cell which is recorded using polarizing optical microscope (POM; Olympus 

BX53M). The sample filled LC cell is mounted on the hot stage (Microptik MTDC400) with a 

temperature control of 0.1℃. This assembly is placed between the crossed polarizers of the 

POM. White light is used as an optical source and transmitted light is detected using camera. 

The schematic of working principle of POM is shown in Fig 2-6. The sample cells that show 

uniform and homogeneous alignment of LC sample in accordance with the configuration of 

the cell are further used to measure the various physical properties. The representative images 

of the optical textures observed under POM in various cell configurations are shown in Fig 2-

7. Variation of optical textures by varying temperature, applied electric field, angle between 

polarizer and analyser can also be recorded and analysed. 
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Figure 2-7 Polarizing optical microscope images (a) Schlieren texture of liquid crystal in nematic phase; (b) focal 

conic texture of liquid crystal in smectic A phase; (c) fingerprint texture of liquid crystal in cholesteric phase; (d) 

uniform alignment of nematic liquid crystal in planar cell (bright texture); (e) uniform alignment of nematic liquid 

crystal in homeotropic cell (dark texture); (f) nematic liquid crystal- water composite; (g) Liquid crystal with 

TGBA phase; (e) Evolutuion of TGBA phase from blue phase of a liquid crystalline material 

Figure 2-6 Schematic showing working principle of polarizing optical microscope. 
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2.4.3 Electro-optic properties 

The electro-optic properties such as optical transmittance, birefringence, response time are 

some of the important characteristics for display device applications. The schematic of the set-

up for the measurement of various electro-optical properties is shown in Fig 2-8. 

a. Estimation of birefringence 

The planar cell filled with LC sample is mounted on the hot stage. This assembly is placed 

between crossed polarizers in a way to obtain maximum intensity (Imax), i.e., the angle between 

rubbing direction of sample cell to either of the polarizers is 45°. The laser of wavelength (𝜆 =

633 𝑛𝑚) is passed through the sample cell kept between crossed polarizers and transmitted 

intensity is recorded using a photodetector (Thorlabs) connected to multimeter (Keysight 

34461A). The variation in the transmitted intensity (Itrans) of the cell by varying the temperature 

is recorded which is used to measure the birefringence (∆𝑛) of the sample using equation, 

∆𝑛 =  
𝜆

2𝜋𝑑
 Δ𝜙 

where, Δ𝜙 is the phase retardation calculated from equation 

Δ𝜙 = cos−1 [1 − 2 (
𝐼𝑡𝑟𝑎𝑛𝑠 − 𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛
)] + 2𝑚𝜋              𝑚 = 0,1,2, . .. 

where, Imax and Imin are observed intensities at maxima and minima, respectively. Error in the 

measurements of Itrans is observed to be < ±2%. The typical graph of variation of intensity as 

a function of temperature and variation of birefringence as a function of temperature are shown 

in Fig 2-9a and 2-9b, respectively. 

b. Estimation of electro-optic response time 

A digital storage oscilloscope (EDUX1002G; Keysight) is used to apply the voltage of fixed 

frequency (square wave signal of 60 Hz) to the sample filled LC cell. The output of the 

photodetector is connected to the DSO which records the response of the LC filled sample 

cell to the input signal. This data is analysed to calculate the rise time (𝜏𝑟) and decay time 

(𝜏𝑑) of the LC sample as shown in Fig 2-9 (c). Total response time (𝜏) of the sample is simply 

the sum of rise time and decay time.  
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Figure 2-8 Schematic of setup for measurement of electro-optic properties of liquid crystal 

Figure 2-9 Typical graph showing (a) variation of transmitted intensity of light as a function of temperature; 

(b) variation of birefringence of a nematic liquid crystal as a function of temperature; (c) Electro-optic 

response by applying square wave signal; for LC sample filled in planar cell 
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Switching times of the LC sample depend on different properties of the LC given by equation,   

𝜏𝑟 = 
𝛾

 (Δ𝜀
𝐸2

4𝜋
) − (

𝐾11𝜋2

𝑑2 )
 

𝜏𝑑 = 
𝛾𝑑2

𝐾𝜋2
 

where, 𝛾 −rotational viscosity, 𝑑 − thickness of sample, 𝑉𝑜𝑛 − driving voltage,  𝜀0 −

permittivity of free space, Δ𝜀 −dielctric anisotropy of sample, 𝐾 (= 𝐾11 −
𝐾22

2
+

𝐾33

4
) − 

effective elastic constant of the sample. 

2.4.4 Dielectric properties 

Properties including dielectric permittivity, conductivity, elastic constants of an LC sample are 

crucial for device applications. Calamitic liquid crystals being made up of rod-shaped 

molecules, the properties are measured with respect to long-axis of the molecule. These 

properties show change with variation in external stimuli such as temperature, frequency and 

electric field.  

a. Estimation of dielectric permittivity and conductivity 

Thermotropic LCs show phase transition as a function of temperature which implies that the 

dielectric properties vary as a function of temperature. Sample filled LC cell is depicted as a 

simple circuit: a capacitor in parallel with a resistor. Schematic of a setup used to measure the 

dielectric properties of the sample filled LC cell is shown in Fig 2-10. An LC filled sample cell 

mounted in heating stage is connected to a lock-in amplifier (SRS830) which is used to apply 

an electric field at a defined frequency (AC field). A capacitor with comparatively higher 

capacitance value (𝐶 ≈ 1𝜇𝐹) as compared to sample cell (< 2nF) is connected in series with 

sample cell. A computer-controlled programme is used to obtain the values of capacitance and 

resistance as a function of applied voltage to the pure and nanocomposites of LCs. The values 

of capacitance (𝐶𝑝) and resistance (𝑅𝑝) of the sample filled cell is calculated using standard 

method [80]. Error in the measurements of 𝐶𝑝 and 𝑅𝑝 are observed to be < ±1%. The 

dielectric permittivity (𝜀) of the sample can be easily calculated as a ratio of capacitance after 

filling LC sample (𝐶𝑝) to the one before filling (𝐶0).  

𝜀 =  
𝐶𝑝

𝐶0
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The typical graph of variation of 𝜀 as a function of temperature is shown in Fig 2-11a. The bulk 

ac conductivity (𝜎) can be calculated form the measured value of 𝑅𝑝 using equation, 

𝜎 =
𝑑

𝑅𝑝𝐴
 

 

  

Figure 2-11 Typical graphs showing variation of dielectric permittivity as a function of (a) temperature 

and (b) voltage. 

Figure 2-10 Schematic of setup for measurement of dielectric properties 
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b. Estimation of threshold voltage and elastic constants 

The same setup as described above can be used to measure the dielectric properties of LC 

samples as a function of varying electric field. The typical graph of  𝜀 vs voltage (V) for a 

positive dielectric anisotropy LC filled in planar cell is shown in Fig 2-11(b). In the planar cell, 

LC molecules are aligned parallel to the substrate surface and the field is applied across the 

cell, hence perpendicular to the long axis of the LC molecule. The component of 𝜀 measured 

at voltage less than threshold voltage (𝑉𝑡ℎ) (𝑉 < 𝑉𝑡ℎ) is 𝜀⊥.The capacitance and hence, 𝜀, of 

the LC sample starts changing as soon as the applied field overcomes the anchoring energy of 

the surface of the substrate and the long axis of the LC molecule starts to align in the direction 

of applied field. The voltage at which this change takes place is 𝑉𝑡ℎ. When the long axes of 

most of the LC molecules become almost parallel to that of the applied field, the value of 𝐶𝑝 

saturates and shows no change with further increase in the voltage. The component of 𝜀 

measured at 𝑉 ≫ 𝑉𝑡ℎ is 𝜀∥. The difference between both the components of dielectric 

permittivity is known as dielectric anisotropy (∆𝜀 =  𝜀∥ − 𝜀⊥). Dielectric anisotropy is one of 

the important parameters which relates to order parameter of the system.  

Due to the application of electric field, the competition between anchoring energy of the surface 

of the substrate and applied field leads to the deformation viz., splay, bend and twist as 

explained in Section 1.1.3. In planar cells filled with LC sample, the splay deformation is 

prominent near the threshold voltage whereas bend deformation can be observed at higher 

applied voltages. The splay elastic constant (𝐾11) can be estimated using equation, 

𝑉𝑡ℎ =  𝜋 √
𝐾11

𝜀0. Δ𝜀
 

For estimation of bend elastic constant (K33) using data of variation of Cp as a function of 

applied voltage  in the range of  2-5 V, a formulation given by Uchida et. al. (𝐾33) is used. 

𝐶(𝑉) − 𝐶⊥

𝐶⊥
=  𝛾 −

𝛼

𝑉
 

where, 𝛼 =  
2𝛾

𝜋
 𝑉𝑡ℎ√1 + 𝛾 ∫ {

(1+𝑘𝑠𝑖𝑛2𝜙)

(1+𝛾𝑠𝑖𝑛2𝜙)
}

1

2
𝑐𝑜𝑠𝜙 𝑑𝜙

𝜋

2
0
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c. Dielectric spectroscopy 

Impedance analyser (KeysightE4990A) is used to measure the complex dielectric permittivity 

(𝜀∗), complex impedance (𝑍∗), and bulk conductivity of the LC sample (𝜎). It provides 

information about molecular dynamics as well as some important material parameters such as 

the static dielectric permittivity (ε) and DC electrical conductivity (𝜎𝑑𝑐). The real part of the 

permittivity or dielectric constant (𝜀′), imaginary part of permittivity (𝜀”)  and loss factor 

(tan 𝛿), subjected to an alternative (AC) sinusoidal supply voltage, can be determined from the 

following equations: 

𝜀′ = 
𝐶𝑝𝑑

𝜀0𝐴
       𝑎𝑛𝑑    tan 𝛿 =

𝜀"

𝜀′
=

1

𝑅𝑝𝐶𝑝𝜔
 

where, ‘𝜀0’ represents the dielectric permittivity of free space, ‘d’ represents the thickness of 

the sample material, ‘A’ is the area of the electrode, ‘ω’ indicates the angular frequency, and 

Cp and Rp represent the measured values of capacitance and the resistance. At low frequency, 

the static (DC) conductivity can be estimated from the AC conductivity measurement data 

using the formula: 

𝜎𝑎𝑐(𝜔) =  𝜎𝑑𝑐(𝜔) + 𝐾𝜔𝑛 = 𝜔𝜀0𝜀
"(𝜔) 

where ‘K’ represents an empirical parameter and ‘n’ represents the high-frequency slope of the 

AC conductivity ranging from 0 to 1.  

Over broad frequency range (Hz-MHz), the variation of  𝜀∗ as a function of frequency can be 

fitted using Havriliak-Negami (H-N) function,  

𝜀∗(𝜔) = 𝜀∞ + 
𝛿𝜀

((1 + 𝑖𝜔𝜏)𝛼)𝛽
− 𝑖

𝜎

2𝜋𝜀0 𝑓𝑛
 

where 𝛼 and 𝛽 are the shape parameters describing the asymmetry and broadness of the 

dielectric dispersion curve at higher frequencies. The third term accounts for the contribution 

of conductivity (𝜎) in low frequency region, with n as fitting parameter. Generally, liquid 

crystals show Debye type relaxation behaviour. The measured dispersion of 𝜀′  in Cole-Cole 

plot can be described by  

𝜀′ = 𝜀∞ + [𝜀𝑠 − 𝜀∞ (1 + 𝜔2𝜏1
2)⁄ ] 
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where, low frequency limit of the Cole-Cole plot is static dielectric permittivity, 𝜀𝑠, whereas 

high frequency limit is 𝜀∞ and 𝜏1 is relaxation time. The difference (𝛿𝜀 = 𝜀𝑠 − 𝜀∞) is known 

as dielectric strength. The molecular dynamics in the frequency range from 102 to 106 Hz 

corresponds to relaxation processes which take place on a local scale and follows an Arrhenius 

type of dependence 

𝑓𝑟 = 𝑓∞ exp(−𝐸𝐴 kB𝑇⁄ ) 

where, kB is the Boltzmann constant, and EA is the activation energy corresponding to the flip-

flop motion of molecules about their short axes. 𝑓∞ corresponds to the relaxation rate in the 

high temperature limit for the dynamic glass transition. The dielectric spectroscopy 

measurements at low applied voltage are performed for LC samples filled in homeotropic cells. 

In homeotropic geometry, the observed peak in εꞌꞌ vs frequency plot is due to flip-flop motion 

of LC molecules about their short-axes. However, the peak observed in the variation of εꞌꞌ vs 

frequency plot for samples filled in planar cells is due to pseuodo-relaxation processes [62]. 

Hence, in the current thesis work, dielectric spectrscopy measurements are performed for pure 

and nanocompsoite samples of LC filled in homeotropic cells. 

To summarize, we have discussed various characterization techniques used to estimate the 

properties of synthesized nanomaterials as well as to measure dielectric and electro-optic 

properties of pure and nanocomposites of liquid crystals. Using these measurement techniques, 

various properties of LCs incorporated with different nanomaterials are estimated. The 

characterization and measurement techniques used for investigation of different 

nanocomposite systems of LC are described in the relevant chapters.  
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CHAPTER 3  

EFFECT OF INCORPORATION OF FUNCTIONALIZED 

CdS NANOWIRE ON PROPERTIES OF NEMATIC LIQUID 

CRYSTAL 

A basic introduction to liquid crystals, properties of nematic liquid crystals, research 

background and experimental techniques used for the measurements of properties of 

nanomaterials as well as pure and nanocomposites of LCs used in the current thesis work are 

discussed in previous chapters.  In this chapter, we present the results of investigation of NLC, 

on incorporating oleic acid functionalized CdS nanowires (CdS nanowires). As discussed in 

the Chapter 1, calamitic NLC generally exhibit a discontinuous weakly first order isotropic- 

nematic (I-N) phase transition. With the incorporation of CdS nanowires in NLC at 

concentration of 0.02 wt% and 0.05 wt%, the measurements of parallel and perpendicular 

components of dielectric permittivity and bulk conductivity of nanocomposites are found to 

follow second order continuous I-N phase transition in contrast to the discontinuous weakly 

first order transition of the pure host NLC.  This was further confirmed from scattered intensity 

measurements on the CdS nanocomposite samples of  nematic liquid crystal in homeotropically 

aligned cells. Such measurements indicate a continuous second order phase transition for the 

nanocomposites of NLC having concentrations less than 0.2 wt% of CdS nanowires in NLC. 

The dielectric anisotropy, birefringence, threshold voltage of nanocomposites of CdS nanowire 

in PCH5 with varying concentration of the nanowire have been measured. The  ionic 

conductivity of  nanocomposites of CdS nanowires  of  NLC increases with increasing 

concentration of CdS nanowires. The conductivity and relaxation behaviour with the 

incorporation of CdS nanowire in NLC enclosed in homeotropic cells is also studied using 

dielectric spectrosocpy measuremets. The dielectric strength as well as conductivity are 

observed to increase with the incorporation of CdS nanowires in PCH5. 

Key findings of this study are published in  

• Experimental evidence of continuous isotropic-nematic phase transition in CdS nanowire 

nanocomposites of a nematic liquid crystal, S Mishra, V Manjuladevi, RK Gupta, S 

Kumar, Liquid Crystals 48 (8), 1151-1161, 1, 2021 
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3.1 INTRODUCTION  

The isotropic-nematic (I-N) phase transition exhibited by calamitic liquid crystals (LCs) is well 

known to be a first order phase transition phenomenon. This transition phenomenon is very 

well explained by Onsager[11,81] using the statistical mechanical theory of system of hard 

rods. Further, the theory of Landau-de-Gennes [2] using free energy expansion as a function of 

order parameter contains the third order term proving the I-N phase transition in LCs to be first 

order. However, the nature of I-N phase transition is only weakly first order [82] with a very 

small discontinuity in the order parameter at the phase transition temperature. The I-N phase 

transition can be transformed to second order continuous phase transition using suitable fields 

of high strength [83–85]. The density functional theory (DFT) followed by Monte Carlo 

simulation [86] of the system of hard ellipses of sufficiently large aspect ratio has proven the 

existence of second-order I-N phase transition. The phenomenon of continuous I-N phase 

transition is well studied both theoretically and experimentally for the polymer/lyotropic 

systems containing semiflexible chains of large aspect ratio > 4 [69,87]. DFT and molecular 

dynamics studies performed by Egorov et. al. on the lyotropic solutions of semiflexible 

polymers gives a thorough insight of the I-N phase transition as a function of chain length, 

flexibility of chain and monomer density[67]. They have reported for longer chain polymers, 

stiffer the polymer chain, the I-N phase transition occurs at lower monomer concentrations. 

Experimental investigations on nematic elastomers support the theoretical ideas of a continuous 

nematic-isotropic transition in contrast to the discontinuous first-order transition expected by 

the Landau-De Gennes mean field theory[88,89]. According to Petridis et.al.[88], the presence 

of network crosslinks in nematic elastomers act as sources of quenched orientational disorder. 

The addition of weak random anisotropy reduces the first-order discontinuity in order 

parameter and for sufficiently high disorder strength the jump disappears and the phase 

transition becomes continuous. The addition of crosslinks in liquid single crystal elastomers 

was shown to make the nematic transition smooth and to slightly reduce order [90]. The phase 

transition behaviour is found to be modified when there is a spatial confinement of LC 

molecules on micro- and nano- scales [91,92]. Using NMR studies, continuous I-N phase 

transition behaviour is observed in submicron size LC droplets (< 0.035 μm)[91]. This result 

is consistent with the Sheng’s prediction that I-N coexistence terminates at critical enclosure 

size[93]. The continuous paranematic to nematic transition is observed in the NLCs confined 

in array of tubular silica nanochannels having mean diameter of 10 nm and 300μm long[92]. 

The theoretical calculations based on mean field theory[66] predicts a considerable softening 

of the first-order I-N phase transition in the presence of anisotropic nanoparticles.  
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Incorporation of  nanomaterials into LC host not only affects the phase transition but also it 

can lead to improved electro-optic response of NLCs. The effect of addition of 1-D 

nanostructures such as nanorods and nanotubes  on physical parameters of NLCs has been 

studied by many research groups[47,51,94] The addition of 1-D nanostructures to the NLCs 

shows better polarization control and switchable assembly [50,51], enhancement in  the electro-

optic switching properties of host NLCs, and orientation control [78]. The variation of 

dielectric and electro-optic properties of NLCs with the dispersion of carbon nanotube (CNT) 

is most extensively studied owing to the fascinating properties exhibited by the CNTs [95,96] 

The incorporation of single-walled CNT (SWCNT) in the NLC host shows the reduced 

threshold voltage and enhanced nematic ordering of host NLC in the composite medium [97] 

The addition of functionalized multi-walled CNT (MWCNT) in the NLC host media shows 

reduction in threshold voltage of host NLC, fast response ,  reduction in ionic impurities and 

increase in thermal stability , and better alignment of NLC molecules [60]. These studies 

indicate the potential of the field of nanocomposite systems consisting of NLC and nanowires. 

A systematic studies on such system is important which can address several aspects including 

the nature of I-N phase transition due to incorporation of nanomaterials in NLC host. In this 

article, we report that I-N phase transition which is weakly first order in a pure NLC evolves 

as a continuous second order phase transition in CdS nanowire nanocomposites of NLC. 

3.2 EXPERIMENTAL 

For this experimental study, we have taken 4-(trans-4’pentylcyclohexyl)-benzonitrile (PCH5) 

as NLC host material procured from TCI chemicals. The NLC host PCH5 exhibits the phase 

transition sequence: Isotropic (55.3 ̊ C) Nematic (30 ̊ C) Crystal. NLC nanocomposites were 

prepared using CdS nanowires functionalized with oleic acid (CdS nanowires) synthesized in 

the laboratory[98]. The image of CdS nanowires captured using field emission scanning 

electron microscope (FEI Apreo LoVac) is shown in Figure 3-1. As synthesized, CdS nanowire 

is 40-50 nm wide with the aspect ratio of ~200. CdS nanowire is dissolved in chloroform and 

this solution is ultrasonicated for about two hours to get a homogeneous dispersion. Calculated 

quantity of this solution is added into host NLC to obtain nanocomposites of various 

concentrations viz., 0.02, 0.05, 0.1, 0.2 and 0.5 wt% of CdS nanowire in PCH5. Sufficient time 

is allowed for the solvent to evaporate from the nanocomposites. 
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The I-N phase transition temperature is recorded using Differential Scanning Calorimeter 

(DSC; Shimadzu DSC60). For the electro-optic and dielectric measurements, we have used 

planar as well as homeotropically aligned cells of thickness ~7.5 μm. Thickness of the sample 

cells is measured using an interferometric fibre-optics spectrometer (Ocean-optics USB4000-

XR1-ES). Optical texture of the LC filled sample cells is observed under polarizing optical 

microscope (POM; Olympus BX53M) at room temperature. The sample cell is placed inside 

the hot stage (Micro-optik MDTC600) with temperature control of 0.1 ℃ having a small hole 

in the middle to allow light to pass through. This assembly was then kept on the rotating stage 

of the POM between crossed polarizers. A laser beam of wavelength 633 nm passes through 

the sample placed between crossed polarizers. The planar aligned cell is kept between crossed 

polarizers with a rubbing direction at an angle of 45 ̊ to either of the polarizers. The transmitted 

intensity (I) as a function of temperature is recorded and used to estimate the birefringence of 

the nematic samples. The transmitted intensity through homeotropic cell is expected to be zero 

in this geometry as the incident beam is along the optic axis of the sample. However, thermal 

fluctuations of the director 𝑛̂ can lead to strong scattering of light. A schematic representation 

of the scattering geometry in homeotropically aligned cell kept between crossed 

polarizers is shown in Figure 3-2. The propagation direction of the incident wave vector 

k0 is along the optic axis  𝑛̂ of the nematic sample. The directions of electric vectors of 

the incident beam and the scattered beam are denoted by i and f. In this geometry [2] the 

scattered intensity I will be given by  

Figure 3-1 Field emission scanning electron microscope image of functionalized CdS nanowires 



47 
 

𝐼 ∝
𝜀𝑎𝑖
2

𝐾22𝑞⊥
2 + 𝐾33𝑞∥

2 

where K22 and K33 are twist and bend elastic constants respectively and 𝜀𝑎𝑖 is the 

anisotropy of optical susceptibility. 𝑞⊥ and 𝑞∥ denote the perpendicular and parallel 

components of the scattering vector 𝑞 ⃗⃗⃗  , respectively. For  𝑞 ⃗⃗⃗  =  𝑘0
⃗⃗⃗⃗ −  𝑘1

⃗⃗⃗⃗  ≈ 0 the scattered 

intensity is large. We have conducted measurements on the samples in the orthoscopic 

configuration of the microscope (parallel beam observation).  

For   𝑘0
⃗⃗⃗⃗ ≈ 𝑘1

⃗⃗⃗⃗   the scattered intensity is given by,  

𝐼 ∝
𝜀𝑎𝑖
2

𝐾22𝑞⊥
2 

The scattered intensity in the forward direction in a narrow range of angles with   𝑞 ⃗⃗⃗  ≈ 0 is 

detected using a photo-detector. 

 

 

The dielectric permittivity (𝜺) measurements as well as ac conductivity (𝝈) measurements as a 

function of voltage are performed at an applied frequency of 4 kHz. Planar aligned cells filled 

with pure PCH5 as well as CdS nanowire nanocomposites of PCH5 are subjected to varying 

electric field to obtain both parallel (𝜺∥) and perpendicular (𝜺⊥) components of dielectric 

permittivity as well as parallel (𝝈∥) and perpendicular (𝝈⊥) components of conductivity using 

the method reported earlier [99]. 𝜺∥ is also measured by application of electric field to 

Figure 3-2 Schematic of scattering geometry; i and f denote polarization vectors of the 

incident and scattered beam respectively; k0 and k1 denote wave vectors of incident and 

scattered beam respectively and q is scattering vector 
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homeotropic cells filled with pure PCH5 as well as CdS nanowire nanocomposites of PCH5. 

The values of threshold voltage of NLC samples are calculated from measured capacitance 

data as a function of voltage using the C-V curve method [99]. All the measurements were 

recorded through a PC with the help of LABVIEW program. Ionic current measurements were 

performed at room temperature using DC polarization method [99] wherein a dc field was 

applied across sample cells using source-meter (Keithley 2400) and output dc current was 

recorded using multi-meter (Keysight 34461A). To study the relaxation dynamics of the CdS 

nanowire incorporated in NLC, dielectric spectroscopy measurements are performed for 

samples filled in homeotropic cells in the frequency range of 100Hz-10 MHz. 

3.3 RESULTS AND DISCUSSION 

The DSC thermographs of heating and cooling cycles of samples of pure PCH5 as well as CdS 

nanowire nanocomposites of PCH5 at a scan rate of 5 ℃/min are as shown in Figure 3-3. The 

variation of TIN in nanocomposite samples of CdS nanowire in LC is very small (< 1̊ C) as 

compared to that of pure NLC even for higher concentrations (0.5 wt%) of CdS nanowire in 

LC. For very low concentration of CdS nanowire in PCH5, the relative interaction strength of 

anisotropic interaction due to nanowire- LC molecules is very small resulting in slightly lower 

values of TIN in nanocomposite samples of CdS nanowire in LC than the pure NLC due to 

dilution effect [66]. However, with increase in concentration of CdS nanowire in NLC, the 

interaction strength increases, due to the strong anisotropy of nanowires and hence the TIN 

increases in the nanocomposites of CdS nanowire in PCH5 slightly as compared to that of pure 

NLC. In these samples, dilution effect due to addition of nanowires is compensated by the 

anisotropic nature of nanowires. With further increase in concentration of nanowires above a 

critical concentration result in aggregation, again makes the dilution effect to prevail which 

decreases the I-N transition temperature considerably. The optical textures of pure PCH5 as 

well as nanocomposites of CdS nanowires in PCH5 filled in planar aligned sample cells kept 

between crossed polarizers of POM is shown in Figure 3-4. The optical textures of 

nanocomposite samples with CdS nanowire for concentrations ≤ 0.1 wt% in NLC indicates no 

aggregation of CdS nanowires in the LC cells. The aggregation of nanowires can be clearly 

seen in LC cells filled with concentration   0.2 𝑤𝑡% of CdS nanowire in PCH5 leading to 

worm like defect texture in these samples (Figure 3-4 e-f). 
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The value of   birefringence (∆𝑛) as a function of temperature is estimated using the transmitted 

intensity data as a function of temperature for pure PCH5 as well as nanocomposites of CdS 

nanowires in PCH5 is shown in Figure 3-5.  

Figure 3-3 DSC thermographs of CdS nanowire nanocomposites of PCH5 samples 

Figure 3-4 Polarizing optical microscope images of CdS nanowire nanocomposites of PCH5 samples 

where a-f corresponds to concentrations of 0,0.02,0.05,0.1,0.2,0.5 wt% of CdS nanowire in pure PCH5, 

respectively (scale bar :  100μm)
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Figure 3-5 Variation of birefringence (Δn) as a function of temperature of CdS nanowire 

nanocomposites of PCH5 samples; inset shows the variation of birefringence in vicinity of I-N 

phase transition temperature from T-TIN = 0 ̊ C to T-TIN = -5 ̊ C

Figure 3-6 (a)Variation of parallel (𝜀∥) and perpendicular (𝜀⊥) components of dielectric 

permittivity; (b) Variation of dielectric anisotropy (Δε); as a function of temperature of CdS 

nanowire nanocomposites of PCH5 samples
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For the given source wavelength (λ), the value of birefringence is calculated as, 

Δ𝑛 =
𝜆

2𝜋𝑑
 Δϕ 

where, d is the thickness of LC cell and the phase difference (∆𝜙) is calculated from transmitted 

intensity (𝐼𝑡𝑟) as, 

∆𝜙 = 2𝑚𝜋 ± cos−1 (1 − 2
𝐼𝑡𝑟−𝐼𝑚𝑖𝑛

𝐼0−𝐼𝑚𝑖𝑛
)        m=0,1, 2, … 

where, I0 is the maximum intensity of incident light. 

The observed value of ∆𝑛 as a function of T-TIN for pure PCH5 is in good agreement with 

that of literature [100,101] The temperature variation of  ∆𝑛 for various CdS nanocomposites 

of PCH5 is also plotted in the Figure 3-5. The value of ∆𝑛 as a function of temperature for 

concentration of 0.02, 0.05 𝑎𝑛𝑑 0.1 𝑤𝑡% of CdS nanowires in PCH5 remain to be similar as 

that of the pure NLC. The decrease in the value of ∆𝑛 as a function of T-TIN is ~2% and ~10% 

for CdS nanowire concentration of 0.2 𝑤𝑡% and 0.5 𝑤𝑡% respectively, as compared to pure 

NLC at T-TIN= -10 ℃. As temperature lowers down below T-TIN= -10 ℃, the aggregation of 

CdS nanowires in PCH5 causes the value of ∆𝑛 to decrease appreciably as compared to that of 

the pure NLC. The value of ∆𝑛 decreases by ~ 31% at T-TIN = -15 ℃ for the concentration of 

0.2 wt% and 0.5 wt% of CdS nanowire in PCH5. 

Variation of parallel (𝜀∥) and perpendicular (𝜀⊥ ) components of dielectric permittivity as a 

function of T-TIN for pure PCH5 as well as various CdS nanocomposites of PCH5 is shown in 

Figure 3-6a. Dielectric anisotropy(Δ𝜀 = 𝜀∥ - 𝜀⊥ ) derived from parallel and perpendicular 

components of dielectric permittivity as a function of T-TIN at applied frequency of 4kHz is 

shown in Figure 3-6b. The measured values of Δ𝜀, 𝜀∥ and 𝜀⊥  for pure NLC are in good 

agreement with earlier reported data[101]. The variation of ∆𝜀 as a function of T-TIN clearly 

indicates the evolution of I-N phase transition from weakly first order for pure NLC to 

continuous second order for CdS nanocomposites of PCH5.  

The value of dielectric permittivity in the isotropic phase (𝜀𝑖𝑠𝑜) of pure PCH5 remains constant 

up to TIN and then show a sudden jump at TIN showing weakly first order discontinuous 

behaviour of I-N phase transition. The addition of CdS nanowires in relatively small 

concentration of 0.02 wt% in NLC causes 𝜀𝑖𝑠𝑜to increase by ~ 4.5% in comparison to the value 

of 𝜀𝑖𝑠𝑜of pure NLC. Maximum increase of ~7.7% in the value of 𝜀𝑖𝑠𝑜 is observed for the 
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nanocomposite sample containing concentration of 0.05 𝑤𝑡% of CdS nanowire in PCH5 as 

compared to that of pure NLC. Further increase in the concentration of CdS nanowire to 

0.1 𝑤𝑡% and above causes 𝜀𝑖𝑠𝑜to decrease. For the nanocomposite sample containing 0.5 𝑤𝑡% 

of CdS nanowires in pure NLC, 𝜀𝑖𝑠𝑜 decreases by ~3.7% as compared to pure PCH5. Around 

TIN, the values of 𝜀∥ and 𝜀⊥ for nanocomposites of CdS nanowires in PCH5 changes smoothly 

over a wide range of temperature. As we can observe from Figure 3-6a, for CdS nanocomposite 

samples of PCH5, the value of 𝜀⊥increases and the value of 𝜀∥ decreases as compared to that 

of pure PCH5 in the vicinity of phase transition. The values of various parameters such as 

 𝜀𝑖𝑠𝑜 , 𝜀∥, 𝜀⊥ , Δ𝜀 are tabulated in Table 3-1. 

 

Table 3-1 Values of dielectric permittivity at different temperatures for varying concentration 

(wt%) of CdS nanowire in PCH5 

 

The observed value of Δ𝜀 in the nanocomposites of PCH5 drastically reduces to 0.5 in the 

0.02wt% CdS nanowire nanocomposite of PCH5 compared to that of pure PCH5 at 𝑇 − 𝑇𝐼𝑁 =

−1℃. With increase in concentration of CdS nanowire, the value of Δ𝜀 reaches to 1.22 at 𝑇 −

𝑇𝐼𝑁 = −1℃ for nanocomposite sample containing 0.2 wt% of CdS nanowire in PCH5 which 

indicates the emergence of weakly first order nature of I-N phase transition. The weakly first 

order behaviour of I-N phase transition becomes prominent as CdS nanowire concentration 

increases to 0.5 𝑤𝑡% in PCH5 with Δ𝜀 = 3.9 at 𝑇 − 𝑇𝐼𝑁 = −1℃.  The highest value of Δ𝜀 is 

observed for 0.05 𝑤𝑡% CdS nanowire in PCH5 is ~6.9% higher than that of the pure PCH5. 

T-TIN 

( ̊ C) 

+3 -1 -5 -10 -14 

wt% 
𝜺𝒊𝒔𝒐 𝜺⊥ 𝜺∥ ∆𝜺 𝜺⊥ 𝜺∥ ∆𝜺 𝜺⊥  𝜺∥ ∆𝜺 𝜺⊥ 𝜺∥ ∆𝜺 

0 8.32 5.82 11.8 5.98 5.32 12.39 7.07 5.02 12.76 7.74 4.86 12.94 8.08 

0.02 8.73 8.55 9.05 0.5 6.22 13.33 7.11 5.75 13.86 8.11 5.52 14.22 8.7 

0.05 8.98 8.74 9.45 0.71 6.11 13.25 7.14 5.68 13.84 8.16 5.45 14.19 8.74 

0.1 8.32 8.19 8.55 0.36 6.1 11.75 5.65 5.44 12.56 7.12 5.21 13.04 7.83 

0.2 8.15 7.84 9.06 1.22 5.76 11.91 6.15 5.44 12.36 6.92 5.3 12.62 7.32 

0.5 8.04 6.7 10.6 3.9 5.54 12.53 6.99 5.24 12.8 7.56 5.15 13.03 7.88 
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The lowest value of Δ𝜀 is observed for 0.2 𝑤𝑡% CdS nanowire concentration in PCH5 is ~9.5% 

lower as compared to that of pure PCH5 at room temperature.   

 

Figure 3-7 Threshold voltage (Vth) as a function of temperature for CdS nanowire 

nanocomposites of PCH5 samples

Figure 3-8 (a) Variation of splay elastic constant (K11) as a function of temperature for CdS nanowire 

nanocomposites of PCH5 samples (b) Variation of bend elastic constant (K33) as a function of 

temperature for CdS nanowire nanocomposites of PCH5 samples



54 
 

The Freedericksz transition is the reorientation of nematic director of NLC along the applied 

electric field. In planar aligned cells, the initiation of Freedericksz transition happens at 

threshold voltage (Vth). Based on the dielectric measurements as a function of applied voltage, 

the variation of Vth as function of T-TIN for pure and nanocomposites of CdS nanowire in PCH5 

are estimated and is shown in Figure 3-7. The temperature variation of Vth for pure NLC is in 

good agreement with earlier reported data [102]. Due to the continuous nature of I-N phase 

transition, it is difficult to find the value of Vth near TIN for nanocomposites of CdS nanowire 

in PCH5. 

The addition of CdS nanowire in smaller amounts of 0.02wt% in PCH5 causes Vth to decrease 

by ~ 8.6% at T-TIN = -14 ℃. The decrease in Vth continues till the concentration of CdS 

nanowire increases to 0.1 wt% in NLC. For 0.1 wt% CdS in PCH5, Vth is reduced by ~10.8% 

compared to that of pure PCH5 at T-TIN = -14 ℃. Initial decrease in the threshold voltage with 

increasing CdS nanowires may be due to alignment of CdS nanowires along the NLC host 

director and are helping to switch the molecules in the direction of field even at lower strengths 

of applied field. Aggregation of CdS nanowires makes the threshold voltage to rise again 

because of the bundling of nanowires which would require field of higher strength to switch.  

The value of Vth in nanocomposites of  0.2 wt% of CdS nanowires in PCH5 is higher 

compared to that of lower concentration nanocomposites due to bundling of CdS nanowires 

which can be seen as wormlike defect structures in POM images (Figure 3-4e-f). In the planar 

cell geometry, the threshold voltage is highly sensitive to the splay elastic constant (K11), while 

the contribution of the bend elastic constant (K33) is only effective at high voltages. Thus, value 

of K11 can be estimated using the measured values of threshold voltage and dielectric 

anisotropy using the formula:  K11= (ε
0
∆ε   π2⁄ ) Vth

2  . The values of K33 of NLC samples are 

calculated from measured capacitance data as a function of voltage at voltages higher than the 

Vth using the C-V curve method [103]. Figure 3-8(a) and Figure 3-8(b) shows the variation of 

K11 and K33 respectively as a function of T-TIN for nanocomposite samples of CdS nanowire 

in PCH5. The variation of K11 and K33 as a function of T-TIN shows the similar trend as that of 

the threshold voltage. 

The short-range orientational order present in the isotropic phase of CdS nanocomposites of 

PCH5 causes the removal of discontinuity of order parameter on both sides of TIN. The decrease 

in the value of order parameter at TIN due to addition of CdS nanowire in pure NLC at 

concentration ≤ 0.2 wt% makes it difficult to calculate the values of K11 and K33 near TIN. 
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Below T-TIN = - 2 ℃, the value of Δ𝜀 for CdS nanocomposites of PCH5 starts increasing but 

is still lower as compared to that of pure NLC. Hence, the decrease in the values of K11 and 

K33 of the CdS nanowire nanocomposites of PCH5 is observed as compared to pure NLC. 

 

The highly ordered nematic domains in the vicinity of CdS nanowires may have been preserved 

even in the isotropic phase of bulk sample due to strong dipolar interactions between CdS 

nanowire and NLC molecules as well as amongst the NLC molecules in the molecular chains 

so formed. This may be the reason that the change in components of dielectric permittivity as 

the CdS nanocomposite sample of PCH5 is cooled from isotropic to nematic phase shows 

continuous change. This short-range nematic order in the isotropic phase of CdS 

nanocomposites of PCH5 in contrast to the highly disordered nature of molecules in isotropic 

phase of pure NLC helps to remove the discontinuity at the phase transition. To find the 

existence of the short-range nematic ordering in the nanocomposites of CdS nanowire in PCH5, 

the measurement of scattered light intensity as a function of temperature is also studied in the 

Figure 3-9 Variation of scattered intensity as a function of temperature for CdS nanowire 

nanocomposites of PCH5 samples from homeotropic cells under crossed polarizers 
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homeotropically aligned cells. The intensity variation as a function of T-TIN for pure PCH5 as 

well as CdS nanocomposite samples of PCH5 in homeotropically aligned cells is plotted in 

Figure 3-9. In the homeotropic alignment, the long axis of NLC molecules on an average is 

aligned parallel to the applied laser beam. Hence, there should not be any scattering of light 

when the laser beam passes through the NLC cell except for the very sharp intense peak at the 

N-I phase transition temperature. However, sample cells consisting of CdS nanocomposites of 

PCH5 shows contrasting phenomenon. In all the CdS nanocomposite samples of PCH5, a 

strong enhancement in scattering intensity is seen at the temperatures corresponding to the I-N 

transition. As soon as the CdS nanowire is introduced in the pure NLC at lower concentration 

of 0.02 wt%, the nematic domains so created made the applied laser beam to scatter till about 

T-TIN = -10 ℃. This can be observed from the width of the peak in Figure 3-9. The curvature 

elastic constant K is reduced drastically in nanocomposites of CdS nanowire in PCH5, hence 

a broad peak in the scattered intensity can be observed, as the scattering intensity is  1/ (K22 

q2). The width of the secondary peak observed decreases as the CdS nanowire concentration in 

pure NLC increases. Figure 3-6b also indicates that the second order nature of phase transition 

is shifted back to weakly first order as the aggregation of nanowires starts to happen in the 

nanocomposite samples of PCH5 for concentration of CdS nanowire ≥ 0.2 wt%. Because of 

the aggregation of nanowires some of the CdS nanowire bundles are formed as evident from 

Figure 3-4e-f which in turn reduces the number as well as length of the molecular chains so 

formed along the length of nanowire. The decrease in the short-range order present in the higher 

concentration of CdS nanocomposite sample of PCH5 introduces back the disorder in the 

isotropic phase of bulk sample responsible for the discontinuity at the I-N phase transition. 

We have also carried out conductivity measurements on the CdS nanocomposites of PCH5 to 

study the effect of CdS nanowires on the ionic conductivity of NLC host matrix. The parallel 

(𝜎∥) and perpendicular (𝜎⊥) components of bulk ac conductivity at an applied frequency of 

4kHz for pure PCH5 as well as CdS nanocomposite samples of PCH5 are shown in Figure 3-

10(a). The separation of perpendicular and parallel components of conductivity at TIN is clearly 

observed for the pure NLC. The bulk conductivity in isotropic phase (𝜎𝑖𝑠𝑜) as well as 𝜎∥ and 

𝜎⊥ are found to be increasing with the increase in concentration of CdS nanowires in PCH5.  

As compared to pure NLC, the value of conductivity increases by ~60% with incorporation of 

0.02 wt% of CdS nanowire in PCH5. The value of 𝜎𝑖𝑠𝑜for pure NLC is observed to be 1.32 

μS/m which increases to 8.32 μS/m in case of 0.5 wt% concentration of nanocomposite of CdS 

nanowire in PCH5. The value of CdS nanowire in PCH5. 
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At T-TIN= -14 ̊ C, values of 𝜎∥ and 𝜎⊥ changes are observed to be 0.45 μS/m and 0.23 μS/m 

respectively for pure PCH5 and 2.66 μS/m and 1.55 μS/m respectively for 0.5 wt% CdS 

nanowire in PCH5. The change in the values of conductivity at different temperatures for 

various concentrations of CdS nanowire in PCH5 is depicted in Table 3-2. The constant 

increase in the ionic conductivity might be due to the formation of conducting paths by longer 

nanowires and so formed molecular chains which allow the ions to move from one end to the 

other end of the NLC cells smoothly.  CdS nanowires act as added impurities to the ionic 

impurities already present in the pure NLC and hence lead to a further increase in the ionic 

conductivity at higher concentrations of CdS nanowires. The increase in the ionic current at 

room temperature as measured by DC polarization measurement [35] is shown in the Figure 3-

10(b). The value of maximum ionic current of PCH5 increases from 2.37μA to 9.08μA with 

the addition of 0.02 wt% CdS nanowires in PCH5. Further increase in concentration of CdS 

nanowire in PCH5 lead to larger values of current. The value of ionic current reaches a value 

of 15.1μA for concentration of 0.5 wt% of CdS nanowire in pure NLC.  

 

Figure 3-10  (a) Parallel (𝜎∥) and perpendicular (𝜎⊥) components of bulk ac conductivity at applied 

frequency of 4kHz (b) Ionic current  measured by DC polarization measurements at room 

temperature; for CdS nanowire nanocomposites of PCH5 samples
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Table 3-2 Values of bulk conductivity at various temperatures for varying concentration 

(wt%) of CdS nanowire in PCH5 

 

To summarize, measurements of dielectric permittivity for CdS nanowire nanocomposites of 

NLC filled in planar cells show that weakly first order I-N phase transition of pure NLC evolves 

as continuous I-N phase transition with the incorporation of CdS nanowires (<  0.2 𝑤𝑡%) in 

NLC host. However, the conductivity of the CdS nanowire nanocomposites of NLC is observed 

to increase as compared to pure NLC. The dipole-dipole interactions between CdS nanowires 

and NLC molecules might play an important role in the observed results. Hence, dielectric 

spectroscopy measurements of pure and CdS nanowire nanocomposites of NLC filled in 

homeotropic cells is performed to investigate the relaxation dynamics of the pure and 

nanocomposite samples. In homeotropic configuration, the applied electric field is in the 

direction parallel to the long axis of the NLC molecules. The induced dipole moment due to 

applied electric field is expected to alter the effective dipole moment of the LC sample.  

T-TIN 

( ̊ C)  

+3 -1 -5 -10 -14 

wt% 

𝝈𝒊𝒔𝒐  
𝝈⊥  𝝈∥ ∆𝝈 𝝈⊥ 𝝈∥ ∆𝝈 𝝈⊥ 𝝈∥ ∆𝝈 𝝈⊥ 𝝈∥ ∆𝝈 

 

μS/m 

0 1.26 0.64 1.00 0.36 0.42 0.74 0.32 0.30 0.56 0.26 0.23 0.45 0.22 

0.02 1.30 1.12 1.14 0.02 0.64 1.01 0.37 0.48 0.82 0.35 0.38 0.69 0.31 

0.05 2.38 2.03 2.04 0.01 1.13 1.69 0.56 0.80 1.36 0.55 0.61 1.07 0.47 

0.1 3.62 3.19 3.24 0.05 1.99 2.79 0.80 1.44 2.29 0.85 1.09 1.82 0.73 

0.2 5.74 4.70 5.00 0.30 2.73 4.05 1.32 2.01 3.14 1.13 1.63 2.61 0.98 

0.5 8.12 5.33 6.76 1.43 3.25 4.07 0.82 2.00 3.29 1.29 1.55 2.66 1.11 
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a) b) 

c) d) 

e) f) 

Figure 3-11 Variation of (a) real (𝜀′) (b)imaginary (𝜀′′) part of complex dielectric permittivity; (c) activation 

energy (EA); (d) Cole-Cole Plot; (e) bulk ac conductivity (𝜎); (f) Nyquist plot; for pure PCH5 and 

nanocomposites of CdS nanowire in PCH5 
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As aggregation of nanowires in NLC matrix is observed for concentration of CdS nanowire in 

NLC ≥ 0. 2𝑤𝑡% , we have performed dielectric spectroscopy measurements for CdS nanowire 

concentration ≤  0. 2𝑤𝑡% in NLC.  The variation of real  (𝜀′)  and imaginary (𝜀′′)  parts of 

dielectric permittivity as a function of frequency for various concentrations of CdS nanowires 

in PCH5 at T = 35 ℃ is shown in Fig 3-11 (a, b), respectively. The value of 𝜀′ is observed to 

increase with increase in the concentration of CdS nanowires ≤  0.1 𝑤𝑡%  in PCH5 which may 

be due to increase in the total dipole moment of the nanocomposites on incorporation of CdS 

nanowires in PCH5. However, for concentration of CdS nanowire ≥ 0. 2𝑤𝑡% in PCH5, 

aggregation of CdS nanowires in the NLC matrix is observed and the value of  𝜀′ decreases but 

is still higher than that of pure NLC. The variation of 𝜀′′vs frequency is shown in Fig 3-11b. 

The peak in the MHz region of 𝜀′′vs frequency plot is the relaxation frequency (fr) 

corresponding to the flip-flop motion of the NLC molecules. The value of fr deceases with the 

addition of CdS nanowire in NLC as compared to that of the pure NLC. The Cole-Cole plot 

(𝜀′′  vs  𝜀′) for pure and nanocomposites of CdS nanowire in PCH5 are shown in Fig 3-11c. 

The plots fitted with Havriliak - Negami Equation shows the Debye type relaxation behaviour 

in all the samples. The variation of dielectric strength (𝛿𝜀 = 𝜀𝑠 − 𝜀∞) calculated from Cole-

Cole plots is enhanced in all nanocomposites of CdS nanowires in PCH5 as compared to pure 

PCH5. This may be attributed to the observed increase in the value of 𝜀′ as shown in Fig 3-

11a. The plot of fr vs 1/T shows Arrhenius type behaviour. The activation energy (EA) 

calculated from slope of fr vs 1/T plot as a function of concentration of CdS nanowire in PCH5 

is shown in Fig 3-11d. Variation of bulk conductivity (𝜎) with varying frequency is shown in 

Fig 3-11e. Low frequency region (Hz- kHz) of the curve is expected to show ionic relaxations 

processes in a dielectric medium. The value of 𝜎 is clearly observed to be increasing with 

incorporation of CdS nanowire in PCH5 as compared to pure PCH5 in low frequency region. 

Considering the combined effects of capacitive as well as resistive components of the LC cell, 

total impedance of the sample is measured. The variation of imaginary part (𝑍’’) vs real part 

(𝑍’) of the impedance is called the Nyquist plot. The Nyquist plots for pure and CdS nanowire 

nanocomposites of PCH5 are as shown in Fig 3-11 f. The diameter of the semicircle in Nyquist 

plot gives the resistance of the system which is observed to be reduced significantly with the 

incorporation of CdS nanowires in NLC implying increase in the overall conductivity of the 

nanocomposite samples as compared to pure NLC. The increase in the conductivity of the 

nanocomposite samples of PCH5 with the incorporation of CdS nanowires is observed from 

the measurements of conductivity in planar as well as homeotropic configurations. Hence, we 
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may infer that long length of CdS nanowire provides a path for the conduction of ionic 

impurities by some possible mechanisms viz., charge transfer, 𝜋 − 𝜋 interactions or hoping 

mechanism. 

 

3.4 CONCLUSION 

In this chapter, we have investigated the effect of incorporation of oleic acid 

functionalized CdS nanowires in wide temperature range NLC, PCH5. The key 

observations are as follows: 

• The weakly first order I-N phase transition of NLC, PCH5 evolves into a continuous 

second order phase transition on incorporation of CdS nanowires in PCH5.  

• The increase in the dielectric permittivity values in isotropic phase of low 

concentration CdS nanowire nanocomposite samples of NLC enclosed in planar 

aligned cells reveal that incorporated CdS nanowires in NLC lead to formation of 

small nematic domains of LC molecules even in isotropic phase of these 

nanocomposites.  

• The scattered intensity measurements carried out on these nanocomposites enclosed 

in homeotropic cells further confirm that these short range ordered nematic domains 

created around these CdS nanowires in isotropic phase go on slowly increasing 

resulting in a second order I-N phase transition.  

• In nanocomposites of NLC with CdS nanowire (<0.2 wt%), the alignment of CdS 

nanowires along the NLC host director leads to reduction of threshold voltage.  The 

decrease in order parameter due to addition of large aspect ratio CdS nanowires leads 

to the decrease in splay and bend elastic constant. The favourable paths created due 

to long lengths of CdS nanowires makes the ion transport easy causing the bulk 

conductivity of these nanocomposites to increase.  

• Further, the measurements of dielectric permittivity and conductivity as a function 

of frequency for samples filled in homeotropic cells complements the observed 

results of planar aligned cells. This also explains that the relaxation due to flip-flop 

motion of NLC molecule around short axis of rotation indeed slows down due to 

incorporation of CdS nanowire in PCH5.  
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CHAPTER 4   

ZINC OLEATE NANOROD INDUCED VERTICAL 

ALIGNMENT OF LIQUID CRYSTAL 

In previous chapter, we have shown that the behaviour of I-N phase transition of NLC is altered 

on incorporation of CdS nanowire functionalized with oleic acid. Incorporation of 

functionalized CdS nanowires leads to increase in overall conductivity of the nanocomposite 

sample as compared to pure NLC. To study the effect of another 1D nanomaterial on phase 

transition and properties of LC, zinc oxide nanorod functionalized with oleic acid (ZOR) is 

synthesized. Positive dielectric anisotropy liquid crystal 4′-Octyl-4-biphenylcarbonitrile (8CB) 

exhibiting nematic as well as smectic A phase is taken as host LC. The studies on investigation 

of incorporation of ZOR on I-N as well as N-SmA phase transition are presented in this chapter. 

An interesting result observed is that incorporation of ZOR (≥ 0.3 𝑤𝑡%) in LC matrix induces 

vertical alignment even in the samples filled in planar cells. The nanocomposite samples filled 

in unaligned cells also show homeotropic alignment of host liquid crystal molecules for 

concentration of ZOR ≥ 0.3 𝑤𝑡% in LC. Hence, systematic investigation of the textural, 

dielectric and conductivity properties of nanocomposites filled in planar cells is performed with 

increasing concentration of nanorods. At nanorod concentration ≤  0.2 𝑤𝑡% in 8CB, the order 

parameter of nanocomposite samples is found to be increasing and ionic conductivity is found 

to be decreasing as compared to pure LC. Beyond 0.3 𝑤𝑡% concentration of nanorods in 8CB, 

vertical alignment of host LC is observed even in planar aligned cell. The vertical alignment 

of LC molecules in ZOR nanocomposites is confirmed through ATR-FTIR absorption spectra 

studies. The measurement of various dielectric properties of ZOR nanocomposites of 8CB as 

a function of frequency in homeotropic cells is also presented to understand the dipolar 

interactions and relaxation processes of the nanocomposite system. The dielectric strength of 

the ZOR nanocomposite samples is observed to be decreasing as compared to pure LC whereas 

magnitude of activation energy increases with the addition of ZOR in the LC. Conductivity of 

the nanocomposite samples is observed to be decreasing as compared to pure LC which 

suggests the adsorption of ionic impurities on the surface of zinc oleate nanorods.   

 

Key findings of the study are published in  

• Zinc Oleate Nanorod-Induced Vertical Alignment of Nematic Liquid Crystal, Shweta 

Mishra, Manjuladevi V, Raj Kumar Gupta, ACS Omega, 7, 50, 46466–46474, 2022, 

https://doi.org/10.1021/acsomega.2c05196 

 

https://doi.org/10.1021/acsomega.2c05196
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4.1 INTRODUCTION 

Vertical alignment (VA) mode has been adopted for a variety of displays to improve the display 

performance persistently. This technique fetched revolutionary changes in the field of liquid 

crystal displays (LCDs). Various alignment modes, viz., planar, twisted nematic (TN) [72,104], 

vertical alignment (VA)[105], in-plane switching (IPS)[106], fringe-field switching 

(FFS)[107] are used in LC cells employed for LCDs. In the LC cells, twist, vertical, and splay 

alignments of the LC molecules are formed in the off-state of the applied field depending on 

the geometry of the LC cells. Generally, layers of polyimides or silanes with different chemical 

structures are used to produce such alignments. The main-chain type polyimides are used in 

the IPS mode cell to form a homogeneous alignment [108–110] and silanes or side-chain type 

polyimides are used in the VA-mode cell to form a homeotropic alignment [52,106,111]. The 

preparation of these alignment layers usually requires large quantities of solvent, high 

temperature operation for the thermal imidization reaction and a rubbing process. Rubbing 

process has some serious disadvantages like debris creation, electrostatic discharge, and partial 

particles which can introduce local defects, streaks and result in low-quality LCDs [112]. In 

comparison to FFS and IPS modes, the VA mode does not include any rubbing process for 

device fabrication and offers a very high contrast at normal incidence, mainly attributed to the 

initial vertical alignment of LCs [105]. The LC cells prepared without using alignment layers 

are suitable for fabricating flexible LC displays which require a low temperature process [75]. 

Dispersion of nanoparticles shows promising and easier approach for vertical alignment instead 

of using processes like self-assembled monolayers, photoalignment or evaporated oxide[113–

115]. Several groups have reported vertical alignment of LCs using different nanoparticles 

(NPs) such as fullerenes [116], gold NPs [117,118], Nickel NPs [119], quantum dots[120,121] 

and polyhedral oligomeric silsesquioxane (POSS) NPs [113,116,122,123] . These VALC 

devices without any alignment layer displayed an ideal dark state under crossed polarizers. The 

realization of true dark state without application of external field helps to produce high contrast 

ratio in LCDs. Apart from displays, VALC devices find applications in sensors as well 

[124,125]. Nakamura et. al. proposed that vertical alignment can be induced by using fullerene 

particles without using alignment layers [126]. Jeng et al. reported vertical alignment of the 

LCs without an alignment layer by addition of nanoparticles of POSS into negative dielectric 

anisotropy LCs [116,123,127]. The electro-optical properties of these LC cells were found to 

be similar to a conventional homeotropic LC cell with alignment layers. The major problem 

for the application of POSS is the poor compatibility with LC media and weak interaction with 

LC molecules [128]. Pristine POSS NPs highly aggregate themselves in the LC media and 
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create the macroscopic micron size domains resulting in severe light scatterings [122,129]. 

Addition of 1D nanomaterials to LC hosts in small quantity has shown betterment of the display 

parameters such as electro-optic switching time, contrast ratio and threshold voltage as 

observed by various research groups [51,78,94,130]. Addition of various types of CNT is 

widely studied and proven to show great potential as a doping material in LC for device 

applications[62,97,131] . But vertical alignment with the addition of 1D nanomaterials is yet 

to be explored. Here, we present the alignment properties of host LC molecules with positive 

dielectric anisotropy by addition of zinc oxide nanorods capped with oleic acid (ZOR). The 

vertically aligned domains of LC molecules are observed in unaligned LC cells with addition 

of low amount (0.3-0.5 wt%) of ZOR. Systematic investigation of effect of concentration of 

ZOR on dielectric and conductivity properties of host LC and its nanocomposites filled in 

planar cells is performed. The homeotropic alignment of LC molecules is observed despite of 

the presence of homogeneous alignment layer. The results are compared with the measurement 

carried out on nanocomposites filled in conventional homeotropic cell. Further, dielectric 

spectroscopy of pure and ZOR nanocomposites of 8CB is performed.  the dielectric 

spectroscopy is an important tool to study the characteristic properties of composites of  

nanomaterial and liquid crystal (LC) [19,62,132,133]. Broadband dielectric spectroscopy is a 

technique that measures dielectric and conductivity properties of samples over a wide range of 

frequency with the application of low amplitude electric field [17]. The dielectric spectroscopy 

data obtained from LC samples can be used to understand the relaxation behaviour, ion 

mobility as well as diffusion process [62]. This study also helps to understand the dipolar 

interactions, order parameter and polarization behaviour of the nanocomposite system which 

may be helpful for the understanding of the molecular dynamics of LC matrix with the addition 

of nanoparticles. 

4.2 EXPERIMENTAL 

4.2.1 Synthesis of zinc oxide nanorods capped with oleic acid 

Zinc oxide nanorods capped with oleic acid (ZOR) are synthesized using reflux method [134]. 

Zinc acetate dihydrate (Zn(OAc)2), trioctylamine and oleic acid are purchased from Sigma-

Aldrich and used as received. In a typical synthesis procedure, 4 mmol of Zn(OAc)2 is added 

to 12 mmol of oleic acid followed by addition of 7.5 mL of trioctylamine under constant 

stirring. The reaction is carried out at 280 ̊ C for 2 hours. The colour of the solution gradually 

changes to yellow and becomes little cloudy indicating the formation of nanorods. After the 
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completion of reaction, solution is cooled down to room temperature and washed using ethanol 

several times till all the unreacted solvent is removed. The final product is dried in air at 80 ̊ C 

and preserved for further studies.  

 

 

The thermogravimetric analysis (TGA; Perkin Elmer TGA4000) of prepared sample is shown 

in Fig 4-1a. The actual weight loss is observed from 250℃ − 480 ℃  which shows the 

formation of zinc oxide nanorods capped with oleic acid [135]. The powder X-ray diffraction 

(XRD) pattern of synthesized ZOR was obtained using Rigaku Smartlab Studio II. The field 

emission scanning electron microscope (FE-SEM) image of ZOR is captured using FEI Apreo 

LoVac instrument. Fig 4-1 (b) shows the XRD pattern of as synthesized ZOR. Morphological 

structure of synthesized ZOR is shown in Fig 4-1(c). The nanorods obtained are bunched 

together to form a flower like structure. As observed from FESEM image, the nanorods are 50-

60 nm wide and 1-1.2 micron in length.  

Figure 4-1 (a) TGA curve during heating cycle under N2 flow (b)Powder XRD pattern (c)FE-

SEM image of synthesized ZOR 

(a) (b) 

(c) 
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4.2.2 Preparation of LC sample cells 

For this experimental study, we have taken 4′-Octyl-4-biphenylcarbonitrile (8CB) as liquid 

crystalline host material procured from Sigma-Aldrich. The phase sequence of LC host 8CB is 

as follows: I (40.5℃) N (32.5℃) Sm-A (21.5℃) Cr.  

The solution of 0.25 mg/mL of ZOR in chloroform is prepared and is ultrasonicated for about 

two hours to get a homogeneous dispersion. Calculated quantity of this solution is added into 

host LC to obtain various nanocomposites of concentrations (CZOR), viz., 0.05, 0.1, 0.2, 0.3, 

0.4, 0.5, 1, 2 wt% of ZOR in 8CB. Sufficient time is allowed for the solvent to evaporate from 

the nanocomposites. For the electro-optic and dielectric measurements, we have used planar 

aligned cells of thickness ~7.5 μm. Dielectric spectroscopy measurements are performed on 

pure and ZOR nanocomposites filled in homeotropic cells of thickness  ~7.5 μm.  

4.2.3 Characterization Techniques 

Thickness of the sample cells is measured using an interferometric fibre-optics spectrometer 

(Ocean-optics USB4000-XR1-ES). To study the alignment characteristics, cells using ITO 

plates with no alignment layers (unaligned cells) are also prepared. Optical texture of the LC 

filled sample cells is observed under polarizing optical microscope (POM; Olympus BX53M) 

at room temperature. The sample cell is placed inside the hot stage (Micro-optik MDTC600) 

with temperature control of 0.1℃ having a small hole in the middle to allow light to pass 

through. This assembly was then kept on the rotating stage of the POM between crossed 

polarizers. A laser beam of wavelength 633 nm passes through the sample placed between 

crossed polarizers. The planar cell is kept between crossed polarizers with a rubbing direction 

at an angle of 45° to either of the polarizers. The transmitted intensity (Itr) as a function of 

temperature is recorded and used to estimate the birefringence (Δn) of the samples. As added 

nanoparticles do fluoresce, fluorescence confocal microscopy (ZEISS LSM880) with laser of 

wavelength (𝜆 = 370 𝑛𝑚) is performed to investigate the bulk and interfacial properties of 

ZOR in host LC. Dielectric permittivity (𝜀) measurements as a function of voltage are 

performed at an applied frequency of 4 kHz. Dielectric permittivity at applied voltage less than 

threshold voltage ( 𝜀𝑙𝑜𝑤(𝑝))  and larger than threshold voltage ( 𝜀ℎ𝑖𝑔ℎ(𝑝))  is measured using 

planar cells filled with pure and ZOR nanocomposites of 8CB. Threshold voltage (Vth) is 

measured with the help of capacitance-voltage (C-V) curve for nanocomposite samples filled 

in planar cell.  Simultaneous measurements of components of conductivity, 𝜎ℎ𝑖𝑔ℎ(𝑝) and 

𝜎𝑙𝑜𝑤(𝑝) are also performed using the method reported earlier [52]. Measurement of dielectric 
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permittivity is also performed by application of electric field to homeotropic cells (𝜀ℎ) filled 

with pure as well as ZOR doped 8CB. All the measurements were recorded through a PC with 

the help of LABVIEW program. To understand the role of ZOR in the vertical alignment of 

8CB, Fourier transform infrared (FTIR) absorption spectra of films of pure and ZOR doped 

8CB in attenuated total reflection (ATR) mode are obtained using Perkin Elmer 

Spectrophotometer equipped with GladiATR. The ATR substrate is made up of diamond 

crystal with incident angle of 45°.  The sample filled planar cell is broken laterally to acquire 

the ATR-FTIR spectra of aligned sample films. Similar samples were used to acquire the thin 

film XRD pattern to investigate the change in the smectic bilayer structure (SmAd) of pure 8CB 

with the addition of ZOR. FTIR and XRD measurements are performed at room temperature 

where host LC exhibits smectic phase. Broadband dielectric spectroscopy of the samples is 

performed with the help of impedance analyser (Keysight E4990A) in the frequency range of 

100Hz to 10MHz. Various parameters such as capacitance (Cp), loss factor (tan δ) and 

conductivity (σ) are measured in the given frequency range. Complex dielectric permittivity 

(𝜀∗) is calculated as  

𝜀∗ = 𝜀′ + 𝑖𝜀′′ =
𝐶𝑝

𝐶0
+ 𝑖𝜀′𝑡𝑎𝑛𝛿  

where, 𝜀′is real and 𝜀”is imaginary part of dielectric permittivity. C0 is the capacitance of the 

empty cell before filling the sample. 

4.3 RESULTS AND DISCUSSION 

The optical textures of pure and ZOR nanocomposites of 8CB observed under cross polarizers 

of POM are as shown in Fig4-2. The optical textures are recorded for pure and ZOR 

nanocomposites of 8CB filled in planar, homeotropic as well as unaligned cells. Homogeneous 

and uniform alignment of molecules of pure LC is observed in planar and homeotropic cells, 

whereas characteristic schlieren texture of nematic phase can be observed in unaligned cell. 

The addition of ZOR for concentration upto 0.2 wt% (taken as critical concentration, 𝐶𝑍𝑂𝑅
∗ ) of 

8CB also shows uniform alignment. When CZOR increases to 0.3 wt% in 8CB, we can notice 

the presence of homeotropically aligned domains in planar cell. With further increase in CZOR, 

vertically aligned domains increase. 
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Figure 4-2 Optical textures of pure and ZOR nanocomposites of 8CB (T=35℃) in planar cells 

(row 1); homeotropic cells (row 2); and in unaligned cells observed under POM (numbers show 

CZOR in 8CB) 



70 
 

Complete dark texture of the planar as well as uncoated cells similar to that of the homeotropic 

cells, filled with ZOR nanocomposites of 8CB can be observed for CZOR ≥ 0.5 wt% on rotation 

of microscope stage under crossed polarizers. This shows that, the presence of ZOR in 8CB 

helps the host LC molecules to align vertically owing to the interaction between ZOR and LC 

molecules. However, no aggregation of ZOR is observed in nanocomposite samples for the 

samples under investigation. Fluorescence confocal microscopy (FCM) images of pure and 

ZOR nanocomposites of 8CB are shown in Fig 4-3. The FCM images (left panel) are split into 

RGB components, and the blue component (indicating fluorescence of ZOR) is considered for 

drawing a line profile along the arrows as shown in the FCM images (right panel). Pure 8CB 

does not show any fluorescence (Fig 3e) and hence its analysis is not presented. However, 

fluorescence in ZOR nanocomposites of 8CB clearly indicates ZOR uniformly dispersed in the 

bulk of LC. As it can also be observed from the line profile, the higher value of fluorescence 

intensity is appearing in the bulk region of the sample cells filled with nanocomposites having 

dispersed ZOR (Fig 4-3(b-d)). To further comprehend the inference, a sample cell is prepared 

with the ZOR directly coated on the ITO substrate. This cell is then filled with pure 8CB, and 

FCM images are recorded. The line profile for this sample (right panel, Fig 4-3a) shows 

significant overlap in the interfacial region.  

The alignment of LC molecules in nanocomposites depends on the shape of nanoparticle, 

chemical modification of the surface of particles, the miscibility of particles in the host and the 

properties of the confining substrates [136,137]. Several groups have shown that functionalized 

spherical nanoparticles or quantum dots (4-5 nm) accumulate at the surface of the substrate due 

to the low miscibility with the nematic hosts altering the boundary conditions which results in 

the modification of initial alignment layer [121,138,139]. However, the 1D shape anisotropy 

as similar to that of LC molecules and large aspect ratio (~50:1000 nm) of ZOR helps LC 

molecules to form domains around dispersed nanorods. Hence, presence of ZOR is observed 

to be in the bulk instead of accumulating at the surface. 



71 
 

    

Figure 4-3 (left panel) Fluorescence confocal microscopy images and (right panel) Analysis of FCM 

images of (a) sample cell prepared by ZOR coated ITO substrate and then filled with 8CB (b)0.05 (c) 

0.3 (d)2 wt% ZOR nanocomposites of 8CB (T=35℃) in planar cells (e) FCM image of pure 8CB 

showing no fluorescence.  

Figure 4-4 Birefringence (∆n) of pure and ZOR nanocomposites of 8CB (CZOR  ≤  0.2) 

as a function of temperature 
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Based on the observation of optical textures, birefringence of pure and ZOR nanocomposites 

of 8CB is performed for CZOR < 𝐶𝑍𝑂𝑅
∗ . The temperature variation of birefringence (∆n) for 

samples filled in planar cells is as shown in Fig 4-4. The change in the value of ∆n is observed 

to be negligible as compared to the pure LC with the addition of ZOR. The decrease in the 

value of ∆n as a function of temperature is observed at 𝐶𝑍𝑂𝑅
∗ , as compared to pure 8CB.  

 

(a) (b) 

(c) (d) 

Figure 4-5 Variation of (a, b) components of dielectric permittivity as a function of temperature; 

(c) threshold voltage (Vth)  for  𝐶𝑍𝑂𝑅 ≤ 0.2; (d) 𝜀𝑑𝑖𝑓𝑓 = 𝜀ℎ𝑖𝑔ℎ(𝑝) − 𝜀𝑙𝑜𝑤(𝑝); for pure and ZOR 

nanocomposites of 8CB filled in planar cells as a function of temperature 
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Variation of dielectric permittivity as a function of temperature for pure and ZOR 

nanocomposites of 8CB filled in planar cells is presented in Fig 4-5. Here, the component of 

dielectric permittivity measured at V (0.5 V) < threshold voltage (Vth), is abbreviated as 

𝜀𝑙𝑜𝑤(𝑝),whereas the one measured at V (5V) > Vth, is abbreviated as 𝜀ℎ𝑖𝑔ℎ(𝑝). In the isotropic 

phase, the value of dielectric permittivity, 𝜀𝑖𝑠𝑜 increases with increase in concentration of ZOR 

in 8CB may be due to presence of short-range nematic order in isotropic phase of 

nanocomposite samples. At CZOR ≥ 𝐶𝑍𝑂𝑅
∗ , the value of  𝜀𝑖𝑠𝑜 starts decreasing but is still higher 

than that of the pure LC. The value of 𝜀𝑙𝑜𝑤(𝑝) increases with increase in the 𝐶𝑍𝑂𝑅 in 8CB as 

shown in Fig 4-5a. At 𝐶𝑍𝑂𝑅
∗ , sudden increase in the value 𝜀𝑙𝑜𝑤(𝑝) can be observed as shown in 

Fig 4-5b. This is due to added ZOR is helping the LC molecules in the vicinity of ZOR to orient 

vertically by overcoming the anchoring energy. The inference is further supported by FTIR 

and XRD measurements discussed later. The variation of Vth as a function of temperature in 

pure and nanocomposite samples < 𝐶𝑍𝑂𝑅
∗  is shown in Fig 4-5c. The value of Vth in nematic 

phase which is proportional to the order parameter of nematic phase increases with decreasing 

temperature. However, Vth diverges as we approach the N-SmA transition temperature due to 

the formation of short range ordered cybotactic groups in the nematic phase [80]. Variation of 

Vth as a function of temperature in nanocomposite samples clearly indicates the nematic phase 

range has increased for CZOR= 0.05 wt% which is consistent with the results shown in Fig 4-

5a. With further increase in CZOR = 0.1 wt%, the temperature range for nematic phase reduces 

but is similar to that of the pure LC. The measurement of Vth for CZOR ≥ 0.2 wt% is not possible 

due to the tendency of vertical alignment of LC molecules with the aid of ZOR in 

nanocomposite samples as observed in Fig 4-5a. At CZOR = 0.3 wt%, the value of 𝜀𝑙𝑜𝑤(𝑝) as a 

function of temperature almost flattens due to co-existence of vertically aligned as well as 

planar aligned domains as evident from optical textures as well. The measurement of Vth for 

concentration of ZOR ≥ 𝐶𝑍𝑂𝑅
∗    is not possible, because of the tendency of LC molecules to 

vertically align in the presence of ZOR. For CZOR ≥  0.4 𝑤𝑡%, the curvature of 𝜀𝑙𝑜𝑤(𝑝) as a 

function of temperature changes its sign due to dominance of vertically aligned domains which 

is clearly evident from the optical textures. Here, the value of 𝜀𝑙𝑜𝑤(𝑝) changes similar to the 

variation of parallel component of dielectric permittivity. Kumar et. al. proposed that 

adsorption of ZnO nanoparticles on the substrate surface helps to reduce the surface energy of 

the substrate which subsequently produces the homeotropic alignment [140]. Choudhary et. al. 

reported that the enhanced local ordering of NLC molecules on the surface of a nanoparticles 

contributes largely to inducing homeotropic alignment of bulk LC material within the confined 
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geometry of the sample cell [141].  The values of 𝜀ℎ𝑖𝑔ℎ(𝑝) are observed to be increasing at any 

given temperature for all ZOR nanocomposites as compared to pure LC as shown in Fig 5a. 

The increase in the value of 𝜀ℎ𝑖𝑔ℎ(𝑝) is attributed to the increase in the net dipole moment of 

the ZOR nanocomposites of 8CB, hence the order parameter, as compared to the pure LC. 

Singh et. al. reported that the enhancement in the net dipole moment of the nanocomposite 

system shows the parallel correlation between the dipole moments of LC molecules and 

nanorods [70]. A sudden decrease in the value of 𝜀ℎ𝑖𝑔ℎ(𝑝) observed at N-SmA transition 

temperature is due to negligible effect of applied electric field on orientation of LC molecules 

due to emergence of smectic layering. The difference (𝜀𝑑𝑖𝑓𝑓 = 𝜀ℎ𝑖𝑔ℎ(𝑝) − 𝜀𝑙𝑜𝑤(𝑝)) for pure and 

ZOR nanocomposites of 8CB is shown in Fig 4-5d. The initial addition of ZOR (CZOR <𝐶𝑍𝑂𝑅
∗ ), 

the values of 𝜀𝑑𝑖𝑓𝑓 increases as compared to that of pure LC. The nematic temperature range is 

also observed to increase by 1.5 ℃ for CZOR= 0.05 wt% as compared to the pure 8CB. The 

value of 𝜀𝑑𝑖𝑓𝑓 as well as nematic temperature range goes on decreasing with increase in CZOR 

≥ 𝐶𝑍𝑂𝑅
∗ . The value of 𝜀𝑑𝑖𝑓𝑓 is almost zero for CZOR = 2 wt% which confirms that alignment of 

2wt% nanocomposite of 8CB is nearly homeotropic in the planar aligned cell. The value of 𝜀ℎ 

measured for samples filled in homeotropic cells are compared with the values of 𝜀ℎ𝑖𝑔ℎ(𝑝) 

measured using planar aligned cells. The value of 𝜀ℎ𝑖𝑔ℎ(𝑝) measured for nanocomposite sample 

with the lowest concentration CZOR= 0.05 wt%, is ~ 5% lower than that of the value of  𝜀ℎ due 

to the surface anchoring of LC molecules in the nanocomposite sample filled in planar cell. 

With increase in CZOR, the value of 𝜀ℎ𝑖𝑔ℎ(𝑝) approaches the value of 𝜀ℎ  and is in agreement 

(~0.5% lower) for CZOR = 2 wt% which suggests that the nearly homeotropic configuration is 

achieved even in planar aligned cells. 

The components of bulk ac conductivity at 0.5V (𝜎𝑙𝑜𝑤 (𝑝)) and 5V (𝜎ℎ𝑖𝑔ℎ (𝑝)) are also measured 

for pure and ZOR nanocomposites of 8CB and temperature variation of ln (𝜎) is shown in Fig 

4-6(a, b). The interesting fact observed here is that we obtain two regimes, one where bulk 

conductivity decreases (𝐶𝑍𝑂𝑅 ≤ 𝐶𝑍𝑂𝑅
∗ ) and the other where bulk conductivity is higher than 

that of the pure 8CB (𝐶𝑍𝑂𝑅 > 𝐶𝑍𝑂𝑅
∗ ). Former one may be considered as ion capturing regime 

where the ionic impurities in the bulk 8CB are adsorbed by the added ZOR [142]. In the latter 

case, the formation of vertically aligned domains is facilitating the mobility of ions along with 

addition of external ions which causes the increase in conductivity in nanocomposite samples 

as compared to the pure LC. Maximum decrease of 57% in the ionic conductivity of the 

nanocomposite system for 𝐶𝑍𝑂𝑅 < 𝐶𝑍𝑂𝑅
∗  is also observed due to adsorption of ionic impurities 
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by ZOR. The variation of 𝜎 as a function of CZOR in 8CB in Fig 4-6c which shows that the 

value of 𝜎 becomes almost constant after attaining a maximum at CZOR = 0.5 𝑤𝑡%.  

 

 

 

(a) 
(b) 

(c) (d) 

Figure 4-6 Variation of (a, b) components of bulk ac conductivity as a function of temperature; (c) bulk ac 

conductivity as a function of CZOR (numbers in the bracket denote T-TIN (℃)); (d) thermal activation energy as 

a function of CZOR 
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The analysis of temperature dependence of bulk conductivity shows that it can be satisfactorily 

described by the Arrhenius relationship, 𝜎 = exp (−
𝐸𝐴

𝑘𝛽𝑇
)  , where 𝐸𝐴 is the thermal activation 

energy. The variation of activation energy with increasing concentration of ZOR in 8CB is 

shown in Fig 4-6d for both components of bulk ac conductivity. The behaviour of bulk 

conductivity of ZOR nanocomposites of 8CB can be explained using simple model of thermal 

activation [58,143]. As observed from Fig 4-6d, the thermal activation energy becomes almost 

constant for 𝐶𝑍𝑂𝑅 ≥ 0.5 𝑤𝑡% ,i.e., when the host LC molecules are almost vertically aligned 

in the presence of ZOR. 

To understand the role of ZOR in the vertical alignment of 8CB molecules, FTIR spectra of 

the pure and ZOR nanocomposites of 8CB are recorded. The ATR-FTIR spectra recorded in 

the range 400-4000 cm-1 of pure and ZOR nanocomposites of 8CB are shown in Fig 4-7(a,b). 

The IR band at 1792 cm-1 which is assigned to bridging C=O band is observed in all the ZOR 

nanocomposites, and not observed for pure 8CB (Fig 4-7a). The characteristic bands of 8CB 

are identified [144] and the integrated absorption for some of the bands as a function of 

concentration of ZOR in 8CB are shown in Fig. 4-7c. It can be noted from the variation that 

the integrated absorption increases due to incorporation of ZOR. The absorption of a given 

band depends on the interaction of the corresponding transition dipole moment and the IR field. 

In a planar cell filled with pure LC, molecules lie nearly flat to the surface. Therefore, the 

volume density of the transition dipole moments is expected to be least in this geometry. This 

gives rise to least absorption for any bands where the molecules are constrained in planar 

geometry. Similarly, in the homeotropic geometry, the volume density of the transition dipole 

moment of a given band is expected to be large which give rise to highest value for the 

absorption band. These behaviours are clearly seen from the Fig 4-7c. Due to incorporation of 

the ZOR, the planar alignment of the molecules gets perturbed, and a fraction of molecules 

show tendency to align vertically. Due to this perturbed alignment with increase in 𝐶𝑍𝑂𝑅, an 

increasing trend in the absorption values is observed. The samples with 𝐶𝑍𝑂𝑅 ≥ 0.5, show a 

complete homeotropic alignment. The intermediate concentration ranges 0.2 – 0.4 wt% of ZOR 

may indicate the transition wherein both the planar and homeotropic alignment coexisted.  
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Figure 4-7 (a) Absorption spectra of pure and ZOR nanocomposites of 8CB recorded using ATR-FTIR (inset 

shows the bridging C=O band at 1792cm-1 that is absent in pure 8CB but can be observed in ZOR 

nanocomposites) (b)ATR-FTIR absorption spectra; (c) Variation of absorption intensity of IR bands as a 

function of CZOR; of pure and ZOR nanocomposites of 8CB  

 

(a) 

(b) (c) 
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Further, the XRD patterns of pure and ZOR nanocomposites of 8CB are recorded. The peak in 

the low angle region (< 6 °) as shown in Fig4-8 arises due to scattering by the liquid crystal 

molecules. The layer spacing (d) corresponding to 2𝜃~3. 09° is 24.86 Å, typical of the partial 

bilayer structure of pure 8CB in SmA phase can be clearly observed [145,146]. With increase 

in concentration of ZOR this peak gets broadened. However, the emergence of new peak at 

2𝜃~ 5.5°, is observed for ZOR nanocomposites of 8CB for 𝐶𝑍𝑂𝑅 ≥ 𝐶𝑍𝑂𝑅
∗  corresponding to the 

layer spacing of 13.92 - 13.6 Å which clearly indicates that there is change in partial bilayer 

layer spacing of ZOR nanocomposites of 8CB due to the co-existence of homeotropic and 

planar domains.  

 

 

Figure 4-8 XRD pattern of pure and ZOR nanocomposites of 8CB 

Figure 4-9 Schematic representation of vertical alignment of 8CB due to incorporation of ZOR 
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A model is proposed based on the observed results as shown in Fig 4-9 showing the role of 

ZOR in the vertical alignment of host 8CB molecules. The molecular length of oleic acid 

functional group (~ 19.2Å) is comparable to that of the host 8CB molecule (~ 22 Å). Also, the 

molecules of 8CB can have pretilt angles upto 22° with respect to the substrate surface as 

reported earlier [147]. When the concentration of ZOR is low in the nanocomposite samples, 

the nanorods are preferentially near the substrate surface where anchoring energy of the 

substrate holds the host LC molecules to exhibit the planar configuration (schlieren texture in 

case of uncoated cells). With further increase in the concentration of ZOR, the nanorods in the 

bulk of the system causes the host LC molecules to align vertically achieving homeotropic 

configuration. The van-der Waal’s interaction between oleic acid functional group and 8CB 

molecule might help the host LC molecules to overcome the anchoring energy of the substrate 

surface to align in the homeotropic configuration. 

As discussed above, textural and dielectric properties of ZOR incorporated 8CB reveals the 

induced vertical alignment (𝐶𝑍𝑂𝑅 ≥  0.3 𝑤𝑡%) of LC molecules even in planar cells. The 

conductivity of the ZOR nanocomposites, however, are found to decrease for  𝐶𝑍𝑂𝑅 < 0.3 𝑤𝑡% 

as compared to pure LC. Hence, a study of conductivity and relaxation properties of ZOR 

nanocomposites of 8CB is performed using dielectric spectroscopy on samples filled in 

homeotropic cells for 0.1 wt% ≤ 𝐶𝑍𝑂𝑅 ≤ 0.5 𝑤𝑡%. Fig 4-10 (a) shows the variation of real 

(𝜀′) and imaginary (𝜀”) parts of dielectric permittivity as a function of frequency for pure and 

ZOR nanocomposites of 8CB. The value of 𝜀′ is observed to decrease with increasing 

concentration of ZOR in 8CB which implies that the parallel correlation in dipoles of LC 

molecules is decreasing with the addition of ZOR. According to Maier-Meier theory,  

∆𝜀′ = 
𝑁ℎ𝐹

𝜀0
 [∆𝛼 − 

𝐹

2𝑘𝑇
 𝜇2 (1 − 3𝑐𝑜𝑠2𝜃)] 𝑆 

where, ∆𝜀′ is directly proportional to macroscopic parameters S (order parameter) and N 

(number of LC molecules per unit volume). With increasing CZOR, N is expected to decrease 

due to large size of ZOR which in turn may lead to reduction of ∆𝜀′. The magnitude of dielectric 

loss ( 𝜀”) at low frequency region (102-104 Hz) is observed to be decreasing (𝐶𝑍𝑂𝑅 ≤ 0.4) with 

the addition of ZOR.  

 



80 
 

 

The graphs of 𝜀" 𝑣𝑠 𝜀′ (Cole-Cole plot) for pure and ZOR nanocomposites of 8CB are shown 

in Fig 4-10b. The plots fitted with Havriliak - Negami equation shows the Debye type 

relaxation behaviour in all the samples.  The variation of dielectric strength (𝛿𝜀 = 𝜀𝑠 − 𝜀∞) as 

a function of CZOR in 8CB is shown in inset of Fig 4-10b. The dielectric strength calculated 

from Cole-Cole plots is observed to be decreasing with the addition of ZOR in 8CB as 

compared to pure LC. Mishra et al. [148] have observed decrease in the value of δε in a system 

of NLC doped with gold nanoparticles. They have suggested that the observed reduction of δε 

is due to the possible reduction of dipole moment due to the disorder induced by the dopant in 

b) 

a) c) 

d) 

Figure 4-10 Variation of (a) real (𝜀′) part and imaginary (𝜀") part, of dielectric permittivity as a function 

of frequency (b) Cole-Cole Plot (inset: dielectric strength (𝛿𝜀)) (c) Activation Energy (EA) (d) bulk ac 

conductivity (𝜎); of pure and ZOR nanocomposites of 8CB filled in homeotropic cells at T=35℃   
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host LC. Hence, decrease in the value of δε of ZOR nanocomposites as compared to pure LC 

may be attributed to the observed decrease in the value of 𝜀′ ( Fig 4-10 a). As already discussed, 

the addition of ZOR in 8CB is observed to induce vertical alignment of LC molecules in planar 

cells for CZOR > 0.4 wt% and shows the mixed alignment state due to defect structure for 0.2 ≤

𝐶𝑍𝑂𝑅 ≤ 0.4. The fluctuation in the value of relaxation frequency (fr) as a function of 

concentration for 0.2 ≤ 𝐶𝑍𝑂𝑅 ≤ 0.4 might be due to the local defect structures created by 

addition of ZOR in 8CB. The bulky size of ZOR, interaction of functional group (oleic acid) 

of ZOR with surface anchored silane molecules as well as with LC molecules may affect the 

overall alignment of the nanocomposite sample.  In the homeotropic alignment, the relaxation 

observed in MHz range is due to flip flop motion of LC molecules along the short axis. Slopes 

of the ln (fr) vs inverse of the temperature plots have been obtained by the method of least 

square fit. Magnitude of activation energy calculated from the temperature variation of fr shown 

in Fig 4-10c is observed to be increasing with the increasing CZOR in 8CB. The activation 

energy relates to the reorientation of the molecule around an axis perpendicular to the director. 

Increase in the value of EA for nanocomposite samples as compared to pure LC suggests that 

ions would have higher activation barrier for mobility which in turn reduces the ionic 

conductivity in nanocomposites [149]. Variation in bulk ac conductivity (𝜎) of pure and ZOR 

nanocomposites of 8CB as a function of frequency is shown in Fig 4-10d. Inset shows the 

variation of 𝜎 in low frequency range (102- 104 Hz) where ionic contribution prevails. The 

value of 𝜎 is observed to be decreasing for CZOR <  0.5 𝑤𝑡% as compared to pure LC in low 

frequency range. The adsorption of ions on the surface of ZOR may be the reason for decrease 

in the value of 𝜎 for ZOR nanocomposites of 8CB.  Increase in the activation energy indicates 

the reduction in ion mobility in ZOR nanocomposites as compared to pure LC. For CZOR ≥

0.5 𝑤𝑡% homeotropic alignment is favoured in planar and unaligned cells. Hence, for CZOR =

0.5 𝑤𝑡%  filled in homeotropic cell, a reduction in the value of fr can be clearly observed (Fig 

4-10a) and also increase in the ionic conductivity is observed due to formation of conduction 

pathways.  

  



82 
 

 

4.4 CONCLUSION 

In this chapter, the effect of incorporation of oleic acid functionalized zinc oxide nanorods on 

various properties of liquid crystal are investigated. Systematic investigation reveals that ZOR 

induces vertical alignment of LC molecules above a critical concentration. Various properties 

are studies with respect to the concentration of ZOR in LC, 8CB and the findings are as follows:  

• Zinc oxide nanorods capped with oleic acid (ZOR) are synthesized using reflux method. 

Crystalline phase and morphological structures of synthesized ZOR is confirmed using 

powder XRD and FE-SEM measurements.  

• Homeotropic alignment of host LC molecules is observed for ZOR concentration above 

critical concentration of 0.2 wt% in 8CB. The vertical alignment can be achieved in 

unaligned ITO cells as well, which signifies that interaction of ZOR with host LC is 

responsible for vertical alignment of LC molecules.  

• Maximum decrease of 57% in the ionic conductivity of the nanocomposite system for 

𝐶𝑍𝑂𝑅 < 𝐶𝑍𝑂𝑅
∗  is observed due to adsorption of ionic impurities by ZOR.  

• Further, dielectric spectroscopy studies on ZOR nanocomposites of 8CB is performed for 

0.1 wt% ≤ C𝑍𝑂𝑅 ≤ 0.5 𝑤𝑡% to understand the relaxation dynamics of LC molecules in 

homeotropic alignment due to addition of ZOR. Magnitude of activation energy calculated 

from temperature variation of relaxation frequency is observed to be increasing implying 

reduction in the ion mobility in ZOR nanocomposites as compared to pure LC. Ionic 

conductivity is also observed to be reduced in the nanocomposites (C𝑍𝑂𝑅 ≤ 0.4 𝑤𝑡%)  as 

compared to pure LC. 
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CHAPTER 5   

EFFECT OF SHAPE OF ZINC OXIDE NANOPARTICLE ON 

ELECTRO-OPTIC AND DIELECTRIC PROPERTIES OF 

NEMATIC LIQUID CRYSTAL 

 

Effect of incorporation of oleic acid functionalized CdS nanowires in PCH5 and oleic acid 

functionalized ZnO nanorods in 8CB on properties of host LC are presented in Chapter3 and 

Chapter4, respectively. To carry out a comparative study between the effect of functionalized 

and unfunctionalized nanomaterials, we synthesized zinc oxide (ZnO) nanoparticles of 

different shapes, i.e., nanospheres, nanorods and nanowires. The synthesized ZnO 

nanospheres, nanorods, and nanowires are incorporated in NLC matrix to further explore effect 

of shape of nanoparticle on behaviour of phase transition as well as other properties of NLC. 

Properties of liquid crystal incorporated with various shapes of a nanomaterial are expected to 

show multifaceted behaviour as properties of nanomaterial are remarkably dependent on its 

size and shape. Nanocomposites of 0.01 wt% ZnO nano- sphere, rods, and wires in NLC, PCH5 

are prepared. The addition of ZnO nanoparticles to NLC leads to increase in the order parameter 

and reduction in threshold voltage, response time as well as ionic conductivity as compared to 

the pure NLC host. Dielectric permittivity measurements indicate nanoparticle induces short 

range order in isotropic phase. Dielectric measurements also show increase in order parameter 

in nanocomposites with 1D nanoparticles whereas negligible change is observed in 

nanocomposites with spherical nanoparticles in NLC in deep nematic range. The ATR-FTIR 

measurements support the enhancement in parallel correlation of dipole moments in ZnO 

nanocomposites as compared to pure NLC.  

 

 

Key findings of the study are published in  

• Effect of shape of ZnO nanoparticle on electro-optic and dielectric properties of nematic 

liquid crystal, Shweta Mishra, Manjuladevi V, Raj Kumar Gupta, J Mol Liq; 386:122482, 

2023. https://doi.org/10.1016/j.molliq.2023.122482  



84 
 

5.1 INTRODUCTION 

Nanomaterial assisted improvement in the characteristics of liquid crystals (LCs) have attracted 

a great deal of interest from researchers worldwide. Larger surface to volume ratio and quantum 

confinement effects makes nanomaterials to exhibit promising electrical, electronic, and optical 

properties[27]. Advances in preparation of nanomaterials have launched a new stage in the 

development of liquid crystal composites in terms of nanomaterial induced alignment, low 

threshold voltage, faster electro-optical response, enhanced dielectric behaviour, increased 

luminescence intensity, etc [60,150]. Researchers in the LC field have explored various 

nanomaterials including metallic, metal oxide, semiconducting, polymeric, ferroelectric 

nanoparticles (NPs), quantum dots (0D), rods, wires (1D) (QDs/QRs/QWs) to observe such 

promising improvements. Metal NPs (Au, Ag, Pd, Pt) can alter the elastic coefficient and 

rotational viscosity of the composite and lead to reduction in response time and threshold 

volage [72,151–154]. However, increase in the driving voltage (Vd) by doping these metal NPs 

may provide high electronic power consumption which needs to be avoided. Ferromagnetic 

and ferroelectric nanoparticle suspensions show increase in the dielectric anisotropy of the LC 

[48,155]. Addition of various metal oxide NPs (MgO, ZnO, TiO2, Fe3O4 etc.) to liquid 

crystalline hosts is extensively studied which manifests the enhancement in device 

applications[134,149,156–158]. Besides these NPs, incorporation of carbon-based 

nanomaterials such as single- and multiwalled carbon nanotubes (S/M-WCNTs), graphene 

flakes, graphene QDs (GQDs), fullerenes, carbon dot have also been immensely investigated 

which shows exciting features in LC materials [58,60,62]. Similar organic structure and 

overlapping orbitals as π–π stacking of electrons could provide a pathway for the strong 

interaction between the LCs and carbon nanomaterials. Studies revealed that CNTs can 

influence nematic ordering, hence altering the electrical properties of the host LC[64,159]. 

Moreover, an increase in LC alignments, an improvement in the electro-optic response for 

displays, a change in the nematic to isotropic transition temperature, and an alteration of the 

ion concentration are also observed in the LC-CNT composites[46,56]. Classical Onsager 

theory[11] depicts that nematic phase is exhibited by rod-shaped molecules. Shape anisotropy 

is an important factor, and it might be expected that rod-like NPs, should cause an improvement 

of the nematic order. Since different NPs influence the properties of liquid crystals in different 

ways, the research community working with such systems is multidisciplinary.  

The extreme size-dependent characteristics of nanomaterials provide an easy pathway to tailor 

their properties. In the composite systems of nanomaterials and LCs, both size and shape of 
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NPs play a very significant role. Several researchers have investigated the effect of doping of 

various nanoparticles differing in size and shape independently. Spherical NPs are observed to 

decrease the order parameter while elongated particles fit into liquid crystalline ordering and 

promote long-range molecular interactions[46]. Also, at higher concentrations of NPs in LC 

host, phenomenon of aggregation or phase separation may occur unlike in nanocomposites with 

low concentrations of NPs [46,136,138]. However, there are very few reports on collective 

studies of the effect of shape anisotropy of a given nanomaterial on physical properties of 

NLC[35,55,160].  In this article, we are reporting the effect of shape of the nanomaterial on the 

electro-optic and dielectric properties of LC. Zinc oxide (ZnO), a wide band-gap 

semiconducting material is selected for preparation of nanocomposites. ZnO is one of the 

potential candidates in the field of optoelectronics due to its high excitonic binding energy (60 

meV), which depends on the dielectric constant of the materials. ZnO nanostructures are proven 

to be highly potential candidates in various fields such as sensors, transistors, photovoltaics, 

and drug delivery as well. In particular, we have synthesized nanospheres, nanorods, and 

nanowires of ZnO and incorporated them in a room temperature nematic liquid crystal. The 

evolution of birefringence and dielectric permittivity which gives insight into the order 

parameter of the system and dipolar interactions between LC molecules and ZnO nanoparticles 

is investigated. Further, the investigation of variation of various properties such as dielectric 

anisotropy, switching time, threshold voltage and ionic conductivity of LC-ZnO 

nanocomposites are reported. As, we have observed in earlier chapters that functionalized zinc 

oxide nanorods have the tendency to induce vertical alignment of LC molecules 

(concentration≥  0.2 𝑤𝑡%) and functionalized CdS nanowires show continuous phase 

transition in the concentration range of 0. 02 − 0.05 𝑤𝑡%. Hence, in this study nanocomposite 

samples of concentration 0.01, 0.02 and 0.05 wt% of ZnO NPs in NLC are prepared. However, 

no significant change in the properties of nanocomposite samples with increase in the 

concentration is observed. Hence, further investigations are carried out by optimizing the 

concentration of ZnO NPs in NLC = 0.01 wt% and the effect of shape of NPs on physical 

properties of NLC are measured followed by the discussion of results. 

5.2 EXPERIMENTAL 

For this experimental study, we have taken 4-(trans-4’pentylcyclohexyl)-benzonitrile (PCH5) 

as nematic liquid crystalline host material procured from Sigma-Aldrich. The NLC host PCH5 

exhibits the phase transition sequence: Isotropic (55.3 ̊ C) Nematic (30 ̊ C) Crystal.  
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5.2.1 Synthesis of zinc oxide nanoparticles of different shape 

NLC nanocomposites were prepared using zinc oxide nanoparticles (ZnO NPs) of various 

shapes synthesized in the laboratory. Here, ZnO NPs are synthesized by thermal decomposition 

of zinc acetate dihydrate (Sigma-Aldrich). Calculated quantity of the precursor was placed in 

an alumina crucible which is covered by an alumina lid. This assembly is transferred into the 

furnace. The crucible was heated to 300 ℃ and held for a period of 3 h, producing ZnO NPs in 

the powder form. The obtained NPs are stored for further analysis. The change in the reaction 

temperature and time yield various shapes of nanoparticles. The summary of the reaction 

temperature, heating time and the shape of the nanoparticle in the final product obtained is 

listed in Table 5-1. As synthesized NPs are dissolved in chloroform and ultrasonicated for about 

two hours to get a homogeneous dispersion. Calculated quantity of these solutions is added 

into host NLC to obtain 0.01 wt % nanocomposites. Sufficient time is allowed for the solvent 

to evaporate from the nanocomposite samples.  

Table 5-1 Synthesis details of zinc oxide nanoparticles of various shapes 

 

For the electro-optic and dielectric measurements, we have used planar aligned cells of 

thickness ~7 𝜇𝑚 and area ~ 0.8 cm2.  

5.2.2 Characterization techniques 

The crystalline phase of as synthesized NPs is estimated using X-ray diffraction (XRD) 

measurements using Rigaku Smartlab Studio X-ray diffractometer. The morphology of the 

synthesized particles is investigated using field emission scanning electron microscope (FE-

SEM; FEI Apreo LoVac). UV-Vis absorption spectra of the nanomaterials are recorded using 

Thermo Scientific Evolution 201 in the wavelength range of  200 − 700 𝑛𝑚.  

Differential scanning calorimetry (DSC) of pure and ZnO nanocomposites of PCH5 is 

performed using PerkinElmer DSC4000 at a heating/ cooling rate of 5℃/𝑚𝑖𝑛 in N2 

environment. Thickness of the sample cells is measured using an interferometric fibre-optics 

spectrometer (Ocean-optics USB4000-XR1-ES). To study the dispersion characteristics of NPs 

Temperature (℃) Heating Time (hrs) Shape of nanoparticle 

600 12 Nanospheres 

600 3 Nanowires 

300 3 Nanorods 
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in the LC host matrix, fluorescence confocal microscopy (FCM) of pure and ZnO 

nanocomposites of PCH5 is performed using Zeiss LSM880. Optical texture of the LC filled 

sample cells is observed under polarizing optical microscope (POM; Olympus BX53M) at 

temperature, T= 40℃. The sample cell is placed inside the hot stage (Micro-optik MDTC600) 

having a small hole in the middle to allow light to pass through with temperature control of 0.1 

℃. This assembly was then kept on the rotating stage of the POM between crossed polarizers. 

A laser beam of wavelength ~ 633 nm passes through the sample placed between crossed 

polarizers. The sample cell is adjusted with a rubbing direction at an angle of 45 ̊ to either of 

the polarizers. The transmitted intensity as a function of temperature is recorded and used to 

estimate the birefringence of the nematic samples. Further, switching time measurement of the 

pure as well nanocomposites of NLC is performed by applying square wave of frequency 60 

Hz using digital storage oscilloscope (DSO; Keysight EDUX1002G) at various applied voltage 

at different temperatures. To study the dipolar interactions of the ZnO NPs with LC molecules, 

Fourier transform infrared spectroscopy (FTIR) was performed using Perkin Elmer 

spectrophotometer equipped with ATR accessory (GladiATR) having diamond crystal with 

angle of incidence of 45°.  

Measurements of dielectric permittivity (ε) as well as bulk ac conductivity (σ) as a function of 

voltage are performed at an applied frequency of 4 kHz. Sample cells with homogeneous 

alignment are filled with pure and nanocomposites of PCH5 are subjected to varying electric 

field to obtain parallel (𝜀∥) and perpendicular (𝜀⊥) components of dielectric permittivity as well 

as parallel (𝜎∥) and perpendicular (𝜎⊥) components of conductivity using the method reported 

earlier[52]. The variation of capacitance as a function of voltage is also used to determine 

threshold voltage (Vth). All the measurements were recorded through a PC with the help of 

LABVIEW program. 

5.3 RESULTS AND DISCUSSION 

The XRD spectra of as synthesized ZnO NPs are shown in Fig5-1(i). Synthesized ZnO NPs are 

observed to exhibit wurtzite crystal structure as confirmed using JCPDS card no. 36-1451. The 

unit cell of wurtzite crystal structure of synthesized ZnO NPs is shown in Fig 5-1(ii)d. The 

morphological characterization of ZnO NPs performed using FESEM is shown in Fig 5-1 (ii). 

The surface topography shows the formation of quasi-spherical NPs (ZS) having length: width 

(𝑙: 𝑤 ~ 50: 50 nm), nanorods (ZR) of (𝑙: 𝑤 ~ 50 nm: 1μm) and nanowires of 

(𝑙: 𝑤 ~ 50nm: 10μm).  
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UV-Vis absorption spectra of ZnO nanomaterials shows the absorption peak at  380 𝑛𝑚. The 

nanomaterial characterization confirms the highly crystalline, stable ZnO nanostructures 

(spheres, rods, and wires) with wide band gap of ~ 3.3 𝑒V. The DSC thermograms of pure and 

ZnO nanocomposites of PCH5 are shown in Fig 5-2 and corresponding isotropic-nematic (I-

N) phase transition temperatures in heating and cooling cycles are listed in Table 5-2 alongside 

Fig 5-2. The addition of nanospheres does not affect the I-N transition temperature whereas 

addition of 1D nanoparticles tends to increase the I-N transition temperature as compared to 

Figure 5-1 (i) XRD pattern of synthesized ZnO nanoparticles (ii) FESEM images of a) ZnO 

nanospheres (ZS) synthesized at 600℃-12 hrs b) ZnO nanorods (ZR) synthesized at 300℃-3 hrs 

c) ZnO nanowires (ZW) synthesized at 600℃ -3 hrs d) Wurtzite unit cell crystal structure of ZnO 

(i) (ii) 

Figure 5-2 DSC thermograms of pure and 0.01 wt% ZnO nanocomposites of PCH5 

Table 5-2 Phase transition temperature of ZnO nanocomposites of PCH5 obtained from DSC 

thermographs. 

(m
W

) 
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that of the pure NLC. Increase in the ordering of molecules due to addition of 1D nanoparticles 

having similar shape anisotropy as that of the NLC molecules may be one of the reasons for 

increase in the I-N phase transition temperature.  

 

The optical textures of sample cells kept between crossed polarizers of POM are observed as 

shown in Fig 5-3. Uniform alignment of samples in planar cells is observed indicating the 

homogeneous dispersion of NPs in host NLC. No aggregation in nanocomposite samples is 

observed at NP concentration of 0.01 wt% in NLC. The FCM images of pure and ZnO 

nanocomposites of LC are shown in Fig 5-4a. As ZnO NPs show fluorescence in UV region, 

FCM images are taken using laser of excitation wavelength (𝜆 = 370 𝑛𝑚). As we can observe, 

the nanoparticles are dispersed in the NLC matrix without aggregation or accumulation at the 

substrate surfaces. Variation of birefringence (∆𝑛) of host NLC with addition of ZnO NPs as a 

Figure 5-4 (a)FCM images (b) Variation of birefringence with temperature; of pure and 0.01 

wt% ZnO nanocomposites of PCH5 

(a) (b) 

Figure 5-3 Optical textures of pure and 0.01 wt% ZnO nanocomposites of PCH5 observed between 

crossed polarizers under POM showing homogeneous alignment and no aggregation of 

nanoparticles in NLC. 
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function of temperature is shown in Fig 5-4b. As we can observe, the value of (∆𝑛) at any given 

temperature increases by ~ 20% with addition of nanoparticles at given concentration. The 

ATR-FTIR absorption spectra of pure and ZnO nanocomposites of PCH5 are recorded and 

shown in Fig 5-5a. Various IR absorption bands are identified and corresponding vibrational 

modes are marked [161] listed in Table5-3. The values of integrated absorption of some 

selected IR peaks are plotted for various ZnO nanocomposites of PCH5 as shown in Fig 5-5b. 

With the addition of ZnO NPs in NLC host, integrated absorption for all peaks is observed to 

increase 4-fold as compared to that of pure NLC. This shows that the parallel correlation of 

dipole moments has been enhanced due to addition of 0.01 wt% ZnO nanoparticles in PCH5.  

 

 

Table 5-3 Selected IR absorption bands and corresponding vibrational modes of NLC (PCH5) 

IR Absorption Band (cm-1) Vibrational Mode 

832 Phenyl -CH wagging 

1448 -CH deformation 

1503 Phenyl C-C stretch 

1607 Phenyl C-C stretch 

2226 -C≡N 

2850 -CH symmetric stretch 

2953 -CH asymmetric stretch 

 

 Figure 5-5 (a)ATR-FTIR absorption spectra; (b) integrated absorption of selected absorption peaks; 

of pure and 0.01 wt% ZnO nanocomposites of PCH5 in planar aligned cells 

(a) (b) 
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The variation of dielectric permittivity ((𝜀∥) and (𝜀⊥)) and dielectric anisotropy (Δ𝜀 = 𝜀∥ − 𝜀⊥) 

with the incorporation of ZnO NPs in PCH5 is shown Fig 5-6(a) and Fig 5-6(b), respectively. 

The temperature variation of 𝜀 can be described using three regions. Region 1 describes the 

variation of  𝜀 in isotropic phase ( 𝑇 − 𝑇𝐼𝑁  ≳ 0℃), Region 2 describes the evolution of  𝜀 near 

I-N phase transition ( −4℃ ≲ 𝑇 − 𝑇𝐼𝑁  ≲ 0℃), and Region 3 describes the evolution of  𝜀 in 

deep nematic phase ( 𝑇 − 𝑇𝐼𝑁  ≲ −4℃), for pure and ZnO nanocomposites of PCH5. In 

region1, value of 𝜀 is observed to be increasing in ZnO nanocomposites as compared to pure 

NLC. The values of 𝜀⊥ increases for all nanocomposite samples as compared to pure NLC in 

region2 and region 3. But evolution of  𝜀∥ shows different behaviour in various ZnO 

nanocomposites under investigation as compared to pure NLC in region 2 and 3. For ZS 

nanocomposites, the values of 𝜀∥ is observed to be decreasing as compared to pure NLC in 

region 2 which further becomes almost equal to that of pure NLC in region 3. Collectively, the 

value of Δ𝜀 for ZS nanocomposites is observed to decrease as compared to pure PCH5 in region 

2 and then becomes almost equal in region 3. For ZR nanocomposites, the values of 𝜀∥ are 

observed to be increasing of PCH5 in region 2 as well as in region3 as compared to pure PCH5. 

However, the value of Δ𝜀 for ZR nanocomposites is observed to decrease in region 2 as 

compared to pure PCH5 which increases significantly in region 3 (~ 23% at 𝑇 − 𝑇𝐼𝑁  =

 −15℃) as compared to pure PCH5. In case of ZW nanocomposites, value of 𝜀 in isotropic 

phase, values of 𝜀⊥ and 𝜀∥ and the value of Δ𝜀 in all three regions is observed to be increasing 

as compared to that of pure NLC. The evolution of 𝜀 gives insight into the dominant way of 

dipole-dipole arrangement in the given system. Sridevi et.al. suggested that increase in the Δ𝜀 

could be either due to an increased nematic orientational order or a reduced antiparallel 

correlation between the neighbouring molecules[77]. According to Maier and Meier theory, 

the anisotropy is directly proportional to order parameter (S) of the system (Δ𝜀 ∝ 𝑆) as  

∆𝜀 =  
𝑁ℎ𝐹

𝜀0

 [∆𝛼 − 
𝐹

2𝑘𝑇
 𝜇2 (1 − 3𝑐𝑜𝑠2𝛽)] 𝑆 

where, N is the number density, h is the cavity field factor, F is feedback factor,  ∆𝛼 is the 

polarizability anisotropy,  𝜇 is the resultant dipole moment and 𝛽 is the angle between long 

axis and dipole moment of LC molecules. Garbovskiy et. al.[46] also reported that 1D 

nanoparticles help increase the order parameter of the composite system of NP in LC. 

Gorkunov et.al.[66] and Osipov et.al.[162] have reported that the addition of isotropic particles 

mainly leads to dilution of system. However, better alignment can be achieved by incorporation 

of strongly anisotropic nanoparticles in the LC matrix. 
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Figure 5-6 Variation of (a) parallel (𝜀∥) and perpendicular (𝜀⊥)  components of dielectric permittivity; 

(b) dielectric anisotropy (𝛥𝜀); (c) Threshold Voltage (Vth); (d) splay elastic constant (K11); (e) bend 

elastic constant (K33); (f) K33/K11; as a function of temperature of pure and 0.01 wt% ZnO 

nanocomposites of PCH5  at f = 4kHz 

(a) (b) 

(e) 

(c) (d) 

(f) 
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From the variation of birefringence as a function of temperature, the order parameter (Δn ∝ 𝑆) 

is observed to be increasing in all nanocomposite samples as compared to pure NLC. Whereas 

in the frequency range of ~ 𝑘𝐻𝑧, the evolution of order parameter from isotropic to deep 

nematic temperature range has different behaviours. The relaxation dynamics of the ZnO 

nanoparticles in nematic matrix may also be one of the important factors that governs the 

evolution of order parameter over a range of frequencies. The self-assembly of nanoparticles 

to form chain like structures is observed due to nematic ordering in nanocomposites of 

NLC[163]. To minimize the elastic distortions in the LC, spherical particles tends to be 

distributed into cylindrically symmetric chain/strands along nematic director[11]. Anisotropic 

cylindrically symmetric nematic environment favours a cylindrically symmetric arrangement 

of nanospheres. The chain length and rigidity of such chains affect the I-N phase transition as 

well as the nematic order parameter[67]. Optical textures show uniform alignment indicating 

uniform nematic director field. Hence, at length scales probed by visible light, arrangement of 

nanoparticles should be small structures due to their low concentration and homogeneous 

distribution. Moderate chain length and moderately stiff chains are expected to decrease the 

order parameter in the I-N phase transition region causing the weakly first order transition to 

transform to nearly continuous transition[67]. Basu et. al. showed that presence of small 

amount of nanospheres induces local random disorders in nematic media. But the strong 

applied field allows the system to improve nematic ordering which compensates for the 

disorder effect[163]. On the contrary, here, similar shape anisotropy of the ZR and ZW with 

that of the LC molecules and their presence in the bulk helps to increase the overall order of 

the nanocomposite system. Further, presence of nanosphere arrays may increase the mean 

viscosity and allow the system to relax slower. Thus, we may infer that the nanocomposite 

samples containing ZR and ZW in PCH5 manifests better alignment and increased order 

parameter as compared to ZS nanocomposite of PCH5. The value of threshold voltage (Vth) is 

estimated from dielectric measurements using variation of capacitance as a function of 

voltage[52] at different temperatures is shown in Fig 5-6c.  The addition of ZnO NPs decreases 

the Vth of the nanocomposite samples as compared to pure NLC. The value of Vth reduces by 

16%, 14% and 13% at 𝑇 − 𝑇𝐼𝑁  =  −15℃, is observed with the addition of 0.01 wt% ZS, ZR 

and ZW, respectively in nanocomposites as compared to NLC host. In the planar cell geometry, 

the threshold voltage is highly sensitive to the splay elastic constant K11, while the contribution 

of the bend elastic constant K33 is only effective at high voltages. The change in the value of 
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Vth depends on change in the ratio of splay elastic constant (𝐾11) and dielectric anisotropy (Δ𝜀) 

by equation, 

𝑉𝑡ℎ =  𝜋√
𝐾11

𝜀0Δ𝜀
 

where, 𝜀0 is the permittivity of free space. So, increase in the value of  Δ𝜀 or decrease in the 

value of 𝐾11 or the combined effect of both leads to decrease in the value of Vth. The variation 

of K11, K33 and ratio K33/K11 is shown in Fig 5-6 (d, e, f), respectively. The value of bend elastic 

constant (K33) is estimated using the method given by Uchida et. al[103]. The variation in 

elastic constants as a function of temperature can also be described using the regions stated 

earlier. The value of K11 is observed to be decreasing in all ZnO nanocomposites in region 2 

as well as region 3 as compared pure PCH5. The value of K11 is reduced by ~ 32% with addition 

of ZS in PCH5 and by ~ 9% with addition of ZR and ZW in PCH5 in region 3. The evolution 

of K33, however, shows interesting behaviour in ZnO nanocomposites as compared to pure 

PCH5. In ZS nanocomposites, K33 is observed to decrease in region2 and further becomes 

similar to that of pure PCH5 in region 3. For ZR nanocomposites of PCH5, value of K33 is 

observed to decrease in region 2 and increase significantly in region 3 as compared to pure 

NLC. Whereas the value of K33 in ZW nanocomposites is enhanced in region 2 as well as region 

3 as compared to pure NLC. The ratio (K33/K11) is observed to be increasing with the 

incorporation of ZnO nanoparticles in PCH5 as compared to pure PCH5, significantly in region 

3. The variation of elastic constant as a function of temperature depends mainly on the 

characteristics of the short range order present in the sample in the given temperature 

range[164,165]. According to Maier-Saupe theory, the elastic constants are proportional to the 

square of the scalar order parameter (S2) i.e., a higher order parameter should lead to an increase 

in elastic constants[166] or vice-versa. However, the observed decrease in K11 may be because 

the addition of spherical nanoparticles effectively causes dilution of the NLC matrix. The 

decrease in the value of K11 is the main reason for decrease of Vth in ZS nanocomposites of 

PCH5 as Δ𝜀 is negligibly altered as compared to pure PCH5 at 𝑇 − 𝑇𝐼𝑁  =  −15℃.  However, 

combined effect of decrease of K11 and increase of Δ𝜀 may lead to decrease in the value of Vth 

in ZR and ZW nanocomposites of PCH5. The value of K33 shows a large temperature 

dependence near the nematic to isotropic phase transition[164]. This strong temperature 

dependence of K33 can be explained because structural changes in short range order are more 

strongly weighted in K33. Another explanation of the strong temperature dependence of K33 
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near the nematic to isotropic phase transition is the fluctuation of the order parameter, S. Such 

fluctuations give rise to some uncertainty in the preferred direction. Therefore, elastic constants 

having connection to the preferred direction are expected to show an abnormal temperature 

dependence near the nematic to isotropic phase transition. Amongst the measured elastic 

constants, only K33 is connected to the preferred z-direction. Short range order may be induced 

due to incorporation of nanoparticles in the nanocomposite samples as observed from Fig 6a 

where 𝜀 in isotropic phase is observed to be increasing in nanocomposite samples as compared 

to pure NLC. Nanoparticle induced local disorders in the nanocomposite samples reduces the 

order parameter near I-N phase transition. But with decrease in the temperature, nematic 

ordering increases and favours the orientation of 1D nanoparticles along the global nematic 

director. However, in nanocomposites containing spherical nanoparticles, nematic potential 

may equal but does not overcome the local distortion as temperature decreases causing the 

order parameter to be similar as compared to pure NLC at lower temperatures. Therefore, the 

use of nanoparticles can benefit systems requiring lower driving voltages, however, cannot be 

implemented in devices requiring a high refresh rate.  

The response time measurements of the pure and ZnO NP incorporated PCH5 is performed, 

and the results are shown in Fig 5-7. In the planar configuration, the transmitted intensity 

through the cell decreases after the voltage is turned on and the time required to drop from 90% 

to 10% of maximum value is defined as rise time, (𝜏𝑟). After turning off the voltage, the 

transmitted intensity increases, and time required rise from 10% to 90% of its maximum value 

is decay time (𝜏𝑑). The variation of rise time (𝜏𝑟), decay time (𝜏𝑑) and total response time (𝜏 =

 𝜏𝑑 + 𝜏𝑟) with varying voltage (Vpp ~ 5-10 V) at 𝑇 − 𝑇𝐼𝑁  =  −15℃ are shown in Fig 5-7(a, c, 

e), respectively. The variation of 𝜏𝑟, 𝜏𝑑 and 𝜏 as a function of varying temperature are shown 

in Fig 5-7(b, d, f), respectively. The rise time of the nanocomposites are observed to be 

negligibly changing as compared to pure NLC with varying voltages. However, significant 

variation in 𝜏𝑑 has been observed. Addition of isotropic ZS in PCH5 negligibly affects 𝜏𝑑, 

whereas addition of 1D, ZR and ZW shows ~ 15 % reduction in 𝜏𝑑 as compared to pure NLC. 

Overall, the value of 𝜏 slightly increases (~ 3%) with addition of ZS but substantially reduces 

by ~15 % with addition of ZR and ZW in PCH5 as compared to the pure PCH5. 
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Figure 5-7 Variation of rise time (a, d); decay time (b, e); total response time (c, f) as a function of 

voltage at 𝑇 − 𝑇𝐼𝑁  =  −15℃  (left column) and temperature (right column), respectively, for pure 

and ZnO nanocomposites of PCH5 at f = 60Hz 

(a) (b) 

(e) 

(c) (d) 

(f) 
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The response time of the LC in planar alignment for weak anchoring depends on various 

parameters according to equation[167], 

[𝜏𝑟 = 
𝛾

 (Δ𝜀
𝐸2

4𝜋
) − (

𝐾11𝜋2

𝑑2 )
] 

[𝜏𝑑 = 
𝛾𝑑2

𝐾𝜋2
] 

where, 𝛾- effective viscosity of the LC medium and K- effective elastic constant (𝐾 = 𝐾11 −

𝐾22

2
+

𝐾33

4
). The estimated variation of viscoelastic ratio (𝛾/𝐾) as a function of temperature for 

pure and ZnO NP incorporated PCH5 is shown in Fig 5-8a. Local disorders induced by addition 

of ZS may cause hindrance to the reorientation of molecules in the direction of applied field 

which may be one of the reasons for slight increase in the response time of the ZS 

nanocomposite of PCH5. The reduction in viscoelastic ratio (𝛾/𝐾) as shown in Fig 5-8a speeds 

up the fall times[168] as observed in the ZR and ZW nanocomposites of PCH5. Reduction in 

the ionic impurities may also be one of the reasons for the faster response time in 1D 

nanocomposites of PCH5 as compared to pure PCH5. 

 

Figure 5-8 (a)Viscoelastic ratio (𝛾/𝐾)  (b) Bulk ac conductivity (𝜎𝑎𝑐) of pure and 0.01 wt% ZnO 

nanocomposites of PCH5 as a function of temperature 

(a) (b) 



98 
 

Variation of bulk ac conductivity (𝜎𝑎𝑐)with the incorporation of ZnO NP is shown in Fig 5-

8b. The addition of 0.01 wt% ZnO NP decreases the 𝜎𝑎𝑐 of the nanocomposites as compared 

to pure NLC. The reduction of 53%, 70% and 36% in the value of 𝜎𝑎𝑐 is observed in ZS, ZR 

and ZW nanocomposites, respectively, as compared to pure NLC. Addition of 0.01 wt% ZnO 

NP effectively traps the ionic impurities in the nanocomposite systems. Due to higher surface 

area of 1D NPs as compared to spherical NPs, efficient reduction in 𝜎𝑎𝑐 is observed due to ZR 

nanocomposites as compared to ZS nanocomposites. However, due to longer length of NW 

which may be making pathway for the ionic conduction makes it less efficient in impurity 

trapping. It has been observed in LC nanocomposites with nanowires such as CdS[52], 

CNTs[73,169] etc. that the long lengths of wires can provide pathways for the conduction of 

impurity ions by various mechanisms such as hopping, charge transfer or 𝜋 − 𝜋 interaction 

between dopant and LC molecules.  

The comparison of values of various physical properties of NLC and its ZnO nanocomposites 

is presented in Table 5-4. As we can observe from the comparison Table 4, nanocomposites of 

NLC containing 1D NPs show enhanced characteristics properties as compared to that with 

spherical NPs in optical as well as low (~𝑘𝐻𝑧) frequency regions. Hence, 1D NPs can be 

considered as potential candidates over spherical NPs while preparing nanocomposites of LC 

for the enhancement of device parameters of display applications with high refresh rate. But as 

ionic conductivity is also one of the crucial parameters for display applications, composites of 

NLC with nanorods of ZnO are observed to be better than that with nanowires of ZnO. Overall, 

nanorods of ZnO are observed to be more efficient in ion trapping due to high surface area 

hence decreasing the response time as well as the threshold voltage of the nanocomposite 

system as compared to pure NLC.  

 

 

 

 

 



99 
 

Table 5-4 Comparison of values of different physical properties of pure and 0.01 wt% ZnO 

nanocomposites of PCH5 at 𝑇 − 𝑇𝐼𝑁 = −15℃ (marked values show maximum enhancement 

in the value of particular parameter in ZnO nanocomposites as compared to pure NLC) 

 Pure   ZS ZR  ZW  

∆𝒏 0.09 0.12 0.11 0.12 

𝜺⊥ 4.95 5.44 5.97 5.71 

𝜺∥ 12.44 12.94 14.79 15.39 

∆𝜺 7.49 7.5 9.42 9.07 

𝑽𝒕𝒉(𝑽) 0.9 0.76 0.77 0.78 

𝑲𝟏𝟏(𝒑𝑵) 22 15.4 20.1 19.7 

𝑲𝟑𝟑(𝒑𝑵) 62.9 66.2 98.6 104 

𝑲𝟑𝟑/𝑲𝟏𝟏 2.86 4.4 4.91 5.28 

𝝈⊥(𝝁𝑺/𝒎) 0.28 0.13 0.074 0.16 

𝝈∥(𝝁𝑺/𝒎) 0.53 0.26 0.18 0.34 

𝝉𝒓(𝒎𝒔) 0.43 0.46 0.44 0.4 

𝝉𝒅(𝒎𝒔) 6.6 6.9 5.7 5.8 

𝝉(𝒎𝒔) 7.02 7.3 6.1 6.2 
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5.4 CONCLUSION 

As discussed in Chapter 1 and Chapter 2, 1D nanostructures affect the physical properties of 

liquid crystals substantially, hence we have carried out a systematic study to investigate the 

effect of shape of nanoparticle on properties  

• Pronounced increase in birefringence & dielectric anisotropy and reduction in Vth, response 

time as well as viscoelastic ratio is observed in NLC nanocomposites of ZR and ZW as 

compared to ZS nanocomposites of NLC.  

• Incorporation of ZnO NPs in NLC also helps trapping of ionic impurities efficiently.  

• The incorporation of ZnO nanoparticles of different shapes in NLC demonstrated that 1D 

nanoparticles show enhanced effects as compared to spherical nanoparticles for device 

applications, especially, displays. 

• Among the 1D nanostructures, incorporated ZnO nanorods at low concentration (0.01 wt%) 

in NLC leads to significant improvement in the display device parameters. 
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CHAPTER 6   

EFFECT OF SIZE OF ZINC OXIDE NANORODS ON 

ELECTRO-OPTIC AND DIELECTRIC PROPERTIES OF 

NEMATIC LIQUID CRYSTAL 

 

The results of Chapter 5 indicate that unfunctionalized nanorods can be considered as better 

choice to make composites with NLC for the enhancement in device parameters. Hence, a 

systematic investigation on effect of different size of nanorods on physical properties of 

nematic liquid crystal is carried out and results are presented in this chapter. The zinc oxide 

nanorods (ZR) of similar aspect ratio (4-5) but different size (length: width) abbreviated as., 

ZR1(10:50), ZR2 and ZR3 are synthesized. Nanocomposites of synthesized nanorods with 

wide temperature range nematic liquid crystal, PCH5 are prepared. The smaller nanorods 

(ZR1) are expected to form chain like structures in host NLC matrix leading to softening of 

order parameter at the isotropic-nematic transition. As the size of the nanorods increases the 

discontinuity of order parameter at I-N transition is observed to increase.  The threshold 

voltage, electro-optic response time and conductivity of the nanocomposite samples is also 

observed to decrease with the incorporation of ZR in host NLC.    

 

 

 

The manuscript for the work done in this chapter is in preparation 

• Effect of size of ZnO nanorods on electro-optic and dielectric properties of nematic liquid 

crystal, Shweta Mishra, Manjuladevi V, Raj Kumar Gupta (in preparation). 
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6.1 INTRODUCTION 

Improvement in the characteristic features of LC for technological advances in device 

applications is always at a forefront for the researchers in the field. With the advent of 

nanotechnology and nanomaterials which show some drastically interesting phenomena and 

huge impact on futuristic technologies; researchers in LC field are also trying to make use of 

features of nanoparticles to modify physical properties of LCs [26]. Various research groups 

have tried doping metallic (e.g. Ag, Au) [47], semiconducting (e.g. ZnS, ZnO, PbS, TiSiO4, 

etc.)[49–52], ferroelectric (e.g. BaTiO3)[48], magnetic (e.g. Fe3O4) nano particles in LC 

matrix which showed improvement in physical parameters such as switching time, threshold 

voltage, elastic constant ratio etc. Incorporation of anisotropic nanostructures such as nanorods, 

nanoplatelets, nanosheets, in LC have also been studied by few research groups 

[47,54,58,78,170].  Nematic phase exhibited by calamitic liquid crystals is the most useful of 

all the LC phases known in display device applications because of their long range orientational 

order, low viscosity, and large elastic constant ratio. NLCs composed of rod-shaped molecules 

are easy to align and can be switched at low strengths of electric fields as compared to their 

other shape anisotropic counterparts, discotic and bent core nematic. 1D-NPs such as nanorods, 

nanowires and nanotubes  [50–52,61–65] with similar shape anisotropy as that of NLC host 

molecules makes them naturally suited as dopant materials in NLC. Composites of 1D-NPs 

with LC host are expected to exhibit synergetic orientational ordering. However, the mixing 

behaviour is observed to be quite complex. Addition of a relatively small amount (≤  1 𝑤𝑡%) 

of 1D-NPs to the nematic LC host can alter the orientational order of the host medium [46]. 

These changes perhaps depend on various factors such as the diameter and aspect ratio of the 

dispersed 1D-NPs as compared to that of the LC molecules and the interaction between the 

NPs and LC molecules [49,52,66,69–72]. The interfacial interaction between the NPs and LC 

molecules may change the surface anchoring conditions[138]. The variation of dielectric and 

electro-optic properties of NLCs with the dispersion of carbon nanotube (CNT) is extensively 

studied owing to the fascinating properties exhibited by the CNTs [56,65,73]. But there are 

very few reports available which shows the effect of various sizes (diameter: length (𝑑: 𝑙)) of 

nanorods on the physical characteristics of host NLC. Here, we are reporting the effect of zinc 

oxide nanorods of varying size on the physical properties of wide temperature range NLC, 

PCH5. Zinc oxide (ZnO) is a wide band-gap semiconducting material and generally 

investigated for its potential applications in the various fields such as sensors, optoelectronics, 

photovoltaics, and drug delivery. The results of the improvement in various display device 

properties with the incorporation of ZnO nanorods of three different size of similar aspect ratio 
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in PCH5 are presented here. These studies indicate that the properties of host NLC can be tuned 

as the function of size as well as concentration of ZnO nanorods. 

6.2 EXPERIMENTAL 

6.2.1 Materials 

4-(trans-4’pentylcyclohexyl)-benzonitrile (PCH5) and Zinc acetate dihydrate (Zn(ac)2.2H2O) 

are procured from Sigma-Aldrich. Sodium Hydroxide (NaOH), Methanol, Ethanol and Iso-

propanol are procured from Merck. 

6.2.2 Synthesis of ZnO nanorods 

Zinc oxide nanorods (ZR) of three different sizes are prepared using solvothermal synthesis 

[171]. First, 0.1 M Zn(ac)2.2H2O and 0.5 M NaOH solutions are prepared in methanol 

separately. Then, two of the solutions are mixed and stirred properly to get a clear transparent 

solution for 30 min. The clear solution is then transferred to Teflon-lined autoclave of 100mL 

capacity. The autoclave is maintained at 150℃ for 24 hrs and then allowed to cool down to 

room temperature naturally. Obtained precipitate is separated by centrifugation and washed 

with ethanol thrice. The obtained product was dried in air at 60℃ for 2 hrs. Similarly, above 

mentioned procedure is repeated by taking the solvent as ethanol and iso-propanol to obtain 

the different sizes of the synthesized nanorods. Samples prepared with methanol, ethanol and 

iso-propanol are named as ZR1, ZR2 and ZR3, respectively.  

6.2.3 Preparation of nanocomposite sample 

For this experimental study, we have taken 4-(trans-4’pentylcyclohexyl)-benzonitrile (PCH5) 

as nematic liquid crystalline host material procured from Sigma-Aldrich. The NLC host PCH5 

exhibits the phase transition sequence: Isotropic (55.3 ̊ C) Nematic (30 ̊ C) Crystal.  

NLC nanocomposites are prepared using ZR of various sizes synthesized in the laboratory. As 

synthesized ZR1, ZR2 and ZR3 are dissolved in chloroform and ultrasonicated for about two 

hours to get homogeneous dispersions. Calculated quantity of these solutions is added into the 

host NLC to obtain the concentration of ZR (wt%) in host LC (CZR) to be 0.01, 0.02 and 0.05. 

The nanocomposite solutions are further sonicated for uniform mixing and then left for 3 days 

to allow the solvent to evaporate completely. 
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6.2.4 Characterization techniques 

The crystalline phase of as synthesized products is estimated using powder X-ray diffraction 

(XRD) using Rigaku Smartlab Studio X-ray diffractometer with Cu Kα (𝜆 = 1.5406 Å) in the 

range 2𝜃 = 10° − 90° at scanning rate of 4°/𝑚𝑖𝑛 at an operating voltage of 40 kV. The 

morphology of the synthesized particles is investigated using transmission electron microscope 

(TEM; FEI Tecnai G2 20 S-TWIN) and field emission scanning electron microscope (FE-

SEM; FEI Apreo LoVac). The optical band gap of the synthesized samples is obtained using 

UV-Vis absorption spectra in the wavelength range 200 − 700 𝑛𝑚.  

For the electro-optic and dielectric measurements, we have used planar aligned cells of 

thickness ~ 7 𝜇𝑚 and area ~ 0.8 cm2. Thickness of the sample cells is measured using an 

interferometric fibre-optics spectrometer (Ocean-optics USB4000-XR1-ES). To observe the 

optical texture of the LC filled sample cells, polarizing optical microscope (POM; Olympus 

BX53M) is used. To investigate the dispersion properties of the ZR in nematic matrix inside 

the cell, fluorescence confocal microscopy (LSM880, Zeiss) is performed. The sample cell is 

placed inside the hot stage (Micro-optik MDTC600) with temperature control of 0.1 ℃ having 

a small hole in the middle to allow light to pass through. This assembly was then kept on the 

rotating stage of the POM between crossed polarizers. A laser beam of wavelength 633 nm is 

allowed to pass through the sample. The planar aligned cell is kept between crossed polarizers 

with a rubbing direction at an angle of 45° to either of the polarizers. The transmitted intensity 

(I) as a function of temperature is recorded and used to estimate the birefringence of the nematic 

samples. Further, electro-optic switching times such as rise time (𝜏𝑟), decay time (𝜏𝑑) and total 

response time (𝜏𝑅 = 𝜏𝑟 + 𝜏𝑑) are measured for the pure as well nanocomposites of NLC by 

applying square wave of frequency 60 Hz using digital storage oscilloscope (DSO; Keysight 

EDUX1002G) at various applied voltages. Measurement of dielectric permittivity (𝜀), 

dielectric anisotropy (∆𝜀), threshold voltage (Vth) and bulk ac conductivity (𝜎𝑎𝑐) is performed 

as per method discussed in the Chapter2.  

6.3 RESULTS AND DISCUSSION 

The typical XRD pattern of ZR powder samples prepared using different solvents is shown in 

Fig 6-1a. All the peaks as observed from Fig 6-1a matches well with that of bulk ZnO exhibiting 

hexagonal wurtzite crystal structure. The anisotropic growth of ZnO along c-axis (101) is 

observed with no peaks of hydroxides, hence confirming uniform formation of ZnO. 

Morphology of the synthesized samples is investigated using electron microscopy (TEM and 



105 
 

FESEM) and results are shown in Fig 6-1(b). With the decreasing polarity of the solvents, the 

diameter of synthesized ZR is observed to be increasing. The diameter(nm) to length(nm) ratio 

for ZR1 is found to be ~10𝑛𝑚: 50 𝑛𝑚, ZR2 is ~50𝑛𝑚: 200𝑛𝑚 and ZR3 is ~1𝜇𝑚: 5𝜇𝑚 as 

observed from the electron microscopy images. The nanocomposite samples of ZR with host 

NLC, PCH5, are prepared as described earlier and the effect of size of synthesized ZR on 

physical properties of PCH5 are investigated.  

  

The alignment characteristics of pure PCH5 and ZR nanocomposites of PCH5 filled in planar 

configuration is observed under crossed polarizers of POM and the optical textures are shown 

in Fig 6-2. Optical textures show no aggregations for the nanocomposite samples under 

investigation. Hence, ZR is homogeneously dispersed in host NLC, and uniform alignment 

without aggregation is observed for nanocomposite samples under investigation. Further, 

confocal microscopy images of pure and ZR nanocomposites of PCH5 are shown in Fig.6-3. 

FCM images show that ZR is dispersed in the bulk of the nematic matrix and no aggregation 

or accumulation near the interfaces is observed. Hence, ZR is expected to be homogeneously 

dispersed in the bulk of the nematic matrix.   

Figure 6-1 (a)X-ray diffraction pattern of synthesized zinc oxide nanorods using methanol (ZR1), 

ethanol (ZR2) and Iso-propanol (ZR3) as solvent; (b) Transmission electron microscopy images of 

ZR1(i) & ZR2(ii) and FESEM image of ZR3(iii) 

(i) (ii) 

(iii) 
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Figure 6-2 Optical textures of pure and ZR nanocomposites of PCH5 filled in planar cell 

observed between crossed polarizers of POM (numbers indicate the concentration of nanorod 

in PCH5) at T= 35℃. (A and P denote crossed polarizes; red line denotes rubbing direction of 

sample filled planar cell = 45° to either polarizer) 

Figure 6-3 Fluorescence confocal microscopy images of pure and ZR nanocomposites of PCH5 at room 

temperature 
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The variation of ∆𝑛 as a function of temperature for various concentration of ZR1, ZR2 and 

ZR3 is shown in Fig 6-4. With the addition of ZR, the value of ∆𝑛 is observed to be increasing 

in all nanocomposite samples as compared to pure PCH5. At T-TIN = -15℃, for 

nanocomposites containing ZR1 and ZR2, value of ∆𝑛 increases by 5% and 8%, respectively 

for lower concentration (0.01 wt%) and then shows negligible difference at higher 

concentrations (0.02 and 0.05 wt%) as compared to pure NLC. However, the value of ∆𝑛 

increases with increasing concentration of ZR3 in NLC host with maximum increase of 8% at 

0.05 wt% ZR3 in PCH5. 

 

a) b) 

c) 

Figure 6-4 Variation of birefringence (∆𝑛) as a function of temperature for pure and (a)ZR1; 

(b)ZR2; (c) ZR3 nanocomposites of PCH5 
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a) 

c) d) 

e) f) 

b) 

Figure 6-5 Variation of dielectric permittivity as a function of temperature for pure and ZR 

nanocomposites of PCH5 (variation of parallel (𝜀∥) and perpendicular (𝜀⊥) components of dielectric 

permittivity for ZR1 (a), ZR2(c) and ZR3(e) nanocomposites (left column); and respective variation of dielectric 

anisotropy (∆𝜀) (b,d,f, respectively) (right column)) 
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Variation of parallel (ε∥) and perpendicular (ε⊥) components of dielectric permittivity as a 

function of temperature for various concentration of ZR1, ZR2 and ZR3 in PCH5 are shown in 

Fig 6-5 (a,c,e). Variation of dielectric anisotropy, ∆𝜀 =  𝜀∥ − 𝜀⊥ as a function of temperature 

for various concentration of ZR1, ZR2 and ZR3 in PCH5 are shown in Fig 6-5 (b,d,f). The 

variation of 𝜀⊥, 𝜀∥ and  ∆𝜀 as a function of concentrations for various sizes of ZR at 𝑇 − 𝑇𝐼𝑁 =

−15℃ are shown in Fig 6- 6a, Fig 6- 6b and Fig 6- 6c, respectively. The values of both 𝜀∥ and 

𝜀⊥are observed to increase in all nanocomposite samples as compared to pure NLC. The 

evolution of ∆𝜀 with temperature helps comprehending the order in the system with varying 

temperature. To understand the results, the temperature axis is divided into three regions, viz, 

region 1 (𝑇 − 𝑇𝐼𝑁 > 0℃), region 2 (-4 ℃ <  𝑇 − 𝑇𝐼𝑁 < 0℃) and region 3 (−4 ℃ >  𝑇 − 𝑇𝐼𝑁). 

In region 1, value of 𝜀 increases with increasing concentration of ZR in PCH5 for all nanorods. 

This may be because of the presence of short-range nematic order induced by the presence of 

nanorods in the isotropic phase of the NLC. However, in region 2, behaviour of ∆𝜀 is different 

for the three sizes of nanorods incorporated in PCH5. For small nanorods (ZR1), the ∆𝜀 is 

observed to vary slowly near I-N phase transition as compared to pure NLC and the value of 

∆𝜀 is observed to be less than that of pure NLC. The formation of chainlike structures of smaller 

nanoparticles under the influence of orientational ordering of LC molecules in nematic phase 

could be one of the possible reasons for the slow evolution of ∆𝜀 from isotropic into nematic 

phase in ZR nanocomposites of PCH5. Egorov et al.[67]  and Gorkunov et al.[66,79] have 

reported that long, and moderately stiff chains of particles may lead to the softening of order 

parameter at I-N phase transition. The observations reported in our previous work[52,172] also 

suggests that chain like structure formed by spherical particles or long nanowires incorporated 

at low concentration in NLC shows nearly continuous isotropic-nematic phase transition. In 

ZR2 nanocomposites, variation of ∆𝜀 is observed to be faster and more discontinuous near I-N 

phase transition. And, for larger nanorods (ZR3), the value of ∆𝜀 seem to increase as compared 

to pure NLC at lower concentration (CZR3 = 0.01 & 0.02) of nanorods in PCH5.  In region3, 

the value of ∆𝜀 is observed to increase for all ZR nanocomposites of PCH5 as compared to 

pure PCH5. For ZR1 and ZR3 nanocomposites, the value of ∆𝜀 increases with the incorporation 

of nanorods in PCH5 but does not change significantly with further increase in concentration 

of nanorods. However, for ZR2 nanocomposites, though initial addition of nanorods leads to 

increase in the value of ∆𝜀 as compared to pure NLC, it starts decreasing for CZR2 = 0.05 but is 

still higher than that of pure NLC.  
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a) 

c) 

e) f) 

b) 

d) 

Figure 6-6 Variation of (a) ε⊥ ; (b) ε∥; (c) ∆ε; (d) threshold voltage (Vth); (e)splay elastic constant 

(K11) (f) bend elastic constant (K33); for ZR nanocomposites of PCH5 as a function of concentration 

of ZR (CZR) at 𝑇 − 𝑇𝐼𝑁 = −15℃ 
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The results of variation of ∆𝜀 (Fig 6-5 (b, d, f)) measured at 4 kHz complements with that of 

the variation of ∆𝑛 as shown in Fig 6-4 for ZR nanocomposites of PCH5.  According to Maier-

Meier theory[16],  

∆𝜀 =  
𝑁ℎ𝐹

𝜀0
 [∆𝛼 − 

𝐹

2𝑘𝑇
 𝜇2 (1 − 3𝑐𝑜𝑠2𝛽)] 𝑆 

where, ∆𝜀 is directly proportional to macroscopic S (order parameter). Hence, increase in the 

value of ∆𝜀  suggests increase of order parameter of nanocomposites with the incorporation of 

ZR in PCH5. Also, classical Onsager theory predicts that the rod shaped particles may cause 

the increase of the order in nematic matrix as compared to other shapes such as spheres or 

discs[11,68]. The variation of  ∆𝜀  as a function of concentration of ZR in PCH5 at 𝑇 − 𝑇𝐼𝑁 =

−15℃ is shown in Fig 6-6c. The observed results indicate that incorporation of larger nanorods 

(ZR3) leads to increase in the order parameter of ZR nanocomposites more as compared to 

smaller nanorods (ZR1 & ZR2). The variation of threshold voltage (𝑉𝑡ℎ) for pure and ZR 

nanocomposites of PCH5 at 𝑇 − 𝑇𝐼𝑁 = −15℃ is shown in Fig 6-6d. Overall, incorporation of 

ZR in PCH5 helps to decrease the 𝑉𝑡ℎ at all CZR under investigation. The maximum decrease 

is observed for nanocomposite containing CZR= 0.01 in PCH5. The value of 𝑉𝑡ℎ slightly 

increases with further increase in CZR (0.02 & 0.05) but is still lower than that of the pure NLC. 

The threshold voltage of the LC in planar configuration varies as 

𝑉𝑡ℎ = 𝜋√
𝐾11

𝜀0∆𝜀
 

where, 𝐾11 is splay elastic constant and ∆𝜀 is the dielectric anisotropy of the medium. The 

variation of splay elastic constant (K11) for pure and ZR nanocomposites of PCH5 at 𝑇 − 𝑇𝐼𝑁 =

−15℃  is shown in Fig 6-6e. The value of K11 increases in all ZR nanocomposites of PCH5 as 

compared to pure PCH5 with a maximum increase in ZR3 nanocomposites. The variation of 

bend elastic constant (K33) as a function of concentration of ZR in PCH5 at 𝑇 − 𝑇𝐼𝑁 = −15℃ 

is shown in Fig 6-6f. Here, the value of K33 is also observed to increase as compared to pure 

NLC in ZR nanocomposites of PCH5. According to the continuum theory for NLC, the 

variation of Kii (i= 1, 3 for planar configuration) is directly proportional to 𝑆2 [2,24]. Hence, 

the observed increase in the value of elastic constants complements the observation that ∆𝜀 and 

hence, order parameter of the nanocomposite system is enhanced with the incorporation of 
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nanorods in the NLC matrix. The variation of ratio of bend to splay elastic constant (K33/ K11) 

as a function of concentration of ZR in PCH5 at 𝑇 − 𝑇𝐼𝑁 = −15℃ is shown in Fig 6-7.  

  

The value of K33/ K11 is almost independent of temperature in deep nematic region. These 

properties are also important for display applications where reduced 𝑉𝑡ℎ and higher 

multiplexing devices are required.  

Electro-optic response time is also one of the important parameters for device applications. 

Measurements of rise time (τr), decay time (τd) and total response time (τ) for the pure and 

ZR nanocomposites of PCH5 filled in planar cells are performed applying square wave of 

frequency 60Hz at various voltages and the results are shown in Fig 6-8. Maximum decrease 

in the total response time of the ZR nanocomposite samples as compared to pure PCH5 by 

8.6%, 5.5% and 4.1 % is observed for CZR= 0.02 of ZR1, ZR2 and ZR3, respectively. Shorter 

nanorods (ZR1) are observed to be more efficient for the reduction of response time as 

compared to larger ones (ZR2 & ZR3). Reduction in the value of 𝑉𝑡ℎ, enhancement in the order 

parameter and enhancement of K33/K11 collectively helps to reduce the response time of ZR 

nanocomposites of PCH5 as compared to pure PCH5 at low CZR (0.01 wt% and 0.02 wt%). 

Reduction in the ionic impurities may also be one of the reasons for the reduction of response 

time. However, the value of τ increases with further increase in CZR= 0.05 as compared to pure 

NLC.   

 

Figure 6-7 Variation of ratio of K33/K11 for pure and ZR nanocomposites of PCH5 at 𝑇 −
𝑇𝐼𝑁 = −15℃   
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Variation of bulk ac conductivity (𝜎𝑎𝑐) of the pure and ZR nanocomposites of PCH5 as a 

function of temperature are shown in Fig 6-9. The variation of 𝜎𝑎𝑐 with variation of CZR and 

size of ZR at T-TIN = -15℃ is shown in Fig 6-10d. ZnO nanorods are observed to trap the ionic 

impurities efficiently. With increasing CZR, value of 𝜎𝑎𝑐 increases but is still less than that of 

the pure PCH5 for the CZR under investigation. Maximum ionic adsorption is observed for 0.01 

wt% ZR nanocomposites of PCH5 viz., 78%, 82% and 77% for ZR1, ZR2 and ZR3, 

respectively.  

a) b) 

c) 

Figure 6-8 Variation of (a) rise time (𝜏𝑟); (b) decay time (𝜏𝑑); (c) total response time (𝜏) ; for pure 

and ZR nanocomposites of PCH5 with varying concentration of ZR at 𝑇 − 𝑇𝐼𝑁 = −15℃ 
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To briefly summarize the observed results, the physical properties of the NLC are observed to 

enhanced with the incorporation of ZnO nanorods at low concentration. Presence of nanorods 

induces short range nematic order in the isotropic phase of the liquid crystal. Smaller nanorods 

(ZR1) are expected to form chain like structure owing to orientational order of NLC. Increase 

in dielectric as well as optical anisotropy which in turn indicates increase in the order parameter 

of the system is observed. Also, substantial decrease in the value of Vth, response time and 𝜎𝑎𝑐 

whereas increased value of K11, K33 and K33/K11 are observed in ZR nanocomposites of PCH5 

a) 

c) d) 

b) 

Figure 6-9 Variation of bulk ac conductivity (σac) as a function of temperature for pure and ZR 

nanocomposites of PCH5; variation of parallel (σ∥) and perpendicular (σ⊥) components of conductivity 

for ZR1 (a), ZR2(b) and ZR3(c) nanocomposites; variation of σ∥ and σ⊥ as function of concentration of 

ZR in PCH5 at T − TIN = −15℃ 
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as compared to pure PCH5. Hence, incorporation of nanorods in NLC may help to achieve 

homogeneous and better alignment, decreased threshold voltage and response time, and can be 

used for high refresh rate as well as high multiplexing devices. Based on all the measured 

parameters addition of 0.01 wt% of ZnO nanorods of intermediate size (50𝑛𝑚: 200 𝑛𝑚) are 

better suited to incorporate in NLC matrix to enhance physical properties as well as device 

parameters. The schematic shown in Fig 6-10 depicts the expected behaviour of different size 

of nanorods in the nematic matrix at different applied voltages. 

 

 

 

  

Figure 6-10 Schematic diagram proposed based on the observed results showing the effect of 

different size of ZnO nanorods on splay and bend deformation at different applied voltages. 
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6.4 CONCLUSION 

As discussed in chapter 5, zinc oxide nanorods are best choice to be incorporated in NLC matrix 

to enhance physical properties and device parameters, especially, for displays. In this chapter, 

we presented the results of effect of incorporation of zinc oxide nanorods of different size but 

similar aspect ratio on physical properties of PCH5. The main findings of the study are: 

• The zinc oxide nanorods (ZR) of similar aspect ratio (4-5) but different size (diameter: 

length) viz., 10: 50 𝑛𝑚 (ZR1), 50: 200 𝑛𝑚 (ZR2) and 1: 5 𝜇𝑚 (ZR3) are synthesized.  

• Short range nematic order is observed in the isotropic phase of NLC with the incorporation 

of nanorods.  

• The smaller nanorods (ZR1) tend to form chain like structures in host NLC matrix leading 

to softening of order parameter at the isotropic-nematic transition.  

• Incorporation of ZR leads to increase in the dielectric anisotropy of the nanocomposite 

system as compared to pure PCH5.  

• The reduction of threshold voltage, electro-optic response time and conductivity (~80%) 

of the nanocomposite samples is observed with the incorporation of ZR in host NLC.  

• From the results of the study presented in this chapter, the optimization of values of the 

display device parameters indicates that incorporation of 0.01 wt% of nanorods in the size 

range of 50 𝑛𝑚: 200 𝑛𝑚 is better suited for display device applications.   
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CHAPTER 7   

CONCLUSION AND FUTURE SCOPE 

7.1 CONCLUSION 

 

The primary objective of the thesis is to study the effect of incorporation of 1D nanomaterials 

on the physical properties, viz., dielectric, and electro-optic properties of calamitic liquid 

crystals. As predicted by Onsager’s theory based on shape anisotropy of molecule, rod-shaped 

particles can form stable nematic phase. To improve the physical properties of these LCs, it 

has been proposed that incorporation of 1D nanostructures in LC matrix would be a better 

choice. To investigate the same, two calamitic LCs, PCH5 having wide nematic temperature 

range and 8CB showing nematic as well as smectic A phase are selected. Oleic acid 

functionalized CdS nanowires are obtained from our collaborator Prof. Sandeep Kumar, RRI, 

Bangaluru. Zinc oxide (ZnO) nanomaterials are synthesised in the laboratory. Zinc oxide has 

been studied as a potential nanomaterial in various technological fields as sensors, 

optoelectronics, photovoltaics, drug delivery etc. by researchers worldwide. Synthesis of ZnO 

NPs of different shapes and aspect ratio with the control over morphology and crystallinity is 

easy as compared to other nanomaterials. For this thesis work, we have synthesized ZnO NPs 

of different size and shape in the laboratory. 

Brief introduction to the development of theory and applications of liquid crystals is discussed 

in Chapter1. Synthesis and characterization techniques used for nanomaterials and the 

preparation and measurement technique of pure and nanocomposite samples of liquid crystals 

are presented in Chapter 2. The findings of the research work done are discussed in Chapter 3-

6. Conclusion and future scope of the research work is presented in Chapter 7. 

The results on effect of incorporation of CdS nanowire functionalized with oleic acid on 

physical properties and behaviour of isotropic-nematic phase transition of nematic liquid 

crystal, PCH5 are presented in Chapter 3. Incorporation of CdS nanowires (≤  0.05 𝑤𝑡%) in 

nematic matrix shows continuous I-N phase transition on contrary to the weakly first order I-

N phase transition of pure PCH5. Also, the conductivity of the nanocomposites is found to 

increase with the incorporation of CdS nanowires in PCH5 as compared to pure PCH5.  



118 
 

In Chapter 4, we presented the results of effect of zinc oxide nanorods capped with oleic acid 

(ZOR) on physical properties of 8CB. ZOR is synthesized using reflux method in the 

laboratory. Results of the study indicate that above a critical concentration of ZOR (0.3 wt% 

= 𝐶𝑍𝑂𝑅
∗ ) 8CB, vertical alignment of host LC molecules is induced in planar/unaligned cells. 

Systematic investigation of planar to homeotropic alignment of LC by incorporation of ZOR 

is performed and possible mechanism is discussed. Ionic conductivity is also observed to be 

reduced in the nanocomposites (C𝑍𝑂𝑅 ≤ 0.4 𝑤𝑡%)  as compared to pure LC. Magnitude of 

activation energy is observed to be increasing implying reduction in the ion mobility in ZOR 

nanocomposites as compared to pure LC. Maximum decrease of 57% in the ionic conductivity 

of the nanocomposite system for 𝐶𝑍𝑂𝑅 < 𝐶𝑍𝑂𝑅
∗  is observed due to adsorption of ionic impurities 

by ZOR. 

In chapter 5, we presented the results of effect of shape of nanoparticle on physical properties 

of PCH5. To carry out a comparative study between the effect of functionalized and 

unfunctionalized nanomaterials, we synthesized zinc oxide (ZnO) nanoparticles of different 

shapes, i.e., nanospheres, nanorods and nanowires. Incorporation of 1D nanostructures helps 

better dispersion, alignment and improved physical properties of nanocomposite samples as 

compared to pure NLC. Also, isotropic particles tend to self-assemble in chains/strands to 

minimize the free energy of the nanocomposite system. Pronounced increase in birefringence 

& dielectric anisotropy and reduction in threshold voltage, response time as well as viscoelastic 

ratio is observed in NLC nanocomposites of ZR and ZW as compared to ZS nanocomposites 

of NLC. Based on the results, nanocomposites of PCH5 prepared using ZnO nanorods is found 

to be the best candidate which offers significant improvement in physical properties.  

In continuation to the study presented in Chapter 5, results on effect of size of ZnO nanorods 

with similar aspect ratio but different size (diameter: length), on physical properties of PCH5 

are presented in Chapter 6. Short range nematic order is observed in the isotropic phase of NLC 

with the incorporation of ZnO nanorods. The smaller nanorods (10: 50 𝑛𝑚) tend to form chain 

like structures in host NLC matrix leading to softening of order parameter at the isotropic-

nematic transition. Incorporation of ZR leads to increase in the dielectric anisotropy of the 

nanocomposite system as compared to pure PCH5. The important parameters for display 

devices, i.e., threshold voltage, electro-optic response time and conductivity of the 

nanocomposite samples are observed to decrease with the incorporation of ZR in host NLC. 

Results of this study indicates that incorporation of 0.01 wt% of ZnO nanorods in PCH5 yields 

improved display device properties without observed aggregation or accumulation of 
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nanomaterials in bulk or at interfaces of the LC cell. Based on the results presented in the 

chapter, ZnO nanorods in the size range of (50: 200 𝑛𝑚) are potential choice as compared to 

very small rods (10: 50 𝑛𝑚) or very big rods (1𝜇𝑚: 5𝜇𝑚) to incorporate in NLC matrix. 

To summarize the thesis work, the effect of size and aspect ratio of nanomaterial on the physical 

properties of nematic liquid crystal are investigated. The key findings of the thesis are as 

follows: 

• Systematic investigation of functionalized zinc oxide nanorods in LC shows that above 

critical concentration of 0.3 wt%, homeotropic alignment of LC molecules can be 

obtained in planar/ unaligned cells. The results of this study indicate that vertical 

alignment can be induced by incorporation of ZOR in LC without use of any alignment 

layer. This may be useful for the application related to vertical alignment LCD devices.  

• The small nanoparticles (spherical or rod-shaped with 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 < 50 𝑛𝑚) of zinc 

oxide tend to form chain like structures under the influence of nematic ordering 

potential. Moderately stiff and long chains of ZnO nanoparticles (< 50 𝑛𝑚) or 

functionalized CdS nanowires having long lengths affects the evolution of order 

parameter at the isotropic-nematic transition.  

• Enhancement of the physical properties such as dielectric anisotropy, optical 

anisotropy, splay and bend elastic constants show that ZnO nanorods are best potential 

candidates to incorporate in NLC host medium as compared to ZnO nanospheres or 

nanowires.  Incorporation of ZnO nanorods is also observed to reduce the threshold 

voltage, electro-optic response time and enhance bend to splay elastic constant ratio 

which are important display device parameters. Hence, nanorod incorporated NLC can 

be explored for low power and high multiplexing display devices. One of the most 

important challenges in improvement of display parameters is reduction of ionic 

impurities. Addition of zinc oxide nanoparticles of any shape at low concentration 

(0.01𝑤𝑡%) are observed to reduce the ionic impurities by ~ 80%. Further, 

investigation of physical properties of ZnO nanorod of different size incorporated in 

NLC host shows that nanorods of the size range ~50: 200 𝑛𝑚 are better alternative for 

preparing nanocomposite samples. To comprehend the main results, the comparison of 

various properties of NLC, PCH5 with the incorporation of different shapes and size of 

zinc oxide nanoparticles at concentration of 0.01 wt% is shown in Fig 7-1. 
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Figure 7-1 Effect of different size and shape of zinc oxide nanoparticles on various physical properties of 

PCH5 (concentration of nanomaterial in PCH5= 0.01 wt%) 
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7.2 FUTURE SCOPE 

 

In this thesis work we have presented the studies on effect of incorporation of 1D nanomaterials 

on phase transition behaviour and physical properties of liquid crystals. However, more studies 

are required to understand the nanocomposite systems of NLC. 

• Polarized spectroscopy studies and/or small angle XRD investigations may be helpful 

to understand the dipole-dipole interactions between NLC molecules and nanoparticles. 

This may give better insight to the underlying physics of the dipolar interactions in the 

system which will be helpful to justify the observed results. The dielectric spectroscopy 

measurements in low frequency region (~𝑚𝐻𝑧) will also be useful to understand the 

ionic relaxation phenomenon. 

• The effect of functionalization of nanomaterials on properties of liquid crystals can be 

investigated and the comparative study of functionalized and non-functionalized NPs 

can be performed. 

• The investigation of composite systems of nematic liquid crystals with different 1D 

nanomaterials showing different properties such as luminescent NPs, dielectric NPs, 

magnetic NPs etc. may also be explored.  

• As discussed in the thesis, ZnO NMs are observed to minimize the ionic impurities to 

a great extent. Hence, further device applications of the NLC incorporated with ZnO 

NMs can be developed. Use of these nanocomposite samples for commercial device 

applications like twisted nematic display, switchable window or sensors can be 

explored. 
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