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1. Introduction 
1.1 Soft matter  

Soft matter is a subfield of condensed matter, comprising a variety of physical states that are 

easily deformed by thermal stresses or thermal fluctuations [1-3]. Systems classified under 

this category include liquid crystals, colloids, polymers, foams, gels, biological materials, etc. 

An important common feature shared by these materials is that the underlying physical 

behaviours have an energy scale comparable with room temperature thermal energy, with the 

quantum aspects being unimportant. Bringing in a further dimension, anisotropic soft matter 

exhibit anisotropy in the physical properties such as electrical, optical, dielectric, magnetic 

and mechanical etc. Soft matter (SM) self-organize into mesoscopic structures much larger 

than the microscopic scale (the arrangement of atoms and molecules), and yet much smaller 

than the macroscopic (overall) scale of the material. As a consequence of this, it is often 

difficult, in comparison to the hard condensed matter, to predict their behaviour from the 

basic constituents. For example, the overall mechanical stiffness of the foam emerges from 

the combined interactions of the constituent bubbles.  

 The importance of SM cannot be over emphasized owing to their wide ranging 

presence such as structural and packaging materials, foams and adhesives, detergents and 

cosmetics, paints, food additives, lubricants and fuel additives, rubber in tyres, as well as in 

the bio-world such as blood, muscle, milk, yogurt, jello. For example, liquid crystals (LC), an 

exemplary category of soft matter, being orientationally ordered fluid with or without 

positional order in less than 3 dimensions, hold attractions owing to their basic uniqueness 

and also as technologically important materials in display devices (LCDs) [4]. On the other 

hand, plastic crystals (PC) are positionally ordered in all the three dimensions, but are 

orientationally disordered [5]. Despite such a diversity, many of the properties of SM have 

http://en.wikipedia.org/wiki/Liquid
http://en.wikipedia.org/wiki/Colloids
http://en.wikipedia.org/wiki/Polymers
http://en.wikipedia.org/wiki/Foam
http://en.wikipedia.org/wiki/Gels
http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Room_temperature
http://en.wikipedia.org/wiki/Thermal_energy
http://en.wikipedia.org/wiki/Quantum
http://en.wikipedia.org/wiki/Self-organization
http://en.wikipedia.org/wiki/Mesoscopic_scale
http://en.wikipedia.org/wiki/Atom
http://en.wikipedia.org/wiki/Molecule
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common physicochemical origins, owing to a large number of internal degrees of freedom, 

weak interactions between structural elements, a delicate balance between entropic and 

enthalpy contributions to the free energy, etc. In addition to presenting the above mentioned 

features, and thus being of interest in their own right, the studies on SM have also revived 

certain classical fields of physics such as fluids  and elasticity.  

 As to be seen in a later section, subjecting soft matter to externally imposed length 

scales has lead to interesting effects. Let us consider two examples, foams and living 

polymers. Conventional foams and foamed gels present a variety of relevant properties that 

make them suitable for use in the oil and gas sector. For example, the evolution of foamed gel 

as a function of aging time subsequent to placement in porous media has been investigated 

[6]. This is significant because after foamed gel placement in porous media, the pore level 

configuration of the gelled lamellar structure determines the fluid diverting performance of 

mature foamed gel barriers. The second example that may be mentioned is that of dilute 

solutions of living polymers of rigid or flexible macromolecules, confined between two solid 

repulsive walls.  When the confined system is taken to be at equilibrium with an external 

reservoir the living polymers behave similarly to a polydisperse solution of unbreakable 

chains. However for closed gaps the behaviour is quite different from a classical polymer 

solution because the worm-like micelles can adapt their intrinsic polydispersity in order to 

release the confinement constraint. In particular, for rigid living polymers this leads to a 

divergence of the average chain-length in the limit of strong confinement, as well as to a non-

monotonic behaviour of the pressure acting on the walls [7].  

In the work to be described in this thesis, the influence of such restricted geometries 

on the behaviour of two kinds of soft matter exhibiting anisotropy in certain physical 

properties have been investigated. Both the chosen classes of materials occur as a 

http://en.wikipedia.org/wiki/Entropy
http://en.wikipedia.org/wiki/Enthalpy
http://en.wikipedia.org/wiki/Helmholtz_free_energy
http://en.wikipedia.org/wiki/Physics
http://en.wikipedia.org/wiki/Fluid
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consequence of the multi-step melting process of certain (mostly) organic materials. The aim 

of the work is to investigate how the external imposition of the length scale also has a 

direction dependent influence on the structure and physical properties of the medium. To 

provide a background for the results to be described in subsequent chapters we provide below 

a summary of the structure and classification of these two classes of anisotropic soft matter.   

Part A: Anisotropic Soft Matter 

1.2 Liquid crystals  

Liquid crystals, as the name suggests, are states of matter in which the degree of ordering is 

in between the three dimensionally ordered solid and the isotropic liquid. Similar to crystals, 

these intermediate phases (also known as mesophases) exhibit anisotropy in their optical, 

magnetic and electrical properties. At the same time they possess some of the mechanical 

properties of a fluid, e.g., inability to support shear. Exhibited mostly by organic materials, 

these mesophases appear owing to either the action of temperature (thermotropic liquid 

crystals) or the action of a suitable solvent (lyotropic liquid crystals). A detailed account of 

the structure and physical properties may be found in several monographs available in the 

literature [8-12]. Due to the unique combination of structure and fluidity, liquid crystals (LC) 

have gained popularity not only as exemplary materials in soft matter, but are technologically 

important, owing to the huge success as portable flat panel display devices, which have 

become ubiquitous today.  

The constituents that give rise to thermotropic LCs are elongated rod-like (calamitic) 

or disk-like (discotic) molecules (In recent times banana–shaped LCs are emerging as the 

third class [13]). The length of the molecules is typically a couple of nanometres. The ratio of 

the length to the diameter of the rod-like molecules or the ratio of the diameter to the 

thickness of the disk-like molecules being about 5 or larger, is a necessary but not sufficient 

condition for the observation of thermotropic mesomorphism. In the crystalline form, the 
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system possesses both three-dimensional positional order as well as orientational order of the 

molecules, whereas the isotropic liquid state lacks both such orders. The combination of 

orientational order plus positional order in one or two dimensions forms the basis to define 

the 40-odd liquid crystal phases discovered till date.    

 
Figure1.1: Molecular structures of (a) rod-like (4’-n-pentyl-4- cyano-biphenyl, 5CB), and (b) 

disc-like (benzene-hexa-n-alkanoates) liquid crystals.  

Figure 1.1(a) shows the structure of a simple and well known calamatic liquid crystal 

molecule, 4‟-n-pentyl-4- cyano-biphenyl (5CB for short). It consists of a biphenyl moiety as 

the rigid core, and a flexible tail in the form of a hydrocarbon chain. With very few 

exceptions the presence of a rigid part and a flexible part seem to be necessary for a molecule 

to exhibit liquid crystallanity. This can be understood in terms of the argument that if the 

molecule is completely flexible, it will not favour orientational order, and if completely rigid, 

it will transform directly between the crystalline and isotropic phases. Thus the design of a 
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mesogenic molecule requires a judicious balance of the rigid and flexible parts.  While in the 

frozen form the molecules do not have a cylindrical shape (the dimensions of length, breadth 

and thickness are different), for all practical purposes they can be regarded as a cylinder, 

owing to the fact in the liquid crystalline state, they possess a fast rotation – on the time 

scales of 10
-9

 s –  around the long molecular axis. The space/time averaged direction of 

orientation of all the molecules is defined by a parameter known as the director, and denoted 

by the symbol 𝒏   . Further, unless under special circumstances, the LC phases do not exhibit 

ferroelectricity along 𝒏   , and hence the director is apolar, i.e., 𝒏    = -𝒏   . This is true even if the 

molecule has a permanent dipole moment, such as the cyano (CN) group of 5CB. In this case, 

the dipole has equal probability of pointing up or down. Figure 1.1(b) depicts a typical 

discotic liquid crystal molecule (benzene-hexa-n-alkanoates, for shortly called as BHn-

alkanoates), showing the usual components of a rigid core whose periphery connects to 

multiple (3 or more) flexible tails [14]. The proposed research work plans to concentrate on 

thermotropic liquid crystals of the calamitic type and therefore we describe this category in a 

little more detail here.  

1.2.1 Classification of thermotropic liquid crystals 

Friedel [15], classified thermotropic liquid crystals of rod-like molecules broadly into three 

types: nematic, cholesteric and smectic phases. 

 Nematic phase 

 The nematic (N) phase has long-range orientational order, but no long- range 

translational order (Figure 1.2 (a)).  The molecules are spontaneously oriented with their long 

axes approximately parallel to the director 𝒏   .  Having only orientational order, the N phase 

possesses -fold rotational symmetry around the director and a three-dimensional 

translational symmetry. As mentioned already, the phase also has the so-called nematic 

symmetry, i.e. its physical properties remain unchanged under the inversion of the nematic 
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director (𝒏    -𝒏   ). However, the preferred direction usually varies from point to point in the 

medium, but a homogeneously aligned specimen is optically uniaxial and strongly 

birefringent. Although there have been reports of the observation of the biaxial nematic phase 

in a low molar mass thermotropic system [16] its existence is yet to be established 

unambiguously. 

 
Figure 1.2: Schematic representation of the molecular arrangement in various liquid 

crystalline phase: (a) nematic, (b) cholesteric, (c) smectic A and (d) smectic C. 

 Cholesteric phase 

 The cholesteric mesophase is the chiral version of the nematic phase, observed in 

materials with optically active molecules. [The name cholesteric, which is often given to 

chiral nematics, has a historical origin: the first chiral nematic liquid crystals were 

derivatives of the naturally occurring chiral material, viz., cholesterol.] As a result of the 

chirality, the structure has a screw axis superimposed normal to the preferred molecular 

direction (Figure 1.2(b)). However, a racemic mixture (of right- and left- handed chiral 

molecules) will have a helix of infinite pitch that corresponds to the true nematic. For certain 

(a)

(d)(c)

(b)


n


n


n


n


n
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
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pure compounds, such a pitch-compensation also occur at a certain temperature [17]. The 

spiral arrangement of the molecules in the cholesteric mesophase is responsible for its unique 

optical properties [18], viz., selective reflection of circularly polarized light and a rotatory 

power about thousand times greater than that of an ordinary optically active substance. 

 Smectic phase 

 A smectic phase is characterized by a layered structure in addition to the orientational 

order of the nematic phase [19]. Depending on the molecular arrangements within the layer 

and the extent of inter-layer correlations smectic mesophases are classified into different 

types [20]. In the following, we describe the structures of the smectic phases commonly 

encountered, viz., smectic A, smectic C and its chiral modification, smectic C*. 

Smectic A 

 In the smectic A (SmA) phase the average orientation of the molecules is normal to 

the layer planes with their centres irregularly spaced within each layer in a “liquid –like” 

fashion (Figure 1.2(c)). In fact, this fluidity of the layer is an essential characteristic of all 

smectic phases. A more rigorous way to treat the layering arrangement is to consider a one-

dimensional mass density wave [21]. In the case of the SmA phase the wave vector of this 

mass density wave is parallel to the director. The inter-layer correlation is not a true long-

range order, but exhibits an algebraic decay [22], a feature referred to as quasi-long range 

order. 

Smectic C phase 

 The smectic C (SmC) phase is the tilted analogue of the SmA phase i.e., the 

molecules which are upright in SmA, are now tilted with respect to the layer normal (Figure 

1.2(d)).  However, the tilt breaks the rotational symmetry about the layer normal. Hence the 

polar angle fluctuations (towards and away from the layer normal) and the azimuthal (at 

constant polar angle) fluctuations have different energy costs, and consequently their 
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magnitudes are different. This results in the SmC phase to have an optically biaxial character, 

while the SmA phase is generally optically uniaxial. 

Smectic C* phase 

 If the constituent molecules are optically active then the SmC phase is referred to as 

chiral smectic C or smectic C* (SmC*) phase.  Due to the presence of chirality the azimuthal 

angle of the tilted molecules precesses from one layer to another giving rise to a helicoidal 

structure (Figure 1.3(a)). 

 
Figure 1.3: Schematic representation depicting (a) helicoidal and (b) unwound structures of 

the smectic C* phase. 

The pitch of the helix is given by 2/q, where q is the wave vector of the helix. Symmetry 

arguments demand the SmC* phase to exhibit ferroelectric properties, i.e., each layer shows a 

non-zero spontaneous polarisation P perpendicular to the direction of the tilt and the layer 

normal Z [23].  However, the presence of the helix averages out the macroscopic polarisation 

to zero.  To obtain a non-zero macroscopic polarisation the helix has to be unwound by an 

external field, such as electric field or shear or by surface interactions. For a review on the 

topic see Ref. 24. The structure of an unwound smectic C* phase is shown in Figure 1.3(b). 

(a) (b)


n


n
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Helical
Pitch, Z
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For materials having nematic and smectic mesophases the typical sequence of phase 

transitions on cooling the sample is usually Isotropic - N – SmA – SmC – solid. Exceptions 

to this rule, in which materials exhibit reentrant phases, are known [25-28]. A comment about 

the physical appearance of these phases: In the isotropic liquid state the molecules can easily 

move around. The translational viscosity is comparable to that of water. In the nematic phase, 

the molecules can still diffuse around and the translational viscosity does not change much 

from that of the isotropic liquid state. For a material in poly-domain SmA phase, the 

translational viscosity is significantly higher, and the phase behaves like grease. In the solid 

phase the translational viscosity becomes infinitely large and the molecules (almost) no 

longer diffuse.  

 
Figure 1.4: Commonly observed textures under a polarizing optical microscope: (a) 

Schlieren texture in the nematic, (b) fan-shaped texture in the SmA, (c) broken fan-shaped 

texture in the SmC and striped fan-shaped texture in the SmC* phases. 

As stated earlier, the LC phases exhibit anisotropy in their physical properties. The 

presence of such an anisotropy in the optical properties manifests as a difference in the 

refractive index value measured along and perpendicular to the director, making the materials 

birefringent. An important consequence of this feature is the appearance of beautiful and 

characteristic textures (unique to each phase) when a thin film of the material is observed 

under a polarizing microscope. Such textures, important from the viewpoint of classifying the 

phases are shown in Figure 1.4(a-d) for the N, SmA, SmC and SmC* phases [29]. Apart from 

these, fluid at least in one-dimension phases, LC materials also exhibit certain three-

dimensional positionally ordered phases possessing certain orientational degrees of freedom. 

(a) (b) (c) (d)
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Since they share some common features with plastic crystals, to be described below, much 

interest has been generated in studying these phases. Chapter-4 describes an investigation 

involving such a 3-d ordered phase of LC molecules. 

1.3. Plastic Crystals  

 A plastic crystal state comprises weakly interacting molecules that possess three 

dimensional positional order and some orientational or conformational degree of freedom. 

The plastic part of the name is to indicate the mechanical softness of such phases, which 

resemble waxes in getting easily deformed. If the internal degree of freedom is molecular 

rotation, the term rotor phase is employed, and if the internal degree of freedom is frozen in a 

disordered way, the label, orientational glass, is used. The orientational degree of freedom 

may be an almost free rotation, or it may be jump diffusion between a restricted numbers of 

possible orientations, as was shown for carbon tetra bromide [30].  

1.4 Structural aspects of rotator phases 

Some well known materials which exhibit these rotator phases [5, 31, 32] are certain 

normal alkanes, 1-alcohols and semifluorinated alkanes. n-alkanes are chemical compounds 

that consist only of hydrogen and carbon atoms and are bonded exclusively by single bonds 

(i.e., they are saturated compounds) without any cycles (or loops; i.e., cyclic structure). They 

belong to a homologous series of organic compounds in which the members differ by a 

constant relative molecular mass of 14. Saturated oils and waxes are examples of larger 

alkanes where the number of carbons in the carbon backbone is greater than 10. Long chain 

alkanes with more than 20 carbon atoms exhibit the rotator phases. The structural aspect of 

these rotator phases are briefly described below. Till date five different rotator phases, 

labelled RI to RV (or R1-R5 in the notation that we employ here), have been identified and 

characterized. 

http://en.wikipedia.org/wiki/Orientational_glass
http://en.wikipedia.org/wiki/Carbon_tetrabromide
http://en.wikipedia.org/wiki/Chemical_compound
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Carbon
http://en.wikipedia.org/wiki/Single_bond
http://en.wikipedia.org/wiki/Saturation_%28chemistry%29
http://en.wikipedia.org/wiki/Cyclic_compound
http://en.wikipedia.org/wiki/Homologous_series
http://en.wikipedia.org/wiki/Molecular_mass
http://en.wikipedia.org/wiki/Oils
http://en.wikipedia.org/wiki/Waxes
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Figure 1.5: Temperature-chain length phase diagram showing the five rotator phases of the 

normal alkanes C20-30, 32, and 33. The solid dots show the lowest temperatures at which the 

rotator phase has been observed; (From Sirota et al [5]) 

Figure 1.5 displays the temperature-chain length phase diagram in the carbon atom 

range where rotator phases are observed for n-alkanes. Unlike the low-temperature fully 

crystalline phases, the rotator phases are characterized by relatively large changes in their 

structural constants as a function of temperature. As they are the most basic organic series 

and also are the building blocks for surfactants, lipids and liquid crystals, it is imperative to 

understand the detailed behaviour of normal alkanes. The interest in these phases also arises 

from the fact that they are representative of all weakly ordered phases in that the interaction 

energies are weak, in comparison to most solid state systems, and a large number of phases 

can occur with subtle entropic effects. Further, the rotator phases are well known for their 

interesting surface crystallization, negative thermal compressibility, anomalous high heat 

capacity and high thermal expansion properties [33]. Apart from the industrial uses such as in 

the petroleum and lubricating industry, they have important applications as thermohydraulic 

microactuators [34].  

The distinction between the different rotator phases is made in terms of the lattice 

distortion (D), tilt magnitude (), and its direction [5]. Our interest specially is on three of 

them, viz., R2, R1 and R5 phases. Among these phases, the R2 phase, displaying the highest 
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symmetry, has a rhombohedral structure with the untilted molecules pointing along the layer 

normal and an undistorted hexagonal lattice. In the R1 phase the hexagonal lattice is distorted 

to a rectangular form with untilted molecules. The R5 phase is the same as the R1 phase 

except that the molecules are tilted by an angle  towards their next-nearest neighbours 

(NNN). The distortion D of the lattice with respect to the hexagonal may be defined as 1-

A/B, where A and B are the minor and major axes of an ellipse drawn through the six NNN 

when viewed along the axis of the chains. Thus, D= 0, = 0 in the R2, D0, = 0 in the 

R1 and D0, 0 in the R5 phase. The parameters D and are used as order parameters 

for the R2-R1 and R1-R5 transitions respectively. Since D D, the former transition is 

described with a cubic term in the order parameter and therefore has to be first order. The 

latter transition can either be first or second order with the possibility of a tricritical point 

(TCP) separating the two branches. The transitions between these phases have also been 

studied in the frame work of Landau theory [35,36] as well as by molecular dynamics 

simulation [32a]. The molecular relaxation behaviour of the rotator phases has also been 

investigated [37].  

In recent years, examining the behaviour of alkanes in a confined situation has 

attracted significant attention.  These studies [38-41] have employed confining situations 

having a length scale comparable to the molecular dimensions, or have concentrated on the 

transition involving the crystalline phase, with the main result being a large supercooling of 

the crystallization point. The present thesis employs confinement at mesoscopic lengths, and 

thus enriches the available knowledge. 

1.5 Plastic crystals versus liquid crystals 

 As is clear from the descriptions given above, both liquid crystals and plastic crystals 

can be considered like a transitional stage between true solids and true liquids. Another 

http://en.wikipedia.org/wiki/Liquid_crystal
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common denominator is the simultaneous presence of order and disorder. One of the main 

differences between these two types of soft matter is revealed in the Xray diffraction patterns. 

Plastic crystals possess long range positional order and therefore show multiple sharp Bragg 

reflections. Liquid crystals show no or very few Bragg peaks because the positional order is 

not truely long range. The anisotropy of the molecular shape is a governing feature in liquid 

crystals and not in plastic crystals. In this respect one could see them as opposites. 

Part B: Confinement 

1.6 Introduction to confinement 

Materials often reveal new properties under confined situation than in the bulk state 

[42]. The physical characteristics such as phase transition, the magnitude of the order 

parameter, and the orientation of the molecules can be substantially affected and new 

thermodynamic LC phases can be induced [43] or bulk phases may be suppressed [44-45] 

due to confinement. Understanding the behaviour of finite sized systems is important in many 

areas of sciences from both theoretical and experimental points of view. In particular, the 

influence of system-size on phase transitions, a subject of continued interest for more than a 

century, has received much attention in the past two decades. For example, the effect of 

confinement on freezing and melting transitions has been extensively studied. These studies 

have raised fundamental and challenging questions pertaining to the known static and  

dynamical properties, and answers to them have important implications in many industrial 

and geophysical operations, like pollution control, mixture separation, catalysis, lubrication, 

adhesion, tertiary oil recovery, gas field technology, removal of pollutants from ground water 

and soils, and fabrication of nanomaterials. Molecules confined within narrow pores can 

exhibit a wide range of physical behavior. The presence of wall forces, competition between 

fluid-wall and fluid-fluid forces can cause phase transitions not found in the bulk, for 

example, layering, wetting, commensurate-incommensurate transitions, etc [46-51].  

http://en.wikipedia.org/wiki/X-ray_diffraction
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From a conceptual point of view, the differences between the bulk and confined 

systems arise from the overlap and competition between the typical correlation lengths 

driving the phase structure, or dynamics, and the finite size of the system. The introduction of 

a natural length scale to the system by the confining geometry can cause two major effects: 

the first is the cut-off or finite size effect, owing to which neither the static nor the dynamical 

correlation length can exceed the maximum pore size, resulting in perhaps the breakdown of 

scaling and universality. The second is the surface effect, caused by the enhancement in the 

surface-to-volume ratio due to the additional surface of the confining medium. The two types 

of anisotropic soft matter considered here are especially suitable for work on confined 

geometries for a number of reasons. For example, 

(i) they exhibit a variety of phases with different degrees of orientational/translational 

order, 

(ii) the involved transitions are second-order or at best weakly first-order, 

(iii) they are typical representatives of soft (elastically weak) materials,  

(iv) their response to perturbations induced by the confining matrix is pronounced and 

long ranged,  

(v) they do not generally have chemical interactions with the typical host matrix.  

(vi) liquid crystals also present strong competition among elastic, surface, and external 

field forces. 

In comparison to studies of restricted geometries on phase transitions in liquid crystals, the 

measurements on rotator phases are very few. For the case of liquid crystals the confinement 

of the material has been achieved in several ways. Apart from simply confining the sample 

in wedge-shaped cell, pre-fabricated geometries such as porous membranes, and the in-situ 

fabricated network confinements employing particles capable of forming hydrogen bonding 
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such as aerosil, etc have also been employed for these studies. In the case of the pre-

fabricated systems, the voids in the confining matrix could be highly regular as in the case of 

membranes like Anopore, Nuclepore, etc. or an irregular network like in the case of aerogels. 

The geometrically enforced disorder observed in these situations can also be realized by 

including or “filling” certain particles into the liquid crystal. A popular choice for the particle 

has been aerosil: silica spheres of ~ 7 nm diameter whose surfaces are decorated to achieve 

hydrophilic or hydrophobic interactions which result in in-situ created voids for confining 

the liquid crystalline medium.  However, as against the LC materials, plastic crystals pose a 

challenge for the confinement studies since, unlike LCs the n-alkane molecules cannot be 

oriented with the application of an external field such as electrical or magnetic. 

Certain commercially available matrices that can be employed as prefabricated 

restricted geometries are shown in figure 1.6. The advantage of such membranes lies in the 

fact that structures into which the material can be filled, is predetermined. This enables 

investigations to be carried out in nearly identical confined structures. Among these the 

Millipore membranes are composed of biologically inert mixture of cellulose acetate and 

nitrate shown in figure 1.6(e). The available pore size, i.e, diameter of the pore or the cavity 

that confines the material, ranges from 0.025 to 8 m. But the drawbacks are that these 

membranes have a large distribution of the pore size and the cavities are interconnected. 

Synpor membranes have similar features. The polycarbonate Nuclepore membranes have a 

contrasting nature shown in figure 1.6(f). They are manufactured using two-stage track 

etching process. After bombardment with -particles the damaged radiation tracks are 

chemically etched to obtain the desired pore size. These membranes are available as disks of 

4.7 cm diameter and thickness of 10 m with a variety of pore sizes ranging from 30 nm upto 

a few microns diameter. The pore size distribution is relatively narrow with 80% of the pores 

being within 10% of the mean. The bombardment technique, however, results in the existence 
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of doublets, as well as some interconnection of the pores. Further the relatively small 

thickness (10 m) of the Nuclepore membrane is not conducive for scattering measurements 

with conventional Xray apparatus. The polytetrafluoroethylene or PTFE is a synthetic 

fluoropolymer of tetrafluoroethylene based membrane or filter shown in figure 1.6(g). The 

available pore size ranges from 0.2m to 0.45m with 85% porosity. But the drawbacks are 

that these membranes have a very large distribution of the pore size and the cavities are 

interconnected. 

 
Figure 1.6: (a-c) Schematic side and top view of the Anopore without and with surface 

treatment. Microscopy images of the different commercially available membranes: (d) 

Anopore (e) Millipore, (f) Nuclepore and (g) Polytetrafluoroethylene or PTFE. 

The Anopore membranes, on the other hand, are made from an inorganic aluminium 

oxide matrix using an electrochemical anodizing process. The anodizing voltage controls the 

pore size. Since the process is electrochemical, conditions can be precisely controlled and a 

reproducible pore structure with narrow pore size distribution and high pore density is 

(e) Millipore

http://www.merckmillipore.com/

(f) Nuclepore

http://www.2spi.com/
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obtained. The cavity wall is smooth compared to that of Nuclepore (where it is corrugated 

because of etching) and hence has the capability to withstand a variety of surface treatments. 

Microscopy images of an Anopore membrane are shown in figure 1.6(d). The cross-section 

shows uniform cylindrical channels despite the „honeycomb‟ nature of the surface. These 

membranes are available as disks of diameter 13 mm with a pore size 200 nm, porosity of 

50% and a pore density of 10
9 

cm
-2

.  In contrast, Nuclepore membranes have a porosity that is 

a factor of three less than that of Anopore but with a pore density that is almost ten times 

lower. To sum up the Anopore membranes having highly parallel cylindrical pores with 

narrow pore size distributions, a smoother cavity surface (permitting chemical treatments) 

and with large surface to volume ratio are quite attractive for physical studies,  especially the 

anisotropic properties of the two kinds of soft matter chosen here.  

 
Figure 1.7: Schematic of the network formation of aerosil spheres owing to the hydrogen 

bonding between the particles (left) and confinement of the rod-like anisotropic soft matter 

with orientational order (right). 

In the case of in-situ created geometry, matrices are formed by mixing the aeorsil 

particle into the organic materials which need to be confined. The advantage of the aerosil 

network is that the random disorder can be controlled and fine tuned by simply varying the 

concentration of the silica particles. The fragile hydrogen bond network (see Figure 1.7) that 

results from the interactions between the particles permits the disorder to be created in situ, 

allowing the influence of the quenched randomness on various phase transitions to be 
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examined. The advantage of the aerosil network is that the random disorder can be controlled 

and fine-tuned by simply varying the concentration of the silica particles. Further the surfaces 

of the particles are decorated to achieve hydrophilic or hydrophobic interactions, details of 

which are discussed in Chapter-3. 

1.7 Scope of this thesis 

A brief description of the contents of the remaining chapters outlining the essential results is 

provided in this section. 

Chapter-2: Confinement-Driven Weakening of the Rotator Phase Transitions in an Alkane 

This chapter describes calorimetric and Xray diffraction measurements in the R1, R2, 

and R5 rotator phases of a long chain alkane (n-tetracosane, C24H50) in its bulk form and 

when confined to porous matrices (PTFE and Anopore) of two different length scales. 

Probing the order within and normal to the layers, drastic weakening of the R2-R1 and R1-R5 

transitions is seen in the Anopore case having a mesoscopic length scale (200 nm), whereas 

the effect is milder with PTFE having a wider pore size. The effect on the Anopore confined 

situation is to such an extent that it results in the first observation of a confinement-driven 

second order transition in these systems. A significant reduction of the temperature range of 

the R1 phase is also seen in the Anopore case, a feature argued to cause the change in the 

order of the transition. Comparisons are also made on the recent prediction of such a point in 

a Landau model. These findings, while paving a new means of realizing a tricritical point, 

help in a better understanding of finite size effects in alkanes.  

Chapter-3: Influence of Quenched Disorder Created by Nanosilica Network on Phase 

Transitions in Tetracosane 

This chapter is on the detailed calorimetric measurements on composites of n-

tetracosane, doped with nanosilica aerosil particles decorated with a corona of 

hydrophobic/hydrophilic nature. The weakly perturbing random field created by the addition 
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of the aerosil particles has the general effect of weakening all the transitions to, and between, 

the three different rotator phases that the pure alkane exhibits. One of highlights of the studies 

is that the strong first order transitions of the pure alkane, viz., from the isotropic liquid to 

hexagonal rotator phase (Iso–R2), and tilted monoclinic rotator phase to the crystalline phase 

(R5–Cr), are accompanied by a much weaker supplementary peak at lower temperatures. In 

analogy with observations made in aerosil composites of liquid crystalline systems, and 

additionally with information from preliminary Xray diffraction measurements on the 

currently studied materials, it is reasoned that the subsidiary peaks are nothing but the 

transformations between the same phases as the corresponding main peaks due to the bulk of 

the material, but occurring in the vicinity of the surface of the aerosil particles. The nature of 

the corona of the aerosil particles also seems to play an important role. For the bulk 

transitions, the reduction in the transition enthalpy is higher for the composites with the 

hydrophilic particles, than those with hydrophobic particles; the opposite is true for the 

surface transitions. The data also suggest that the lowering of the transition temperature of the 

surface transition with respect to its bulk counterpart is more for the hydrophobic composites 

than the hydrophilic ones. We provide an explanation for these features based on the surface 

interactions between the particles and tetracosane molecules, and also the strength of the gel 

network. This chapter also describes the results of rheological measurements of the aerosil 

composites. 

Chapter-4: Competition between Anisometric and Aliphatic Entities: An Unusual Phase 

Sequence with Induction of a Phase in an n-Alkane – Liquid Crystal Binary System 

This chapter embodies a detailed study of the calorimetric and Xray investigations on 

a binary system of tetracosane and a liquid crystal (butyloxybenzilidene-octylaniline, or 

BBOA). This work demonstrates two important features arising out of introducing a liquid-

crystalline (LC) compound into the rotator phase matrix and the consequent competition 

between the anisometric segments of the LC moieties and the aliphatic units. First, we show 
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that the change in the structural character of the mixed medium depends on which of the 

entities forms the minority concentration: in the case of this being the alkane, the minority 

entities are nano-confined between the layers of the majority LC molecules. In contrast, if the 

LC molecules are present in a small concentration, then the layered structure merely gets 

roughened without any inter-layer confinement. The second and more significant result is the 

induction of a rotator phase at low LC concentrations that leads to an unusual phase sequence 

not reported hitherto. A Landau model is also presented that explains some of the observed 

features.  

Chapter-5: Comparative Studies of the Nano-Composites of Strongly/Weakly Polar Liquid 

Lrystals Doped with Carbon Nanotubes 

This chapter describes the results of dielectric and conductivity measurements on a 

composite of carbon nanotubes and a liquid crystal possessing dual frequency switching 

characteristics. The conductivity increases by two orders of magnitude with respect to that for 

the host liquid crystal, and achieves negligible temperature dependence. The frequency 

dependence of the ac conductivity is explained by the extended pair approximation model, 

although the exponent is slightly higher than generally seen. We demonstrate that the current 

through the sample can be field-driven between the two anisotropic values (170:1) by simply 

changing the frequency of the applied voltage, and exhibiting at least a millisecond response. 

The chapter also presents a comparison in the dielectric and conductivity behaviour when the 

polarity of the host LC is substantially changed. 

Chapter-6: Experimental Studies on Composites of Gold Nano-Particle/Weakly Polar 

Nematic Liquid Crystal in bulk and confined forms 

This chapter deals with calorimetric and dielectric investigations on a pure nematic 

liquid crystal and its composites comprising Gold nanoparticles (GNPs). Calorimetric 

measurements show that the inclusion of GNP has a strong influence on the isotropic ̶ 

nematic transition temperature as well its first order character in terms of the transition 
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entropy. The absolute value of conductivity increases by two-three orders of magnitude with 

respect to that for the host liquid crystal and its concentration dependence is demonstrated to 

be described by the percolation scaling law generally observed in composites of metal 

particles and polymers. The frequency dependence of the ac conductivity exhibits a critical 

frequency that is concentration-dependent, but the exponents obtained defy Jonscher‟s 

Universal Response principle. A surprising feature is the observation of a substantial increase 

in permittivity and their anisotropy values with faster director relaxation in the presence 

GNP. We provide an explanation for this antagonistic behaviour in terms of the alignment of 

the liquid crystal molecules in the vicinity of GNP, and the importance of the weak polarity 

of the liquid crystal used. The second part of the Chapter looks at the influence of embedding 

the LC-GNP composite in a restricted geometry created by aerosil particles. The inclusion of 

aerosil particles creating a gel network, albeit being non-conducting, surprisingly enhances 

the already high conductivity of the LC-GNP material. The nature of the aerosil corona 

(hydrophobic/hydrophilic) also controls the behavior. We argue that these features are caused 

by the amelioration of the percolation network of GNPs through the primary gel network of 

the hydrogen bonding aerosil particles. The concept can be generalized for a variety of 

systems wherein metal nanoparticles are imbibed in an insulating matrix. 

Chapter-7: Confinement Studies on a Room Temperature Ferroelectric Liquid Crystal  

This final chapter is on the results of X-ray, linear and non-linear dielectric constant 

measurements on a room temperature ferroelectric liquid crystalline phase in its bulk form 

and upon confinement in an Anopore membrane. The used material exhibits smectic C* 

(SmC*) helical pitch of ~ 200 nm, which is comparable to the pore dimension of the 

membrane. Xray measurements show several interesting results including unusually strong 

harmonic reflections, substantial broadening of the peak profile, correlation length smaller 

than the pore diameter, etc. The data suggest that the SmA–SmC* transition could be very 
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close to a tricritical point in the bulk and moving away from it upon confinement. The 

dielectric studies show that confinement accelerates the relaxation dynamics of both the soft 

and the Goldstone modes, although with a reduced strength. The non-linear component of the 

dielectric constant exhibits qualitatively different thermal behaviour in the bulk and Anopore 

samples. 
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Chapter-2 

 

Confinement-Driven Weakening of the Rotator Phase Transitions 

in an Alkane  

 

Overview 

 
This chapter describes calorimetric and Xray diffraction measurements in the R1, R2, 

and R5 rotator phases of a long chain alkane (n-tetracosane) in its bulk form and when 

confined to porous matrices (PTFE and Anopore) of two different length scales. Probing the 

order within and normal to the layers, drastic weakening of the R2-R1 and R1-R5 transitions 

is seen in the Anopore case having a mesoscopic length scale (200 nm), whereas the effect is 

milder with PTFE having a wider pore size. The effect on the Anopore confined situation is to 

such an extent that it results in the first observation of a confinement-driven second order 

transition in these systems. A significant reduction of the temperature range of the R1 phase 

is also seen in the Anopore case, a feature argued to cause the change in the order of the 

transition. Comparisons are also made on the recent prediction of such a point in a Landau 

model. These findings, while paving a new means of realizing a tricritical point, will lead to 

better understanding of finite size effects in alkanes. 

 

The results are published in:  

M. Vijay Kumar, S. Krishna Prasad and D. S. Shankar Rao, Confinement-Driven 

Weakening of the Rotator Phase Transitions in an Alkane through a Possible Tricritical Point, 

Langmuir, 26, 18362–18368 (2010). 
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2.1 Introduction 

Normal alkanes, in their pure form as well as their mixtures have been studied extensively, 

especially during the last twenty years or so [1-3]. The interest is from both the technological 

and pure-science points of view. They form the basic building blocks for a variety of soft 

matter systems such as lipids, surfactants, liquid crystals, polymers, to name a few.  For the 

basic sciences, n-alkanes form simple and convenient model systems, understanding of which 

can help unravel of far more complex situations, like in polymers and biomembranes [4].  

Alkanes are the main constituents of mineral oil and thus for the petroleum industry, a 

thorough understanding of their structural and thermodynamic properties is of vital 

importance. These substances are also considered to be the preferred tunable phase change 

materials for solar energy storage [5-7], cooling of power electronic devices [8], energy-

saving [9] and solar absorption cooling systems [10]. 

 In certain n-alkanes, CnH2n+2 (hereafter denoted simply as Cn), 1-alcohols and semi-

fluorinated alkanes, the polymorphic nature of the phase sequence in the standard crystalline 

state is further enriched by the existence of mesostate/s that occur between the truly 

crystalline phase and the liquid phase. As early as in 1932, Müller [11] presented X-ray 

evidence to show the existence of a phase between the crystalline and the liquid phase of 

some paraffins, in which the alkane molecules possess 3-d positional order, but exhibit more 

or less free rotation about their axes, and hence the name rotator phase. The phase was 

proposed to have a layered structure wherein the aliphatic chains are hexagonally packed 

with their long axes perpendicular to the layer planes. Subsequent efforts have put these 

concepts on a firmer basis [12, 13]. Extensive research over the years has resulted in the 

identification of different rotator phases. The existence and nature of a specific rotator phase 

could depend on, apart from the thermodynamic parameters – temperature and pressure – 

parameters such as the parity of n, the number of carbon atoms in the chain. This may not be 

surprising as individual molecules have different symmetries for the odd and even parity 
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cases: a mirror plane for the odd (mm2 class) and a centre of inversion for the even (2/m 

class).  

2.2 Classification of rotator phases 

Up to now five different rotator phases – labeled simply as R1 to R5 [13] – have been 

reported which differ in their symmetries, in-plane molecular packing, layering sequence, and 

the magnitude of molecular tilt with respect to the layer normal. A common feature is, of 

course, that all these phases consist of layered structures with three-dimensional crystalline 

order of the molecular centers, but no long-range orientational order. It is this orientational 

melting but an intact positional order that these phases are known for, and in this aspect they 

have some similarities with the plastic phases such as the Crystal B (CrB) observed in liquid 

crystalline systems [14]. The classification of the phases considers three parameters, namely, 

the lattice distortion (D), tilt magnitude () and distortion direction (ϕd) as order parameters. 

Table 2.1 lists a summary of this classification scheme [13]. 

Table 2.1: Summary of the magnitude of the lattice distortion (D), molecular tilt (), 

distortion direction (ϕd) and direction of tilt (ϕt) in different rotator phases. 

 

Phase D  d and t 

RIV small > 0 0 

RIII small > 0      > 0 

RII 0    0  

RI large    0  

RV large > 0 0 

 

In the following we look at the application of this scheme for distinguishing between 

the different phases, for which we now define the three order parameters mentioned above. 

We begin with considering the ordering in the most symmetric of these phases, namely, the 

R2 phase. This phase exhibits a hexagonal packing of the upright chains. Thus the hexagonal 

ordering (of the molecules projected on to the layer plane) is that of an undistorted (with 

respect to hexagonal), non-tilted lattice, and is taken to be the basis for the classification of 
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the other phases.  Therefore, the lattice distortion (D) defined as D = 1- (A/B), where A and B 

are the minor and major axes of an ellipse drawn through the six neighbours when viewed 

along the long axis of the molecule. For systems with a finite distortion, the distortion 

direction is indicated by the angle ϕd. Thus, D=0 and ϕd = 0 in the hexagonal phase. If the 

molecules get tilted with respect to the layer normal the tilt is represented by a polar angle (, 

also generally referred to as the molecular tilt) and an azimuthal angle ϕt. These features are 

schematically shown in Figure 2.1 

 
Figure 2.1: Schematic illustration to define (a) the lattice distortion D (=1-A/B), in the case 

of an orthorhombic lattice represented by the minor (A) and major (B) axes of the ellipse 

formed by the locus of the projected long axes of six nearest neighbour alkane molecules 

A=B, corresponds to a hexagonal lattice. Panel (b) shows the side view of the layers (XY 

plane) to depict the tilt () of the molecules with respect to the layer normal (Z) direction. 

The case of an oblique distortion characterized by the distortion angle ϕd is depicted in panel 

(c).  

2.3 Orthogonal and tilted rotator phases 

 
Figure 2.2: A cross-sectional view of the molecular arrangement in the different rotator 

phases. 

 A schematic view showing the stacking of the molecules in the layers of the different 

phases is given in Figure 2.2. The R1 and R2 phases are orthogonal phases with the 

molecules pointing along the layer normal whereas in the of R3, R4 and R5 phases there is a 

(a) (b) (c)

A

B
ϕd

A

B



Y

X

Z

R2                 R1                   R4                     R5     
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finite tilt of the molecules about the layer normal direction and thus these three phases are 

tilted phases. The R2 phase has a rhombohedral structure with a ABC trilayer stacking. Thus 

the molecules in adjacent layers are over interstitials sites. Lowering the symmetry of this 

phase the hexagon can get distorted resulting in the R1 phase with a rectangular lattice having 

AB…AB bilayer stacking as the molecules are placed, on an average, halfway between two 

nearest neighbours of the adjacent layers. So D ≠ 0 and ϕt, ϕd = 0 in the R1 phase. In R3 

phase, the directions of the molecular tilt and lattice distortion are not along any particular 

symmetry direction relative to the lattice and the structure is triclinic. The lattice distortion is 

small and the azimuthal direction of tilt is in between the next-nearest neighbour (NNN) and 

the nearest neighbour direction (NN). The R4 phase is nearly hexagonal lattice with end to 

end monolayer AA with the tilt in a direction between nearest neighbors (NN). Finally, in the 

R5 phase, the distortion and stacking are similar to R1 phase except that the molecules are 

tilted between NNN. Thus, D and ϕt are very large with ϕd = 0. Some of these features are 

reflected in highly ordered liquid crystalline structures, gel phases of phospholipids, and 

Langmuir monolayer systems [15]. Figure 2.3 [13a] shows the rich phase diagram that can be 

obtained with subtle variations of the length and parity of the alkane family. 

With such an intricate behaviour, the need arises to investigate the influence of 

confined geometry on the phase/phase transition of these long-range correlated systems. As 

indicated in the Chapter-1, the behavior in nano-confinement situations is of significant 

interest, since the new physics resulting from finite-size effects, reduced dimensionality, 

surface forces, etc., can help in a better understanding of the various thermo physical and 

interfacial phenomena, having implications in many industrial and geophysical operations, 

apart from contributing to the field of transitions among ordered phases [16]. It is also 

interesting to note that molecular simulations have brought out very well certain 

experimentally observed features [17-19]. The rotator phases are well-known for their 
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interesting surface crystallization behaviour, negative thermal compressibility, anomalous 

high heat capacity, and high thermal expansion properties [13, 20]. Apart from the industrial 

uses in the petroleum and lubricating industry, they have important applications as 

thermohydraulic microactuators [21]. 

 
Figure 2.3: Phase diagram showing the five rotator phases of the normal alkanes C20-30, 32, 

and 33. The solid dots show the lowest temperatures at which the rotator phase has been 

observed (From. Ref. 13a). 

From phase transition point of view, confinement of the material has been seen to 

affect the nature of the phase transitions like gas–liquid transformation (capillary 

condensation), liquid–liquid and freezing/melting transitions, different solid-solid transition, 

and also influence phenomena such as supercooling and surface (or interface) freezing of 

monolayers [22]. As already mentioned in Chpter-1, these studies [16, 23, 24] have employed 

confining situations with a length scale comparable to the molecular dimensions, or have 

concentrated on the transition involving the crystalline phase, with the attractive result, from 

the viewpoint of present studies, being a large supercooling of the crystallization point.  
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In this chapter, we demonstrate that confinement on the mesoscopic length scale has 

dramatic effects on the transitions involving rotator phases, by probing the ordering within 

and normal to the layers. We observe unique weakening of the transitions, especially that 

between the R1 and R5 phases, the extent of which is dependent on the magnitude of the 

length scale. Together with the lattice distortion parameter, we look at the order parameter 

behavior and show that confinement could be a strong possibility to realize the TCP on the 

R1-R5 boundary, a feature that is significant in view of the recent theoretical prediction [25] 

of such a point, albeit in the pressure-temperature plane. 

2.4 Material 

The material chosen for the present study is n-tetracosane (C24H50 or C24 for short). It exhibits 

R1, R2 and R5 rotator phases between isotropic (Iso) and crystalline (Cr) states. The 

molecular structure and phase sequence of this compound are shown in Figure 2.4.  

 

Iso 49.8 
o
C R2 46.7 

o
C R1 44.1 

o
C R5 42.6

 o
C Cr 

Figure 2.4: The molecular structure and phase sequence of tetracosane  

2.4.1 Sample filling into Anopore and PTFE membranes 

Experiments have been performed in the bulk and two confining matrices, namely Anopore 

and PTFE. Recalling some of the details of these two membranes given in Chapter-1, it is to 

be noted that the Anopore membrane is of 60 m thickness with 200 nm pore dimension 

while the PTFE membrane has a thickness 100 m and a pore dimension of 450 nm (Both 

porous matrices were obtained from Whatman, USA). While the individual porous channels 

are completely isolated in the case of Anopore, there is substantial connectivity in the case of 

PTFE membrane (see Figure 2.5). The cavity surfaces of Anopore are naturally hydrophilic 

while those of PTFE are hydrophobic or hydrophilic.   
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Figure 2.5: (a) Schematic representation of the channels in an Anopore membrane. 

Illustration of the possible molecular arrangement inside a single pore in the (b) untreated 

and (c) palmitic acid treated membrane.  The images provided in (d) are the SEM (scanning 

electron microscope) pictures of these two situations (http://www.2spi.com/); especially note 

the regularity of the channels. (e) SEM image of a PTFE membrane 

(http://www.merckmillipore.com/) displaying the irregularly arranged channels. 

For sample filling, a procedure reported earlier for liquid crystalline (LC) materials 

[See e.g., Ref. 26] was followed. Before usage, the Anopore membrane was kept in vacuum 

for 15 hours at 300
o
C to remove any residual gas. For filling the sample, the membrane 

(Anopore/PTFE) was heated to a temperature slightly higher than the isotropic-R2 value. The 

experiments required two different molecular alignment directions. For the case wherein the 

molecules had to be in the plane of the membrane, the Anopore matrix was treated with a 2 

wt% solution of long chain acid (palmitic acid, C15H31COOH) in methanol, a procedure 

known to induce the required alignment [27]. The membrane was dipped in palmitic acid 

solution for approximately 30 minutes, taken out and quickly pressed with filter paper in 

order to remove the extra solvent on both sides of the membrane. It was then placed in an 

oven at 60
o
C for an hour to evaporate and remove the solvent completely. The acid head 

group of palmitic acid binds chemically to the Anopore surfaces and the aliphatic chains form 

a compact array perpendicular to the cavity wall. Now, the Anopore membrane becomes 

hydrophobic in nature after the surface treatment. After this, the C24 sample was kept on the 

top surface of the membranes and the temperature was maintained a few 
o
C above the 

isotropic for 1 hour to ensure complete filling by capillary action. The excess sample left on 

the surfaces was then removed by pressing between filter papers. In the membrane with such 

(e) Millipore

http://www.merckmillipore.com/

(f) Nuclepore

http://www.2spi.com/

(g) PTFE

http://www.merckmillipore.com/
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a chemical modification of the surface, strong scattering of light was observed upon filling 

the sample. More importantly, the modification induces an orientation such that the 

molecules are normal to the pore walls. This may lead to planar-radial, planar-polar, escaped 

radial or planar bipolar configuration of the molecular orientation. In the case of untreated 

Anopore, the molecules have the tendency to align along the pore axis, a configuration 

ideally suited to study the in-plane correlations. When the sample is filled into the untreated 

membrane it becomes quite transparent due to the matching of the refractive indices of the 

membrane and the sample, a feature used as a confirmatory test for the molecular orientation 

along the axes of the pores.  

2.5 Measurements 

2.5.1 Differential Scanning Calorimeter 

Differential scanning calorimetric (DSC) scans were taken with the help of a calorimeter 

based on the principle of power compensation (Perkin-Elmer, Model- Pyris Diamond DSC). 

The sample and reference chamber of the DSC were maintained under nitrogen environment 

during the scan. The bulk sample in powder form or the two confined samples as properly cut 

pieces of the filled membranes were taken in 50 l Aluminum cups. An empty Aluminum 

cup of approximately the same bare weight as the sample cup served as the reference cup to 

take care of the background variation of the enthalpy and specific heat contributions by the 

sample chamber. 

2.5.2 High Resolution Xray diffraction apparatus 

Xray measurements were performed using the PANalytical X’Pert PRO MP X-ray 

diffractometer schematically shown in figure 2.6. It consists of a focusing elliptical mirror 

and a fast high resolution detector (PIXCEL). The sealed – tube X-ray source was operated at 

45 KV and 30 mA, and CuK radiation (wavelength: 0.15418 nm) was employed for the 

measurements. The operating setup parameters like 2θ range, step size, exposure time were 
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controlled by Data collector software. The bulk sample was filled in a Lindeman capillary of 

1mm diameter in the isotropic state, and the membranes for the confined cases were mounted 

on a holder with proper entry and exit holes such that the sample did not come in contact with 

the holder surface. The holder/capillary was in turn placed in the Mettler hotstage for 

controlling the temperature. The Mettler temperature programmer was controlled by 

computer. 

 
Figure 2.6: Schematic diagram of the Xray diffraction apparatus  

2.6 Results and Discussion 

2.6.1 Differential Scanning Calorimetric Measurements 

Figure 2.7 shows the DSC scans obtained at a rate of 1
o
 C/min for the bulk and the two 

confined cases. The scans for the confined samples look qualitatively similar, and therefore, 

their phase sequence may be assumed to be the same as that for the bulk sample, a feature 

indeed confirmed by X-ray studies, to be discussed later. The first salient feature seen in the 

DSC scans is the broadening of the transitions upon confinement, with the magnitude being 

different for different transitions and also dependent on the length scale of confinement. For 

the Iso-R2 transition, the width of the thermal anomaly gets doubled for both PTFE and 

Anopore samples, whereas the transition to the crystal phase is significantly wider for the 

Anopore case only. The widening of the transition when the material is confined to narrow 
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pores is quite well known [28], especially in liquid crystals [29-37].  Also seen is the fact that 

the crystallization point is lowered for the Anopore sample, a behavior in agreement with the 

strong supercooling seen in the case of very small length scale confinements [38]. 
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Figure 2.7: Differential scanning calorimetric scan for the Bulk, PTFE and Anopore confined 

samples. While the high temperature peak corresponds to the Iso-R2 transition, the low 

temperature one is associated with the crystallization process from the R5 phase. Since the 

R2-R1 and R1-R5 transitions are too weak to be seen on the scale shown, the temperature 

range between the two vertical arrows is shown on an enlarged scale in Figure 2.8.  
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Figure 2.8: An enlarged view of the calorimetric scans in the region of the R2-R1 and R1-R5 

transitions. The thermal signatures become extremely weak for the Anopore case, with the 

change across R1-R5 being barely visible (marked by an arrow). For convenience of 

presentation, the data for PTFE and Anopore scans have been given an arbitrary vertical 

shift.  

More important, from the viewpoint of the present studies, are the data across R2-R1 

and R1-R5 transitions, shown in Figure 2.8. Here a dramatic weakening of the thermal 

signatures for the Anopore sample has been observed, so much so that the R1-R5 
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transformation is barely visible, and the range of R1 phase significantly diminished. The 

transition temperatures as obtained from the peak points of the DSC scans for the bulk and 

confined situations are given in Table 2.2. The transition enthalpies also corroborate these 

features: since the exact amount of the sample could not be obtained in the confined case, the 

ΔH values were normalized by that for the Iso-R2 transition. With this, the enthalpy values 

(in J/g) across the R2-R1 and R1-R5 transitions are 0.64, 0.85 for the bulk; 0.4, 0.59 for 

PTFE; 0.06, ∼0 for Anopore. 

Table 2.2: Transition temperatures (
o
C) for the different transitions in the bulk and the two 

confined situations. The enthalpy (J/g) across Iso-R2 and R5-Cr transitions are given within 

the squared brackets. 

 

Sample Iso-R2 R2-R1 R1-R5 R5-Cr 

Bulk 49.8 [69] 46.7 44.1 42.6 [31] 

PTFE 48.6 [44] 46.6 43.9 42.4 [19] 

Anopore 49.6 [26] 46.4 45.9 40.2 [8] 

 

It may be recalled that the R2-R1 transition is associated with restacking from ABC to 

ABAB type packing and also accompanied by lattice distortion. Therefore, the enthalpy of 

this transition should not be zero. On the other hand, the R1-R5 transition has only the tilt 

angle change without any restacking and distortion, so its transition enthalpy is not expected 

to be higher than that for R2-R1 transformation. However, the large specific heat change for 

the R1-R5 calculation of the transition, especially on the lower temperature side, could lead 

to a slightly erroneous calculation of the transition enthalpy for this transition in comparison 

to that for the R2-R1 transition. Thus, it appears that the confinement has a much stronger 

effect on the R1-R5 transition, as compared to the R2-R1 transition, with the data for the 

Anopore sample suggesting a possible second order R1-R5 transition. 

2.6.2 Influence of confinement on the transition temperature 

As seen from Table 2.2 the general trend that is observed is that confinement lowers the 

transition temperature as well as the transition enthalpy. In this section we look at the 
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implication of such a feature noted in other condensed matter systems also [39]. Observing 

such behaviour for the nematic-isotropic transition, Dadman and Muthukumar [29] provided 

an explanation on the basis of surface anchoring and finite size effects. According to this 

argument small finite clusters undergo the transition at a temperature lower than that in the 

bulk owing to the fact that clusters (or domains) could be poorly correlated. The curved pore 

surface facilitates breakdown of the long-range positional order. The formation of small 

crystals was first described by Gibbs [40], and the related theory for the effect of curvature on 

the vapour pressure of liquid droplets was derived by Thomson [41]. For the melting of solids 

in confined pores, the quantitative dependence of the melting point depression Tm (= Tm – 

Tm(pore)) on the pore radius is obtained using the Clausius–Clapeyron equation to give the 

vapour pressure as a function of temperature, and the Kelvin equation to correlate this vapour 

pressure with the pore radius. Thus, for a cylindrical pore of radius R, the expression, often 

called the Gibbs-Thomson equation, is given by [42] 

RH

T
T

m

slm
m








2
                                                            (2.1) 

Here sl is the average interface surface energy tension between the solid and liquid 

phases, Hm is the bulk enthalpy of melting and  is the mass density of the sample. This 

expression can be employed to estimate either sl, or using known value of sl to compare 

with the experimentally determined depression in the transition temperature when the 

material is confined in porous media. Owing to the fact that the pores are regular and well 

defined for Anopore membrane we calculate sl for that case. Substituting the values for the 

strongest transition (Iso-R2) shown in Table 2.2, and using  to be 797 Kg/m
3
, we obtain sl 

to be 4 mJ/m
2
. This value is a factor of 4 smaller compared to that obtained for the melting 

(crystal-isotropic) of a shorter alkane, n-Heptane [43], but is in the same range as those for 

the orientational melting and two-dimensional melting transitions of a liquid crystal [36]. A 
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similar calculation done for the PTFE case yields an order of magnitude higher sl. This 

feature is in general agreement with the trend seen by McKenna [43] that sl increases for 

wider pores. However, the possibility of the two important differences between the Anopore 

and PTFE membranes, viz., interconnectivity of pores and hydrophobic nature of the latter 

influencing the values cannot be ruled out.  

2.6.3 Xray measurements 
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Figure 2.9: Representative Xray scans in the R2 phase for the bulk and the two confined 

systems, exhibiting the harmonics of the fundamental peak (indexed as 00l peaks, where l =1 

to 4), characteristic of the plastic nature of the phase. Note that this character is retained in 

the confined cases as well, although the intensities diminish. 

Xray measurements were carried out in the 2 range of 1-30
o
 covering the low as well 

as wide angle scattering from the sample. The raw X-ray diffraction profiles in the low angle 

region shown in Figure 2.9 for bulk, Anopore and PTFE samples feature the strong higher 

harmonics of the fundamental periodicity associated with the well ordered layering 

characteristic of the plastic nature of the R2 phase even in the confined cases. However, the 

effect of confinement becomes evident when the data are viewed on an enlarged scale (see 

Figure 2.10). While the scan for PTFE is virtually as sharp as that for the bulk, the reduced 

length scale of the Anopore broadens the peak substantially. 
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Figure 2.10: The background-subtracted fundamental peak on the reduced diffraction angle 

scale, for the three sample scenarios. Especially to be noted is the substantial broadening of 

the profile for the Anopore confined material. The lines are fits to a Lorentzian expression, 

albeit asymmetric in the case of Anopore sample. 

43 45 47 49

0.03

0.06

0.09

Anopore

PTFE


2

 (

d
e
g
)

T (
o
C)

Bulk

 
Figure 2.11: Temperature dependence of 2 the full-width-at-half-maximum data for the 

bulk and confined cases. Notice that the values for the bulk and PTFE cases are comparable, 

whereas the Anopore sample has a much larger FWHM. 

A Lorentzian expression with a suitable background term describes the profiles well 

in all the cases, except that an asymmetric shape factor had to be included for the Anopore 

case, due to the intensity contribution from the membrane material. β2θ, the full width of the 

peak (FWHM) obtained by the fitting process, shows in a striking fashion the difference 

between especially the PTFE and Anopore cases (see Figure 2.11). While the data for the 

former essentially lie on those for the bulk sample, the Anopore sample exhibits a remarkable 

increase (factor of 3), a feature that is true in all the three rotator phases. Such a peak 
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broadening, when the material is confined in Anopore membranes, recently reported [36] for 

the fluid (SmA) and plastic (CrB) layered phases of a liquid crystalline material, is not known 

for any alkane. From such line broadening, the average length scale of the structure (ξs) can 

be calculated by using the Debye-Scherrer expression, 


s

=  
0.89 × 

β2 × cos
peak

                                                                                                 (2.2) 

Here λ is the wavelength of the Xray beam. The measured β2θ values were corrected for the 

structural broadening by using β2θ = (β
2

2θ:meas - β
2

2θ:std)
1/2

. Here the FWHM value for the bulk 

was used as β2θ:std. The calculated ξs values are 510 nm for both the bulk and PTFE cases but 

are much lower (190 nm) for the Anopore sample, clearly showing the finite-size effects. It 

may be noted that the ξs values in the two confining cases are comparable to their pore sizes. 

Since the s value for the bulk, which can be taken as the instrumental-resolution limit, is the 

same for the PTFE case suggests that experiments with a higher instrumental resolution 

would be required to bring out the differences between the bulk and PTFE situations. It 

should however be borne in mind that the nature of the channels is different for the Anopore 

and PTFE membranes: while the former has regular isolated channels, PTFE has irregular 

channels, which are interconnected as well. Further, the surface of the pores is hydrophilic for 

Anopore but hydrophobic for PTFE. Obviously, the reduced correlation length means 

decreased interlayer correlation, a feature suggested [20] to affect the order of the R1-R5 

transition. We shall return to this point. 

Features similar to those in the low angle reflection are observed for the wide angle 

reflection, which is associated with the intermolecular separation within the layers and maps 

the ordering within the layers. The wide angle profiles, in fact, confirm the structures of the 

rotator phases in the confined samples also with a single peak in the R2 phase (figure 2.12(a)) 

and split peaks in the R1 (figure 2.12(b)) and R5 (figure 2.12(c)) phases. The existence of a 
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single peak in the R2 phase and two peaks in the other two phases is indeed expected. This is 

owing to the fact that the hexagonal structure of the R2 phase can be described by a single 

lattice parameter. Such a perfect hexagonal symmetry is broken in the two other structures, 

requiring an additional lattice dimension [13]. The widening of the profiles for the Anopore 

shows that not only the interlayer correlation but even the in-plane ordering gets diminished. 
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Figure 2.12: (a) Wide angle Xray scans in the R2 phase of the bulk and confined samples. 

The lines represent fits to a Lorentzian expression. Notice that just as the low angle scan, the 

Anopore profile has a substantial broadening compared to the other two cases;(b) and (c) 

show the profiles in the R1 and R5 phases of the Anopore confined sample; the twin peaks 

can be indexed as 200 and 110. The solid line depicts the sum of two Lorentzian expressions.  

The central results of this study are shown in Figure 2.13(a), which display the 

temperature dependence of the d-spacing corresponding to the layer thickness [44]. The layer 

spacing has weak temperature dependence in the orthogonal (R2 and R1) phases and a strong 

decrease upon transformation to the R5 phase. The surprising result is that such a change 

manifests as a precipitous drop for the bulk but a very gradual one for the Anopore sample, 

with the PTFE case having an intermediate situation. The first derivative of d with 

temperature, δd/δT, which may be taken as a measure of the one-dimensional thermal 

expansion, shows the differences among the three sample situations in an even more dramatic 

fashion (see in Figure 2.13(b)); the height of the peak is maximum for the bulk and least for 

the Anopore sample, mimicking scenarios seen for systems exhibiting a critical/tricritical 

point. The tilting of the molecules is the major change upon entering the R5 from the R1 

phase. Assuming a rigid rodlike situation (schematically shown in Figure 2.14), the tilt can be 
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calculated as cos  = dR5/dR1 (dR1 is the d value at TC2, the R5-R1 transition temperature). The 

bulk as well as the PTFE samples exhibit a jump in  at TC2 and stronger temperature 

dependence in the R5 phase. In contrast, the Anopore case has a continuous and weaker 

growth in  (Figure 2.14), establishing that the transition is second order. 
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Figure 2.13: (a) Thermal variation of the layer spacing d in the bulk and confined situations.  

(For better presentation, the PTFE data set has been given vertical shift of -0.005 nm). The 

abrupt lowering of d for the bulk and PTFE samples marks the onset of R1-R5 transition. In 

contrast, the Anopore sample shows a gradual decrease below the temperature marked with 

an arrow. (b) The first derivative of d with temperature displaying the feature that the effect 

of confinement in Anopore is very drastic. 
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Figure 2.14: Temperature dependence of the calculated tilt angle () in the R5 phase (TC2 is 

the R1-R5 transition temperature). The Anopore case has a weaker growth, and a smaller 

limiting value of the tilt angle.  The solid line is merely guide to the eye for the bulk and 

PTFE sets, but represents a power law fit for the Anopore sample. The inset shows a 

schematic representation of the tilting (by ) of the alkane molecule (thick bar N) with 

respect to the layer normal (z direction), with the plane xy defining the layer. 
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Thermodynamic [45] and structural [13a] aspects were studied in detail by Sirota and co-

workers to investigate at atmospheric pressure, the order of the transitions between the R2, 

R1, and R5 phases. The structural work has been extended to high pressure also [13b]. In the 

following, we summarize these results (also see Mukherjee and Deutsch, Ref. 25). 

a) The R1-R2 transition was found to be of first order, with a discontinuous jump in the 

order parameter.  

b) On the other hand, the situation regarding the order of the R1-R5 transition was 

somewhat ambiguous. While the X-ray data suggested a discontinuity at the transition 

of the relevant order parameter indicating a first-order transition, the authors [13a] 

mention that the limited resolution of the measurements could not exclude a 

continuous (second order) transition. 

c) In the calorimetric work [45] an emphatic statement that the absence of a sharp peak 

in the heat capacity suggesting the transition to be in fact second order, is followed by 

a rider that the narrow temperature ranges of the R5 phase make the features difficult 

to interpret, and even if this transition has a small first-order component, it appears to 

be predominantly second order in character.  

d) The pressure measurements, however, suggested that the R1-R5 phase transition 

changes from first to second order as the pressure is increased. However, a recent 

photopyroelectric calorimetric work [20] has shown that in a bulk sample of n-

tetracosane (the compound studied here) the R1-R5 transition is unambiguously first 

order, with a clear hysteresis. In fact, the basis on which Sirota et al [45] considered 

the absence of a sharp peak as the evidence of a second order transition itself has been 

questioned [20].  

 In view of these observations, it is interesting to note that a recent Landau analysis 

indeed predicts the possibility of a tricritical point (TCP) on the R1-R5 phase boundary, 
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although in the pressure-temperature plane [25]. The model having parallels to the well 

known analysis for TCP scenarios for the orthogonal smectic A-tilted smectic C transition of 

LC materials [46], considers the free energy of the system to be expanded in terms of dual 

order parameters, the tilt angle  and the lattice distortion D, and a coupling between them. It 

is given by [25] 

(2.3)                    
26

1

4

1

2

1
)(

2

1
)( 2226422

1 


 DDDDD  oo uFF  

Here F1 is the free energy density of the R1 phase, Do is the lattice distortion parameter at the 

transition, u is the inverse response function of the R1 phase,  and  are the usual Landau 

coefficients and  and  coefficients coupling the two order parameters. When the coupling 

between  and D is strong, the R1-R5 transition is first order but second order otherwise. Thus 

to understand the behaviour of  with confinement, it is necessary to determine the 

temperature variation of the intermolecular separation ‘D’ in the layer plane, and consequently 

D using the wide angle scans, such as shown in Figure 2.15.  
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Figure 2.15: Variation of the inter-molecular spacing D, obtained from the wide-angle scans, 

in the bulk (circles), PTFE (triangles) and Anopore (squares) samples, as a function of 

reduced temperature; TC1 is the R2-R1 transition temperature. 

 In terms of the experimental parameters, D is defined as 3−A/B, where A and B are 

the lattice dimensions; thus D =0 in the R2 phase. The thermal variation of D and D for the 
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three cases, are depicted in Figure 2.15 and 2.16 (a) respectively. The breaking of the perfect 

hexagonal symmetry of the R2 phase results in a twin peak profile in the R1 and R5 phases, 

causing a splitting in the D values. In all the cases, there is a step-like change in D, and a jump 

in D from a value of ~0, at TC1, the R2-R1 transition temperature, but the magnitude of the 

jump depends upon confinement and its extent. The lattice area also displays concomitant 

changes (see Figure 2.16 (b)). In comparison to the value for the bulk case, the jump in D at 

TC1 is about 20% smaller for PTFE and factor of 4 smaller for Anopore sample. The Landau 

model mentioned above, predicts that at TC1, D should jump by 2b/3c, and H would change 

as D
2
. Considering that H reduces by 38% and a factor of ~ 13 for PTFE and Anopore 

respectively, the data here are in fair agreement with the expectations of the theory. For the 

R1-R5 transformation, the nature of the transition depends, as stated above, on the coupling 

between  and D. Specifically, if the coupling is weak, the Landau model predicts that  ~ 

(TC2-T)
1/2

, typical of a mean field second order transition. 
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Figure 2.16: The thermal variation of (a) the extracted distortion parameter D and (b) the 

area of the lattice exhibiting discernable jumps at both R2-R1 and R1-R5 transitions only for 

the bulk and PTFE samples. TC1 represents the R2-R1 transition temperature, and the 

vertical lines, the R1-R5 transition point. (For better presentation, the PTFE and bulk data 

have been vertically shifted up by 0.02 and 0.05 for distortion set and 0.01 and 0.05 nm
2
 for 

area set respectively). 
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As indeed seen in Figure 2.16 (a), in the R5 phase, the temperature dependence of D is 

much smaller for Anopore sample (the slopes are -0.025/K, -0.026/K and -0.017/K for bulk, 

PTFE and Anopore samples) suggesting that the coupling is weaker perhaps due to the 

reduction in the temperature range of the intermediate (R1) phase. Since the bulk and PTFE 

data exhibit a jump in  at TC2, the Anopore data were fit to a power law of the type,  

(2.4)                                                                         )( 2

x

Co TT   

The fitting is shown as solid line in Figure 2.14 and yields an exponent x = 0.580.01, a value 

not very different from the mean field prediction of 0.5. The small discrepancy between the 

theory and the experimental value could be due to the additional strain fields introduced by 

the curvature of the pore, a feature not in the theory. Thus the first order R1-R5 transition of 

the bulk is driven to become a second order one by confinement, i.e., simply by controlling 

the length scale of the structure. This observation, therefore, presents the possibility of 

realizing a tricritical point by tuning the length scale of confinement. From a phase transition 

point of view, the weakening of the R1-R5 transition upon confinement could be arising 

because of two reasons. First, the interlayer correlation that gets reduced in the Anopore case 

possibly decreases the coupling between the lattice distortion and the tilting, resulting in such 

a weakening. The second reason could in fact be a concomitant effect of the first one. Zammit 

et al [20] showed that the hysteresis associated with this transition becomes smaller when the 

temperature range of the R1 phase (intermediate between R2 and R5 phases) is reduced. The 

present studies bring out the feature that confinement in Anopore definitely reduces the 

temperature range of the R1 phase.  Consequently, the R1-R5 transition which has a first 

order character in the bulk (as also established by Zammit et al [20]), changes over to a 

second order one upon confinement in Anopore membrane [47]. Examples of the order of the 

transition changing when the temperature range of the intermediate is reduced are commonly 

found in liquid crystals [48]. For instance, with the isotropic-nematic-smectic A sequence, as 
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the range of the nematic phase is shrunk the order of the nematic-smectic A transition 

changes from second to first order. However, the discrepancy that the change in the order of 

the transition is reversed in the two cases upon reduction of the range of the intermediate 

phase remains unclear.   

A possible molecular level reason for change in the order of the transition could be 

the following, seen in the light of an argument by Ocko et al [49]. In the rotator phases there 

are substantial numbers of gauche-bond defects predominantly near the chain ends. When 

averaged over their individual configurations, these gauche defects will result in larger 

effective widths at the ends of the molecules as compared to that at their centers, consequent 

to which there will be a reduction of the lengthwise overlap of the adjacent segments. In such 

situations a tilting of the molecule is favoured, and is suggested to be the cause for the 

appearance of tilted phases for longer alkanes. Applying this argument to the present 

scenario, we can imagine that owing to the restricted length scale to which the correlations 

can grow, the disorder of the chain segments is substantial upon confinement, creating a 

situation favourable for the stabilization of the tilted phase. Therefore upon confinement 

(Anopore case here) the tilted phase occurs at a much higher temperature, and also exists over 

a larger range of temperatures. The presence of disorder also weakens the strength of the 

transition, causing the first order character to change to a second order one. Measurements to 

determine the conformation of the molecules in the confined situations will support these 

postulations. 

2.7 Summary 

We have performed calorimetric and X-ray measurements in the R1, R2, and R5 

rotator phases of a long chain alkane and probed the order within and normal to the layers, in 

the bulk, and in confining matrices of two different length scales. In the matrix having the 

shorter length scale, there is a substantial weakening of both the R2 - R1 and R1 - R5 

transitions. The effect on the latter is so drastic that the transition which is first order in the 
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bulk is driven to second order upon confinement. This observation provides a new method of 

achieving a tricritical point in such systems. 
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Chapter-3 

Influence of quenched disorder created by nanosilica network on 

phase transitions in tetracosane 

 

Overview 

This chapter describes detailed calorimetric measurements on composites of a long 

chain n-alkane, tetracosane, doped with nanosilica aerosil particles decorated with a corona 

of hydrophobic/hydrophilic nature. The weakly perturbing random field created by the 

addition of the aerosil particles has the general effect of weakening all the transitions to, and 

between, the three different rotator phases that the pure alkane exhibits. One of highlights of 

the studies is that the strong first order transitions of the pure alkane, viz., from the isotropic 

liquid to hexagonal rotator phase (Iso–R2), and tilted monoclinic rotator phase to the 

crystalline phase (R5–Cr), are accompanied by a much weaker supplementary peak at lower 

temperatures. In analogy with observations made in aerosil composites of liquid crystalline 

systems, and additionally with information from preliminary Xray diffraction measurements 

on the currently studied materials, it is reasoned that the subsidiary peaks are nothing but the 

transformations between the same phases as the corresponding main peaks due to the bulk of 

the material, but occurring in the vicinity of the surface of the aerosil particles. The nature of 

the corona of the aerosil particles also seems to play an important role. For the bulk 

transitions, the reduction in the transition enthalpy is higher for the composites with the 

hydrophilic particles, than those with hydrophobic particles; the opposite is true for the 

surface transitions. The data also suggest that the lowering of the transition temperature of 

the surface transition with respect to its bulk counterpart is more for the hydrophobic 

composites than the hydrophilic ones. We provide an explanation for these features based on 

the surface interactions between the particles and tetracosane molecules, and also the 

strength of the gel network. This chapter also describes the results of rheological 

measurements of the aerosil composites.  

 

The results are published in:  

M. Vijay Kumar and S. Krishna Prasad, Influence of quenched disorder created by 

nanosilica network on phase transitions in tetracosane, RSC Advances, 2, 8531–8538 (2012). 
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3.1 Introduction 

In the previous Chapter we discussed the influence of the pre-fabricated confinement on the 

phase behaviour of n-tetracosane. As indicated earlier such a geometrical restriction can also 

be imposed by creating a network of nanoparticles which form voids into which the soft 

matter gets confined. Such “in-situ” created porous media also creates the disorder in the 

bulk medium. Aerosil®, a fumed silica spherical particle of ~ 7 nm diameter, as the 

nanoparticle, has been extensively employed for this purpose, especially with liquid 

crystalline material as the soft matter component [1]. The following comments are based on 

these studies which have focussed on the disorder created by the aerosil [2]. In these systems 

the disorder can be usefully described as a random local field that is conjugate to the order 

parameter. To state differently, the aerosil particles induce random field-like disorder through 

random surface interactions. A liquid crystal (LC) is perturbed with weak to intermediate 

strength quenched disorder when aerosil particles are introduced. When dispersed in LC, 

hydrogen bonds form between the aerosil particles (a feature to be discussed later) creating a 

low density gel, the structure of which, on very long length scales, exhibits fractal 

correlations [3]. The gel itself has no particular correlations commensurate with the wave 

vector of the smectic and hence is considered to be effectively random. The advantage of the 

aerosil-soft matter systems over other induced-disorder systems is that the amount of disorder 

can be conveniently tuned by varying the particle concentration. The dispersion of aerosil 

spheres in LC can be viewed as introducing a random distribution of surfaces. The resulting 

interaction between the LC and the particle surface leads to two primary effects altering the 

orientational order. First, there is a surface induced order that decays with distance from the 

surface and yields a local paranematic like state. The magnitude of this “field” effect is fixed 

by the intrinsic properties of the surface and the liquid crystal; increasing the silica density 

only increases its extent. Second, there is an elastic strain arising from competing surface 
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interactions, whose magnitude, as it involves many surfaces, is likely to increase with silica 

density. Above a critical density the latter effect presumably dominates [4]. 

First order transitions with quenched random disorder (QRD) have additional 

considerations than continuous transitions due to the possibility of two-phase coexistence 

(hence interfaces between ordered and disordered regions), intrinsically finite correlation 

length at the transition, and hysteresis effects. This has made the experimental and theoretical 

studies of QRD effects at first-order transitions much more challenging. Although the 

random-field model is the same starting point, first-order transitions have the added 

complication of an energy penalty for the formation of interfaces between coexisting phases 

[5]. In this view, the QRD effect present as a random-field in each domain randomly shifts 

the transition temperature of each domain thus smearing the overall transition. A recent 

theoretical study applied renormalization group analysis to the ordering of nematics with 

QRD and concluded that such systems belong to Random-Anisotropy (RA) Heisenberg class 

[6]. These studies are highly relevant to the present studies on an n-alkane material exhibiting 

rotator phases. First the rotator phases are layered phases just as the smectic phase employed 

in LC-aerosil studies. Secondly, some of the transitions involved are quite strong first order in 

character.  Prior to the present study there had been only one investigation on the influence of 

aerosil particles on alkanes exhibiting rotator phases [7]; this work particularly dealt with the 

specific heat behaviour of the material.  

This chapter describes the influence of quenched disorder created by nanosilica 

network on phase transitions in n-tetracosane.  Employing structural (XRD) and thermal 

(DSC) probes, the investigations also compare and contrast the influence of the nature of 

corona that decorates the aerosil particles, viz., hydrophobic vs. hydrophilic. The gel strength 
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as an additional variable has been realized by varying the concentration of the hydrophilic 

particles through the soft gel to strong gel regime.  

3.2. Experimental 

3.2.1 Materials 

Details of the long chain n-alkane, tetracosane (C24H50 ), used as the host in this study,   

have already been given in Chapter-2. This material was chosen so as to compare the 

influence of the two types of confinement on the rotator phases, viz., the pre-fabricated 

geometry discussed in the previous chapter and QRD which will be described here. To 

achieve the quenched disorder, two types of nanosilica particles (Aerosil®) were employed, 

both from Degussa Corporation (provided as a gift by Mr Vikas Rane of d-hindia Ltd, 

Mumbai).  One of them is hydrophilic (Aerosil A- 300) and the other hydrophobic (Aerosil 

R812) with the specific surface area being 300 ± 30 and 260 ± 30 m
2
/g respectively. In both 

the cases, the primary particle is spherical in shape, with an average diameter of 7 nm. In the 

following we give a brief description about aerosil particles, the information being taken from 

Technical Bulletin No. 11, Fine Particles on Basic Characteristics of AEROSIL by Degussa 

Corporation. The particles represent fumed, highly dispersed, amorphous, pulverulent 

synthetic silica.  

3.2.2 Preparation of the aerosil fumed silica 

The aerosil silica particles are synthesised on industrial scales using the method of continuous 

flame hydrolysis of silicon tetrachloride (SiCl4). During this process, SiCl4 is converted to the 

gas phase which then reacts spontaneously and quantitatively in an oxy-hydrogen flame with 

the intermediately-formed water to produce the desired silicon dioxide. The associated 

chemical reaction is 2H2 + O2 + SiCl4    SiO2 + 4HCl. By varying the concentration of the 

co-reactants, the flame temperature, and the dwell time of the silica in the combustion 

chamber, it is possible to influence the particle size, the particle size distribution, the specific 



Chapter-3: Influence of Quenched Disorder Created by Nanosilica Network on Phase Transitions in 

Tetracosane 

surface, and the surface properties within wide boundaries. The basic particle produced after 

this treatment is hydrophilic. Using proper surface chemistry it is possible to change this 

nature to hydrophobic. The number of silanol groups of the hydrophilic particle is reduced 

during the treatment by about 30 % of the initial value. 

3.2.3 In-situ created Aerosil gels  

The fumed silica obtained from the above process can form densely packed suspension in 

which the silica occupies 2 to 3% of the volume.  

 
Figure 3.1: Building principle of solid framework of fumed silica depicting the formation of 

hydrogen bonds between aggregates (from Ref .9) 

 

 

The particles of the precipitated silica are characterized by extended caves, whereas fumed 

silica forms irregularly branched strings. Figure 3.1 shows the building principle of fumed 

silica [9]. The spherical primary particles form aggregates via Si-O-Si moieties. The SiOH 

groups on the surface of these aggregates can form hydrogen bonds between different 

particles which lead to the formation of agglomerates. Compared with covalent bonds the 

energy of the hydrogen bonds is relatively small so that they can be broken by mechanical 
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interaction but subsequently available for the formation of new bonds with a different spatial 

arrangement of the aggregates. Specifically, when dispersed in an organic medium, aerosil 

particles comprising three to four lightly fused spheres and having a mean radius of gyration 

of ~ 24 nm [3] will attach to each other and form a gel by diffusion-limited aggregation 

process. A typical gel formed this way is generally called thixotropic, because of its ability to 

break easily, caused by the weak nature of hydrogen bonded silica chains. A cartoon 

representing the situation of the layer structure of liquid crystalline smectic phase being 

embedded in an aerosil network, relevant from the viewpoint of layered rotator phases, is 

depicted in Figure 3.2  

 
 

Figure 3.2: Left: Schematic representation of an aerosil liquid crystal gel formed by diffusion 

limited aggregation process, with the circles depicting aerosil particles, and the short lines, 

the liquid crystalline molecules. Open and shaded parts of arrow show void and solid chords, 

respectively (from ref. 10). Right: Enlarged view in the vicinity of a particle showing the 

tendency of the liquid crystalline molecules to be normal to the particle surface. 

3.2.4 Preparation of composites  

The composites of tetracosane with aerosil were prepared using mechanical mixing as well as 

solvent mixing procedures, similar to protocols reported for liquid crystalline materials 

[3,11], and summarized below. First, aerosil was degassed or dried under vacuum for 15 

hours at 300
o
C to remove any adsorbed water. For the physical mixing method, since the 

quantity of the sample required was quite small (~15 mg), the possibility of inhomogeneous 



Chapter-3: Influence of Quenched Disorder Created by Nanosilica Network on Phase Transitions in 

Tetracosane 

mixing was drastically reduced. Appropriately weighed aerosil and LC materials were 

physically stirred while maintaining the temperature of the system at 5 
o
C above the 

isotropic-R2 transition temperature.  In the solvent mixing method, the weighed aerosil was 

added to C24 dissolved in pure methanol. The whole mixture was sonicated for 30 minutes at 

room temperature to obtain a good dispersion of the aerosil in the medium. Subsequently, 

while keeping the temperature at 60
o
C the solvent was allowed to evaporate slowly over a 

period of 15 hours. The composite thus prepared was used immediately after the preparation. 

In this study the aerosil mixtures are characterized in terms of the dimensionless ratio  = 

ma/mC24, where ma is the mass of aerosil and mC24 is the mass of tetracosane. Investigations 

have been carried out on mixtures with  = 0.03, 0.06, and 0.10 (hydrophilic / hydrophobic) 

as well as on pure C24. The results on a representative composite showed no differences in 

the behaviour of the materials prepared by the two methods of preparation.  

3.3 Methods  

The differential scanning calorimetric measurements were performed by using a Perkin 

Elmer DSC (Model- Pyris Diamond DSC), while keeping the sample in an inert (nitrogen) 

atmosphere. Structural measurements were performed using PANalytical X’Pert PRO MP 

Xray diffractometer [12]. The details of these two apparatus are already given in Chapter-2. 

As stated earlier the aerosil mixtures form organogels. Owing to the high viscosity of the gels 

the material could not be filled into the glass capillaries (normally used for Xray 

measurements). For this reason the sample was sandwiched between two Kapton® strips. 

Kapton is a polyimide film developed by Dupont and commercially available. It remains 

stable across a wide range of temperatures, from −269 to +400 °C. From the viewpoint of 

present studies, high mechanical, thermal stability and high transmittance to Xrays make it 

the preferred material. It is also relatively insensitive to radiation damage [13]. Rheological 

measurements were performed using the AR-G2 Rheometer (TA Instruments) by employing 
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parallel plate geometry of 8mm diameter and a geometry gap of 800m. Temperature of the 

samples is controlled by using a built-in Peltier temperature controller. The apparatus is 

schematically shown in Figure 3.3. 

 

Figure 3.3: Schematic diagram of AR-G2 Rheometer. 

3.4 Results and Discussion 

3.4.1. Isotropic-R2 transition 

The DSC profiles obtained at a rate of 1
o
C/min in the heating and cooling modes in the 

vicinity of the Iso-R2 transition for pure C24 and the composites are shown in Figure 3.4. 

The pure alkane exhibits a single peak (see Figure 3.4a) in both the modes, although with a 

sizeable hysteresis between the heating and cooling scans, a feature expected for strong first 

order transitions. In contrast, the aerosil composites, even at the lowest concentration studied 

here, exhibit an additional, albeit much weaker, thermal anomaly (see Figures 3.4b-d) at 

temperatures just below the main peak, more clearly seen on an expanded scale, as in Figure 
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3.5. The appearance of the second peak in both specific heat and DSC profiles, absent in the 

pure material, has been known for low concentration LC-aerosil composites exhibiting the 

nematic-isotropic transition [See e.g., Refs. 4, 11, 14 and 15]. 
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Figure 3.4: Differential scanning calorimeter (DSC) profiles obtained in the vicinity of the 

Iso-R2 transition in the heating (blue circles) and cooling (red circles) modes at a rate of 

1
o
C/min for the (a) pure C24, and the hydrophobic composites with  of (b) 0.03, (c) 0.06 

and (d) 0.1. The arrows on the cooling mode data indicate the appearance of an additional 

peak, which is designated as R2-X transition. 

 

 

The double-peak profile has also been recently observed in heat capacity data for 

hydrophilic aerosil-C24 mixtures [7]. However, as will be discussed in a later section, the 

nature of the aerosil particle – hydrophilic/hydrophobic – results in certain important 

differences in the behaviour of the system. So the present investigations have concentrated on 
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the mixtures formed with hydrophobic particles since (i) the chemical nature of the tips of the 

decorations (methyl groups) and the host alkane are the same, and thus the phase transitions 

in the composites can be expected to be significantly influenced, and (ii) some data on the 

effect of hydrophilic aerosil particles have already been reported [7], and thus a comparison 

between the relative influence of hydrophobic and hydrophilic particles is possible. It is clear 

from Figure 3.5 that the magnitude of  has a larger influence on the weaker low temperature 

peak (referred to as R2-X) than on the high temperature peak (Iso-R2).  The Iso-R2 shows, 

concomitant with the appearance of R2-X, a slight increase initially in the peak height, but 

with further increase in , registers a drop. In contrast, the peak height of R2-X increases by a 

factor of ~ 6 for  = 0.1, from its negligible strength for  = 0.03. Table 3.1 and Figure 3.6 

present the peak temperatures and the transition enthalpy in the heating as well as cooling 

modes for both Iso-R2 and R2-X transformations. With concentration, the peak temperature 

of the Iso-R2 transition hardly changes (within the error of 0.1 
o
C in the measurement) for 

either of the modes. 
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Figure 3.5: DSC profiles shown on an enlarged scale in the vicinity of the R2-X transition 

observed for the three hydrophobic composites, the concentrations () of which are indicated 

against each curve. Note that the strength of the transition increases as  increases. 
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Table 3.1: Transition temperatures (in 
o
C) and the associated enthalpy (in J/g, shown 

enclosed in parenthesis) across the Iso-R2 and R2-X transitions for pure C24 and three 

hydrophobic composites. 

 Iso-R2 R2-X 

Heating Cooling Heating Cooling 

0 51.00 

[157.0 ] 

49.76 

[159.6] -- -- 

0.03 50.90 

[132.7 ] 

49.72 

[139.4] 

49.97 

[0.88] 

48.61 

[0.72] 

0.06 50.76 

[124.1] 

49.89 

[120.9] 

49.86 

[7.53] 

48.00 

[7.71] 

0.1 50.87 

[104.8] 

49.84 

[106.2] 

50.18 

[11.4] 

48.07 

[11.09] 
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Figure 3.6: -dependence of the transition temperature for the Iso-R2 (left panel) and R2-X 

(right panel) transitions in the hydrophobic system. Notice that the scale for the right panel is 

a factor of 3 larger than that for the left panel. Within the error of the measurement, there is 

hardly any concentration dependence for the Iso-R2 transition, but substantial variation for 

the R2-X transition. [The error bar for the right panel data is roughly the same size as that of 

the symbols]. 

It may be recalled here that composites of aerosil with LC (for this aspect we consider 

specifically alkyl/alkoxy cyanobiphenyls only; the case with a non-polar LC will be discussed 

later in section 3.4.4) do exhibit a clear, albeit weak, concentration dependence of the N-I 

transition temperature over the range of aerosil density () studied here [See e.g., Ref. 14]. 

On the other hand, the peak temperature of R2-X is very weakly dependent on  in the 



Chapter-3: Influence of Quenched Disorder Created by Nanosilica Network on Phase Transitions in 

Tetracosane 

heating mode, but strongly so in the cooling mode, resulting in an enhanced range of 1.75 
o
C 

for the intermediate region, before the R2-X transition sets in. However, even for  =0.1, the 

ratio of the peak heights of the R2-X to Iso-R2 transitions is only about 0.07, whereas in the 

LC cases, the two peaks would have comparable height [3]. The feature that the magnitude of 

the hysteresis, which can be taken to be a measure of the first order character of the 

transition, is hardly affected for the Iso-R2 but increases for the R2-X, should be suggesting 

that the thermal strength of the transition is influenced similarly.  
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Figure 3.7: Concentration dependence of the transition enthalpies for the Iso-R2 and R2-X 

transitions in the hydrophobic system, exhibiting a slight (~50%) decrease for the former and 

a large (~ an order of magnitude) increase for the latter set.  

However, the transition enthalpy H (calculated from the area under the peaks) 

dependence on , as displayed in Figure 3.7, and tabulated in Table 3.2, shows that the Iso-

R2 transition exhibits a 50% lowering in the value from  = 0 to 0.1, whereas the  value for 

the R2-X transition grows by an order of magnitude (see Figure 3.7). Before discussing the 

possible causes for the appearance of R2-X and its -dependence, let us compare these results 

with those obtained for composites having hydrophilic aerosil particles.  
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Table 3.2: Transition temperatures (in 
o
C) and the associated enthalpy (in J/g, shown 

enclosed in parenthesis) in the cooling mode across the R2-R1 and R1-R5 and R5-Cr 

transitions. For the hydrophobic composites the former transition is labelled in the text as X-

R1. The data for the additional peak (Cr-X2) seen below crystallization in the composites are 

also given. 
a 

Owing to the weakness of the transition, as well as the strong temperature 

dependence of the background, enthalpy values are not given. 

 R2-R1/X-R1  R1-R5  R5-Cr  Cr-X2  

0 
46.65 

[0.67] 

44.05 

[0.86] 

41.96 

[92.4] 
-- 

0.03 
46.62 

[0.41] 

44.05 

[a] 

42.49 

[66.3] 

38.28 

[0.09] 

0.06 
46.64 

[0.40] 

44.09 

[a] 

41.8 

[61.5] 

38.41 

[1.27] 

0.1 
46.67 

[0.30] 

44.09 

[a] 

41.98 

[58.5] 

38.63 

[2.10] 
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Figure 3.8: Diagram comparing the DSC scans obtained for the  = 0.1 composites with 

hydrophobic (blue circles) and hydrophilic (red circles) particles. All the transitions are 

weaker for the hydrophilic material. 

 

The scans are shown in Figure 3.8 for the two different composites consisting of the 

same amount of aerosil ( = 0.1), but with hydrophobic and hydrophilic corona. Both the 

composites exhibit the double peak profile, but the one with hydrophilic particles has 

considerably weaker transitions. Further, while the Iso-R2 transition temperatures are 

comparable between the two types, the R2-X transition occurs at a slightly lower temperature 

for the system with hydrophobic particles. The transition enthalpies are also lower for the 

hydrophilic case, being as much as a factor of 2 for the R2-X transition.  
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Possible causes for the double peak profile  

In the following we explore the possible reason for the appearance of the two peaks (Iso-R2 

and R2-X) peaks in the composites. In analogy with the arguments made for the LC-aerosil 

composites, the observed double peak profile here can be viewed in terms of a surface 

transition separated from a bulk transition [7]. The bulk transition is caused by molecules 

which are away from the aerosil surfaces so as not to be influenced by the particles. The 

second transition, which in the present case as well as for LC materials occurs at a lower 

temperature than the bulk one, is due to the molecules which are attached to, or in the 

“catchment” region of the particles. The alkane molecules in the immediate vicinity can bind 

to the particle with an orientation that is locally perpendicular to the aerosil surface creating a 

region of disorder in comparison to the ordering that gets developed in the region of bulk 

molecules. A reduction in the ordering for the surface molecules, would thus lower the 

transition temperature (In the LC case, when the surface induces a higher order, an increase 

in transition temperature has been observed, see e.g., Ref. 16).  

If the situation is such that the surface effect is weak, then one expects a mere 

broadening of the bulk peak. If the aerosil surface effects become strong, then there can be a 

bifurcation of the temperature at which the bulk and the surface molecules undergo the 

transition resulting in doubling of the peaks. If this argument is true then with increasing 

concentration of aerosil particles, the strength of the bulk transition should decrease and that 

due to the surface particles must increase.  This is indeed observed in the experiments. 

Therefore the R2-X transition is nothing but the Iso-R2 transition happening at the aerosil 

surface. This view is further corroborated by preliminary Xray studies which show that the 

scattering profile, and thus the structure, remains the same on either side of the R2-X 

transition (see Figure 3.9).  Let us recall that the ratio of the DSC peak heights of the surface 

and bulk transitions is much smaller in the present case as compared to the LC case. This 
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perhaps should be expected since in the LC case, the ordered phase (nematic) is also a fluid. 

Therefore the surface effects can be expected to extend to regions farther from the surface, 

increasing the number of molecules which get influenced. In contrast, in the present case, the 

ordered phase has 3-d positional order which does not favour the surface effect to penetrate 

deeper resulting in a weaker surface peak.  
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Figure 3.9: Left: Xray diffraction profiles in the R2 and X phases for =0.06 composites. 

The pattern is essentially identical in the two phases. Right: The wide angle peak for the X 

phase appears to be overriding a diffuse maximum centred around the same peak wave 

vector as the sharp peak. This feature is absent in the profile for the R2 phase. It is possible 

that either the fewer layers which get affected by the surface or the anchoring conditions 

cause the diffuse background.  

The data in Figure 3.8 bring out the differing influences of the nature of the corona on 

the bulk and surface transitions. Compared to the pure C24 (see Figure 3.4a), the reduction in 

the strength of the Iso-R2 (bulk) transition is more for the hydrophilic composite. However, 

the surface induced transition is also weaker for this system. In other words, the effect on the 

bulk part is more for the hydrophilic case, and the effect due to the surface is stronger for the 

hydrophobic. Now let us look at a probable reason for such a difference. For this purpose, let 

us consider the essential difference between the surfaces of the two kinds of particles, by 

taking into account the information provided in the Technical Bulletin no. 11 of Degussa AG, 

mentioned above. The continuous flame hydrolysis process results in fumed nanosilica 

particles which are hydrophilic in nature due to the presence of silanol (Si-OH) groups at the 
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surface. The surface chemistry which is thus dominated by the silanol groups is the main 

feature of these particles. The presence of such groups gives rise to hydrogen bonding 

through which a particle can bond (hydrogen or H- bridge) with its neighbor or with another 

molecule. The probability of finding a suitable neighbor particle for the purpose of forming 

an H bridge increases with the fineness of the particle. In other words, as the diameter of the 

particle decreases the number of free OH groups decreases. For the hydrophilic aerosil 

studied here (A-300) this density is in the range of 2.5 free OH groups/nm
2

. The hydrogen 

bonding, in fact, is responsible for the hydrophilic character as it easily binds with water.  

The good chemical reacting nature of these silanol groups provides a pathway to convert the 

surface from hydrophilic to hydrophobic type. To achieve hydrophobic aerosils, the silanol 

groups of freshly produced hydrophilic silica are made to react with molecules like 

hexamethyldisiloxane (for R812, the hydrophobic aerosil used here) resulting in the 

formation of Si-O-Si (CH3)3 units, and consequently the material acquires a hydrophobic 

character. The chemical treatment substitutes only 70% of the silanol units with the result that 

30% of free Si-OH sites remain. From the point of view of the current studies, the presence of 

these free silanols, as well the large number of methyl units attached to the particle, are of 

significance.  

An important character of the hydrophilic aerosils is their ability to gelate liquids, 

owing to the capability of the particles to H-bond among themselves creating a fragile 

network. At low concentration of the aerosil, this network is not so strong and deforms easily 

under external stress, resulting in soft gels. At higher concentrations, the structure becomes 

rigid, giving rise to stiff gels. These features manifest to enhance the viscosity of the system 

by orders of magnitude. In the present study, we could visually observe the enhancement of 

the viscosity in the isotropic phase of composites of both types of aerosils. This indicates that 

in the hydrophobic case, even the reduced number of silanol groups is sufficient to create a 
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gel-like situation. In fact, rheological measurements [to be discussed in section 3.5] show that 

the composites with either type of particles form gels, showing that even though only a 

fraction of silanol groups are left over they help in gelation of the hydrophobic system. 

However, the hydrophilic gel is very strong having a storage modulus which is 7 orders of 

magnitude higher than that for the hydrophobic composite. Obviously the strength of the gel 

alone cannot account for the effect on both the bulk and surface parts seen in the calorimetric 

data (Figures 3.4 and 3.5).  

The nature and strength of anchoring of the C24 molecules on the two different types 

of silica surfaces are employed in the following to explain the experimental features.  The 

SiO surface is known to disorder the LC molecules which are in its vicinity [17]. Owing to 

the large surface to volume ratio, the aerosils can be expected to amplify this disordering 

effect. Indeed, in the case of LC, various studies have shown that the presence of aerosils 

disorders the liquid crystalline phase [3, 11, 18-22]. Evidence was reported [11] of a clear 

acceleration of the relaxation frequency associated with motion of the molecules about the 

short molecular axis, in composites of aerosils with a weakly polar molecule, attributing it to 

the disorder caused by the particles. It should be mentioned that in these LC systems, the 

molecules are polar, and in majority of the cases strongly so, in contrast to the entirely 

nonpolar C24 molecule. At the end of this section, we will compare and contrast the behavior 

of the LC molecules which are strongly polar, like the cyano biphenyls, and those which are 

hardly polar, such as materials known as nO.m. To understand the different behavior of the 

LC and alkane systems, it should be recalled that unlike in the case of A-300 aerosils, R812 

particles have a short methyl group protruding out of the silica surface. Therefore the C24 

molecules find a favorable situation, through van der Waals forces, to lie parallel to these 

hydrophobic groups, a condition which mimics a stronger anchoring normal to the aerosil 

surfaces. Owing to the predominantly spherical shape of the aerosil particles, this creates a 
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hedgehog type of arrangement of the C24 molecules around the particle. This situation is 

schematically shown in Figure 3.10. Now, if the system undergoes the transition from the Iso 

to the R2 phase at the same temperature at the surface as well as in the bulk regions, then the 

disordering effect of the surface would create a number of defect centres near the aerosil 

surface, which may be energetically not favorable. 

 
Figure 3.10: Schematic diagram depicting the chemistry of the surface of the aerosil (Si) 

particles with (a) hydrophobic and (b) hydrophilic corona. The former with its smaller 

number of free OH groups forms a much looser network (larger enclosure size) than the 

latter, as shown in (c) and (d). The red lines represent the C24 molecules. 
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An escape route available for the sample is to have a separate surface transition 

occurring at a different temperature than the bulk one. If the surface enhances the ordering of 

the system, then the transition would take place at a temperature higher than the bulk [21,23]. 

In contrast, since the aerosil surface causes a disorder in the system, the surface transition 

occurs at a temperature lower than that of the bulk. The gelation process creates bounding 

surfaces for the C24 molecules to be enclosed. The dimension  of such enclosures could 

then mimic situations of finite sized systems. The reduction in the strength of the bulk 

transitions can be expected to be dependent on . The smaller storage modulus for the 

hydrophobic composite means a weaker gel or a looser network defining a much larger sized 

enclosure (larger ) than in the hydrophilic composite. This explains the stronger influence on 

the bulk transitions in the hydrophilic case. On the other hand, owing to the domination of 

van der Waals attraction between the methyl groups on the surface and the tetracosane 

molecules in the vicinity of the particle the surface forces become stronger for the 

hydrophobic case, resulting in an enhanced strength of the surface transitions. 

3.4.2 R2-R1 and R1-R5 transitions 

The calorimetric profiles across the R2-R1 (labeled X-R1 for the composites) and R1-R5 

transitions are presented in Figure 3.11 for pure C24 and the three different hydrophobic 

composites. Both the transitions, which are quite strong for the pure compound, 

systematically weaken for the composites. The effect appears to be more on the R1-R5 

transition, which appears just as a step-like change for the  = 0.1 mixture. Recalling that this 

transition is first order for pure C24, albeit weakly, the step-like change for the  = 0.1 

composite indicates a crossover from first order to a second order transformation. As Figure 

3.12 shows, the effect is more on the hydrophilic composite than on the hydrophobic one. As 

described in the previous chapter C24 when confined in the Anopore membrane undergoes 
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such a drastic weakening of the R1-R5 transition so as to suggest that the transition is indeed 

second order and lying in the vicinity of a tricritical point.  
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Figure 3.11: DSC profiles for (a) the pure C24 and (b,c,d) the three hydrophobic composites 

in the vicinity of the R2-R1 (X-R1 for the composites) and R1-R5 transitions. The significant 

weakening of both the transitions with increasing  is clearly seen. 

 

Our Xray studies also indicate that across the R1-R5 transition, pure C24 exhibits a 

step-like variation in D, whereas the  = 0.1 material shows a continuous variation. As 

discussed in Chapter-2, this transition is driven first order due to the coupling between   and 

D. Thus the continuous variation of D perhaps results in a second order transition for the 

composite. Owing to the strong temperature dependence of the background signal (especially 

for the composites) on the low temperature side of the R1-R5 transition, a precise 

determination of the transition enthalpy for this case is difficult. The transition enthalpy data 

for the R2-R1 transition is, as shown in Table 3.2, on the lines of what was observed for the 
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Iso-R2 transition, diminishing in magnitude with increasing  value. Likewise, the transition 

temperature is hardly affected by the presence of aerosil. 
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Figure 3.12: Comparison of the profiles obtained for the  = 0.1 concentration composites 

with hydrophobic (right panel) and hydrophilic (left panel) particles. The system with latter 

type of particles exhibits much weaker transitions 

 

3.4.3 R5-Crystal transition 

We, now describe the features observed for the transition involving the true crystallization of 

the sample, viz., from the R5 to the crystal (Cr) phase. The DSC profiles obtained in the 

vicinity of the R5-Cr transition are shown in Figure 3.13a for the pure sample and the 

composites. There is a slight weakening of the peak with increasing .  
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 Figure 3.13: (a) DSC profiles across the R5-Cr transition for the pure compound and the 

three hydrophobic composites with concentrations indicated against each profile. The 

secondary peak seen at a lower temperature for the composites is displayed in panel (b). 
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More interestingly, while a single peak is seen for the pure compound, the composites exhibit 

an additional peak at a lower temperature (see Figure 3.13b), whose strength increases as the 

concentration of aerosil increases, a feature reminiscent of the behavior near the Iso-R2 

transition. This additional transformation is labeled as Cr-X2 transition. Just as in the R2-X 

case, Xray measurements show no difference in the diffraction patterns taken at temperatures 

above and below this transition, providing a strong indication that this second peak must be 

the R5-Cr transition occurring in the vicinity of the aerosil particles, a surprising feature 

considering the fact that the transformation is between three dimensionally positional ordered 

phases. In fact, this appears to be the first observation of such a transformation. Again, the 

hydrophilic system has a weaker Cr-X2 signature than the corresponding hydrophobic 

composite. 

Two general observations can be made concerning the results described above. 

Firstly, the peak doubling is seen only for the strong first order transformations, perhaps 

indicating a correlation with the presence of orders/disorders of different magnitudes 

coexisting in the surface and bulk regions. This point should be viewed with a caveat. 

Enthalpy-wise the secondary peaks, present only in the composites, are much weaker than 

those associated with the bulk: for example, in the case of the highest aerosil concentration 

composite, the R2-X transition has a transition enthalpy which is only ~ 7% as that of the Iso-

R2 transition. If such secondary peaks do exist for the R2-R1 and R1-R5 transitions, the 

already low enthalpy of the bulk transitions would preclude the feature from being seen. 

Secondly, preliminary Xray diffraction measurements do not show any peak broadening in 

the rotator phases; a feature that was observed for the Anopore confined sample reported in 

Chapter-2. Further, the aerosil composites of even the highest concentration studied have 

only a slight lowering in the magnitude of the decrease in the layer spacing seen across the 

R1-R5 transition. In contrast, the Anopore confined sample exhibited a substantial smearing 
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of the transition. Thus the DSC data and Xray observations are in mutual agreement and also 

fall in line with the features seen for the Anopore-confined sample. It may be mentioned that 

(i) in the Anopore-confined case, the Xray peak broadening, determined using Debye-

Scherrer expression, corresponded to a correlation length of 190 nm (comparable to the 

diameter of the Anopore), and (ii) the resolution of the Xray apparatus used for these 

purposes is in the range of 400-500 nm. Thus the non-broadening of the peaks in the aerosil 

cases, suggests that the diameter of the pore (created by the aerosil network, in which C24 

molecules get confined) may not be less than about 500 nm. This value is higher than what 

has been reported for the isotropic-smectic A phase transition of LC-aerosil composites [25]. 

It is possible that three dimensional positional ordering of the rotator phases studied here, as 

against the one-dimensional ordering in the case of the smectic A phase is responsible for this 

difference. It is also possible that the 2-d fluid nature of the smectic A phase, which increases 

the intensity contribution to the wings of the profile forcing the usage of a slightly different 

expression for the calculation of the correlation length, is the influencing factor.  However, 

the main point that we would like to emphasize is that the aerosil composites provide a 

continuously variable tool – the concentration of the particles – to control the nature of the 

R1-R5 transition, a detailed inspection of which is a problem for the future.  

3.4.4 Nature of the soft matter and interaction with aerosil particles   

In the comparisons that we made in the earlier sections between the behaviour observed for 

the LC-aerosil and alkane-aerosil composites, the LC considered are, as Zammit et.al [26] 

also have done, the most well studied alkyl/alkoxy cyanobiphenyls (labeled as LC1 in the 

following discussion). A special feature of these materials is that the molecules are 

asymmetric as one terminal has an aliphatic tail, and thus non-polar whereas the other 

terminal is the nitrile group, which is highly polar. In fact, a few studies have been performed 

[27] on the composites of aerosil with a liquid crystal that has an alkyl chain at both ends of 
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the molecule (4O.8 and 7O.4, referred to as LC2 here), unlike LC1. The ability of the cyano 

group of LC1 to form a hydrogen bond with the siloyl group of aerosils, can alter the 

strength, and thus, the extent of the “surface-affected” region.  For this purpose let us 

compare the thermal features such as the nematic-isotropic transition temperature (TNI) and 

the associated height of the thermal peak (Pcal) upon adding aerosil to LC1 and LC2 

materials. Let us consider, for example, systems with an aerosil density of ~ 0.1 g/cm
3
. LC1 

materials always have Pcal of the surface and bulk transitions comparable [3, 26] and the 

shift in TNI, quite small (~ 0.2 K).  Weaker surface peaks and larger shift in TNI have been 

reported for LC2 materials [27]. This suggests that the nucleation corresponding to the lower 

temperature peak in the LC2 material occurring with a larger shift TNI in is weaker owing to 

the strong strain developed in the medium. This is true of the rotator phase system studied 

here as well. Since the terminal entities (aliphatic groups) that interact with the aerosil surface 

are identical in the LC2 systems and n-tetracosane, the observed features may be taken to 

suggest that the surface strain proliferates much more slowly in these cases than in the 

differently terminated LC1 materials. The larger extent of proliferation thus leaves less 

number of “remaining” molecules to undergo nucleation, thereby reducing the thermal 

strength of the low temperature peak.  It is also possible that the proliferation is further 

slowed by reducing the hydrophilicity of the aerosil particles. In understanding these results it 

must be borne in mind that the hydrogen bonding between the LC1 molecules and the aerosil 

may play an important role vis-à-vis the van der Waal interaction in the case of LC2 and 

tetracosane. This has to be further probed with molecules having different chemical structure. 

Another difference found between the LC1 system [26] and the presently studied tetracosane 

is the hysteresis of the high and low temperature peaks. The magnitudes are much larger in 

the present case. Any explanation to account for this behaviour should consider that the strain 

induced deformation, once created needs a much larger energy to destroy it.  
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3.5 Rheological behaviour 

In this section we discuss the mechanical properties in the R2 phase of pure C24 and 

representative composites with hydrophilic aerosil. First, the strain and frequency dependent 

dynamic rheological measurements in the linear regime are described, and then the non-linear 

aspects are mentioned. We begin with a brief introduction to rheology [28]. In rheology, 

elasticity is the ability of a material to store deformational energy, and can be viewed as the 

capacity of a material to regain its original shape after being deformed. Viscosity is a measure 

of the ability of a material to resist flow, and reflects dissipation of deformational energy 

through flow. Material will respond to an applied force by exhibiting either elastic or viscous 

behaviour, or more commonly, a combination of both mechanisms. The combined behaviour 

is termed viscoelasticity. In these studies, the deformational force is expressed as the stress, 

or force per unit area, and the degree of deformation of the material is referred to as the 

strain. Strain may also be expressed as sample displacement (after deformation) relative to 

pre-deformation sample dimensions. In the present study, we concentrate on dynamic 

rheological measurements wherein the strain and stress are time dependent, varying in a 

sinusoidal manner. Thus, the applied sinusoidal strain is given by 

γ = γo sin ωt                                                  (3.1) 

where, 𝜔 is the frequency of oscillation and 𝛾𝑜  is the strain amplitude. This results in a 

sinusoidal stress, phase shifted with respect to the strain by an angle ,given by,  

τ = τo sin ωt +  δ                                          (3.2) 

Dividing eqn. 3.2 by eq. 3.1, the complex modulus G* is obtained. 

 

G∗ =
τ

γ
= G sin ωt +  G cos ωt                    (3.3) 

where,  

G =
γo

τo
cos δ ,   G =

γo

τo
sin δ                              (3.4) 
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Here, G is called the storage or elastic modulus, and is indicative of the energy that is 

stored within the system, characterising the elastic behaviour of the system. The component 

G gives the loss or viscous modulus and is a measure of the energy dissipated per cycle of 

deformation per unit volume. This characterises the flow behaviour or fluid-like 

characteristics of the system. For purely elastic material, G≠0, G=0, while for purely 

viscous material, G=0, G≠0 and for viscoelastic materials, both the moduli are non-zero. 

Further, the ratio 
G

G 
 gives the loss tangent (tan )which is a measure of the fluidity in the 

system. For a pure solid (Hookean solid), ,for a pure liquid (Newtonian liquid), and 

for viscoelastic materials, it lies in the range of 0 and 1. We performed measurements with an 

oscillating strain of either fixed amplitude or fixed frequency applied to the sample, and 

obtained the system response in terms of the elastic modulus.  

3.5.1 Strain amplitude dependence 

We begin with the strain amplitude dependence obtained at a constant frequency of 1 rad/s. 

Figure 3.14 presents the G’ and G” data for C24, and the two composites   =0.06 and 0.1. At 

the lowest strain the pure compound has characteristics of a solid (G’ > G”), but only 

marginally so. Even at a modest strain of slightly more than 1% amplitude ( = 0.01), this 

feature breaks down, and G’ < G”, a feature typical of liquids. Inclusion of aerosil particles 

results in two interesting features. Firstly, the absolute magnitude of the two moduli 

significantly increases, although by different amounts: for  = 0.1, G’ enhances by a factor of 

22, whereas the loss modulus increases by a much smaller factor (~5). This results in the ratio 

G’/G” at equilibrium (here taken to be the value at very low strain amplitudes), increasing 

substantially; the ratio changes from a meager value of 2 for C24 to 8 for composite.  
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 Figure 3.14: Strain dependence of G and G” for pure C24 (= 0) and the hydrophilic 

aerosil mixtures with =0.06 and =0.1 obtained at T=48
o
C in the R2 rotator phase (=1 

rad/s).  

 

It may be recalled here such large values of G’ as well as G’/G” are indicative of the material 

being a strong gel.  Secondly, the critical strain c at which there is a crossover from the solid-

like (G’ > G”) to the liquid-like (G’ < G”) behaviour, increases by about two orders of 

magnitude as the aerosil concentration increases from 0 (pure C24) to 0.1. The strain 

regime below c is referred to as linear viscoelastic regime (LVR), and the data shows that the 

LVR regime is maintained up to very high strain impositions by the aerosil network.   
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3.5.2 Frequency dependence 

The oscillation frequency spectra of the moduli obtained by keeping fixed strain amplitude at 

=0.0001, such that the system is in the LVR region, are shown in Figure 3.15. The observed 

behaviour is compatible with the strain amplitude-dependence seen in Figure 3.14. While the 

pure alkane has already a weak dependence of the moduli on the frequency, the composites 

show a further weakening with the  = 0.1 composite having a negligible variation over the 

entire range of frequencies. 
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 Figure 3.15: Angular frequency () dependence of the two moduli G′ (red circles) and 

G′′(blue circles) obtained with small strain amplitude. Pure has a weak frequency 

dependency of moduli G’ and for the composites it is further weakened. 

Closer inspection of the data shows that there is a slope change in G’ occurring at ~ 0.5 Hz 

and 0.2 Hz for pure C24 and the  = 0.06 composite, but no such feature for the higher aerosil 

concentration composite. This slope change is due to the fact that at lower frequencies 

(longer time scales) the system would move towards a liquid-like regime, with G’ < G”. The 

fact that the frequency at which the slope change occurs, moves to lower values means that 

the system is becoming stiffer, which indeed is the case upon adding aerosil. In other words, 
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the structural relaxation time becomes longer as the aerosil concentration increases. Similar 

experiments have been performed in composites of aerosil with a smectic A liquid crystal 

[29]. Prompted by a qualitatively similar behaviour as in this work, we borrow the concept 

power-law dependence of the storage modulus on the oscillation frequency. Data that are at 

frequencies above the slope-change point (mentioned above) are considered for the power-

law description of the type,  

                           
(3.5)                                                                           ' oGG   

Here Go is a lumped term that contains the contribution due to the aerosil gel network and 

that due to the defect network of tetracosane layers. Detailed temperature-dependent 

measurements will, in fact, help in separating the two contributions, which is beyond the 

scope of the present study. The data for pure C24 and the two aerosil composites were fit to 

eq. (3.5); as seen from Figure 3.15, the fit is quite good. The fitted exponent strongly 

decreases with increasing aerosil concentration:  = 0.23  0.008, 0.10  0.003 and 0.04  

0.001 for  = 0, 0.06 and 0.1, respectively. Such a feature is indeed seen for the smectic-

aerosil composite system   mentioned above. It is interesting that the exponent obtained here 

is comparable for the smectic-aerosil case, but much smaller than that observed for a variety 

of lamellar systems [30] such as surfactant-based phases, diblock copolymers, and also 

lyotropic and thermotropic smectics without quenched disorder (i.e., no aerosil content). In 

the latter type of systems, G’ exhibits a square root dependence on . It is possible that the 

presence of hydrogen bonded aerosil further reduces the already weak frequency dependence 

in the 3-d positionally ordered rotator phase, suggesting that the behaviour may be universal 

to systems with quenched disorder. Observation of low values assumes importance from the 

viewpoint of the predictions by Sollich and co-workers [31], whose model provides a unified 

description of the behaviour in a plethora of complex fluids that includes foams, emulsions, 



Chapter-3: Influence of Quenched Disorder Created by Nanosilica Network on Phase Transitions in 

Tetracosane 

particulate suspensions, and slurries, by bringing in the concept of soft glassy rheology. The 

model argues that the general bases for the observed features are the underlying structural 

disorder and metastability, and therefore controlled by a single parameter, labelled effective 

noise temperature ; as   0, the system approaches a glass transition. Thus the observation 

in the present studies that as the aerosil concentration is increased  decreases drastically 

suggests increasingly glassy dynamics brought about by the quenched disorder. Interestingly, 

the  value of 0.04 for the present system is smaller than even that for the smectic composite 

() with the same aerosil density [29], suggesting that the rotator phase with the 

quenched disorder is much closer to the glassy state than the smectic.  

Complex viscosity 

The rheological differentiation between a liquid and a gel can also be conveniently made by 

determining the complex viscosity * using the elastic moduli described above   

                 
( )




2/122 "'
*

GG +
                                                                               (3.6) 

 The frequency dependence of this complex viscosity is described by a power law  

* 
-p

                    (3.7) 

Here values of p close to zero suggest liquid-like behaviour, and if close to 1, a solid-like 

response [32]. 

The frequency dependence of complex viscosity is shown for C24 and the two aerosil 

composites in Figure 3.16. For fitting to eq. (3.7), the dataset over the entire frequency span 

was considered for  = 0.1, whereas for  = 0.06 and 0, it was limited to regions above the 

slope change point. Eq. (3.7), which on a double logarithmic representation would be a 

straight line, accounts for the data well in all the cases. The determined p values also exhibit a 
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concentration dependence, with p = 0.760.01, 0.8990.002 and 0.960.02, for  = 0, 0.06 

and 0.10 respectively. These results, while being in agreement with those for well-formed 

gels [33], establish that the system response from a not-so-solid-like to a definite solid-like 

behaviour. 
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Figure 3.16: Frequency dependence of the complex viscosity η* determined from oscillatory 

measurements using equation 3.6. The lines represent fit to equation 3.7. The exponent 

obtained, being nearly equal to a value of 1, suggests solid-like response of the system seen in 

well-formed gels.  

3.5.3 Non-linear behavior 

Finally, we discuss the behaviour of the aerosil composite in the non-linear 

rheological regime realized under large strain values, a feature also referred to as Large 

Amplitude Oscillatory Strain (LAOS) regime. There is an advantage of this type of study 

wherein the time dependence of the applied probing sinusoidal strain is compared with the 

stress response from the sample. The raw profile itself bears signatures which help to 

differentiate not only between a liquid and a gel, but categorize the gels as either soft or hard. 

Figure 3.17 and 3.18 present exemplary profiles of applied stress and strain curves (See in 

Figure 3.17 for  = 0 and 3.18 for  = 0.06) and the corresponding Lissajous representation in 

an elastic solid, viscous liquid and a viscoeleastic material shown in figure 3.19.  
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 Figure 3.17: Temporal variation of applied strain (lower panels) and stress response (upper 

panels)  =0 at three different strain amplitude (o=0.001, 0.02 and 0.04) with fixed 

frequency 1rad/s. For better representation, the strain amplitudes are normalized with 

respect to their maximum peak amplitude (o) of each set. 
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Figure 3.18: Temporal variation of applied strain (lower panels) and stress response (upper 

panels) for  =0.06 at three different strain amplitude (o=0.001, 0.02 and 0.03) with fixed 

frequency 1rad/s. For better representation, the strain amplitudes are normalized with 

respect to their maximum peak amplitude (o) of each set. 
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Figure 3.19: Lissajous curves for  =0 (left panel) and  =0.06 (right panel) composite at 

three different strain amplitudes at fixed frequency 1rad/s. For better representation, the 

strain values are normalized with respect to maximum peak amplitude (o) in each set of the 

data.  

As both the elastic as well as viscous response has to be considered, we take the 

example of a connected spring and a dashpot (Figure 3.20a). The former represents the elastic 

element, and the latter, the viscous aspect. The time profile of a sinusoidal varying applied 

strain, and the response in terms of the stress can then be represented as in Figure 3.20(b), (c) 

and (d) for a purely elastic Hookean solid, purely viscous Newtonian liquid and a viscoelastic 

system, respectively. To carry the description further, we bring in the analogy with the more 

familiar electrical response from a pure resistance R, pure capacitor C or a case where both R 

and C are present. In the electrical scenario, the current response to an applied sine-wave 
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voltage depends on the component in the circuit. In the linear regime, the output will also be 

sinusoidal with the same frequency, but may have different amplitude and some phase shift. 

For the resistor, the amplitude will differ depending on the magnitude of the resistance, but 

there will be no phase shift. This is like the elastic aspect in rheology. If the component is a 

simple capacitor, then the response would, as for a purely viscous material, exhibit a 90
o
 

phase shift, but no amplitude change. For a RC combination, similar to a viscoelastic 

material, both parameters would undergo a change. In electrical systems, an often used 2-

dimensional parametric representation (on an oscilloscope, for example), referred to as 

Lissojous figures, would be to plot the input wave against the output wave producing in the 

general case, an ellipse. The aspect ratio of the resulting ellipse is a function of the phase shift 

between the input and output, with an aspect ratio of 1 (perfect circle) corresponding to a 

phase shift of 90
o
 and an aspect ratio of ∞ (a line) corresponding to a phase shift of 0 or 180 

degrees.  



 





 





(b) Hookean solid, 



(d) Viscoelastic material, (c) Newtonian fluid, 

 





 

Figure 3.20: (a) Schematic diagram of the viscoelastic system. Here,  and E represents 

viscosity and elasticity of the system. Variation of phase angle  for (b) solid where applied 

strain  and response function  are in phase (c) for liquid,  and  are out of phase and (d) 

intermediate for viscoelastic materials (taken from ref. 34). 

A similar 2-D representation of Large Amplitude Oscillatory Shear (LAOS) data can 

be used to characterize nonlinear viscoelastic material responses [35]. In strain controlled 

(1) Hookean Solid, =0 (2) Newtonian fluid, =90 (3)Viscoelastic material, 0<<90

(a)

(c)(b) (d)

(a)
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LAOS deformation, the applied strain having the form γ (t) =γ0 sinωt results in the material 

stress response  (t,γo,ω) oscillating with the same fundamental period T=2π/ω as the strain, 

but with a viscoelastic phase shift. In addition, higher harmonic contributions will also be 

present if the strain is large enough to induce material nonlinearity. Thus, the Lissajous stress 

σ (t) vs. strain γ (t) representation would be a straight line, a circle, and an ellipse for the 

purely elastic, purely viscous and viscoelastic response in the linear regime, respectively. The 

presence of non-linearity will distort the ellipse towards hysteresis loops similar to the case of 

the electrical response in materials with a spontaneous polarization. 

With this background, let us look at the temporal profiles of strain, stress and the 

corresponding Lissajous representations (see Figures 3.19) in the R2 phase of pure C24 and 

the  = 0.06 aerosil composite obtained with three different strain magnitudes (o), and a 

fixed frequency of 1rad/s. The used strain amplitudes were o = 0.001, 0.02 and 0.04 for =0 

and o = 0.001, 0.02 and 0.03 for =0.06. There is a clear difference between the profiles for 

the two materials. At the lowest value of o = 0.001, the raw profiles look sinusoidal, and 

nearly identical although with a smaller phase shift for the composite. The Lissajous curve, 

however, shows that the loop is more closed up (almost becoming a line) for the composite 

suggesting that it is more elastic than pure C24. As o is increased the deviation of the 

response from the sinusoidal profile becomes evident with the stress profile acquiring a flat 

top character for o = 0.02, resulting in the Lissajous curve appearing like a square box. This 

indicates nonlinear nature of the response. However, it is seen that the nonlinear character 

reduces for the composite. 

 In the case of extreme nonlinearity the response curve would become a square wave. 

This feature forms the basis to quantitatively assess the extent of nonlinearity, by taking into 

account that the square wave is nothing but a sum of sine waves of the fundamental and its 

infinite number of harmonics, each with a frequency 3, 5, 7,...n, which is an odd 
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integral number of the fundamental frequency 1. Fourier Transform (FT) of the response to 

extract the different components is a well established procedure for the decomposition [36]. 

The effect of the non-linearity is clearly brought out by the FT analysis, as random noise, 

being non-periodic, is efficiently suppressed by the Fourier transform. The FT profiles in the 

frequency domain are shown in Figures 3.21 (a) and (b) for pure C24 and the =0.06 aerosil 

composite, respectively.  
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Figure 3.21: The FT profiles in the frequency domains for pure C24 in (a) and the =0.06 

aerosil composite in (b), respectively 

 

     The spectra display only the fundamental (1) and the third harmonic () of the 

excitation frequency. The amplitude ratio I3/I1 obtained at the highest strain value, and 

considered to be a measure of non-linear response, decreases by an order of magnitude from 

17% for pure C24 to 1.7% for the composite. This again confirms the dominant elastic 

character of the composite. Thus, the gelation of the material brought about by the aerosil 

network makes the system more solid-like. In fact, the shift towards solid-like Lissajous 

curves upon gelation of C24 is similar to the observation [37] made in triblock polymers, 

shown in Figure 3.22.   
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Figure 3.22: The Lissajous curves (stress (y axis) vs. strain (x axis)) of various complex 

fluids, arranged from small  strain  amplitude  to  large  strain  amplitude  at  a  fixed  

frequency. (a)  Xanthan  gum  4%  aqueous solution (b) Hyaluronic acid 1% aqueous 

solution (c) soft gel of PEO-PPO-PEO triblock 20% aqueous solution (d) hard gel of PEO-

PPO-PEO triblock 20% aqueous solution[taken from Ref.37]. 

 

3.6. Summary  

Investigations have been carried out using differential scanning calorimetric measurements 

on composites of nanosilica aerosil particles with tetracosane, an n-alkane exhibiting different 

types of rotator phases. The presence of the aerosil particles has the general effect of 

weakening all the transitions observed in the system. Both the strong first order transitions of 

the pure alkane, viz., Iso-R2 and R5-Cr, are accompanied by a subsidiary peak, although 

much weaker. In analogy with observations made in similar composites of liquid crystalline 

systems, and also with the knowledge of the Xray diffraction measurements on the currently 

studied materials, it is argued that the subsidiary peaks are nothing but the transformations 

between the same phases as the corresponding main peaks, but occurring in the vicinity of the 
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aerosil particles. The nature of the corona of the aerosil particles also turns out to have an 

important influence. For all the transitions seen in the pure material, the reduction in the 

strength – in terms of transition enthalpy – is higher for the composites with the hydrophilic 

particles, than those with hydrophobic particles. In contrast, the transitions occurring at the 

surface are stronger for the hydrophobic systems. Further, the downward temperature shift in 

the transition temperature of the surface transition with respect to its bulk counterpart is more 

for the hydrophobic composites than the hydrophilic ones. Employing molecules with 

different terminal entities, such as an alcohol, can alter the interaction with the corona of the 

aerosil particles and thus may shed more light on these fine tunable surface-driven phase 

transformation events. The rheological measurements bring out the features such as gelation, 

stiffness of the gel, dynamic glassy behavior and large amplitude oscillatory strain (LAOS) 

upon increasing the concentration of the aerosil with C24.  
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Chapter-4 
 

Competition between Anisometric and Aliphatic Entities: An 

Unusual Phase Sequence with Induction of a Phase in  

an n-Alkane – Liquid Crystal Binary System 
 

Overview 

In this chapter we demonstrate two important features that arise out of introducing a 

liquid crystalline (LC) compound into the rotator phase matrix, and the consequent 

competition between the anisometric segments of the LC moieties, and the aliphatic units. 

First, we show that the change in the structural character of the mixed medium depends on 

which of the entities forms the minority concentration: in case of this being the alkane, the 

two components of the binary system get nanophase segregated, whereas if the LC molecules 

are in small concentration then the layered structure merely gets roughened without any 

segregation. The second and more significant result of the calorimetric and Xray 

experiments, at low LC concentrations, is the induction of a rotator phase that leads to 

unusual phase sequence, not reported hitherto. Possible scenarios for the molecular 

arrangement are discussed. A Landau model is also presented that explains some of the 

observed features. 

 

The results are published in:  

M. Vijay Kumar, S. Krishna Prasad, D.S. Shankar Rao and P.K. Mukherjee, Langmuir, 30, 

4465–4473 (2014). 
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4.1 Introduction 

The previous chapters described results in systems wherein the confinement occurs at a 

supramolecular level on length-scales of > 100 nm. The present chapter is about a situation in 

which the confinement goes down to the nanolevel of individual molecules. The 

investigations are on a binary system comprising a long chain alkane and a thermotropic 

liquid crystal. The structural details of the rotator phases exhibited by the alkane used, viz., n-

tetracosane have already been discussed in the previous chapters. The motivation for the 

study was to compare and contrast the influence of plastic phase exhibited by the alkane, 

which is a simple hydrocarbon- and a liquid crystal molecule that consists of anisometric 

rigid parts in addition to the aliphatic tail. Therefore, a liquid crystal that exhibits a plastic 

phase was chosen as the latter entity.  

 

Figure 4.1: Schematic of the molecular arrangement of crystal B (CrB) phase (a) side view 

and (b) top view. 

Here we describe some details of this plastic phase found in anisotropic fluids, 

specifically thermotropic calamitic liquid crystals (LC). Forming layered structures, the 

plastic phases of LCs possess three-dimensional translational order with certain orientational 

degrees of freedom. An example of such a plastic phase is the Crystal B (CrB) phase in which 

the molecules are upright being positioned along the layer normal and further possessing a 

six-fold in-layer positional order (and thus similar to the R2 phase of alkanes). A schematic 

diagram of the molecular arrangement in this phase is given in Figure 4.1. The CrB phase 

(a) (b)(a) (b)
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exhibits long range positional order in all the three dimensions. In fact, through high 

resolution Xray diffraction studies [1] it has been demonstrated that in the compound n-(4-n-

butyloxybenzylidene)-4-n-octylaniline (BBOA), a prototype material exhibiting the CrB 

phase and also employed in this study, the in-plane ordering extends over at least 1400 nm 

and is actually limited by the resolution of the setup, thus establishing the crystalline nature 

of the phase. This phase supports a shear both within and between its layers. It must be 

mentioned that the Cr B phase is not truly crystalline but a soft solid or a plastic crystal; 

although possessing a three dimensional (3D) positional order the molecules still retain the 

rotational degree of freedom. The rotational feature is clearly seen in the dielectric 

spectroscopy measurements exhibiting the dynamics associated with the director modes [2-

5]. Stated otherwise this means that the smectic layers can slide past each other.  

Recently, investigations on binary mixtures of liquid crystal and a low-molecular 

weight non-liquid crystal organic material are getting increasing attention with the view that 

the latter substance can alter the intermolecular potential responsible for the LC order [6-11]. 

All these studies have focussed on  

(i) the low ordered LC phases such as the nematic (N), which is simply an 

orientationally ordered fluid or the smectic or columnar phases having 

only one/two dimensional positional order, 

(ii) the influence on the LC order. 

Situations at the other end of the spectrum, viz., the influence of a rod-like unit with 

anisometric segments on the rotator phases of alkanes does not seem to have been 

investigated. Although the alkane moieties are quite stretched and thus behave like rods, 

enough number of gauche segments is known to be present. The gauche segments, being 

regions of disorder, reduce the ordering in the medium.  Therefore one can expect the order to 
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improve upon the addition of the anisometric molecules. On the other hand, owing to the 

chemical dissimilarity between the alkane and the LC molecule, the latter could act like an 

impurity and therefore try to destabilize the system.  

 In this Chapter we describe calorimetric and X-ray investigations on a binary system 

of n-tetracosane and a liquid crystal exhibiting the CrB phase performed to explore the effect 

of the LC molecule consisting of both the aromatic and aliphatic parts on the phases of the 

pure alkane made of entirely the aliphatic part. It was found that the nature of the structural 

change depends on which of the constituents is the minority component: if the alkane is the 

minor one, a nanophase segregation phenomenon is seen, while small amounts of the LC 

material result in a roughening of the alkane layer. More importantly, the induction of a 

rotator phase with a new phase sequence has been observed.    

4.2. Materials 

N-tetracosane which was employed work described in Chapters 2 and 3 was also used for the 

experiments described here. The liquid crystalline compound employed, 

butyloxybenzilidene-octylaniline (BBOA for short, purity-GC: 98%) was purchased from 

Frinton Chemicals, USA, and used without further purification. The structure and the phase 

sequence of BBOA along with the transition temperatures are shown in figure 4.2. In this 

chapter X represents the concentration (in weight %) of BBOA in the mixture. BBOA 

exhibits two LC phases, viz., nematic (N) and smectic A (SmA) phases above the plastic 

phase referred to as the crystal B (CrB) phase. 

 

Iso 78.8 
o
C N 63.7 

o
C SmA 49.5

 o
C CrB 38.1

 o
C Cr 

Figure 4.2: Molecular structure, phases and transition temperatures of BBOA  

CH N C8H17C4H9O
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4.3 Methods 

Calorimetric measurements were performed using a power-compensating differential 

scanning calorimeter (Perkin Elmer- DSC 8000), having the same operational principle as the 

instrument already described in Chapter-2. X-ray diffraction measurements were carried out 

using two different detectors: an image plate (IP) and a solid state detector. In the apparatus 

with the former type of detector, Cu Kα (λ = 0. 15418 nm) radiation from a source (GeniX
3D

, 

Xenocs) operating at 50 kV and 0.6 mA in conjunction with a multilayer mirror was used to 

illuminate the sample contained in a glass capillary tube (Capillary Tube Supplies Ltd). The 

temperature of the sample was varied using a Mettler hot stage/programmer (FP82HT/FP90) 

and could be controlled to a precision of 100 mK. The diffraction patterns were collected on a 

2D IP detector of 345 mm diameter and 0.1 mm pixel size (Mar345, Mar Research). The 

schematic diagram of the X-ray setup is shown in figure 4.3. 

 

Figure 4.3: Schematic diagram of the X-ray setup with Image Plate detector. 

The experiments were always conducted while cooling the sample from the isotropic phase. 

Although no orienting external field was employed, the interaction of the sample with the 

walls of the capillary tube resulted in a partial alignment of the molecules, especially for the 

mixtures. For the extensive temperature-dependent measurements the PANalytical X’Pert 

PRO MP X-ray diffractometer [12] was employed; the details of this apparatus are given in 

I Mar345

2D IP 

DetectorGenix 3D
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50 kV/0.6mA

Water Cooler
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DAQ
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HT key
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Chapter-2. The profiles collected using this apparatus were analyzed using Fityk profile 

fitting software [13].  

4.4 Results and Discussion 

4.4.1 Differential scanning calorimetry 

The differential scanning calorimetry (DSC) scans taken at a rate of 1
o
C/min for the pure 

compound and four mixtures X =2, 5, 10 and 20 are shown in Figure 4.4. The first feature to 

be noted is the weakening of both the Iso-R2 and the crystallization transitions, as X 

increases.  
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Figure 4.4: Differential scanning calorimetry profiles obtained at a rate of 1 

o
C/min for the 

pure C24 (X=0) and mixtures with different concentrations of BBOA (X= 2 to 20, X being the 

wt% of BBOA in the mixture). The phase labelling shown near the top applies only for X=0. 

The phase sequence for the mixtures occurring between the isotropic (Iso) and the true 

crystalline (Cr) phase are depicted in Figure 4.6 presenting an enlarged view of the 

intermediate temperature range. 

 

Figure 4.4 presents the transition temperature and transition enthalpy (H) for the two 

transitions in pure C24 and the mixtures. Addition of the LC component appears to have the 

largest effect on the Iso-R2 transition, with its H value even getting halved for the X=2 
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mixture, whereas crystallization, another strong first order transition of the system has its 

transition enthalpy reduced by ~ 25%.  Secondly, and surprisingly, the presence of the 

perturbing LC solute leads to only a small depression of the transition temperature, with the 

Iso-R2 temperature for X=10 mixture reduced by 1
o
C compared to that of the pure alkane 

(see Fig. 4.5a). This is in stark contrast to the behaviour observed for mixtures of LC and 

organic solvents, wherein the LC forms the major component. For a rod-like LC addition of 

3% benzene suppresses the nematic-isotropic temperature by ~ 15 
o
C [14], 10% hexane 

reduces it by ~ 9 
o
C [15]. With a bent-core LC host, even a small concentration of an alkane 

or Xylene as the second component reduces the clearing point (isotropic-LC phase transition 

temperature) by about 10 
o
C [10,16]. A large decrease in the clearing point was again seen for 

mixtures of a discotic compound with dodecane [17].  These values are about an order of 

magnitude larger than seen here. (For the presently studied systems, even when the 

concentration of BBOA is 20%, the reduction in the Iso-R2 temperature is only 3
o
C.)  As we 

shall see later this is caused by the different type of organization of the minority component 

in the alkane-majority (presently studied) and the LC-majority cases. 
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Figure 4.5: (a) Transition temperature and (b) transition enthalpy dependence as a function 

of X for the two strong first order transitions, Iso-R2 and R5-Cr. In all the cases the lines are 

merely guide to the eye. 

 



Chapter-4: Competition between Anisometric and Aliphatic Entities: An Unusual Phase Sequence with 

Induction of a Phase in an n-Alkane – Liquid Crystal Binary System 

 

 

 

        

-0.02

-0.01

0.00

-0.04

-0.02

0.00

-0.02

-0.01

0.00

-0.02

-0.01

0.00

 

R5 R1

R3

R2

X=0

R2

X=20

T (
o
C)

X=10

X=2

X=5
R3

R5

R5

R5

R1

R1

R1

R3

R5

R2

R2
R1

 

  

R2
N

o
rm

a
liz

e
d

 H
e

a
t 
fl
o

w
 (

W
/g

)

 
  

41 43 45 47

-0.08

-0.04

0.00

 

  

 

Figure 4.6: Enlarged view of the DSC scans in the temperature region between the Iso and 

Cr phases, showing the much weaker transitions between the different rotator phases, and 

more importantly the induction of the R3 phase. The thick lines through the data for the 

mixtures represent fit to a sum of Gaussian expressions (the individual contributions being 

shown as thin lines) observed below the R1 phase. 

 

The data over the temperature range between the Iso-R2 transition and crystallization 

are shown on an expanded scale in Figure 4.6. The thermal profile for the X=2 mixture 

appears to be qualitatively the same as for pure C24, except that the low temperature peak is 
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significantly broadened. Assigning the highest temperature profile in this diagram to be due 

to R2-R1 transition (a feature confirmed with the Xray results to be described below), it is 

noticed that the enthalpy of the transition is reduced by ~ 12% as compared to that for 

tetracosane. The behaviour of the higher concentration mixtures is drastically different from 

that of pure C24: A clear additional peak is seen in the temperature range intermediate 

between the R1 and the lowest temperature rotator phase, which is R5 for all the mixtures 

studied here. In fact, the low temperature broad thermal signature for X=2 can be resolved 

into two peaks.  For the X=5 and 10 mixtures we observe: (i) the induced peak become better 

defined and stronger, and (ii) the thermal range between the lowest temperature peak 

(pertaining to the appearance of R5) and the induced peak increases. These features prompt 

us to propose the induction of a phase, which we shall see from the Xray data is R3, the 

rotator phase with triclinic symmetry. It is also interesting to see that the range of the 

intermediate phase diminishes for X=20, indicating that the induced R3 phase is very 

sensitive to intermolecular interactions. We shall discuss about this feature in section 4.4.4, 

and about the enthalpy behaviour in the Theory section. 

4.4.2 Xray diffraction 

The raw Xray diffraction scans obtained in the low angle region of the different rotator 

phases of pure C24, and a representative mixture (X = 10), are shown in Figure 4.7 (a) and 

(b). The strong and sharp multiple peaks seen in the low angle region, with their spacings 

corresponding to a lamellar structure, characteristic of the rotator phases are retained in the 

mixture also. However, I2/I1, the ratio of the intensities of the second harmonic to the 

fundamental, decreases upon adding BBOA, as seen in the inset of Figure 4.7(a). The 

presence and strength of the harmonic peaks is a measure of how well the layers are 

organized. As we shall see later in this section, a subtle change to the molecular arrangement 

is responsible for this behaviour. 



Chapter-4: Competition between Anisometric and Aliphatic Entities: An Unusual Phase Sequence with 

Induction of a Phase in an n-Alkane – Liquid Crystal Binary System 

 

 

 

3 6 9 12
0

4

8

In
t.
 (

a
rb

.u
n
it
s
)

(a)

2 (deg)

X=0

In
t.
 (

a
rb

.u
n
it
s
)

(b)

3 6 9 12
0

4

8

2 (deg)

X=10

0 8 16
0.1

0.2 

X

I
2
/I

1

 
Figure 4.7: Raw Xray diffraction profiles in the low angle region for C24 and the X=10 

mixtures, for various temperatures covering the range from the R2 to the R5 phase (the 

temperature interval is 0.4
o
C between each scan, decreasing from 48 

o
C for the profile shown 

at the farthest back of the panel). The strong higher harmonics characteristic of the rotator 

phases of n-alkanes are seen for the mixture showing that the essential phase structure is kept 

intact even with the addition of the anisometric component BBOA. However, I2/I1, the ratio of 

the intensities for the second harmonic to the fundamental decreasing with increasing X (see 

inset) shows that the extent of the layering order diminishes with increasing presence of 

BBOA. 
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Figure 4.8: (a) Thermal variation of the layer spacing d for the pure C24 and the mixtures in 

the different rotator phases. While the lower concentration mixtures show a small increase in 

the layer spacing with respect to that for C24, the X=20 mixture exhibits a drastic increase in 

d, a feature that can be attributed to the nature of arrangement of the alkane and BBOA 

molecules. For each set, the abrupt decrease of d at lower temperatures marks the 

appearance of the tilted phase — R5 for X=0, and the induced phase R3, for the mixtures. 

The arrows indicate the R3-R5 transition as found from other measurements. The dashed line 

on the X=20 data indicates that R2-R1 transition with a stronger variation in d than for other 

materials. (b) Thermal expansion obtained in the R1 phase using the first derivative of d with 

temperature displaying a drastic reduction with increasing BBOA concentration. 

 

Figure 4.8(a) shows the thermal evolution of the layer spacing for pure C24 and the 

three mixtures. The first feature seen is that qualitatively the behaviour is the same in the R2, 

R1 and R5 phases of all the four materials, although the d value in the orthogonal phases 

increases with increasing X. For example, the mean value of the spacing in the R1 phase has 

a small increase of ~ 0.3% for X=5, but becomes higher by 1% for X=10. Considering that 

BBOA has a shorter molecular length than C24 (lBBOA ~ 2.8 nm, lC24 ~ 3.3 nm), the increase 

in ‘d’ upon adding BBOA is surprising, and cannot be explained from a simple linear 

variation between those for the two pure compounds. However, such a dilatation of the 

smectic layer upon addition of a small concentration of an alkane to a LC has been reported 

in a few cases [10, 18]. Found in systems which have a photoisomerizable component also 

[19, 20], this feature has been attributed to a phenomenon referred to as nanophase 

segregation [10, 21, 22]. 
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In some of these cases [10, 18, 21], the extent of increase is very large (>10%) and is 

attributed to the incompatibility between the anisometric structure of the liquid crystal and 

the non-anisometric one of the alkane leading to a segregation of the two kinds of molecules 

with the minority alkane molecules moving out of the host layers to occupy a region between 

two neighbouring layers (see Figure 4.9(a)).  

 

Figure 4.9: Schematic illustration of the possible arrangements of the alkane (red wiggles) 

and BBOA (blue entities) molecules exhibiting nanophase segregation of the minority 

component for the (a) LC-rich and (b) alkane-rich cases. The scenario when the system 

prefers a roughening of the layers instead of the nanophase segregation is shown in (c). 

 

The minimum value of increase in the layer thickness (d) in such nanosegregation situations 

should correspond to the diameter of the minority component molecules which are expelled 

from the layers and occupy the interfacial regions. This expectation is indeed valid in the 

cases where the alkane is the minority component, unlike in the present case, in which the LC 

molecules (of BBOA) are the minority ones. As seen from Figure 4.8, d, instead of being in 

the range of 0.3 to 0.4 nm, is actually an order of magnitude smaller up to X=10. The 

molecular simulation results to understand the photoinduced enhancement of layer spacing by 

Lansac et al [22] invoked the argument that not all the minority concentration molecules get 

phase segregated, and thus their thermal distribution would result in a smaller d. Owing to 

the difference in the shape and dimension of the trans and cis conformers of the photoactive 

molecules, this explanation may work for the photoinduced case. However, it is difficult to 

imagine its application to cases such as the present one, wherein the presence of a second 

component cannot be expected to alter the conformers. It should also be pointed out that in 

(a)

(b)

(c)

(a)
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the cases where such a demixing is observed, a substantial difference exists in at least one 

molecular factor between the two constituents. The difference could be in the polarity 

(strongly polar LC, non-polar alkane, Ref. 23) or the shape of the molecules (bent shaped LC 

and nearly linear alkane, Ref. 10, or rod-like LC and bent cis isomer as in Ref. 19, 20 and 

22).The present system hardly has such differences between its two constituents. Both C24 

and BBOA are linear molecules and with negligibly small polarity. Thus, in the present 

system with similar features of the constituents demixing is not a favoured situation. 

 A second possibility that was suggested [19] for the photodriven case, namely, dimer 

formation due to the large dipole moment of the cis isomers is also not applicable here. 

Hence one can conclude that although the presence of an anisometric molecule (BBOA) does 

perturb the formation of rotator phases, these plastic structures are more robust compared to 

the liquid crystalline phases to permit the nanophase segregation. The robustness could arise 

owing to the strong orientational ordering (as well as the 3-dimensional positional order) of 

the alkane system which does not allow the LC molecule to dictate terms for drastic structural 

changes. However, in the situation where the LC molecules are in majority and the alkanes 

are the minority constituents, the already liquid like arrangement of the LC phases, provides 

much leeway for the alkane to tend towards its natural (in a fluid like environment) random 

coil configuration, thus providing a larger perturbation to the environment. In view of these, 

the small increase in the spacing must be due to some other factor. Instead of a nanophase 

segregation wherein the minority LC molecules are driven between the layers of alkanes 

(Figure 4.9(b)), we would like to propose a possibility (Figure 4.9(c)) in which the positive 

vertical disorder in the stacking of the alkane molecules, known even in the pure alkanes 

[24], is responsible for the observed behaviour: The minority LC molecules stick out of the 

layer plane. Enhancement of such a disorder is possible by the addition of BBOA type 

molecules possessing anisometric segments, which are absent in the alkane molecules. The 
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positive vertical disorder is like a dynamic excursion of the molecules between layers, and 

thus should roughen the layer interface. As a consequence, the higher harmonic reflections 

from the layer should weaken, i.e., the intensity ratio of I2/I1 should diminish. Indeed a 

decrease of about 55 % of this ratio was observed for the X= 10 mixture in comparison to the 

value for pure C24 (see inset of Figure 4.7(a)). For much higher concentrations of BBOA, 

layer roughening may cost more energy and also destabilize the layer structure itself, and 

therefore the intercalation of the LC molecules between the layers (nanophase segregation) 

may become favourable. This is indicated by the much larger (5%) d value for the X=20 

mixture. A similar feature is seen for the X=90 mixture, i.e., on the BBOA rich side 

(d=0.14nm), confirming our argument that the LC-rich materials tend to have the nanophase 

segregation as suggested in Figure 4.9(a). For the X=20 mixture, unlike in the case of lower 

concentration mixtures, the transition enthalpy for the transition to the true crystalline phase 

is higher than for the lowest temperature rotator transition. This could also be an indication of 

a changed scenario of molecular arrangement in the X=20 mixture. 

4.4.3 Thermal expansion 

The temperature dependence of the layer thickness can be used to calculate the thermal 

expansion d along the layer normal using
dT

d )d(

d

1
d  . From a least-squares fit of the data in 

the R1 phase, d is found to be 6.5 x 10
-4 

K
-1

 for pure C24, a value comparable to that 

reported [25] for the lower homologue, C23. d decreases by about an order of magnitude for 

the X=20 mixture (See Figure 4.8(b)). The concentration dependence of d does suggest that 

the value reaches a minimum around this composition, which could be related to competition 

between the two components to dictate the overall behaviour.   It may be recalled here that 

the fluid layered phases of liquid crystals often exhibit a negative thermal expansion that is 

attributed to the stretching of the terminal alkyl chains. Owing to the positionally ordered 
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situation of rotator phases (or the crystal B phase of BBOA), such stretching becomes 

difficult, if not already complete.  However, the bulky middle region of the BBOA molecules 

could provide additional free volume which may favour disorders like chain-end melting, i.e., 

presence of finite number of gauche bonds. This type of disorder would then lower the 

positive thermal expansion of the system with entirely stretched alkane molecules. The slight 

reduction in the ordering of the medium is also reflected in the transition enthalpy of the Iso-

R2 transformation: The X=20 mixture have five times smaller value as that of the pure C24 

compound (see Figures 4.4 and 4.5b). 

4.4.4 Induction of a phase 

The transition from the R2 to the R1 phase is marked by a small change in the layer spacing 

with the change becoming clearer for higher values of X. In fact, the wide angle diffraction 

profiles provide a better evidence for the appearance of the R1 phase with the single peak of 

the hexagonal R2 phase splitting into two, characteristic of the orthorhombic structure of the 

R1 phase. For pure C24, the onset of a marked decrease in the layer spacing (Figure 4.8a) 

associated with the appearance of the R5 phase, does not change the wide angle profile which 

continues to have the two-peak signature right till crystallization of the sample. The 

behaviour of the three mixtures, X= 5, 10 and 20, is different in this region. Just below the R1 

phase, d exhibits a decrease and the twin-peak profile changes to a three-peak one (see Figure 

4.10a). Further lowering of temperature results in the profile reverting to a two-peak one (in 

the R5 phase), before multiple peaks, indicating solidification of the sample, appear. Thus a 

phase that also has characteristics of a rotator phase, but different from R2, R1 or R5, is 

induced between the R1 and R5 phases. To rule out domain-formation to be causing the 

presence of a third peak, 2-D diffraction images were collected at selected temperatures over 

the entire rotator phase range. Figures 4.10 (b) and (c) present intensity vs. Bragg angle 

profiles (realized from azimuthal averaging of the patterns) along with the images in the  
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relevant wide angle region, obtained using the image plate apparatus confirmed with the 

pattern seen in the one-dimensional scans from the PANalytical system (Figure 4.10a). 
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Figure 4.10: (a) Wide angle diffraction patterns obtained with the PANalytical apparatus in 

the different rotator phases, and the crystalline phase of pure C24 and the three mixtures. 

The single peak in the R2 phase, splits into two in the orthorhombic R1 phase. Interestingly, 

an additional peak appears at a slightly lower temperature, before the two peak profile is 

restored in the R5 phase.  The region with 3 peaks (indicated by an arrow) is identified as the 

R3 phase. (b) Such a 1-2-3-2 peak profile with temperature becomes evident in the 2-d 

patterns from the image plate for the X=10 and 20 mixtures. (c) For the representative 

mixture X=10, the azimuthal-averaged intensity profiles are shown with the lines depicting 

the fitting of the data to a sum of Lorentzian expressions. 
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To identify the nature of this induced phase, consider the structural features 

mentioned above: (i) the molecules are tilted within the layer, as indicated by substantial 

lowering of d in comparison with the values in the upright R1 phase, and (ii) the wide angle 

region exhibits three strong reflections. From the literature, it is seen that the latter feature is 

unique for the R3 phase with its triclinic structure [24, 26, 27], which we assign to the 

induced phase (In the case of 1-alcohols another phase RV’, having essentially the same 

features has been identified). (iii) The indexing of the three reflections with (100), (010) and 

(1 10) as the Miller indices is in agreement with the assignment given by Doucet et al., [28].  

It may be noted that according to Sirota [24] an important difference between R3 and 

R5 phases is , the magnitude of distortion (with respect to the hexagonal lattice); the 

distortion being quite small in the R3 phase. Figure 4.11 shows the spacings D of the wide 

angle reflections as a function of temperature, from which  is calculated (using the standard 

expression as given in Ref. 24) and is shown in Figure 4.12(a). The distortion shows a 

monotonic increase from the R2 –R1 transition point over the entire rotator phase region for 

the pure alkane as well as the mixtures, thus being high in the R3 phase of the currently 

studied system. However, as per earlier studies, the R3 phase with  ~ 0 always occurs above 

the R2 phase. In the present case, however, the R3 phase appears between the R1 and R5 

phases, both having large distortion. Therefore the system may find it difficult to get rid of 

the large distortion, and prefer to retain it in the R3 phase. A further point is that in pure 

alkanes, the R3 phase is seen only when the number of carbon atoms (C) in the chain is >26, 

the longer chain facilitating the creation of more gauche linkages at the termini of the 

molecule. The host in the present study has, however C=24. Thus a possible reason for the 

appearance of the R3 phase here could be that the addition of BBOA, and the consequent 

layer roughening (discussed above) creates additional gauche bonds at the terminal positions 

of the alkane molecules, perhaps creating a favourable situation for the appearance of the R3 
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phase. Also to be recalled is the fact that the enthalpy associated with both (R1-R3 and R3-

R5) transitions is quite large, unlike very weak thermal signatures for R3-R4 transition 

involving the R3 phase, reported in the literature [25]. 

0.40

0.42

0.40

0.42

0.40

0.42

42 44 46 48

0.40

0.42

 

 

R1

R5

X=20

X=10

X=0

 

 

X=5

R2

R3
R1

R2

 

 

R5

 

 

 

  

 

R5

R3

R1

R2

 
 

D
 (

n
m

)

T (
o
C)

R5

R3
R1

R2

 

Figure 4.11: Thermal variation of the intermolecular spacing D in the plane of the layers, 

obtained from the wide-angle scans for C24 and the mixtures, indicating marked changes 

across the R2-R1, R1-R3 and R3-R5 transitions. 
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Figure 4.12: (a) The extracted lattice distortion  as a function of reduced temperature, with 

Tc1 being the R2-R1 transition temperature. The data sets are given an arbitrary shift for the 

sake of presentation, and represent the materials X= 0, 5, 10 and 20 from bottom to top. (b) 

C24-BBOA partial phase diagram in the temperature-concentration (X indicates wt% of 

BBOA) plane showing the interesting feature that the R3 phase gets induced for a small 

concentration of BBOA and is bounded for a higher concentration. This results in two three-

phase points, in the vicinity of the concentrations marked A and B.  
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Figure 4.13: Concentration dependence of the transition enthalpy H for the (a) R3-R5 and 

(b) R1-R3 transitions. The data suggest that on approaching the three-phase meeting at low 

concentrations (Point A in Figure 4.12(b)) H goes to very small values for both the 

transitions. The lines are merely empirical fits.  

 

This could again be due to the difference in the magnitude of distortion in the R3 phase 

observed here and those in the literature. A point that must be mentioned here is that the 

absolute magnitude of the distortion  increases by about 8% between X=0 and X=20. 

Whether such an increase in  (i) is the result of the presence of the anisometric component, 

and (ii) is responsible for the induction of the R3 phase, are features which should be 
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explored in the future from experimental as well as theoretical aspects.  Taking into account 

all these features we present in Figure 4.12(b) the partial phase diagram for the binary system 

of C24-BBOA, the high point of which is that the R3 phase, which gets induced on adding 

the anisometric compound is bounded on the lower as well as the higher concentration side, 

resulting in two R1-R3-R5 three-phase meetings points. Further, the R3 phase is below the 

R1 phase, unlike what the literature suggests. Whether the anisometry of the second 

compound is indeed responsible for the observed inverted sequence of the R3 phase, i.e., 

occurring below the R1 phase, is a feature that needs to be confirmed from experiments with 

other similar anisometric molecules. The reason for another feature, namely, with increasing 

concentration of BBOA, the transition temperature for the R1-R3 transition hardly changes 

while that for the R3-R5 transformation varies significantly, is also a topic for future 

investigations.   

4.4.5 Theory 

In this section, the Landau theory of phase transition, which has been quite successful [29, 

30] in explaining many features of the rotator phases in alkanes, is applied to analyze the R3-

R5 and R1-R3 transitions. Before doing so let us look at the concentration dependence of the 

transition enthalpy H for these two transformations (see Figure 4.13 (a) and (b)). For both 

cases, H decreases towards zero on approaching the lower concentration three-phase 

meeting point (i.e., as X decreases). If the value does indeed become zero in the vicinity of 

the point then it would be a bicritical point (BP) whereas if one of them remains finite, it 

would be a critical end point (CEP). Because H increases with X as the higher three-phase 

point is approached, it would be a simple triple point. For the BP case since both transitions 

have to be second order, are explored in the following theoretical summary, conditions under 

which the second order nature can be observed. It may be recalled here that as per the only 
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case (for C27 alkane) in the literature, no thermal signature was obtained for the R3-R5 

transition, but Xray studies suggest it to be a continuous transition [25].  

In the theoretical analysis, for simplicity the interaction between the stacking layers in 

the rotator phases is neglected so that the problem becomes two dimensional. As mentioned 

earlier, the R5 phase has NNN tilt and finite distortion, while the R3 phase differs from the 

R5 phase by the distortion azimuth and the tilt azimuth. Explicitly, we consider ordering of 

the 2D hexagonal crystal. Thus the tilt angle and the distortion are described by two-

component order parameters. The tilt components can be expressed through a polar tilt angle 

θ and the tilt azimuth δ. The distortion components are expressed through the distortion 

amplitude ξ and the azimuth 2ω. The multiplier 2 comes from the fact that the distortion is a 

symmetric traceless tensor. Both the azimuths δ and ω are non-zero in the R3 phase and zero 

in the R5 phase. Thus two order parameters ξ and θ are employed to describe the R3 – R5 and 

R1 – R3 transitions. Then the Landau free energy should be invariant under the 

transformation δ → δ + π/3 and ω → ω + π/3.  

 Expanding the total free energy F in terms of the above mentioned order parameters 

yields, 

(4.1)                                                            )(2cos12cos
6

1
      

4

1
6cos

3

1

2

1
12cos

12

1
 6cos

6

1

4

1

2

1

26

43212642









Jd

cbaFF o

   

Here F0 is the nonsingular part of the free energy. The coefficients a and α are temperature 

and concentration dependent. The other coefficients are assumed to be temperature 

independent but functions of concentration. J is the coupling constant. The second and third 

terms on the right hand side of with Eq. (4.1) describe the tilt angle variation. The terms 

corresponding to the coefficients γ and η determine the tilt azimuth δ. For η = 0 and γ > 0, the 

only minimum of F is at δ = nπ/3 (n being an integer) the tilt occurs in NN direction. For γ < 
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0, the minimum is achieved at δ = π/6 + nπ/3 i.e. for tilt towards NNN direction. Since in the 

R5 phase tilt occurs towards NNN direction, it was assumed β > 0 and γ < 0. When γ is small, 

then the next higher order term corresponding to the coefficient η is nonzero and important. 

Then the transition from NN to NNN tilt takes place, with a possible R3 phase appearing in 

between. The terms corresponding to the coefficients b and d determine the distortion 

azimuth ω. The minimum free energy corresponding to the coefficient b occurs at ω = 0 for b 

> 0 and d = 0 and at ω = π/2 for b < 0 and d = 0. If b is small then the next higher order term 

corresponding to the coefficient d should be taken into account. According to the earlier 

experimental observations, ω = 0 and δ = 0 for R5 phase. However, for the R3 phase ω  0 

and δ  0. The θξ coupling term gives ω = δ for J > 0 and ω = δ + π/2 for J < 0. Since in the 

R5 phase δ = ω = 0, J is taken > 0 for the description of the R3 – R5 transition. The higher 

order terms like ξ
2
θ

2
cos(2δ + 4ω) and ξθ

4
cos(4δ + 2ω) can be added, when necessary. 

  

The R3 phase has an intermediate tilt where the tilt azimuth δ varies from 0
o 

to 30
o
. 

The case in the literature is considered wherein the distortion ξ is relatively small in the R3 

phase, and thus unique determination of δ and ω is difficult. Hence for the R3 phase, we 

assume δ = ω  0. The distortion induced by tilt is therefore taken to be ξ ≈ θ
2
. As already 

pointed out the lowest-order angle-dependent term for the ξθ coupling gives ω = δ for J > 0. 

Therefore J is constant and positive values of η and γ favour the phase below R1 to be R3 

than R5, as found in the current experiments. On the other hand, positive η and negative γ 

favours the R5 phase. For α > 0, η = 0 and γ = 0 describes the R1 phase. In order of 

increasing concentration of the anisometric component (in the vicinity of the lower three-

phase point), the relevant stable solutions of Eq. (4.1) are as follows (i) R2 phase: θ = 0, ξ = 

0; (ii) R1 phase: θ = 0, ξ  0. (iii) R3 phase: θ  0, ξ  0 with tilt and distortion azimuths 
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varying from 0 to 30
o
. Here obviously distortion azimuth is directed along the tilt azimuth, 

and (iv) R5 phase: θ  0, ξ  0. 

 

R3 – R5 transition 

As already mentioned  depends on the concentration X. Therefore the coefficient b can be 

expected to be a function of X, thus determining the order of the transition; (in a similar 

fashion if  depends on X, it can govern the behaviour of the R1-R3 transition). The second 

order character of the R3 – R5 transition can easily be explained by taking into account the 

term ∼ −dξ
6
cos12ω into the free energy expansion (Eq. 4.1). Assuming d to be positive, then 

for b = −2dξ
3 

i.e. for b < 0, the only minimum is at ω = 0
o
. Then the system is in the R5 

phase. When b = 2dξ
3 

i.e. b > 0, the minimum at ω = 0
o 
passes through 0

o 
to 30

o
, giving rise to 

a second order transition from the R3 to the R5 phase. As b increases from −2dξ
3 

to 2dξ
3
, the 

minimum in the R3 phase shifts from 0
o 

to 30
o
. Again assuming, η to be positive, then for γ = 

−2ηθ
6
 i.e. for γ < 0, the only minimum is at δ = 0

o
, with the system in the R5 phase. When γ = 

2ηθ
6 

i.e. γ > 0, the minimum at δ = 0
o 
passes through 0

o 
to 30

o
, leading again to a second order 

R3-R5 transition, but now at γ = 2ηθ
6
. As γ increases from −2ηθ

6 
to 2ηθ

6
, the minimum in the 

R3 phase shifts from 0
o 
to 30

o
. 

 

R1 – R3 transition 

By substituting ω = δ in Eq. (4.1), the free energy near the R1 – R3 transition reads 
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where FI(ξ ) is the free energy of the R1 phase. Minimization of Eq. (4.2) over δ gives 
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Suppose that η is fixed at a negative value and γ decreases from positive to negative value. 
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When γ = 2ηθ
6 

i.e. for γ > 0, the only minimum is at δ = 0
o
. Then the system is in the R1 

phase. When γ = −2ηθ
6  

i.e. for γ < 0, the minimum at δ = 0
o 
passes through 0

o 
to 30

o
. Since in 

the R3 phase, δ changes through 0 to 30
o
, we have the R3 phase for γ < 0, with a second order 

R1-R3 transition at γ = −2ηθ
6
. As γ decreases from 2ηθ

6 
to −2ηθ

6
, the minimum in the R3 

phase shifts from 0 to 30
o
. The variation of the tilt azimuth δ with temperature in the R3 

phase can be obtained by the expansion of cos6δ and cos12δ over the powers of δ.  

 

 Our experiments also suggest a second order tilting transition from the R1 to the R3 

phase. Near this transition the free energy reads 
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Here the tilt causes an induced distortion ξ ∼ θ
2
. Then renormalized free energy reads 
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with β1 = β −2J
2
/a1 and α = α0 (T − TC). Hence the tilt θ = 0 for T > TC and θ0 for T < TC 

resulting in a second order tilting transition between R1 and R3 phases. 

4.5 Summary 

Calorimetric and Xray diffraction measurements on a binary system composed of n-

tetracosane exhibiting rotator phases, and an anisometric liquid crystalline compound 

showing, in addition to the fluid LC phases, a plastic phase, bring out a novel feature, namely 

the occurrence of an induced rotator phase in an inverted sequence. The features seen in the 

diffraction measurements suggest the induced phase to be the one argued to have a triclinic 

symmetry. The possibility that the phase induction could be owing to the creation of 

additional gauche bonds at the terminals of the alkane molecule, has been proposed. The fact 

that an anisometric molecule can induce a rotator phase with high disorder perhaps indicates 
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that this route can be employed to increase the richness of features seen in alkane systems, 

e.g., observation of the condis phase [31-34]. The richness, however, can be augmented by a 

proper selection of a wide variety of LC compounds available, to bring different 

dimensionalities such as dipolar interaction, steric interactions, hydrogen bonding, etc. We 

have also provided Landau theory arguments for the experimentally observed possibility that 

the R1-R3 and R3-R5 transitions could be second order in the vicinity of a three-phase 

meeting point.  
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Chapter-5 

 

Comparative Studies of the Nano-Composites of Strongly/Weakly 

Polar Liquid Lrystals Doped with Carbon Nanotubes 
 

Overview 

This chapter describes the results of dielectric and conductivity measurements on a 

composite of carbon nanotubes and a liquid crystal possessing dual frequency switching 

characteristics. The conductivity increases by two orders of magnitude with respect to that 

for the host liquid crystal, and achieves negligible temperature dependence. The frequency 

dependence of the ac conductivity is explained by the extended pair approximation model, 

although the exponent is slightly higher than generally seen. We demonstrate that the current 

through the sample can be field-driven between the two anisotropic values (170:1) by simply 

changing the frequency of the applied voltage, and exhibiting at least a millisecond response. 

The chapter also presents a comparison in the dielectric and conductivity behaviour when the 

polarity of the host LC is substantially changed.  

 

 The results are published in:  

1. S. Krishna Prasad, M. Vijay Kumar and C.V. Yelamaggad, Dual frequency conductivity 

switching in a carbon nanotube/liquid crystal composite, Carbon, 59, 512-517 (2013). 

 

2. M. Vijay Kumar, and S. Krishna Prasad, Composites of single walled carbon nanotubes 

and liquid crystals as switchable conductors, Nanosystems: Physics, Chemistry, 

Mathematics, 4, 425–429 (2013). 
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5.1 Introduction 

The research and development of nano materials in science and technology have received 

significant interest in the past decade [1]. From different dimensions carbon nanotubes (CNT) 

and liquid crystals (LC) have established their own niche world owing to many interesting 

properties, and a few similarities. Composites of the two materials are being actively 

investigated for their extraordinary combination of high electrical conductivity of CNTs and 

fluid, yet anisotropic properties of LCs [2-14]. The main property of LC one wants to exploit 

in such hybrid systems is their ability to get oriented by surface forces or moderate external 

fields [3, 9]. The further advantage of LC as a fluid medium would be that the external 

stimuli need not exert any direct influence on the CNTs at all: the LC molecules 

cooperatively orient the CNTs. A proper realization of such a feature has the potential to 

result in devices in which macroscopic properties can be switched between their anisotropic 

values along, say, parallel to perpendicular direction with respect to an internal reference 

axis. In fact, reorientation of the nematic director from the equilibrium direction to that 

dictated by the field, and the concomitant change in the parameters such as electrical 

conductivity caused by the presence of CNTs, have been well demonstrated [3,9,15]. The 

drawback in these systems, however, lies in the fact that the return to the equilibrium value, 

achieved by switching the external field off, is controlled by the viscosity of the medium and 

thus quite slow. The aim of the present study was to realize CNT/LC composites in which the 

return to the equilibrium state is also field-driven and thus eliminating the influence of 

viscosity. 

5.2 Brief summary of carbon nanotube  

Carbon nanotubes (CNTs) are allotropes of carbon with a cylindrical nanostructure. CNTs are 

normally produced by the techniques of arc-discharge, chemical vapor deposition, or laser 

ablation [16-18].  CNTs can have extremely large shape anisotropy: For example, a length-to-

diameter ratio of up to 132,000,000:1 has been realized [19], which is significantly larger 
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than for any other material. CNTs are valuable for nanotechnology, electronics, optics and 

other fields of materials science and technology, owing to certain unusual properties that they 

exhibit. Their extraordinary thermal conductivity, mechanical and electrical properties, makes 

them suitable as additives to various structural materials. For instance, nanotubes form a tiny 

portion of the material(s) in some (primarily carbon fiber) baseball bats, golf clubs, or car 

parts [20]. Single-walled nanotubes (SWNT) are likely candidates for miniaturizing 

electronics. SWNTs with diameters of an order of a nanometer can be excellent conductors 

[21] and thus appropriate for nano-sized wires. An interesting application is the development 

of the first intermolecular field-effect transistors (FET). The first intermolecular logic gate 

using SWCNT FETs was made in 2001 [22a]. Super-stretchy lithium-ion battery based on 

carbon nanotube fiber [22b] and carbon nanotube flow sensors [22c] are other potential 

devices. 

For many applications a uniform alignment of CNTs is essential, and in general the 

ability of providing nanotubes a predetermined direction is of great importance. Additionally, 

it is desirable to be able to manipulate this direction, for example, by the application of 

external fields, such as electric, magnetic, or mechanical. The phenomenon of reorientation 

when achieved with an electric field, known as the Freedericksz transition [23], is exploited 

in all common LCD applications. Attempts have been made [3-14] to employ liquid crystals 

for imposing alignment on dispersed CNTs, and to use the Freedericksz transition for 

manipulating the alignment direction through elastic interactions with the LC director field. 

This approach opens the possibility to dynamically and collectively change the orientation 

direction of ensembles of nanotubes and thus their direction of mechanical and especially 

electrical anisotropy. 

We have carried out studies on a composite system in which the director of the host 

nematic LC has the property of getting switched between two states by a mere change in the 
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frequency of the applied field. The studies show that for the composite with a small 

concentration (0.05%) of CNTs the electrical conductivity increases by two orders of 

magnitude as measured by a very small probing field. The thermal variation of the 

conductivity points to the composite being above the percolation threshold. The advantage of 

employing a small concentration is that the dual frequency property of the host LC is hardly 

affected by the presence of CNTs. The frequency dependent conductivity exhibits behaviour 

similar to the well known feature in disordered solids and qualitatively agreeing with the 

expectations of the extended pair approximation model. The most salient feature of the study 

is the demonstration of the dual frequency switching of the conductivity between its low and 

high values driven by frequencies of the applied field lying above and below a crossover 

value. 

5.3 Materials  

The liquid crystalline host material is 4-pentylphenyl 2-chloro-4-(4-pentylbenzoyloxy) 

benzoate (PCPBB for short). This compound prepared in our laboratory using the methods 

reported [24] is weakly polar as seen from the molecular structure shown in Figure 5.1. It 

exhibits the isotropic-nematic (Iso-N) transition at 121.8
o
C and the N phase can be 

supercooled to 0
o
C; these values are in agreement with those reported [24]. An important 

feature of this compound, from the viewpoint of present studies, is that it belongs to the class 

of substances termed as dual frequency materials exhibiting a crossover in the sign of the 

dielectric anisotropy at a certain frequency; this feature is explained in the following section. 

For comparative studies, another nematogen, 4-Cyano-4'-pentylbiphenyl (5CB) was 

employed. The structural formula and the transition temperature for this compound exhibiting 

a room temperature nematic phase are also shown in figure 5.1. It may be noted that 5CB 

possesses a CN group along the longitudinal direction. This large dipole (4.2D) imparts a 

strong polar character to the molecule; hence, we refer to this compound as a strongly polar 
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liquid crystal (SPLC), and PCPBB, which in contrast has a much weaker polar character as 

the weakly polar liquid crystal (WPLC). The CNTs employed are single-wall carbon 

nanotubes (SWCNT, Heji, Hongkong) with a nominal purity of >90%, diameter of about 2 

nm with a peak length of 500 nm [25] and doped at a low concentration of 0.05wt% in the LC 

material [9]; it may be mentioned here that the dispersion of CNTs in the liquid crystal was 

much less satisfactory at higher CNT concentrations.  

 
 

Figure 5.1: The molecular structure and the isotropic-nematic transition temperature for the 

two LC compounds used as hosts. 

 

Preparation of the composites 

The LC-CNT dispersion was prepared using the following procedure. Weighed amounts of 

the two components contained in a glass vial were heated to 100 
o
C and subjected to 

magnetic stirring for ~ 15 hours. Then the mixture was cooled to room temperature and the 

stirring was continued till the samples were filled into the cell. It may be mentioned here that 

the employed procedure yielded very uniform dispersion, which was stable over long 

durations of time. The visibly seen uniformity of the dispersions (shown in Figure 5.2(a)) was 

further confirmed by observation of a sharp nematic-isotropic (N-Iso) transition having a 

peak width of 0.8 
o
C in the differential scanning calorimetric scans. Microphotographs taken 

of the sample filled in glass cells of a nominal thickness of 10 μm and with a polyimide 



Chapter-5: Comparative Studies of the Nano-Composites of Strongly/Weakly Polar Liquid Lrystals Doped with 

Carbon Nanotubes 

 

 
 

surface layer to promote planar orientation of the molecules, indicated that the dispersion of 

the particles hardly changed with time, at least over a period of one week (see figures 5.2(b) 

and (c)). 

 

Figure 5.2: (a) Photograph of the CNT/ WPLC composite in a vial, taken two-months after 

the preparation to illustrate the long-term homogenous stability of the composite. 

Microphotographs of the field of view under a polarizing optical microscope taken (b) 

immediately after loading the composite into a glass cell, (c) and after a week.  

 

5.4 Experimental techniques 

 For the conductivity () and dielectric constant () measurements the samples were 

sandwiched between two indium tin oxide (ITO) coated glass plates with very low sheet 

resistance (< 10 ); the ITO layer is transparent to light, thus permitting optical observations 

of the sample alignment. The desired alignment necessary to measure the anisotropic values, 

(parallel to the director)and (perpendicular to the director), can be achieved by 

applying the electric or magnetic field and also by surface coating. For the switching 

experiments a surface coating to promote planar alignment of the molecules was employed. 

To achieve such an orientation uniformly over the entire active area of the cell, defined by 

pattern-etching the ITO surface, the glass substrates were first thoroughly cleaned using a 

standard protocol, followed by a spin-coating of a pre-polymer solution (PI-Kit, E-Merck). 

(a) (b)

(c)
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The glass plates were then kept at 300
o
C to have the on-surface polymerization of the 

prepolymer. The polymer surface was then rubbed unidirectionally using a velvet cloth roll. 

The gap between the two glass plates was defined using polyethylene terephthalate (PET, 

Goodfellow) films of known thickness. The glass plates along with the PET strips were 

heated to a temperature slightly above the softening temperature of PET (~ 250
o
C) and 

pressed evenly to get a cell of uniform thickness. The actual thickness of the fabricated cell 

was determined by an interferometric technique using a UV-visible spectrometer (Lambda 

20, Perkin Elmer).  The cell gap was chosen to be quite large – in the range of 25-30 μm – for 

three different reasons: (i) To facilitate effective control of the orientation molecules by the 

externally applied magnetic field, (ii) to realize a high enough (> a few MHz) cell relaxation 

frequency, arising due to the finite sheet resistance of the ITO plates, (iii) and also to avoid 

any possibility, however remote, of electrical shorting of the cell by the reorienting CNTs of 

500 nm length. The and measurements were done using an Impedance Analyzer 

(HP4194A) with a small probing field of ~ 16mV/m; the experimental setup is shown in 

figure 5.3. For the dual frequency conductivity-switching studies the glass plates were surface 

treated to achieve planar orientation of the molecules. 

 
Figure 5.3: Schematic diagram of the apparatus used for the dielectric/conductivity 

experiments.  

Mettler
Sample inside

the hot stage

Impedance Analyzer
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5.5 Results and Discussion  

PART A: Dual frequency switching system 

5.5.1 Dielectric permittivity  

The temperature dependence of the low frequency (100 Hz) anisotropic dielectric constants in 

the planar () and homeotropic (||) configurations are given in Figure 5.4 for the pure 

WPLC as well as the CNT composite. The two configurations were realized by placing the 

sample in a magnetic field of 1 Tesla, a value much higher than the Freedericksz threshold of 

WPLC. The essential anisotropic aspect of the host LC is retained in the composite also 

showing that even in the presence of CNTs, the applied magnetic field is capable of orienting 

the LC molecules. Also to be noticed is that TNI, the N-Iso transition temperature is hardly 

altered for the composite (TNI is defined as the temperature where ε shows a discontinuous 

change while entering the isotropic phase). But the interesting feature is the large 

enhancement in the value of the permittivity in both the N and Iso phases. Such an increase 

seen earlier also [26], could be due to the larger dielectric constant of the aggregated CNTs 

causing, even at very low concentrations as that used here, a substantial increment of  for the 

CNT/LC composite. However what is surprising is that despite the increase in the absolute 

values, the dielectric anisotropy a (= ||–) decreases for the composite. For example, at T = 

42 
o
C, a temperature at which the switching measurements (to be discussed later) are done, it 

reduces by about 10%.   

A simple additive rule for a binary mixture of two different dielectric constants shows 

that there must be an increase in the value when CNTs are added. Indeed, if the host liquid 

crystal used is a strongly polar one (such as nCB) with a large dipole moment along the long 

axis of the molecule, a shows an increase upon addition of CNTs, a feature corroborated by 

the results of Basu and Iannacchione [26]  also. Therefore, we suggest that the interaction of 

CNTs with the weakly polar WPLC molecule is different from that with nCB molecules: In 
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the case of the WPLC molecule, the interaction with CNTs would perhaps be dominated by 

hydrophobic forces due to the alkyl chains on both the termini of the molecule. Therefore the 

WPLC molecules would prefer to be perpendicular to the long axis of CNTs, at least in its 

vicinity. Such an arrangement would reduce locally the orientational order parameter of the 

LC medium, thus lowering the a value.  
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Figure 5.4: Thermal variation of the dielectric constant parallel (||) and perpendicular () 

to the director for the pure LC compound and the CNTs composite, with the latter exhibiting 

much higher values in the nematic (N) as well as isotropic (Iso) phases. 

The results of the dielectric relaxation spectroscopy (DRS) measurements in the 

homeotropic configuration at a representative temperature of T = 42 
o
C are shown in Figures 

5.5 and 5.6 for WPLC and the CNT composite respectively. The increase in ’ the real part of 

permittivity for the composite is possibly due to the creation of an increased number of CNT-

LC-CNT capacitors. On the other hand, enhancement of ’’ the imaginary part of permittivity 

could be either due to an increased electrical conductivity (described below) or associated 

with CNT-LC interfacial regions. More than the absolute values of the permittivity, it is the 
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presence of a relaxation – clearly visible in the ' data for both the pure LC and composite 

samples – that is important. 
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Figure 5.5: Frequency dependence of the real (’) and imaginary (’’) parts of the 

permittivity for WPLC, showing a single relaxation. The solid lines represent the fit to eq. 

(5.1).   

 

 In the imaginary component (
′′
||), the data around the relaxation for the composite are 

partially masked by the large frequency dependence of ionic current contribution extending 

from the lowest frequency. However, quantitative description of the data using a standard 

Havriliak-Negami (HN) expression [27], given below, clearly brings out the relaxation 

phenomenon in the composite also.  
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R

                                                                             (5.1) 

Here *(f) is the complex capacitance at a frequency f, is associated with the dielectric 

strengths of all the high frequency modes other than the one under consideration.  and fR 

are the strength and frequency of the relaxation mode.  
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Figure 5.6: Frequency dependence of the real (’) and imaginary (’’) parts of the 

permittivity for CNTs composite. The presence of two relaxations is clearly seen in the raw 

data of ’, but is masked in the ’’ data owing to the large conductivity background. 

However, subtraction of the conductivity contribution determined from the fit (solid lines) to 

eq. (5.1), brings out the existence of the relaxation feature even in the ’’ data, as shown by 

the set depicted as solid circles.  

The parameter  characterizes the distribution of the relaxation times while  is a 

measure of the asymmetry of the distribution. The RHS of eq. (5.1) contains, in addition to 

the first two HN terms, a term to account for the DC conductivity (o) contribution to the 

imaginary part of the capacitance, and a part (the last term in eq. 5.1) to explain the cell 

relaxation time arising from the finite sheet resistance of the ITO-coated glass plates used. 

For both the pure LC and the mixture the frequency-dependent data are well described by eq. 

(5.1). The HN parameter  was found to be equal to 1 for the pure LC as well as the 

composite, indicating the symmetry of the relaxation profile. The other parameter, , also 

turned out to be equal to 1 for the pure LC indicating a Debye relaxation; for the LC-CNT 

dispersion, however,  was 0.93 indicating a slight distribution of the relaxation times. 
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Figure 5.7: The temperature dependence of the relaxation frequency for the pure LC (solid 

line) and the CNT composite (open circles, representing the low frequency mode) exhibiting 

essentially no difference in the values for the two materials over the entire temperature 

range. 

As stated earlier, the large conductivity masks the existence of the relaxation for the 

composite. But the subtraction of the conductivity contribution estimated from the third term 

of eq. (5.1) brings out the dielectric features in the imaginary part of the permittivity also (see 

data set shown as solid circles in Figure 5.6). In fact the observed features in '' are in 

conformity with those seen for the ' vs. frequency data.  The extracted relaxation frequency 

values are 7957 10 Hz and 7853  20 Hz for the pure LC and the composite respectively. 

We identify this mode, well established for the pure LC, to correspond to the director 

relaxation for the pure material as well as the composite. Thus the fact that the fR values are 

not different for the two materials indicates that the dynamics of the director relaxation is 

hardly affected by the presence of CNTs. In fact, the fR values are practically the same for the 

two systems over the entire temperature range of the nematic phase (see Figure 5.7). An 

additional feature seen for the composite is that the DRS data also exhibits the presence of 

another relaxation at a higher frequency (~ 1 MHz), which is not present in the pure LC 

sample. The origin of this relaxation has to be found by more investigations, but currently we 
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speculate that it could be due to the LC molecules anchored on to the surface of CNTs; the 

anchoring makes the relaxation faster.  
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Figure 5.8: Frequency dependence of the dielectric constant in the homeotropic (||) and 

planar () configurations measured at room temperature. Notice that while || shows a 

relaxation,   remains practically same the over the entire frequency range. The dual 

frequency characteristic for the materials is evident from the fact that the director anisotropy 

is positive below a certain frequency fcr but is negative above it. 

In the frequency range studied , the permittivity in the plane perpendicular to the 

nematic director, has hardly any frequency dependence, while || exhibits a relaxation. For the 

material under study, the relaxation creates a situation wherein at a particular frequency, 

referred to as the crossover frequency (fcr),  cuts through the 
′
|| data. This causes a to be 

positive, and negative, below and above fcr (see figure 5.8). Invariably, fcr lies in the close 

proximity of fR. These features enable the possibility of realizing the conductivity switch that 

will be described later. 

5.6 Electrical conductivity 

5.6.1 Thermal variation  

The thermal variation of the low frequency (100 Hz) anisotropic electrical conductivities, 

parallel (||) and perpendicular () to the nematic director, measured using a small probing 
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voltage is shown for pure WPLC and the CNT composite in Figure 5.9. Upon addition of 

CNTs there is an increase in conductivity by about 2 orders of magnitude.  
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Figure 5.9: Thermal variation of the electrical conductivity at 100Hz for WPLC and its 

composite with CNT showing that the composite has not only two orders of magnitude higher 

conductivity, but also has negligible temperature dependence of the values.  

More interestingly, the thermal dependences of  are quite different for the pure LC and the 

composite. Describing the thermal variation using the Arrhenius equation,

 kTE /exp  , it is found that the activation energy, E, decreases from 34.4  0.05 

kJ/mol for the pure LC (which is typical for LC materials), to a very small value of 2.68  

0.02 kJ/mol for the composite. Similar behaviour observed earlier by Lebovka et al [32] was 

explained on the basis of a percolation model, with the LC and the CNT/LC composite 

materials lying below and above the percolation threshold respectively. As per this model, the 

conductivity behaviour of the LC is dominated by ionic transport mechanism, with the 

material acting like a semiconductor for which thermally assisted hopping or charge 

tunnelling between the conducting particles is important. On the other hand, for the 

composite, the electronic conductivity of CNTs becomes important, which is represented by 

weak thermal dependence. Also to be appreciated is that whereas for the MBBA + CNT 
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system studied by Lebovka et al [28] low E values were found for significantly high 

concentration of CNTs, in the case studied here, even for 0.05% of CNTs,  E is quite low 

suggesting that the present system is better suited to achieve the electronic conducting 

regime.   

5.6.2 Frequency dependence of conductivity 

When conductivity measurements are made as a function of frequency () it was found that 

up to a certain frequency c, the value is essentially independent of  and starts to increase at 

higher frequencies. Figure 5.10 show that the frequency dependence of || obtained with a 

small probing voltage is similar to profiles seen in disordered solids for which universal 

behaviour has been proposed [29]. In such materials the frequency dependent conductivity  

() is expressed as ACDC  )( where DC is the zero-frequency DC component of the 

conductivity. Various expressions have been employed to analyze the dependence of AC 

with one of the earliest being the empirical equation 
n

AC   , used by Jonscher [30] 

considering a distribution of hopping probabilities between sites distributed randomly in 

space and in energy. In disordered solids, a universal dynamic response [30] is observed with 

the value of n being < 1. As stated earlier, considering the large increase in conductivity 

between the pure LC and the composite, and the weak temperature dependence for the latter, 

it may safely be assumed that the concentration of the CNTs is above the percolation 

threshold. However, since the concentration of CNTs is still low, the junction resistances 

between CNTs dispersed in the LC medium can, in the general case, be taken to be larger 

than the resistance of the CNTs themselves, and thus any possible network of CNTs could be 

imagined to have randomly distributed barriers for electrical transport. For such systems 

Kilbride et al [31] employed an extended pair approximation model to relate  () and  as  
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   (5.2)                                                                                         /1)(
s

cDC k    

Where, k is a constant and s is expected to be < 1, and generally ~ 0.8. The solid line depicted 

in Figure 5.10 shows that eq. (5.2) describes the data well. The fitted value of the exponent s 

= 1.05 ±0.003, suggests that the dependence is practically linear. The exact value of the 

exponent, if taken very seriously, fails the expectation that it should be <1. The reason for 

this discrepancy is not clear to us, although it must be mentioned that the model, which is 

meant for disordered solids does not obviously consider thermal fluctuations, a feature that is 

invariably present in the nematic phase, and cannot be ignored. 
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Figure 5.10: The frequency dependence of || of CNT composite with the solid line depicting 

the fit to eq. (5.2). 

5.6.3 Dual frequency switching  

In this closing section for Part A, we describe the dual frequency switching capability of the 

CNT/WPLC composite used here. As dicussed above, the dielectric anisotropy of the system 

switches from being positive below a crossover frequency fcr to become negative above it. 

Thus for an applied electric field E (above the Freedericksz threshold), the dielectric torque 

aE
2 

on the nematic director which is positive for f<fcr thus driving the molecules parallel to 

E, becomes negative for f >fcr, requiring the molecules to be perpendicular to E. Such a 
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molecular reorientation driven simply by altering the frequency of the applied field should 

also result in the conductivity changing from || to .  

 
Figure 5.11: Demonstration of the CNT composite exhibiting the dual frequency character of 

the conductivity switching. The current through the sample kept at a temperature of 42 
o
C 

switches between high and low values, when the frequency of the driving voltage of 10 V is 

changed from flow = 500 Hz to fhigh = 600 kHz; the driving profile is shown schematically as a 

red line. The fact that the change in the current values is due to the reorientation of the 

WPLC molecules is illustrated in terms of the birefringent texture (a,c) at high frequency 

changing over to a dark field of view (b) at low frequency.   
 

Figure 5.11 demonstrates this feature realized by applying a voltage of 10 V and 

alternating the frequency of the field between 500 Hz (<<fcr) and 600 kHz (>>fcr). The data 

are represented in terms of the amplitude of the current through the sample measured as a 

voltage drop across a 50  resistor in series with the sample maintained at a temperature of 

40 
o
C. The reorientation of the molecules from the no-field birefringent state (as shown by 

the polarizing microscopy texture in the inset (a) of Figure 5.11 having  to the homeotropic 

condition (inset (b)) with || is achieved with the low frequency (500 Hz) field. The return to 

the equilibrium planar state (inset (c)) with  is obtained by merely increasing the frequency 

of the field to 600 kHz.  Although the return to the planar state could have been simply 
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achieved by turning the field off completely, employing the high frequency component has 

the advantage of two orders of magnitude faster switching. The alternation between high and 

low conducting states (with a current ratio of 170:1) can be achieved within a millisecond. By 

enhancing the conductivity anisotropy through proper choice of the host material as well as 

the LC phase it should be possible to achieve the ultimate goal of switching between 

insulating and good semiconducting states.  

PART B: Comparison of CNT doped SPLC and WPLC composites 

In this part we describe dielectric and conductivity measurements on CNT composites with 

either SPLC or WPLC as the host, performed to find out whether the polarity of the host LC 

has any influence on permittivity as well charge transport. For the comparison, composites in 

which the content of CNT was the same – 0.05 wt % – were employed.  Figures 5.9 and 5.12 

depict the temperature dependence of conductivity obtained at a frequency of 100Hz along 

and perpendicular directions for the pure host LCs as well as their composites with CNT. 

Both the composites exhibit a significant enhancement of the conductivity in comparison to 

their host LCs. The magnitude of the enhancement is about an order of magnitude for SPLC 

whereas it is a further one order higher with WPLC compound.  
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Figure 5.12: Electrical conductivity at 100Hz as a function of temperature parallel and 

perpendicular to the nematic director for SPLC and its composite with CNT. 
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The anisotropy in conductivity is still retained in the composites. Further for the 

SPLC composite there is a factor of 2.5 increase in the ratio σa = σ||/σ with respect to that for 

the pure material. The WPLC case has the opposite behavior with the ratio σa decreasing by 

about 20% for the composite [For purposes of better comparison the data in the isotropic 

phase obtained with the two orientations have been matched]. In fact, σa becoming smaller 

for the composite is a feature known to be associated with the appearance of smectic 

ordering. Since it is clear from microscopy observation that the system remains in the 

nematic phase, this feature suggests that the additional ordering is only short range.   
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Figure 5.13: Thermal variation of the dielectric permittivity at 100Hz along (‖) and 

perpendicular (+) to the director for SPLC and its composite with CNT. 

Figures 5.4 and 5.13 present the thermal behavior of ε‖ and ε for the two pure 

compounds and their composites. In both the cases the addition of CNT results in a 

significant increase in both ε‖ and ε as well as in the permittivity of the isotropic phase. 

However, the magnitudes of the increase are definitely dependent on the polar character of 

the host material: for SPLC the increase in, for example the isotropic permittivity is ~ 25%, 

but for WPLC case it is much larger: a factor of 3. Another interesting aspect observed is the 

temperature dependent permittivity behaviour at 1 kHz in the isotropic phase of the strongly 

polar material (shown in figure 5.14). The pure material exhibits a convex shaped anomaly 

(CSA) that has been argued to be associated with the antiparallel arrangement of the 
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molecules even in the Iso phase [32,33], but in the vicinity of TNI. It is observed that the 

temperatures at which the anomaly has a maximum and the highest ε value obtained are 

larger for the SPLC composite than for the pure SPLC compound. Such behaviour is not 

observed even pure WPLC. These features obviously suggest that the antiparallel correlations 

in the case of SPLC host can be enhanced by the presence of CNT. 
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Figure 5.14: Thermal variation of the permittivity at 1 kHz in the isotropic phase for the 

composites with SPLC (Left) and the CNT composite (Right). Note that the maximum in , 
with respect to that at TNI (indicated by arrow), is much higher for the composite than for 

pure SPLC.  

5.7 Summary 

We have performed dielectric and conductivity measurements on a composite of carbon 

nanotubes and a liquid crystal possessing dual frequency switching characteristics. In 

comparison to that for the pure liquid crystal, the conductivity is two orders of magnitude 

higher for the composite, in addition to being essentially temperature independent. The 

dependence of ac conductivity on the probing frequency can be described by the often 

employed extended pair approximation model, although the exponent value obtained is 

higher than usually seen. The composite retains the same director relaxation frequency as that 

of the pure liquid crystal, a feature that enabled us to realize the dual frequency switching 

capability of the system wherein by altering the frequency of the applied voltage, the current 

through the sample can be varied between anisotropic values that are two-orders of 

magnitude different. In addition to above study two liquid crystals are chosen such that one of 
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them is strongly polar having its dipole moment parallel to the long axis of the molecule 

whereas the other one is weakly polar with its dipole in the transverse direction. Both 

conductivity and permittivity retain their anisotropic nature even in the composites. More 

importantly the conductivity exhibits large increase as much as 2 orders of magnitude – for 

the composite with the weakly polar material. The qualitative behavior of the permittivity is 

also quite different upon inclusion of CNT. Along with the mentioned electrical switchable 

character which imparts a field-switchable conductivity value, these materials are quite 

promising for devices.    
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Chapter-6 
 

Experimental Studies on Composites of Gold Nanoparticle/Weakly 

Polar Nematic Liquid Crystal in bulk and confined forms 

 
Overview 

This chapter deals with calorimetric and dielectric investigations on a pure nematic 

liquid crystal (LC) and its composites comprising Gold nanoparticles (GNPs). Calorimetric 

measurements show that the inclusion of GNP has a strong influence on the isotropic  ̶  

nematic transition temperature as well its first order character in terms of the transition 

entropy. The absolute value of conductivity increases by two-three orders of magnitude with 

respect to that for the host liquid crystal and its concentration dependence is demonstrated to 

be described by the percolation scaling law generally observed in composites of metal 

particles and polymers. The frequency dependence of the ac conductivity exhibits a critical 

frequency that is concentration-dependent, but the exponents obtained defy Jonscher’s 

Universal Response principle. A surprising feature is the observation of a substantial 

increase in permittivity and their anisotropy values with faster director relaxation in the 

presence GNP. We provide an explanation for this antagonistic behaviour in terms of the 

alignment of the liquid crystal molecules in the vicinity of GNP, and the importance of the 

weak polarity of the liquid crystal used. The second part of the Chapter looks at the influence 

of embedding the LC-GNP composite in a restricted geometry created by aerosil particles. 

The inclusion of aerosil particles creating a gel network, albeit being non-conducting, 

surprisingly enhances the already high conductivity of the LC-GNP material. The nature of 

the aerosil corona (hydrophobic/hydrophilic) also controls the behavior. We argue that these 

features are caused by the amelioration of the percolation network of GNPs through the 

primary gel network of the hydrogen bonding aerosil particles. The concept can be 

generalized for a variety of systems wherein metal nanoparticles are imbibed in an insulating 

matrix. 

The results are published in: 

1. S. Krishna Prasad, M. Vijay Kumar, T. Shilpa and C.V. Yelamaggad, Enhancement of 

electrical conductivity, dielectric anisotropy and director relaxation frequency in composites 

of gold nanoparticle and a weakly polar nematic liquid crystal, RSC Advances, 4, 4453-4462 

(2014). 

2. K. Bhavesh, M. Vijay Kumar, C.V. Yelamaggad and S. Krishna Prasad, Enhancement of 

electrical conductivity of a liquid crystal-gold nanoparticle composite by a gel network of 

aerosil particles, Appl. Phys. Lett., 106, 083110-5 (2015). 
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6.1 Introduction 

Nanocomposites have been attracting substantial attention since the first reports three decades 

ago [1]. The interest is especially due to the technological importance of percolative 

composites for the demanding applications requiring high electrical/thermal conductivity or 

high dielectric constant. Blending the processability of insulating organic materials with high 

conductivity values of metal particles has been in the forefront of this field [2,3]. Perhaps one 

of the best examples of these composites are those of liquid crystals (LC) and nanoparticles 

(NP) showcasing the importance of the judicial combination of soft matter and nanoscience, 

based on the soft elasticity and field tunability of liquid crystals. Several recent reports exist 

which demonstrate the importance of the combination of LC and NP [4-16]. Proper 

realization of the field tunability has been depicted at least in two cases [17,18]
 
with the 

potential to result in devices in which macroscopic properties can be switched between their 

anisotropic values along, say, parallel to perpendicular direction with respect to an internal 

reference axis. In the case of mixtures with carbon nano particles, the frequency dependent 

conductivity exhibits (see Chapter-5)
 

behaviour similar to the well known feature in 

disordered solids, qualitatively agreeing with the expectations of the extended pair 

approximation model [19]. Based on these aspects, investigations have been carried out on 

the composites in their bulk form as well as in the confined situation. The results are 

described in Part A and B of this chapter, respectively.  

Part A: Composites of Gold Nano Particle-Liquid Crystal in bulk form 

This part contains the results of dielectric and Differential Scanning Calorimeter (DSC) 

measurements on the bulk form of the composites of gold nano-particles (GNP) with a 

weakly polar nematic liquid crystal (LC) as the host.
 
In fact, the weak polarity of this host and 

the absence of any strong longitudinal dipole moment reduce the possibility of build-up of 

short range ordering in the vicinity of the metal particles, and thus enhance the disordering 
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imparted by the particles. Calorimetric studies show that there is a significant influence of the 

presence of the particles on the isotropic-nematic (I-N) transition of the host, with both the 

transition temperature and the transition entropy diminishing significantly. With increasing 

GNP concentration, while the anisotropic conductivities parallel as well as perpendicular to 

the director increase exhibiting percolation threshold behaviour, the rate of increase 

determined using a scaling law, exhibits an exponent that is below the dimension-related 

universal value. The anisotropy of the conductivity, taken as the ratio of the values in the two 

orthogonal directions, reduces slightly with increasing GNP concentration.  The fact that the 

host material exhibits a low frequency director relaxation has enabled the first thermal 

investigations of the mode for the LC-metal particle composites which show strong influence 

of the concentration of GNP on the relaxation frequency of the mode. 
 

6.2 Materials  

6.2.1 Host liquid crystalline material 

The liquid crystalline host used for the present study is 4-pentylphenyl 2-chloro-4-(4-

pentylbenzoyloxy) benzoate (PCPBB for short), whose structure and phase sequence have 

already been given in the previous chapter. Structural feature of this compound that is of 

importance here is that it does not possess any strong dipole moment along the long axis of 

the molecule, but a weak one along the transverse direction. This feature was the criterion to 

select it so that the results could be compared with the data available in the literature 

collected mostly on alkyl/alkoxy cyanobiphenyl (with a strong longitudinal dipole moment) 

as the host.  Also to be recalled is that PCPBB exhibits a low frequency director relaxation. 

6.2.2 Preparation of nanoparticles  

The Brust procedure [20],
 
in which GNPs are prepared and capped with alkanethiols in a non-

polar organic phase is a popular method, and has been found [9] to be suitable for the type of 

studies performed here; Dodecane-1-thiol, whose structure is shown in Figure 6.1, is used as 
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the capping entity in the present studies. The starting materials, hydrogen tetrachloroaurate 

(III) trihydrate, sodium borohydride, tetraoctylammonium bromide and 1-dodecanethiol were 

procured from Aldrich Chemical Company and used as received. Ethanol and toluene 

obtained from a local source were purified following standard procedures. High purity 

(18M) water was obtained from Milli-Q ultrapure water system (from Millipore). 

 

 

 
Figure 6.1: Top: Molecular structure of dodecane-1-thiol. Bottom:  Schematic representation 

of a spherical gold nano particle capped with dodecane 1-thiol to achieve steric stabilization 

in the liquid crystal environment. 

 

The deep brown dodecylthio-capped GNPs realized from the Brust procedure were 

repeatedly (5 times) washed with ethanol. The crude product collected by filtration was 

quickly dissolved in toluene and again precipitated with ethanol. This process was repeated 

several times and the pure GNPs were collected by filtration and preserved in the form of a 

solution in toluene (30 %). The general characteristics of the prepared material were found to 

be consistent with the literature reports [21].
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6.3 Characterization of nanoparticles  

6.3.1. 
1
H NMR study 

The chemical purity of the prepared nanoparticles was confirmed by 
1
H NMR. The spectra 

given in figures 6.2 and 6.3, showed no indication of any free thiols left over. 
1
H NMR 

spectrum of the GNP, prepared by modified Brust protocol, has been recorded using Bruker-

AMX 400 instrument and analyzed.  As shown in Figure 6.2, the spectral pattern suggests the 

stabilization of gold colloids by ligand, dodecane-1-thiol. Most importantly, in 
1
H NMR 

spectrum of the GNP the signals due to ligands are almost negligible. That is, the quartet 

arising due to methylene moiety [ –CH2-SH ] of lignad (see circled area in Figure 6.2 and 

compare with same region in Figure 6.3) is quite minute implying that the GNP is mostly free 

from un-bound ligands.  

 
Figure 6.2: 

1
H NMR spectrum of GNP (CDCl3, 400 MHz) 

 
Figure 6.3: 

1
H NMR spectrum of dodecane-1-thiol (CDCl3, 400 MHz) 



Chapter-6: Experimental Studies on Composites of Gold Nanoparticle/Weakly Polar Nematic Liquid Crystal in 

bulk and confined forms  

 

 
 

6.3.2. Transmission Electron Microscopy 

TEM measurements were carried out to determine the shape as well as the size of the 

particles. The images were obtained on a JEOL 3010 TEM scanning/transmission electron 

microscope operating at 300 kV. Samples were prepared by casting a droplet of 

functionalized GNPs in DCM solvent onto carbon-coated copper TEM grids followed by 

drying for 20 min. The image, given in figure 6.4, which showed essentially spherical 

particles, was analyzed using a digital image analyzer (ImageJ, NIH) and yielded a mean 

particle size of 3.6  0.6 nm; the histogram of the particle size distribution is also shown in 

fig 6.4. 
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Figure 6.4: Left: Transmission electron microscopy image of the GNPs. Right: Histogram 

showing the particle size distribution.  

350 500 650 800
0.00

0.05

0.10

 

 

A
b
s
o
rp

ti
o
n
 (

a
rb

. 
u
n
it
)

(nm)
 

Figure 6.5: UV-Vis spectrum of GNPs with dichloro methane after subtraction of the 

background. The solid line depicts the fit of the data to a Gaussian expression. 
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6.3.3. UV-Vis spectrum 

In order to observe the surface plasmon resonance (SPR), UV-Vis absorption spectra were 

recorded in transmission mode in the range 200 to 850 nm with a Perkin Elmer Lambda 20 

spectrometer. A clear, single SPR peak at 517 nm (see figure 6.5) supported the spherical 

nature of the particles. 

6.3.4. Xray diffraction 

The size of the particles was estimated from the powder Xray diffraction pattern (Panalytical 

X’Pert Pro equipped with PIXEL detector, Cu K radiation,  = 0.15481 nm). The two 

reflections seen conform to the (111) and (200) reflections of metal with face centred cubic 

structure (see figure 6.9). 
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Figure 6.6: Wavevector dependence of the product I.q
4
 (“Porod plot”) obtained from low 

angle raw Xray scan of GNPs. 

The lattice constant determined from XRD pattern, 0.409  0.001 nm, is in good agreement 

with the standard diffraction pattern of gold metal (JCPDS Pattern 4-784). The nanoparticles, 

as one may expect, lack the extended order of usual crystals. This is evident from the fact that 

the peaks are much broader than one gets for the bulk metal. As is often done, the average 

GNP size  was calculated using the Debye–Scherrer formula,   cosK . Here  is 
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the full width at half maximum,  and  are the wavelength of the radiation and the Bragg 

angle, respectively. The coefficient K is a correction factor that depends on the shape of the 

domains. For fairly regular shapes it usually varies between 0.8 and 1.0, and is taken to be 

0.89 for spherical particles. Using the experimental values for the different parameters the 

particle size turns out to be 5.4  1 nm, a value comparable to that obtained from TEM. A 

further support comes from the Porod representation of the low angle Xray data (see Figure 

6.6), which yields the particle size to be 5.3 nm. 

6.4 Preparation of the LC-GNP composites  

To prepare the composites, a colloidal solution of GNP in toluene was added to a previously 

weighed PCPBB placed in a 5 ml vial. The contents of the vial were subjected mechanical 

shaking to achieve uniform dispersion. Subsequently the solvent was evaporated and the 

mixture was dried under reduced pressure.  

 
 

Figure 6.7: Polarizing microscopy photographs in the nematic phase for different 

concentrations of GNP with (a) X=0, (b) X=0.005, (c) X=0.01, (d) X=0.02, (e) X=0.025 and 

(f) X=0.05. In each case it is observed that the GNPs are quite well dispersed without any 

aggregation. 

 

The concentration of GNP in the composite is denoted by X in weight fraction, taken as the 

ratio of weight of GNP to that of LC. Five different compositions were prepared with X= 

(a) (b) (c)

(d) (e) (f)



Chapter-6: Experimental Studies on Composites of Gold Nanoparticle/Weakly Polar Nematic Liquid Crystal in 

bulk and confined forms  

 

 
 

0.005, 0.01, 0.02, 0.025 and 0.05. Texture photographs obtained with a polarizing optical 

microscope (Leica DMRXP fitted with Optronics digital camera) in the nematic phase for 

different concentrations of GNP showed that for all composites the GNPs are quite well 

dispersed without any aggregation as shown in Figure 6.7. 
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Figure 6.8: Xray diffraction profiles for the pure NLC (PCPBB) and the X = 0.05 GNP 

composite in the nematic phase exhibiting two diffuse reflections, Peak1 and Peak2, 

corresponding to the intermolecular spacing along and perpendicular to the director 

direction. The composite as well exhibits a low-intensity peak at wide angles (Peak3) due to 

the reflections from the gold nanoparticles.  
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Figure 6.9: Wide angle Xray diffraction profiles for the nanoparticles as prepared and the 

LC/GNP (X = 0.05) composite, showing the (111) and (200) peaks characteristic of metallic 

Gold. The solid line depicts the fit of the data to the Lorenzian expression. 

 

The Xray diffraction patterns obtained for the pure LC and a representative composite 

with X=0.05 are shown in Figure 6.8. The two diffuse peaks below 2 < 30
o
 are characteristic 
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of the nematic scattering, with the low angle peak suggesting the presence of a slight local 

positional order; the wide angle represents scattering due to the intermolecular  distance 

perpendicular to the nematic director.  The presence of the peaks at 2 ~ 38
o
 and 44

o
 (shown 

on an enlarged scale in the Fig 6.9) due to the (111) and (200) reflections arising from gold 

establishes the presence of GNP in the nematic medium. Although the low concentration of 

GNP, together with the fact that the dispersing medium is essentially a fluid are responsible 

for the lowered S/N ratio of these peaks, it is clearly seen that peak positions and widths 

remain unaltered. 

6.5 Methods of calorimetric and dielectric measurements 

The differential scanning calorimetric measurements were performed with the power-

compensating DSC system described in Chapter-2. The permittivity and electrical 

conductivity data were obtained with samples sandwiched between two indium-tin-oxide 

coated glass plates, having very low sheet resistance (< 10 ). Thin Mylar strips, placed 

outside the electrically-active area, defined the thickness of the cell. The sample cells were 

placed inside a home-made copper block heater, which in turn was kept between the pole-

pieces of an electromagnet (Bruker B-20) that provided a uniform magnetic field of 0.8 Tesla 

over the entire sample region. Owing to the positive diamagnetic nature of the sample, this 

field, which is much above the Freedericksz threshold, was used to orient the LC molecules, 

and fix the probing direction to be parallel or perpendicular to the nematic director.  The 

electrical conductivity data were obtained using an Impedance analyser (HP 4194A) at a 

frequency of 1 kHz with a probing voltage of 0.5V. 

 

6.6. Results and Discussion 

6.6.1. Differential scanning calorimetry 

Figure 6.10 presents the differential scanning calorimeter (DSC) scans taken at a cooling rate 

of 5 
o
C/min for pure PCPBB and five composites. A qualitatively significant change observed 
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is the weakening of the I-N transition for the composites; the effect becomes more as the 

concentration of GNP is increased. Additionally the peak also gets broadened for the 

composites. Both these features can be considered to be arising as an impurity effect, 

especially since the second constituent (GNP) in the mixtures is a non-LC component. 
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Figure 6.10: Differential scanning calorimeter profiles in the vicinity of the isotropic-nematic 

(I-N) transition for the pure LC (X = 0) and the different composites, with the concentration 

of GNP indicated against each curve. The drastic reduction in the thermal strength with 

increasing X is clearly visible. 

 

Figure 6.11 shows the influence of X, the GNP concentration, on the thermal parameters, 

viz., transition temperature (TIN) and transition entropy (SIN). When X changes from 0 to 

0.05, while the transition temperature diminishes by 10 K, the transition entropy reduces by ~ 

45%. Gorkunov and Osipov [22] have worked out a molecular mean field theory for the 

composites of nanoparticles with liquid crystals. A special case they consider is that of 

spherical particles, for which according to the theory the influence on the I-N transition is 

given by TIN =(1−)TINO, where TINO and TIN are the transition temperature for the pure LC 

and the composites, respectively and (1−) represents the contribution of the dilution effect. 
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The term dilution here refers to the feature that inclusion of nanoparticles into the nematic 

medium diminishes the interaction between the LC molecules, thus diluting the order 

parameter of the system. 
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Figure 6.11: The concentration dependence of the transition temperature (TIN) and the 

associated entropy (SIN). The line through the former set is a fit to eq. 6.1, and that through 

the latter is a straight line through the data. 

 

In the absence of any explicit expression for the concentration dependence of the parameter  

in the theory, and keeping in view the trend observed in the experiments, we fitted the data of 

Figure 6.11 to eq. (6.1) 

(6.1)                                                                                                AXTT 2

INOIN 
 

and find the fitting to be quite good, which shows that the dilution effect is quite strong for 

the present system. The weakening of the thermal signature of the transition with increasing 

GNP concentration is evident from the DSC scans. To quantify the weakening, we 

determined the entropy (S) associated with the transition using the area under the peak. 

Figure 6.11 shows that S decreases significantly with X, a feature in general agreement with 

the dilution theory [22].  A further argument can be made by keeping in mind that the I-N 

transition for the pure LC is a weak first order transition with a jump in the order parameter. 
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The observed behavior of S suggests that the presence of the particles drives the transition 

to the second order transition region through a tricritical point [23]. Another feature that was 

observed for X= 0.005 and 0.01 composites is the existence of a small peak just below the 

main peak (seen clearly on an enlarged scale of Figure 6.12 for X=0.005).  
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Figure 6.12: DSC profile in the vicinity of the I-N transition on enlarged scale exhibiting a 

double peak profile for the X = 0.005 composite, with the position of the weaker peak 

indicated by the arrow corresponding to the surface I-N transition, discussed in the text. The 

profile is fitted with a sum of two Gaussian expressions (black line), the individual 

contributions being resolved as shown by coloured lines.  

 

Optical microscopy observations show that there is no textural change across the 

small peak, with the material remaining in the nematic phase. The separation between the 

twin peaks decreases for X=0.01 composite, and for higher concentration materials it is 

difficult to discern such a feature, even if present owing to the fact that the overall strength 

diminishes. A twin peak profile for the isotropic-nematic transition, absent in the pure LC 

material, has been observed in both specific heat and DSC profiles for composites of LC with 

aerosil [24, 25; also see Chapter-3].  Analyzing high resolution calorimetric, light scattering 

and microscopy techniques, Caggioni et al [25], propose that in the LC-aerosil systems the 

nematic order develops from the isotropic phase through a two-step process and explain in 

terms of a system exhibiting temperature dependent disorder strength, and due to a crossover 

from a random-dilution regime where the silica gel couples to the scalar part of the nematic 
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order parameter, to a low-temperature random-field regime where the coupling induces 

distortions in the director field. A similar crossover phenomenon has been found in 

disordered antiferromagnets [26].   

As it happens in these systems also, the presently studied materials show that the 

high-temperature peak is much sharper compared to the low-temperature peak. While the 

random field crossover phenomenon mentioned above is possible in the present case also, the 

observed double peak profile here can also be viewed in terms of a surface transition 

separated from a bulk transition. The bulk transition is caused by molecules which are away 

from the GNP surfaces and are not influenced by the particles. The second transition is due to 

the molecules which are attached to, or in the immediate vicinity of GNP. Such “surface” LC 

molecules bind to GNP (through chain-chain interaction of the hydrophobic chain on the LC 

molecule and the capping agent of the particle) with an orientation that is locally 

perpendicular to the particle surface creating a region of higher disorder in comparison to the 

bulk region. The reduced order of the surface molecules would also lower their transition 

temperature. If the surface effects become strong, then there can be a bifurcation of the 

temperature at which the bulk and the surface molecules undergo the transition resulting in 

doubling of the peaks. With increasing concentration of GNP, the proximity of the particles 

reduces the unaffected bulk regions thus weakening the thermal signal at the transition, and 

consequently diminishing the ability to detect the surface transition.   

6.7 Electrical conductivity 

Figures 6.13(a) and (b) show the conductivity along (||) and perpendicular () to the 

nematic director (𝑛  ) obtained at 1 kHz by having a small probing voltage (0.5V) parallel and 

normal to 𝑛  , respectively, whose direction is fixed by imposing an orienting magnetic field of 

magnitude 1 T. In order to avoid the effects of the sample pre-history and any transient 
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processes, the samples were first heated to the isotropic phase and the data were collected in 

the cooling mode. 
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Figure 6.13: Thermal dependence of the electrical conductivity at 1 kHz on a semi-

logarithmic scale (a) along, and (b) perpendicular to the nematic director direction for the 

pure LC and the different composites, with the concentration of GNP indicated against each 

data set. The step like change seen in each set corresponds to the I-N transition.  

 

Even at a cursory level, the data presented are consistent with the percolation model, i.e., the 

 values, which for the pure LC are typical of insulators, increase by more than an order of 
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magnitude even for the lowest concentration studied, viz., X = 0.005. With further increase in 

concentration there is a steady increase in the value resulting in an overall increase of ~ two 

orders of magnitude for X =0.05. Two other features seen in figures 6.13(a) and (b) are:  (i) 

|| for pure LC exhibits an anomalous increase at low temperatures (high 1/T). As we shall 

see later this is an artefact resulting from the dielectric relaxation of the medium. (ii) For all 

concentrations, the I-N transition is marked by a step or change in the slope of the 

temperature dependence of , although the effect gets smoothened for higher concentrations.  
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Figure 6.14: GNP concentration dependence of at the isotropic-nematic transition (TIN 

set), and in the nematic phase, not too far from the transition (TIN -10K set) and deep in 

the nematic phase (TIN -70K set). The lines represent the fit to the percolation model (eq. 6.2). 

Error bars are smaller than the symbol size used. 

 

The concentration dependence of the  value at the I-N transition, and  in the 

nematic phase taken at two fixed relative temperatures of TIN–T =10K and TIN–T =70K are 

shown in Figure 6.14. The data sets exhibit transition to a reasonably high conducting state at 

concentrations of GNP exceeding X = 0.005, and the behaviour is again typical of systems 

showing a percolation threshold [27], which can be explained as follows. With increase in the 

content of GNP in the composite, the interactions between individual GNPs become 

important, and at the percolation threshold, defined as content of GNP necessary for building 

a continuous conductive path inside the isolative matrix, a transition from the nonconductive 
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to the conductive state occurs [28]. After the drastic increase at the threshold,  develops a 

much weaker dependence on further increase in the concentration of GNP. The abrupt 

increase at the threshold followed by a weaker increase can be described by a percolation 

scaling law of the type 

(6.2)                                                                                                        )X(Xσ t

c  

Here Xc is the threshold concentration and t is a characteristic exponent. Fitting the data 

presented in Figure 6.14 to eq. (6.2) yields exponent values which are essentially the same, 

being t=0.63 0.03 and 0.71 0.05 in the nematic (at TIN–10K) and at TIN respectively. It 

should however be noted that these values are much lower than found in a large number of 

insulating systems [29], in which the conducting state is induced by the addition of particles 

such as carbon nanotubes (CNTs). In such polymer-CNT complexes, the value of the 

exponent t is dependent on the dimensionality d of the system: t =1.1-1.3 for d = 2, and 1.6-

2.0 for d=3. Thus the exponent values for the currently studied composites, are much lower 

than these expectations. The experimental values are rather closer to those expected in the 

pre-percolation regime, which definitely is not true in the present scenario. But it may be 

recalled that deviations are often found in conductive composites containing dispersed fillers, 

and attributed [30] to many peculiarities associated with such systems, such as, host–filler 

interaction and existence of contact phenomena on the particle–particle boundary. In the case 

of liquid crystal hosts, a further parameter that may have to be included is the influence of 

thermal fluctuations on the fluid environment, and consequently on the connectivity of the 

metal particles with their organic capping unable to maintain a time-independent contact. 

This requirement is perhaps supported by our observation that the exponent increases from 

0.63 to 0.99 when the lowest temperature data (at TIN–70K) in the nematic phase are 

considered. In part B we discuss how the duration of the contact may be enhanced by 

embedding the material in get matrix. 
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For an anisotropic system, the behaviour in different directions is an important 

feature. Figure 6.15 shows the concentration-dependence of the conductivity anisotropy, 

defined as a = ||/, exhibiting a gentle decrease of about 15% from X=0 to X=0.05 and 

suggesting that the charge transport becomes more isotropic. This could be arguably due to 

the network becoming more 3D-like, as the GNP concentration is increased.  Employment of 

anisotropic metal particles perhaps reduces this tendency to form a 3D network, and thus help 

to retain the conductivity anisotropy ratio unaltered [10].
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Figure 6.15: Concentration dependence of the conductivity anisotropy a (= ) and 

permittivity a (= ) at a relative temperature of TIN -10 K. The lines are just guides to 

the eye. 

 

6.8 Arrhenius behaviour of conductivity 

Both the anisotropic conductivities, || and  (in the nematic phase), and at exhibit 

significant temperature dependence. Owing to the influence of the low frequency director 

relaxation on ||, mentioned above, we use the  data for analysis in the nematic phase. In 

the semi-logarithmic depiction in Figure 6.13(b),  is seen to vary linearly with inverse 

temperature. Therefore we fitted the data in the two phases (except in the vicinity of the 

transition) to the Arrhenius law 
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(6.3)                                                                                     exp 








 


Tk

E

B

s
o  

This equation is derived to describe the change of the electrical conductivity with temperature 

for the general case of non-metallic thermally-driven conductors, with Es denoting the 

thermal activation energy of electrical conduction that depends on the nature of the 

conductor, the prefactor (σ0) being the conductivity when the reciprocal temperature 

approaches zero and kB, the Boltzmann constant. It should however be mentioned that the 

quality of fitting improves slightly if instead of the Arrhenius law, the Vogel–Fulcher–

Tammann (VFT) expression, )]/(exp[)( go TTBT   with Tg as the glass transition 

temperature, is employed. However, since experiments could not be carried out at 

temperatures which are close to the possible Tg we limited the analysis to the Arrhenius law.  

The Es values obtained by a least-squares fit of the data to eq. (6.3) for the different 

concentrations in the nematic and isotropic phases are presented in Figure 6.16 and also listed 

in Table 6.1.  
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Figure 6.16: Influence of GNP concentration on the activation energy values associated with 

the thermal dependence of conductivity (Es) and the dielectric relaxation frequency (Ed). The 

lines are merely guides to the eye. The error bars are contained inside the symbols used, as 

can be seen from Table 6.1. 

 

Interestingly, the activation energy values in the isotropic phases are about half of those in the 

nematic phases indicating that the charge transport is influenced by the underlying 
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orientational order, although the conducting particles are themselves isotropic. It may be 

mentioned that the activation energy values obtained from the || data set (by considering the 

region away from the relaxation frequency artefact mentioned above) is marginally different 

from those for the  data. 

Table 6.1: Activation energies (in kJ/mol) for the thermal behaviour of the conductivity (Es) 

and dielectric relaxation frequency (Ed) as a function of GNP concentration in the composite  

X 
Es Ed 

Nematic Isotropic Nematic 

0 36.3  0.05 23.9  0.07 78.7  0.20 

0.005 36.9  0.05 21.3  0.06 74.6  0.08 

0.01 38.5  0.02 22.7  0.02 76.2  0.10 

0.02 35.7  0.02 21.5  0.02 74.4  0.08 

0.025 35.7  0.03 21.5  0.02 74.4  0.08 

0.05 36.8  0.04 22.1  0.03 74.3  0.08 

 

6.9 Frequency dependence of conductivity 

The frequency-dispersion of conductivity is an important characteristic of conductors formed 

by particle-doped insulators. A wide variety of materials including glasses, polycrystalline 

semiconductors, polymers, transition metal oxides, organic-inorganic composites, ceramics, 

etc., exhibit a similar frequency dependent conductivity, often termed Jonscher’s Universal 

Response [31]. In such materials, at low frequencies, one observes a constant conductivity 

while at higher frequencies the conductivity becomes strongly frequency-dependent. 

Therefore it is customary to express the conductivity  (f) measured at a finite frequency f as 

ACDC  )(f
 

where DC and AC are the zero-frequency DC component, and AC 

contributions, respectively. The Jonscher’s universal description considers a distribution of 
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hopping probabilities between sites distributed randomly in space and in energy and uses the 

following explicit expression for  (f) 

   (6.4)                                                                                         /1)(f
n

cDC ffk  

where k is a constant and in disordered solids, 0 < n < 1. The critical frequency fc marks the 

onset of the conductivity relaxation, and the transformation from long range hopping to the 

short range motions. Figure 6.17 presents the frequency-dependent  data for pure LC and 

composites, with X= 0.02, with the observed behaviour consistent with other such conducting 

systems. The solid lines depict the fitting to eq. (6.4) showing that the expression describes 

the data well. 
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Figure 6.17: Probing frequency dependence of the conductivity for the pure LC and the X = 

0.02 composite at a relative temperature of TIN -70K. The lines represent the fit to eq. (6.4). 

 

For both the two materials the fitted values of the exponent, n = 1.45 ± 0.01 and 1.26 ± 0.02 

for X = 0, 0.02 composites respectively, fail the universal expectation that the exponent 

should be <1.  The reason for this discrepancy is not clear to us, although it must be 

mentioned that the model, which is meant for disordered solids does not obviously consider 

thermal fluctuations, a feature that is invariably present in the nematic phase, and cannot be 

ignored. It may, however, be pointed out that discussing a jump relaxation model Funke [32] 
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suggested that a value of n >1 could actually be suggesting a physical situation wherein the 

motion involved is a short hopping of the species localized to the neighbourhood. More 

recently Papathanassiou et al, [33] highlighted the experimental observations in certain glassy 

materials [34] and proposed a model stating that there is no physical argument to restrict the 

value of n below 1. According to them while a qualitative universal behaviour of the AC 

conductivity in disordered media is envisaged, there need not be a universal fractional power 

law. More liquid crystalline systems have to be investigated to test the application of this idea 

in soft systems. The critical frequency fc is seen to increase with increasing concentration, 

behaviour consistent with that seen for insulating polymers incorporated with conducting 

particles [35]. 

6.10 Dielectric permittivity 

The temperature dependence of the permittivity along (||) and perpendicular () to the 

nematic director determined at a fixed frequency of 1 kHz for the pure LC and three 

composites, X=0.01,0.02 and 0.05 are shown in Figure 6.18.  
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Figure 6.18: Thermal variation of the permittivity in the isotropic and nematic phases 

measured at 1 kHz along (||), and perpendicular (), to the director for the pure LC and 

composites. In each case the temperature at which there is a step-like change marks the 

transition between the two phases. The significant increase in the values with increasing 

concentration of GNP is evident. 
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In all the three sets the abrupt change in the data marks the I-N transition. Several interesting 

features are seen: (i) the composites retain the positive dielectric anisotropy of the pure LC, 

(ii) both the anisotropic permittivities (|| and ), as well as the value in the isotropic phase 

(iso) increase with increasing GNP concentration, (iii) the difference between || and  

appears to increase as X increases. These features suggest that there is an additional dipolar 

contribution from the metal particle network to the overall permittivity of the medium, which 

increases with the concentration of GNP. The increase in  for the composite is also possibly 

due to the creation of an increased number of GNP-LC-GNP capacitors. A better explanation 

perhaps is the following. An increase in dielectric constant in polymeric systems with metal 

nanoparticles has been attributed to the phenomenon of Coulombic blockade [36]. This 

phenomenon, which has found applications in single electron transistors [37] and 

thermometers [38] etc., occurs in systems having tunnel barriers separating conducting 

islands from one another and the electrodes, resulting in an enhancement of the permittivity. 

Such a blockade also leads to a lowering of the dielectric dissipation factor. This could not be 

checked in the present system owing to the presence of a low frequency relaxation, to be 

discussed below.  

The anisotropy a (= || – ) at TIN–10K, shown in Figure 6.15, exhibits a marked 

increase of 28%. It may be recalled here that the qualitative behaviour of a seen for the 

present system is quite similar to that for composites with a strongly polar nematic liquid 

crystal having spherical [9] as well as rod-like GNP [10],
 
and thus is perhaps a general feature 

of GNP/LC systems. In liquid crystalline materials an enhancement in a is associated with an 

increase in the orientational order. However, the lowering of a discussed earlier, and the 

director relaxation behaviour (vide infra), indicate the opposite, i.e., a reduction in nematic 

order with increasing GNP concentration. In view of this antagonistic requirement we tend to 
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think that the increase in the dielectric anisotropy to be arising from the polarisability of the 

GNPs.  

6.11 Dielectric relaxation spectroscopy 

Figure 6.19 (a) and (b) show spectra for the real (’) and imaginary (”) parts of the 

permittivity for the pure LC and composites with X = 0.05 at a fixed relative temperature of 

TIN−70 K. While the increase in ’ could be because of reasons mentioned above, the 

enhancement of ’’ could be either due to an increased electrical conductivity (described 

below) or associated with GNP-LC interfacial regions. More than the absolute values of the 

LC and composite samples (the governing relaxation frequency of the mode being 

approximately the midpoint of the step in ’ and peak point in ” data) – that is important.  
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Figure 6.19: Dielectric relaxation spectra in the nematic phase (TIN -70K) for the pure LC 

and a representative composite X = 0.05 exhibiting a clear relaxation process in both the (a) 

real and (b) imaginary components of the permittivity. The large increase in ” at low 

frequencies is due to the conductivity of the system, by subtracting which the relaxation 

curves stand out as shown in the figure 6.20. The lines represent the fit of the data to eq. 

(5.1). 

 

The single relaxation is associated with the director relaxation, and it is notable that the 

relaxation frequency appears to be shifting to higher values with increasing X; nearly 

doubling in the value from X=0 to 0.05. We will discuss this feature below. Especially for the 
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composite in the vicinity of the relaxation, the data of the imaginary component (
′′
), is 

partially masked by the large frequency dependence of ionic current contribution extending 

from the lowest frequency. However, quantitative description of the data using a standard 

Havriliak-Negami (HN) expression [39], already described in Chapter-5 (eq.5.1), clearly 

brings about the relaxation phenomenon in the composite also. For both the pure LC and the 

mixtures the frequency-dependent data are well described by the HN equation. The HN 

parameter  was found to be equal to 1 for the pure LC as well as the mixtures, indicating a 

symmetric relaxation profile. The other parameter, , also turned out to be equal to 1 for the 

pure LC indicating a Debye relaxation; for the LC-GNP dispersion, however, 0.93 <  < 1 

indicating a slight distribution of the relaxation times.  

10
3

10
4

10
5

1

3

 f (Hz)

 

 

''

X=0 X=0.05

 

Figure 6.20: ” vs frequency for X=0 and X=0.05, obtained after subtraction of the 

conductivity contribution. The lines stand for the fit of the data to eq. (5.1). 

As stated earlier, the large conductivity masks the existence of the relaxation for the 

composite. But the subtraction of the conductivity contribution estimated from the third term 

of eq. (5.1) brings out the dielectric features in the imaginary part of the permittivity also (see 

Figure 6.20). In fact, the observed features in 
''
 are in conformity with those seen for 

'
. In 

the frequency range studied , the permittivity in the plane perpendicular to the nematic 

director, has hardly any frequency dependence, while || exhibits a relaxation. For the material 
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under study, the relaxation creates a situation wherein at a particular frequency, referred to as 

the crossover frequency (fcr),  cuts through the 
'
|| data. This causes a to be positive below 

fcr, and negative, above fcr; invariably, fcr lies in the close proximity of fR. Figure 6.21 shows 

the GNP concentration (X) dependence of the dielectric anisotropy below (+a) and above (-

a) fcr, and it is seen that both the parameters have a very weak dependence on X. 
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Figure 6.21: Permittivity anisotropy below (+a) and above (-a) the crossover frequency that 

lies very close to the relaxation frequency. The error bars are smaller than the symbol size 

used. 
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Figure 6.22: Temperature dependence of the dielectric relaxation process in the nematic 

phase of the pure LC (a), and the composites X = 0.01, 0.02 and 0.05 (b,c,d) exhibiting 

Arrhenius behaviour, the activation energy (Ed) of which is shown in Figure 6.16. 
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The temperature dependence of the relaxation frequency fR for the pure LC and 

different composites are shown in Figure 6.22. The presence of the nanoparticles is seen to 

have a substantial influence on the magnitude of relaxation frequency: fR increases with 

increasing X, as shown in Figure 6.23 presenting the concentration dependence of the 

relaxation frequency at a constant temperature of  T =50 
o
C. 
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Figure 6.23: Plot to show the strong influence of GNP concentration on the relaxation 

frequency at T = 50
o
C (Note that the data is presented on a semilogarithmic scale). The line 

is merely a guide to the eye.  

 

An increase in fR for the observed director relaxation mode can be associated with a 

reduction in the orientational order. In fact, such an increase in the relaxation frequency is 

also seen in a non-conducting nanoparticle/LC system [24], such as, for example, in 

composites of nematic with aerosil particles. However, the effect is much weaker in the case 

of aerosil systems. For example, with the same host LC and a particle concentration of 5%, 

the increase in fR is only ~ 20% for the aerosil composites, whereas the presently studied 

GNP composites exhibit a doubling of the value. This is indicative of the stronger reduction 

in the order parameter for the GNP composites than for the aerosil mixtures. Of course, a 
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feature of the aerosil system that should be borne in mind is that the hydroxyl groups 

decorating the particles create a hydrogen bonded network that perhaps is responsible for 

diminishing the influence of the particles on the order parameter of the system. For the pure 

LC and the composites as well fR has a linear dependence (except in the vicinity of TIN) with 

reciprocal temperature in the semi-logarithmic representation shown in Figure 6.22. As 

mentioned in the conductivity case, such a feature indicates Arrhenius behaviour. 

Accordingly we fitted the data to 

(6.5)                                                                                           exp 
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The Ed values obtained by a least-squares fit of the data for the different concentrations in the 

nematic phase are given in Table 6.1 and also graphically represented in Figure 6.16. Unlike 

the concentration-independence of Es, the activation energy for the conducting process, Ed 

exhibits a small decrease with X. These two features suggest that despite the large changes in 

the magnitude to the parameters of  and fR, the activation energies are not altered much by 

the presence of the metal particles. Further Ed values are much higher than the corresponding 

Es values indicating that different mechanisms control the two processes.  

To conclude part A, we consider the importance of the host PCPBB LC molecule 

used in the present study. As already stated the molecule does not possess a strong dipole 

moment along the long axis of the molecule, but has a weak one (Cl) along the transverse 

direction. Since there is no basis to expect the interaction between the PCPBB molecule and 

the metal particle surface (the dodecane thiol shell rather than the bare particle) to be dipolar 

in nature, we consider such an interaction to be hydrophobic – between the terminal chains of 

PCPBB and the dodecane chain of GNP. Maximizing such an interaction would then make 

the LC molecular arrangement in the vicinity of GNP to radiate out resembling a pin-cushion, 

and lowering the order parameter of the region. However, the resulting elastic deformation of 
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the director profile would not allow the radiating pattern to extend over long distances away 

from GNP. With an increasing concentration of GNP the regions around the particles also 

start interacting diminishing the overall order parameter of the medium. These features are 

schematically shown in Figure 6.24. 

 
 

Figure 6.24: Schematic illustration to show the disruption of the oreientational ordering of 

the liquid crystal molecules in the vicinity of GNP: The dodecane thiol chains involved in the 

capping of the particle are shown in wiggles in cyan, and the LC molecules as blue ellipses 

with two hydrocarbon chains (shown as black wiggles) on either side the molecule. Moving 

away from the centre of the particle, the orientational ordering increases towards the value 

dictated by the surrounding nematic. This feature is colour coded such that lighter the 

colouring, higher is the orientational ordering. When the particles are far apart the ordering 

of the intervening region is comparable (light yellow) to that of the bulk nematic, as shown in 

(b). When the particles come nearer as would happen with higher concentration of GNP, the 

disordering increases shown with deeper yellow in (c).  

 

 

Part B: Composites of Gold Nano Particle-Liquid Crystal in a Restricted Geometry Created 

Aerosil Particles 

As discussed in the Introduction for Chapter-3, understanding the theoretical as well 

as experimental aspects of the influence of geometrical restrictions on properties of LC has 

been quite attractive in recent years [40]. In this direction, composites of LC with silica 

composites (aerogels/aerosils) are considered to be interesting model systems [41]. While 

Au

AuAu AuAu

(a)

(b) (c)
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several properties of the LC-aerosil composites have been studied, the influence of QRD on 

the electrical conductivity of LC, or more importantly of metal NP doped LC systems has not 

been investigated. In this part, we describe thermal and probing frequency dependence of 

electrical conductivity of a nematic composite incorporating gold NP as well as aerosil 

particles displaying the surprising result that a network of non-conducting particles enhances 

substantially the conductivity of the LC-GNP composite. Further, the inclusion of aerosil as 

well moves the system towards classical disordered solids as seen by the power-law 

behaviour of the high frequency conductivity. The influence of the nature of the aerosil 

corona (hydrophobic/hydrophilic) is also described. 

6.12 Materials  

The liquid crystalline host material is the same as that used in part A of the investigations. 

However, unlike the work on the bulk form, here we employed commercially obtained GNPs, 

the details of which are given below. The spherical Gold nanoparticles, capped with 1-

dodecanethiol and having a diameter of 3 nm, were purchased from Nanopartz
TM

. The details 

of the particle characterization, provided by the manufacturer along with the Certificate of 

analysis are: Particle size as obtained from DLS and TEM: 3 nm; UV-Vis Peak: 516 nm and 

Concentration of suspension in toulene: 2.49 x 10
14

 nps/mL. For the creation of aerosil 

network, two types of nanosilica particles of 7 nm diameter were employed. One of them is 

hydrophilic (Aerosil A-300), and the other hydrophobic (Aerosil R812) with the specific 

surface area being 300 ± 30 and 260 ± 30 m
2
/g respectively. Both hydrophilic and 

hydrophobic nanosilica particles (Aerosil®) were from Degussa Corporation, provided as a 

gift by Mr. Vikas Rane of d-hindia Ltd, Mumbai. Toluene, obtained from a local source, was 

used as a solvent for dispersing nanoparticles in LC. Details of these types of aerosil particles 

are already discussed in Chapter-3. 
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6.13. Preparation of the composites of GNP-LC-Phob/Phil 

 The procedures for preparing the composites with the different nanoparticles are 

similar to those described in Part A as well as in Chapter-3, and will not be repeated here.  

The thermal treatment of keeping the vial containing the constituent materials in a hot air 

oven at 110
0
C for two hours and subsequently subjecting to vacuum drying for about 14 

hours ensured a proper composite. The concentration of the Gold NPs was 3 wt%, and aerosil 

NPs was 1.5wt% in the appropriate composites. Hereafter we refer to the single NP 

composites as LCPhil (LC with 1.5 wt% hydrophilic aerosil particles) and LCG (LC with 3 

wt% GNP). The two-nanoparticle composites, LCGPhob and LCGPhil, contain LCG mixture 

with the aerosil particles (at 1.5 wt%) being of the hydrophobic/hydrophilic variety 

respectively. Polarizing Optical Microscopy images display the uniform distribution of the 

nanoparticles throughout the host material in all the four composites (See figure 6.25).  

 

Figure 6.25: Polarizing optical microscopy images of (a) pure LC, (b) LCPhil, (c) LCG, (d) 

LCGPhob and (e) LCGPhil. Note that in all the four composites GNPs and aerosil particles 

are dispersed quite uniformly through the host material. 

 

6.14 Results and Discussion  

6.14.1 Differential Scanning Calorimeter results  

Differential Scanning Calorimeter (DSC) scans (Figure 6.26) showed the existence of a clear 

thermal signature across nematic-isotropic transition for the pure LC and all the composites. 

While the peaks are quite strong for pure LC and LCPhil materials the thermal signatures 

become much weaker for the other composites. 

LC LCPhil LCG LCGPhob LCGPhil

(a) (b) (c) (d) (e)
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Figure 2.26: Differential scanning calorimeter scans for the pure LC and the different 

composites across the isotropic-nematic transition at a cooling rate of 5K/min. 

 

6.14.2 Thermal variation of conductivity   

The temperature-dependence of , the conductivity perpendicular to the nematic director, for 

the pure LC as well as the different composites, is shown in Figure 6.27. In all the cases the 

isotropic-nematic transition is clearly indicated by a marked change in conductivity. The 

transition temperatures obtained with these data agree with the information from DSC. The  

values marginally increase between LC and LCphil materials, but exhibit more than three 

orders of magnitude enhancement on adding GNP (LCG) to the LC material. Such a behavior 

must be expected, as discussed in part A. However, addition of the insulating aerosil particles 

leads to the surprising feature of a further increase in conductivity by factor of 4-5. The 

extent of increase is clearly dependent on the nature of the corona with the hydrophilic 

composite (LCGPhil) being more conducting than the hydrophobic one (LCGPhob). It must 

be noted that upon addition of aerosil (i) the enhancement in the conductivity is observed in 

the nematic as well as the isotropic phases, and (ii) the anisotropy in the nematic phase is still 

retained, as confirmed from additional measurements of , i.e.,  along the director. In fact, 
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the magnitude of the anisotropy appears to be essentially the same for the pure compound as 

well as the composites. We shall explore possible reasons for the enhancement of  later.  
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Figure 6.27: Temperature dependence of electrical conductivity perpendicular to the nematic 

director for the pure LC and the different composites with nanoparticles. Data in the inset 

represent the derivatized form of eq. (6.7), also known as the Stickel plot. The slope and 

intercept of this linear form yields the fragility strength and VFT estimate of the glass 

transition temperature. 

Before discussing the detailed thermal variation of  we would like to point out that 

the dataset for LCPhil exhibits a reversal in the thermal trend at low temperature, a feature 

that can be explained considering the interaction of the LC molecules with the virtual 

surfaces at the interfaces with aerosil particles. The hydrophilic aerosil particles which are 

entirely decorated with siloyl groups provide a strong anchoring of the LC molecules at the 

particle surfaces. Thus, the spherical shape of the particles would lead to a 3-dimensional 

“powder-like” alignment of the LC molecules present in the vicinity of the aerosil surface 

despite the fact that the bulk of the LC molecules have the orientation dictated by the 

substrate surface or applied field. This results in a certain number of molecules being in the 

homeotropic orientation and thus being influenced by the director relaxation. This feature is 

not seen for pure LC sample because there is no opposing influence for the surface-dictated 
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orientation. The absence of the step for the LCG composite shows that the anchoring at the 

GNP surfaces (with alkyl thiol capping) is much weaker than at the aerosil surfaces. The 

GNP influence could perhaps be dominating when both (GNP and aerosil) kinds of 

nanoparticles are present, as seen for the LCGPhil and LCGPhob composites. 

 The inclusion of the nanoparticles alters the quantitative thermal behaviour of . For 

example, whereas the two insulating materials (LC and LCPhil) exhibit Arrhenius behaviour, 

log() versus inverse temperature being strictly linear, the three GNP containing composites 

present a significant deviation.  Deviation from the Arrhenius behaviour is often taken to be 

indication of a glass transition at low temperatures. The super-Arrhenius behaviour, 

commonly seen in glass-forming molecular liquids and polymeric systems, is often portrayed 

by the Vogel–Fulcher–Tammann (VFT) expression. The VFT equation is similar in form to 

that of the Arrhenius equation, but with the important exception that the value diverges 

exponentially at a finite temperature. For the temperature dependence of  it is expressed as  







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




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o
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Here D is the fragility strength coefficient and To is the VFT estimate of the glass transition 

temperature. Considering the non-linear nature of this expression, it is derivitazed with 

respect to T to get a linear form. This representation, known as the “Stickel plot” [42] is 

given as  
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The parameters D and To can be directly obtained from the slope and intercept of this 

equation. Inset of figure 6.27 inset shows the data for the different composites represented in 
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this fashion. The D and To values extracted from the fits to eq.(6.7) are given in Table 6.2. To 

be noted is the fact that the D value for the three composites are much smaller than 10 and 

significantly lower than for pure LC. This is important since the magnitude of D, a measure 

of the deviation of  (T) curve from thermally activated behaviour, has been employed to 

classify a large number of glass formers [42]: Materials labelled fragile glass formers 

exhibiting large deviations have small values of D (typically D < 10) whereas strong glass 

formers (D > 10) follow the Arrhenius law. Thus all the three GNP composites studied here 

can be classified as fragile glass formers. In contrast, the host LC shows a strict Arrhenius 

behaviour and therefore should be regarded as a strong glass. The much weaker temperature 

dependence of the behavior for the pure LC material, characterized by a high value of D =17, 

indeed supports this premise. Owing to a possible influence of the relaxation discussed 

above, the data for LCPhil composite are not considered here, although it is apparent that this 

material also has an Arrhenius behavior.  

6.14.3 Frequency dependence of the conductivity 
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Figure 6.28: Frequency spectrum of the conductivity for the pure LC and the different 

composites at room temperature. The lines show the fit to eq. (6.8) and yield the exponent n. 
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The fit was not performed on the data for LCPhil composite owing to the possible influence 

of the director relaxation discussed in the text. 

To describe the observed frequency dependence of conductivity we use Jonscher's universal 

principle which considers a distribution of hopping probabilities between sites distributed 

randomly in space and in energy, and employs the following explicit expression for  (f)  

(6.8)                                                                                       )(f n

DC kf  

Where, k is constant and the exponent n is known to be in the limits 0 < n < 1 for disordered 

solids. The frequency spectra for the pure LC and the different composites studied here (see 

Figure 6.28) are in qualitative agreement with the expectation of the universal behaviour. The 

step-like feature seen in the intermediate frequency ranges for the LCPhil composite is due to 

the director relaxation combined with antagonistic orientation condition of certain molecules, 

as explained in section 6.14.2. The good description of the high frequency data by eq. (6.8), 

as indicated by the solid lines in Figure 6.28, suggest the applicability of universality for all 

the samples investigated here. The evaluated exponent n, however, shows a surprise (see 

Table 6.2). For the pure LC the value is very high, n = 1.59  0.025, and falls outside the 

Jonscher limits as seen in part A also. With the addition of nanoparticles, n reduces to such an 

extent that the two-particle system LCGPhil composite has values which are in the ambit of 

the Jonscher limit (see Table 6.2). The value of n being in this limit is characteristic of a 

situation in which the hopping charge carriers are subject to energy barriers that randomly 

vary in space. Thus, in the case of the LCGPhil composite, although the confined LC is still a 

fluid, the overall material behaves like a disordered solid. For all the materials, the critical 

frequency fo, marking the transformation from long range hopping to the short range motions, 

was taken to be the frequency at which the conductivity reached 110% of its low frequency 

value. With this convention it is seen that fo increases by about an order of magnitude 

changing from 5.8 kHz for pure LC to 65 kHz for LCG composite, but gets lowered slightly 
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upon adding the second type nanoparticles, indicating that the presence of the nanoparticles 

extends the long range hopping to a wider frequency range. 

Table 6.2: Parameters obtained by fitting the experimental data for different materials to 

equations (6.7) and (6.8). 

 LC LCG LCGPhob LCGPhil 

To (K) 71 156 193 164 

D 17 3.7 2.2 3.5 

n 1.59 1.36 1.07 0.87 

fo (kHz) 5.8 65 33 25 

 
Now we propose a possible physical scenario involving network dynamics, for the 

observed enhancement of conductivity of the LCG composite upon addition of aerosil 

particles. The feature that the underlying phenomenon of conductivity in the studied materials 

is percolation dominated [28] forms the basis of this reasoning. Percolation theory expects 

that a random assembly of nanoparticles has a critical surface coverage, labelled percolation 

threshold (Pt), above which the network is connected across the sample resulting in classical 

conduction. The pure LC represents a system far below Pt having essentially no connectivity 

resulting in insulating characteristics. This is true for the LCPhil composite also since the 

added particles are also insulating. The situation changes when GNP is added to LC; at the 

concentration employed here the system is located [see part A of this Chapter] above Pt and 

thus there is a dramatic increase in conductivity. A large number of connections are available 

for the charge transport, and thus the behaviour should be like that of filler particles in a 

disordered insulating system. The significantly large conductivity, which exists over a wide 

range of frequencies for the LCG composite, is in conformity with the expectations for the 

filler/matrix system. However, differences do exist, especially in the form of the exponent n 

obtained for the high frequency behaviour. The n value, although below that for pure LC, is 

still substantially higher than the model expectations [31]. An obvious reason is that the 
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percolation models are meant to describe disordered solids, and definitely do not consider 

thermal fluctuations. Such fluctuations, inherently present in the nematic phase, cannot be 

ignored for the fluid-like LC and LCG cases. The scenario is changed by the addition of 

aerosil particles. The presence of siloyl groups on the surface and the consequent capability 

for H-bonding makes the aerosil particles to gelate a large number of organic liquids, 

including liquid crystals [41]. From visual inspection of the sample vials it is evident that this 

feature is true for the host LC used here as well; there is a drastic increase in the viscosity of 

the system upon addition of aerosil. At the microscopic level, to begin with, three to four 

lightly fused nano sized (7 nm diameter) primary aerosil particles attach to each other giving 

rise to H-bonded silica chains with branched fractal structures [43]. These aggregates in turn 

form a gel by diffusion-limited aggregation process. The LC molecules get contained in 

cavities of the quite fragile gel network. Such containment brings in finite size effects into the 

problem, and therefore restricts the range of thermal fluctuations. Applying it to the case of 

percolation network metal particles, it can be envisaged that in the absence of aerosil, the 

thermal fluctuations are strong enough to sustain quite a few “dead bonds”, i.e., connections 

which are broken (see Figure 6.29a). The strengthening of the system by H-bonding would 

reduce the thermal fluctuations of the GNPs resulting in resurrection of the dead bonds 

(Figure 6.29b). This results in a longer path for the charge transport. 

Indeed in a recent experiment on conducting molecular crystals reduction of the H-

bonding of the system was observed to lower the electrical conductivity [44].
  
Another way of 

looking at it is to consider that the aerosil chains provide a solid-like connection through the 

system (at least through the broken percolation network regions). The improved percolation 

network thus leads to higher electrical conductivity. In this simple picture, the strength of the 

H-bonded network can be expected to tune the magnitude of . Indeed we see such a feature, 

when we compare the  values for LCGPhil and LCGPhob. While in the former type of 
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particles, the decoration is entirely of siloyl groups, in the latter type some of the siloyl 

groups are replaced by alkyl chains. The reduced number of hydrogen bonds available per 

particle still creates a network (gel), albeit much weaker. The weaker network results in a 

smaller increase in conductivity for the LCGPhob system in comparison to that for the 

LCGPhil composite. These features are in agreement with the values of the evaluated 

exponent n for the two systems. It is worthwhile recalling here that employing molecular 

simulations, Nigro et al demonstrated that formation of a gel by conducting colloidal particles 

leads to enhancement in bulk conductivity, and ascribed it to the interparticle electron 

tunnelling [45]. 

 

Figure 6.29: Schematic illustration of a possible model for the enhancement of conductivity 

due to the gel network. The percolation networks due to GNPs (Orange circles) are randomly 

spread around in the sea of nematic liquid crystals (Blue lines). (a) The non-ideal nature of 

this network results in several “dead-bonds” (Green dashed lines); two representative dead-

bond regions labelled A and B are shown encircled. (b) The imposition of the gel hydrogen-

bonded network (Black contours) created by the aerosil particles (shown as cyan circles in 

(c)) heals some of the dead-bonds (for example, in the region A) providing a longer path for 

the charge transport, thus enhancing the conductivity of the LCGPhil composite. 

In fact, it is possible that tunnelling between Gold nanoparticles could be augmented 

if they are trapped inside the H-bonded aerosil network, causing the conductivity to increase.  

Detailed experiments by varying the concentration of GNPs and aerosil particles should 

throw more light on these attractive metal nanoparticle nematic gels. Designing materials 

with combinations of local fluidity and global mechanical robustness through the 

unprecedented route suggested in the present work can yield highly conducting materials 

(c)
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amenable for easy moulding owing to their semisolid nature. Such materials are potential 

candidates for improved energy storage and transport applications.  

6.15. Summary 

We have performed detailed calorimetric, frequency-dependent anisotropic 

conductivity and permittivity measurements in composites of gold nanoparticles (GNP) and a 

weakly-polar nematic liquid crystal possessing a low frequency director relaxation in its bulk 

form, and by confining the composite in a network of aerosil particles. The presence of the 

nanoparticles substantially lowers the nematic-isotropic transition temperature and also the 

associated transition entropy. The conductivity of the composites is enhanced by two orders 

of magnitude, with a concentration dependence described by a percolation scaling law 

usually observed in mixtures of metal particles and polymers. The exponent determined is 

much smaller, which could be due to the presence of thermal fluctuations characteristic of the 

fluid-like nematic medium. The frequency dependence of the AC conductivity exhibits a 

critical frequency that increases with concentration of GNP; the high frequency response is 

not in agreement with Jonscher’s Universal Response principle. The low frequency of the 

director relaxation mode enabled detailed dielectric relaxation spectroscopy studies, the first 

of its kind. While the value of the relaxation frequency depends strongly on the concentration 

of GNP, the activation energy remains essentially the same. We compare the observations 

with those predicted by the dilution theory, and find a general agreement. Experiments by 

replacing the spherical particles used here with anisotropic particles would further test the 

predictions of the theory.  

In the second part of the Chapter, we have demonstrated that a network of insulating 

aerosil particles can have a strong influence on the magnitude of the electrical conductivity of 

a nematic liquid crystal composite comprising GNPs, increasing it beyond the values 

achieved by the metal particles. The gel network which results in a large bulk viscosity of the 
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medium also forces the frequency behavior of the system to conform to the expectations for 

disordered solids, despite the presence of the confined liquid. It is also seen that the nature of 

the aerosil corona (hydrophobic/hydrophilic) which provides tunability factor for the H-

bonding influences the magnitude as well as the frequency dependence of conductivity. We 

propose an argument that these features are caused by the repair of the “dead bonds” in the 

percolation network by the imposed gel network of aerosil particles, extending the path for 

the charge transport. Such a possibility opens up an avenue to tune the conductivity by 

controlling the strength of the gel. The methodology is easily amenable to generalization for a 

variety of systems involving metal particles embedded in an insulating matrix. Since these 

types of gels have the capability to be self-supporting, free standing conducting systems as 

well as patternable motifs can be realized. 
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Chapter-7 

 

Confinement Studies on a Room Temperature  

Ferroelectric Liquid Crystal 

 

Overview 

This chapter describes the results of Xray, linear and non-linear dielectric constant 

measurements on a room temperature ferroelectric liquid crystalline phase in its bulk form 

and upon confinement in an Anopore membrane. The used material exhibits smectic C* 

(SmC*) helical pitch of p ~ 200 nm, which is comparable to the pore dimension of the 

membrane. Xray measurements show several interesting results including unusually strong 

harmonic reflections, substantial broadening of the peak profile, correlation length smaller 

than the pore diameter etc. The data suggest that the smectic A–SmC* transition could be 

very close to a tricritical point in the bulk and moving away from it upon confinement. The 

dielectric studies show that confinement accelerates the relaxation dynamics of both the soft 

and the Goldstone modes, although with a reduced strength. The non-linear component of the 

dielectric constant exhibits qualitatively different thermal behaviour in the bulk and Anopore 

samples. 

 

The results are published in: 

M. Vijay Kumar, S. Krishna Prasad, D.S. Shankar Rao and E.P. Pozhidaev, Confinement 

driven effects in a room temperature ferroelectric liquid crystal: X-ray, linear and non-linear 

dielectric investigations, Phase Transitions,. 86, 323–338 (2013).  
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7.1 Introduction 

Smectic A (SmA) and smectic C (SmC) liquid crystals are layered structures possessing quasi 

long-range positional order in one dimension represented by a mass density wave [1]. In the 

smectic A (SmA) phase, the director 𝑛   is parallel to the layer normal while in the smectic C 

(SmC) phase it is tilted with respect to it. However, the arrangement of the molecules within 

the layer is liquid-like in both the cases. The chiral version of these two smectics, labelled 

SmA* (or sometimes simply SmA) and SmC*, exhibit certain interesting properties, and have 

attracted much attention [2]. Phase transitions involving these ferroelectric liquid crystals 

(FLCs) have been of significant interest, owing to the presence multiple order parameters, 

and coupling between them etc. The advent of bistable fast responding and high contrast 

displays have made FLCs technologically important. 

 

7.1.1. Origin of ferroelectricity in Liquid crystals 

Since the director 𝒏    is apolar (except under very special circumstances [3] we need to 

consider only the possibility of spontaneous polarisation in a direction normal to the local 

director. In the achiral and chiral versions of the nematic and Sm A phases, the symmetry is 

so high that the occurrence of ferroelectricity is prevented due to (i) free rotation around the 

long molecular axis (cylindrical symmetry about the director axis), (ii) a weak dipole-dipole 

interaction such that the thermal energy is larger than the interaction energy and/or (iii) 

cancellation of the effective dipole moment by the formation of antiparallel arrangement of 

the molecules. Now, let us consider the symmetry arguments, which allow for the existence 

of ferroelectricity in the chiral SmC* phase [4]. For spontaneous polarisation to exist in a 

given phase, the polarisation ),,( zyx PPPP 


, which is a polar vector, must be invariant under 

symmetry operations that are allowed in the structure under consideration. In the achiral SmC 

phase with a point group symmetry C2h (see figure 7.1) as well as the chiral SmC* phase, 
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having point group symmetry C2, a 2-fold rotation around the Y-axis (axis perpendicular to 

the tilt plane) is an allowed symmetry operation. 

 

Figure 7.1: Symmetry elements in the Smectic C phase : a two-fold symmetry axis C2 parallel 

to the layer and along y-axis, a mirror plane m perpendicular to this two-fold axis and the 

centre of inversion ‘i’. 

 

Fig 7.2:  (a) Twisted smectic C* structure, in which the director precesses around the layer 

normal forming a helix causing the net polarization to get cancelled out (b) Unwound smectic 

C* structure - helical structure when unwound  with the application of a field will result in a 

net polarization Ps. 

Under this transformation, the polarisation vector transforms according to ),,( zyx PPPP 


 

),,( zyx PPP  . Since these two expressions must be identical, the possibility of a 
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spontaneous polarisation only in the direction of the two-fold axis, i.e, )0,,0( yPP 


 is 

allowed. In the achiral SmC phase, the XZ plane (the tilt plane) is a mirror plane, which 

changes )0,,0( yP  into )0,,0( yP . Again, since these two expressions must be identical, 


P  

must be zero and thus ferroelectricity is not allowed in the achiral SmC phase. On the other 

hand, in the SmC* phase the molecules, being chiral, are not mirror images of themselves and 

therefore due to chirality the reflection operation is not allowed. Thus, the absence of the XZ 

mirror plane leads to the SmC* phase becoming ferroelectric, whereas the achiral SmC phase 

is not. The spontaneous polarization in the SmC* phase points in the direction of the Y-axis, 

i.e., perpendicular to the plane of the tilt. But the presence of chirality makes the director to 

precess around the layer normal on going from one layer to the another giving rise to a 

helicoidal structure whose pitch values are in the range (~μm) [2, 5-10]. Thus the 

spontaneous polarization of each layer, tightly coupled to the tilt direction also precesses 

around the layer normal averaging out the macroscopic polarization to zero in the 

undistributed state (see figure 7.2(a)). The helical structure can be unwound by the 

application of an external force, e.g., electric field. The resulting uniform state (see figure 

7.2(b)) shows a non-zero value of Ps, whose magnitude goes to zero in the SmA phase.  

 

 7.1.2 Overview of literature on ferroelectric liquid crystals under confinement 

In contrast to reports on the nematic-isotropic and nematic-smectic A transitions, the effect of 

confinement in more complex mesophases like the ferroelectric SmC* has been investigated 

only scarcely 11-17]. In the following we will not be mentioning those cases wherein the 

thickness of the smectic film is found to considerably influence the SmA to SmC* phase 

transition [18, 19] by competing with the length scale of the helix. Aliev and Kelly [12] 

studied the dynamics in the vicinity of the SmC*-SmA transition of a FLC confined in porous 

glass. They found that in macropores (pore size ~ 100 nm) the rotational viscosities 
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associated with the two collective modes are about 10 times higher than in the bulk. In 

micropores (pore sizes ~10 nm), neither of the collective modes was detected. Investigating 

the influence of aerogel confinement on a FLC Xu et al 13 reported a significant broadening 

of the second order SmA to SmC* transition. Further it was seen that upon confinement a 

single relaxation process in the SmA phase splits in to three processes at the transition to the 

SmC* phase. The process occurring at frequency ranges intermediate to the two processes 

observed in the bulk was attributed to an interfacial liquid crystal layer at the large inner 

surfaces of the porous matrix.  

In the case of a FLC compound having small spontaneous polarisation Ps, 

confinement in Synpor membranes led [15] to the complete disappearance of collective 

dynamic processes for all the pore sizes studied – 0.23 to 0.85 m – which were smaller than 

the helical pitch. With another material having a higher Ps, and a shorter pitch, these authors 

found that the mode connected with azimuthal fluctuation could be observed, although its 

strength was reduced by almost two orders of magnitude, broadened with respect to the bulk 

and shifted to higher frequencies by more than one decade. Kutnjak et.al [20] studied the 

influence of the dispersed aerosil particle concentration on dielectric relaxation. Both the 

collective modes were found to be strongly suppressed with increasing x, the concentration of 

aerosil. The critical coefficient which reveals the character of the AC transition, 

approaches the value characterizing the three-dimensional XY universality class. At the 

transition, the gap in the relaxation frequency of the two modes increases as x increased. 

Confining a FLC compound with a large Ps in Anopore membranes Sandhya et al [16] 

observed that the temperature dependence of the x-ray layer spacing shows a qualitatively 

different behavior, the relaxation frequency of the collective mode increases by a factor of 2.5 

in the smectic-A phase, whereas in the smectic C* phase the increase is much larger: factor of 

400. Thus, it can be concluded that the relaxation parameters can be expected to depend on 
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the matrix structure and surface interactions. This chapter describes X-ray, linear and non-

linear dielectric constant measurements on a room temperature ferroelectric liquid crystalline 

phase in its bulk form and upon confinement in an Anopore membrane. To be emphasized is 

the fact that the used material exhibits smectic C* (SmC*) helical pitch of p ~ 200 nm, which 

is comparable to the pore dimension of the membrane. 

7.2 Materials 

The room temperature FLC mixture, labeled FLC-576, was developed at the P. N. Lebedev 

Physical Institute of Russian Academy of Sciences, Moscow [21]. Its constituents, phase 

sequence and transition temperatures are given in figure 7.3. A point concerning this material, 

is that the helical pitch in the SmC* phase is very short ~ 200 nm [21c], and thus in the same 

range as the nominal pore diameter of the matrix used to restrict the length scale of the 

medium.   

 
 

Figure 7.3: Molecular structure of the constituents, the phase sequence and transition 

temperatures of FLC-576 mixture. 

 

The Anopore membranes (Anodisc, Whatman) with a pore size of 200 nm, thickness 

of 60 m, 50% porosity and a pore density of 10
9 

cm
-2

 are employed to impose the required 

geometric restriction on the sample (Further details of this membrane are already given in 
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Chapter-2). The aspect ratio (pore diameter/membrane thickness) of the channels is over two 

orders of magnitude and therefore alludes a low dimensionality (quasi 1D) to the system. The 

as-supplied membranes have a strong tendency to orient the LC molecules to be orthogonal to 

the membrane plane or along the pore normal. To obtain the molecular orientation in the 

plane of the membrane, the cavity surfaces were treated with palmitic acid, before filling the 

liquid crystal for promoting the LC molecules to lie in the plane. The details about sample 

filling etc. are similar to those given in Chapter-2. 

7.3 Methods 

Xray measurements were performed using the PANalytical X‟Pert PRO MP Xray 

diffractometer, described in Chapter-2. A wide-frequency range impedance analyzer 

(Solatron model 1260) along with a broadband dielectric converter (BDC-N, Novocontrol), 

controlled by WINDETA software (Novocontrol) was used to carry out the linear dielectric 

experiments (Experimental set up already given in Chapter-5). The non-linear dielectric 

measurements were performed using Lock in Amplifier (EG&G Instruments, DSP7260). A 

schematic diagram of the set up used for non-linear dielectric measurements is given in figure 

7.13 and the details are discussed in section 7.4.4. For dielectric measurements in the bulk 

configuration, the sample filled in a 40 m thick cell made up of unidirectionally rubbed, 

polyimide coated ITO glass plates was used.  For measurements in the confined geometry, 

the Anopore membrane filled with the sample (procedure given in Chapter-2) was 

sandwiched between two ITO-coated glass plates serving as electrodes. With the director 

perpendicular to the pore wall (membrane normal), which is also the probing electric field 

direction, this geometry allows us to study the behaviour of the dielectric constant 

perpendicular to the director.  Since the calculation of the empty cell capacitance is not trivial 

in Anopore membranes, we present the dielectric data for the confined sample in terms of the 

capacitance normalized with respect to the value deep in the SmA phase.  
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7.4. Results and Discussion 

7.4.1. Xray diffraction 

7.4.1.1 Harmonic peaks 

Figure 7.4a shows the raw Xray diffraction profiles obtained for the bulk and Anopore 

samples in the SmC* phase at room temperature. The most significant feature to be noticed is 

that the bulk as well as the confined sample exhibit, more than one reflection in the low angle 

region (see Fig. 7.4b and 7.4c). The peak 2values determined by fitting the raw data to a 

Lorentzian expression are such that the values for the higher angle reflections are exact 

integer multiples of the lowest angle peak, indicating that they are the higher-order harmonic 

reflections of the fundamental. The observation of even the second harmonic peak is rather 

surprising, owing to the fact that smectic layering is argued to be represented by a pure 

sinusoidal wave. Such a representation necessitates the higher-order harmonic reflections 

from the layer order, even if present, to be extremely weak. High resolution experiments were 

in fact used to show that the second harmonic peak is at least four orders of magnitude weak 

in intensity than the fundamental peak. This was found to be true immaterial of whether the 

substance is composed of strongly polar molecules or not [22-25]. These studies were indeed 

used to quash the simple picture of layering in the smectic phase wherein the molecules stack 

like planks of wood (In the jargon of mass density wave, such a perfect stacking would mean 

a square wave profile for the periodicity).  At the molecular level, the formation of the 

smectic phase is caused by microphase separation of the rigid core and paraffinic tail portions 

of the molecules. Therefore the extent of such segregation should be the control factor in 

deciding any deviation from the pure sinusoidal modulation. It may be recalled that in the 

case of lipid bilayers [26], sugar terminated molecules [27], polymers [28] multiple harmonic 

peaks have been reported (in the case of lipids where a sheet of water separates the lipid 

bilayers up to 9 harmonic peaks were seen). 
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Figure 7.4: Xray diffraction profiles in the low angle region for the bulk (filled symbol) and 

confined (open symbol) samples, shown in terms of reduced diffraction angle. (a) The lowest 

angle peak, with a Bragg angle 21, corresponds to the layer thickness of the smectic phase. 

Notice that upon confinement the profile is broadened. (b) The second and third harmonic 

peaks are seen for the bulk sample. The panel (c) shows that the second harmonic is 

significantly strong, and that its intensity is comparable for the bulk and Anopore sample. 

For comparison, the intensity of the peaks has been normalized with respect to the peak 

intensity of the first low angle peak.  

 

 

In the light of these observations let us look at the results for the present system, 

which is a low molecular weight thermotropic material without any hydrogen bonding. For 

the bulk sample, the ratio of the second harmonic intensity to that of the fundamental is 

1/177, a value which is about two orders of magnitude higher than that observed for the 

archetypal alkyl cyanobiphenyl (nCB) material [24]. Even the third harmonic is an order of 

magnitude stronger than the second harmonic seen for the nCB compounds. In the lipid 

bilayer, sugar molecule and the polymeric system mentioned above, the reason for the strong 
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layering (intense harmonic peaks) is the well defined layer separation driven by strong dislike 

of different parts of the molecules. In the present case it is probably caused by the trifluoro 

groups located near the terminals of one of the constituents of the studied mixture. It has been 

noted in the past that in the case of a single component material wherein one of the terminal 

chains has fluoro groups, and the other hydrocarbon groups, the dislike between the two parts 

can even give rise to a segregated ordering within the layer, as reflected in two diffuse 

reflections in the wide angle region [29]. Since for FLC-576 only one of the constituents has 

the fluoro groups, such segregation may not be very strong, but still effective in improving 

the layering order.  We speculate that the dislike between the fluoro and the hydrocarbons 

perhaps reduces the extent of excursion of molecules between layers in the smectic phase, 

thereby increasing the layering order. It should be possible to test this idea by measuring the 

layer compression modulus of such systems, which should be higher than that for, say, nCBs. 

Surprisingly, confinement of the material in the Anopore membrane hardly affects the 

relative strength of the second harmonic (see Figure 7.4c) although the background noise 

increases [the increase in the background intensity is due to scattering from the Anopore 

matrix]. The strong background scattering in combination with the smaller sample thickness 

of only 60 m (thickness of the membrane), is responsible for the non-observation of the 

third-harmonic reflection. Thus the finite size effects do not seem to be influencing the extent 

of layering order.  

7.4.1.2 Width of the profile 

As mentioned earlier, the raw Xray profiles were fit to a Lorentzian expression, in addition to 

a background term. Figure 7.5 shows the full-width-at-half-maximum (FWHM) of the 

fundamental peak at a few temperatures: confinement widens the peak by a factor of about 4. 

From the line broadening the average length scale of the structure (s) can be calculated by 
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using the Debye-Scherrer expression, s = 0.89/( cos peak), where  is the wavelength of 

the Xray beam. 
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Figure 7.5: Temperature dependence of the width (FWHM) of the lowest angle peak, showing 

that confinement increases the value by a factor of ~ 4 

 

 

The calculated s values is 350 nm for the bulk but much lower  98 nm  for the 

Anopore sample [30], clearly showing the effect of confinement. Let us recall that in these 

experiments the molecules (and therefore the layer normal) lie in the plane of the membrane. 

Therefore the pore diameter of 200 nm and the layer thickness of ~ 3 nm mean that there can 

be only about 70 layers within a pore. Hence, finite size effects can be expected to be 

dominant in restricting the correlation length to which the smectic ordering can grow. 

However, for the confining case, s being much smaller than the pore diameter of 200 nm 

suggests a diminished ordering in the system more than that dictated by finite size effects. 

Further, in the geometry employed wherein the molecules are forced to lie in the plane of the 

membrane, the layers should be forming concentric circles, like for example, the layers of an 

onion slice [31]. The orientation of the molecules would thus be radial planar, leading to a 

topological defect at the centre point of every pore. This feature can be the limiting factor for 

the maximum achievable correlation length. 
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7.4.1.3 Thermal variation of the layer spacing 

Figures 7.6 (a) and (b) show the temperature dependence of the layer thickness (d) for the 

bulk and confined geometries respectively. Firstly, it is noted that the Anopore sample has a 

slightly higher (0.6%) layer spacing, caused perhaps due to the slight stretching of the alkyl 

chains of the liquid crystal molecules owing to the stronger surface interaction in the confined 

space.  
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Figure 7.6: The thermal variation of the smectic layer thickness across the SmA and SmC* 

phases for the bulk and (b) Anopore samples. The arrow indicates the transition temperature 

between the two phases. 

 

Second and more importantly, there is a qualitative difference in the thermal 

behaviour in the SmA phase: whereas in the bulk material the value has a very weak 

dependence on temperature, the Anopore sample exhibits surprisingly a significant positive 

thermal expansion. Fitting the data in the SmA phase to a straight line, it is found that the 

slope for the bulk situation is very small (6 ± 0.5)  10
-3

 Å/K, and a factor of 5 smaller than 

that for the Anopore sample (30 ± 1  10
-3

) Å /K. Generally, a negative thermal expansion of 
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d is not an uncommon feature in the SmA phase, and has been understood to be due to the 

stretching of the terminal alkyl chains of the molecules. Therefore, the stronger positive 

thermal expansion seen in the Anopore case here could actually be owing to the presence of a 

small tilt in the SmA phase itself. Such a feature could be arising due to a tilted anchoring 

provided by the palmitic acid molecules being anchored at an angle with respect to the pore 

wall. At the transition to the SmC* phase the system undergoes a transformation to a state 

wherein the tilt gets dictated by the structure of the phase.  

 A convenient method of determining the molecular tilt angle  in the SmC* is to 

assume that the molecules tilt like rigid rods, and using the expression  = cos
-1

 (dSmC*/dSmA), 

where dSmC* and dSmA are the layer thickness values in the SmC* phase and at the transition 

to the SmA phase respectively.  Figure 7.7 presents the temperature variation of the tilt angle 

obtained in this manner. The Anopore sample behaves essentially similar to that of the bulk 

except that the saturated  value is slightly lower.  In the past, the temperature variation of  

has been analyzed in terms of an extended mean field model [32] whose free energy is 

written as 
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Here a, b and c are the usual Landau coefficients and the reduced temperature t = (Tc ̶ T), Tc 

is SmA-SmC* transition temperature. The presence of the 6
th

 order term in  is to suggest that 

the transition could be in the vicinity of a tricritical point. Minimization of eq. (7.1) yields 
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The parameter t0 = (Tc-Tco), where Tco is the crossover temperature at which the behaviour 

changes from mean field-like to tricritical-like; the nearer the value is to zero, closer it is to 

the tricritical point (TCP) and t0 = 0 occurs at the TCP. It must be pointed out here that in the 
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Anopore case, the thermal variation of d  in the vicinity of Tc, was rounded having a 

somewhat S-shaped variation across the transition, reminiscent of the supercritical behaviour 

of the order parameter in, for example, gas-liquid transition. 
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Figure 7.7: The temperature dependence of the molecular tilt angle extracted from the layer 

thickness data for the (a) bulk and (b) confined cases. The solid line corresponds to fit to eq. 

(7.3). 

 

Also possible is the fact that the surface field mentioned above acts in a fashion 

similar to an electric field which smoothens the tilt angle variation in the vicinity of the SmA-

SmC* transition. The positive thermal expansion discussed above could in fact be the 

influence of such a surface field on the layer thickness. Such a rounding of d affects the 

temperature dependence of  in the proximity of Tc.  To avoid the influence of this rounding, 

we did not include for the fitting to be described below, the data within 0.2
o
C of the 

temperature at which there is a turn-around in the layer spacing for the Anopore sample.  For 

both the bulk and Anopore cases it was found that eq. (7.2) describes the data well only over 

a limited temperature region  close to the transition region (down to Tc-10
o
C); inclusion of 

the data down to room temperature yielded poorer fits. However, very good fit over the entire 

temperature range studied, shown in Figure 7.7 as solid line, was obtained when a term linear 

in t, the reduced temperature, was added to eq. (7.2), 
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Table 7.1: Best-fit parameters from the fit to eq. (7.3) 

Parameter Bulk Anopore 

Tc (K) 349.91  0.006 347.42  0.01 

Tco (K) 349.77  0.007 342.30  0.45 

t0 (K) 140  0.001 x10
-3

 5.12  0.35 

o 15.4  0.6 x10
-3

 148  11 x10
-3

 

A -2.17  0.03 x10
-3

 -3.75  0.14 x10
-3

 

 

The necessity for the linear term is the strong positive thermal expansion seen in the 

SmA phase. The best fit values, obtained by floating all the four parameters o, Tc, Tco, A, and 

t0 are given in Table 7.1 for the Anopore as well as the bulk case. It is noticed that t0 = (Tc-

Tco) which is very small for the bulk sample, increases to a large value of 5K for the Anopore 

sample. As pointed out already a small to indicates that the transition is closer to TCP, which 

in the present case is true for the bulk sample. It is rather surprising that confinement of the 

sample increases t0 by a factor of 36 and moves the crossover temperature Tco quite away 

from the transition. A further support of this reduced influence of the TCP on the transition is 

seen in the value of the parameter o, which is given by the ratio of the Landau coefficients b 

and c; larger the ratio, more away is the system from TCP. This ratio is an order of magnitude 

higher for the confined sample, and hence substantiates the argument that the finite size of the 

system moves the transition away from the TCP. Finally, while justifying the need for a 

linear term in eq. (7.3) it was mentioned that the positive thermal expansion seen in the SmA 

phase perhaps is responsible for it. In fact, the best-fit value of the coefficient of the linear 
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term is seen to be higher by a factor of 2 for the Anopore sample, which perhaps is in line 

with the fact that the temperature variation of d is higher in the confined system.  

7.4.2 Dielectric behaviour 

The importance of confinement studies in ferroelectric liquid crystalline materials lies in the 

fact that it relates macroscopic properties like spontaneous polarization to microscopic 

parameters like the dipole moment of the molecule. Even though the behaviour of ε║, the 

dielectric constant parallel to the director, is very similar in both chiral and achiral systems, 

transverse dielectric constant ε⊥ exhibits drastically different behaviour in chiral systems. It 

has one dispersion due to molecular rotations around long axis (frequency range 10
8
-10

10
 Hz) 

and other due to intra-molecular rotation at still higher frequency range. At lower frequencies 

(frequency range of 10
2
-10

6
 Hz) the spectra contains two collective relaxation modes. These 

are referred to as soft mode (SM) and the Goldstone (GM) mode relaxations. While both 

modes are present in SmC* phase only SM is observed in the SmA phase. Before discussing 

the dielectric results, we shall give a brief description of these modes.  

Goldstone mode 

According to the Goldstone theorem [33], spontaneous breaking of a continuous symmetry 

results in a massless Boson. Consequently, a gapless branch of collective excitations exists 

that tries to restore the lost symmetry. A transformation between the SmA phase in which the 

molecules are along the layer normal and the SmC* phase having the molecules tilted with 

respect to the layer normal involves the breaking of a continuous symmetry group. It may 

also be noted that whereas the SmA phase is uniaxial, the SmC* phase is biaxial. However, in 

the SmC* phase the azimuthal precession of the tilt direction (figure 7.2a) and the consequent 

appearance of the helix recover, on a macroscopic scale, the uniaxial symmetry. Hence a 

symmetry recovering or Goldstone mode (GM) related to the helicoidal structure arises [see 
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Figure 7.8a]. Since the pitch of the helix is of the order of m the relaxation frequency of the 

GM lies in the range of 10-1000 Hz.  

Soft mode 

The existence of soft modes in the vicinity of structural phase transitions was first observed 

by Raman and Nedungadi [34], although the term „soft mode‟ was introduced by Cochran 

[35] to describe the inelastic neutron scattering results in BaTiO3. Employing Raman 

scattering, Raman and Nedungandi [34] found that the frequency of a totally symmetric 

optical phonon decreases as the  transition in quartz is approached. The reason for the 

presence of the soft mode in the Sm A phase occurring above the tilted Sm C* phase is the 

following. In the Sm A phase the stability of the molecules to be aligned along the layer 

normal, is governed by an elastic constant.  

 
Figure 7.8: Schematic diagram illustrating the mechanism of the two collective modes: (a) 

Goldstone mode and (b) soft mode.  

 

However, fluctuations of the director due to the finite temperature (thermal energy ~ 

kT) lead to, on a local scale, an instantaneous tilt angle between the director and the layer 

normal (figure 7.8b). As the system approaches TC, the SmA-SmC* transition temperature, 

the elastic constant controlling the tilt fluctuation softens. Thus the fluctuation amplitude 

increases drastically with the susceptibility diverging at TC and the associated frequency 

tending to zero. Hence this tilt amplitude fluctuation mode is called the soft mode (SM). The 

softening of this elastic constant means that the phase will lose its stability gradually until it 
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becomes unstable at TC. Such a mode exists in non-chiral liquid crystalline system also, but 

cannot be detected by dielectric methods. However, it can be studied by light scattering 

techniques [36]. 

 

7.4.3 Linear dielectric measurements 

The temperature variation of the dielectric constant perpendicular to the director (') obtained 

at two different fixed frequencies for the bulk sample is shown in Figure 7.9 (a). For the 

measuring frequency of 1 kHz, the onset of the SmA–SmC* transition is marked by a large 

increase in the ' value. The large value of ' in the SmC* phase is expected because for the 

material studied the spontaneous polarization is quite high (saturated polarization is ~ 2.5 

mC/m
2
) and that the Goldstone mode (GM) is present. When the frequency is increased to 

100 kHz, the behaviour changes, and a peak-like profile is seen at the transition, 

characteristic of the presence of the soft mode (SM) relaxation arising out of tilt fluctuations. 

Application of a small DC bias field of 0.67 V/m significantly diminishes the contribution 

due to GM near the transition, but hardly has any influences near room temperature. 

Obviously, the data at 100 kHz, with no contribution from GM is essentially the same with 

and without the bias field. 

The results for the Anopore sample are shown in Figure 7.9 (b). Note that since the 

calculation of the empty cell capacitance is not trivial in Anopore membrane we present here 

data in terms of the capacitance C normalized with respect to the 100 kHz value deep in the 

SmA phase. It is interesting to note that although the value increases on transformation from 

the SmA to the SmC* phase, the magnitude of increase is quite small, suggesting that GM is 

suppressed, at least partially. Further, the absence of any peak-type behaviour in the 100 kHz 

data set, points to the possibility of SM being moved to much higher frequencies than in the 

bulk, or strong suppression in the immediate neighbourhood of the transition on the SmC* 

side.  
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  Figure7.9: (a) Fixed frequency dielectric constant variation across the SmA-SmC* transition 

at two different frequency values, with a planar alignment of the bulk sample. (b) shows 

similar data as in (a) for the Anopore sample, except that it is presented in terms of the 

capacitance C normalized with respect to the 100 kHz value deep in the SmA phase. 

 

 

The dielectric spectra for the bulk and confined geometries in the SmA and SmC* 

phases are shown in Figures 7.10 (a) and (b). For the Anopore case, the imaginary (C″) part 

of the measured complex capacitance was employed instead of ″.  In each case, a single 

peak, and a conductivity-dominated process at lower frequencies are seen. For the bulk 

sample, the peak in the SmC* phase has a much larger strength and occurs at a much lower 

frequency than in the SmA phase. In contrast, for the Anopore sample, the strength of the 

SmC* phase is slightly larger than that in the SmA, but the frequencies hardly change. To 

extract the values of the relaxation frequency fR and the strength of the mode R, the * (f) 

data were analyzed using a Havriliak-Negami function [37] in a form simpler than the 

mentioned in eq. 5.1,  
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Figure 7.10: Dielectric absorption profiles in the SmA and SmC* phases represented in 

terms of the imaginary part of the dielectric constant (capacitance) for the bulk (a) (Anopore 

(b)) samples. The lines depict the fit to the Havriliak-Negami equation (eq. 7.4). 

 

As indicated in Chapter-5, f is the measuring frequency,  is the sum of the dielectric 

strengths of all the high frequency modes other than the one under consideration. The width 

of the peak, and its asymmetry, if any, are taken care of by the parameters  and . The last 

term on the right side of eq. (7.4) accounts for the DC conductivity () contribution to the 

imaginary part of 

. For the bulk sample, the two profile parameters,  and , were both 

close to 1, suggesting a near-Debye symmetric relaxation profile with a single relaxation 
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time. For the Anopore sample, although  was close to 1,  was slightly lower, indicating 

asymmetry in the profile shape. As mentioned earlier, for ferroelectric liquid crystals the 

collective relaxation is analyzed in terms of the fluctuations of the two component tilt order 

parameter: the amplitude part of the tilt gives rise to SM, and softens on approaching the 

transition from either of the phases. The azimuthal angle part responsible for GM, is active 

only in the SmC* phase. With this background we look at the temperature dependences of fR 

and the dielectric strength for the bulk (in terms of G) as well as the confined (in terms of 

CG) situations shown in Figures 7.11 (a) and (b) respectively. 
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Figure 7.11: Temperature dependence of (a) the relaxation frequency and (b) the strength of 

the mode (in terms of the dielectric constant and capacitance for the bulk and Anopore 

samples, respectively) in the SmA and SmC* phases. The lines are merely guides to the eye. 
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We could manage to get only a few data points in the SmA phase of the Anopore 

sample owing to two reasons: (a) the amplitude of the corresponding mode decreases with 

temperature and therefore the signal level decreases with increasing temperature and (b) the 

presence of the ITO relaxation. However, the signature behaviour of the mode softening, viz., 

decrease in fR and the concomitant increase in the strength, are clearly seen in the confined 

case also, although the enhancement in the strength across the transition is much smaller in 

the Anopore case. Interestingly, the slope with which the relaxation frequency diminishes in 

the SmA phase is different for the two cases: while for the bulk the slope value is 134  7 

kHz/
o
C, it gets nearly doubled to 239  59 kHz/

o
C for the Anopore sample. More 

importantly, the absolute value of the soft mode relaxation frequency increases upon 

confinement. For example, at a reduced temperature of T-Tc =1 
o
C, the Anopore sample has a 

factor of 2 higher fR value than the bulk case. At the transition, the GM appears and due to its 

overwhelming dielectric strength the soft mode is hardly observed in the SmC* phase, as 

suggested by the fixed frequency data also (Fig.7.9). The GM frequency is also enhanced 

when the sample is confined, and the extent of enhancement which, with respect to bulk is a 

factor of 16 near the transition reduces to about 8 near room temperature. The reduced 

correlation length of the medium in the pores, as seen from the Xray data, is responsible for 

such an acceleration. It may be mentioned that the dynamics getting accelerated in 

nanoconfined liquids has been well studied [38]. But it should be borne in mind that the 

helical pitch of FLC-576 is ~ 200 nm, which is the same as the nominal pore diameter of 200 

nm of the Anodisc membrane. Thus the very act of confining in the pore may, to a slight 

extent, unwind the helix a feature that could also affect both the frequency and the strength of 

GM. 

A second possible reason for the observed features can be reckoned by considering 

the expressions of a Landau model for the GM relaxation frequency fG and its strength G, 
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Here K and  denote the effective elastic constant and the Goldstone rotational viscosity of 

the system, respectively,  is the tilt angle and P is the polarization. qo = 2/p, where p, 

considered to be constant, is the helical pitch of the ferroelectric liquid crystal. Now, we 

make an assumption that the influence of the pore diameter is negligible and pitch remains 

the same in the bulk as well as the confined cases. Thus, the value of fG can be taken to be 

dependent on the ratio K/ Therefore an order of magnitude higher fG for the Anopore case 

must mean a similar higher value for the K/ ratio, with a higher K or a lower  responsible 

for it.  alone may not be responsible for the higher fG since it cannot account from the 

normalized strength which is lower by a factor of 30 for the Anopore sample. It is to be noted 

that G is proportional to the factor (P/)
2
.  Xray measurements presented earlier show that 

the saturated tilt angle  is only slightly lower in the Anopore case. In the absence of the 

polarization data on the Anopore sample, we make a further assumption that just like , P 

may have comparable values in the bulk and confined cases. Therefore the large reduction in 

the strength for the Anopore sample must be due to the increase in the elastic constant. As a 

further check we looked at the product of G and fG, which from eqs. (7.5) and (7.6) yields 

 2/

41
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

 Pf
y o

GG

                                                                       (7.7) 

in which the elastic constant term is absent. Figure 7.12 presents the parameter 1/GfG as a 

function of temperature for the bulk and the Anopore sample, from which it is seen that the 

value for the Anopore case is higher by a factor of 3 suggesting increase in  upon 

confinement.  
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Figure.7.12: Temperature dependence of y, the inverse of the product of relaxation frequency 

and strength of the dielectric relaxation mode (see eq. 7.7 for details). 

 

This feature in combination with eq. (7.3) therefore indicates that the increase in fG when the 

sample is confined is certainly due to substantial increase in the effective elastic constant 

term Kq
2
, which in turn supports the large decrease in the GM strength. It may be recalled 

here that in a polymer stabilized ferroelectric liquid crystal (PSFLC) system which involves 

confining the liquid crystal in a polymeric fibrillar environment, very similar features of 

increase in fG and decrease in G have been observed [39] with increasing polymer 

concentration. Thus, a universal feature of the confined systems, irrespective of the type of 

confinement, is the acceleration of the dynamics, a behaviour that has been found in nematic 

liquid crystal confined in a gel network also [40]. Just as in this gel network or the polymer 

cases, the confinement in the Anopore provides virtual surfaces all through the sample, 

instead of just at the substrates as in the bulk sample. Such surface forces would then help 

accelerating the dynamics of the system. Specifically in the ferroelectric phase, having the 

helical structure, the helix can get pinned at the pore boundaries with anchoring energy that is 

in excess of the usual forces at the two surfaces of the bounding plates. The excess anchoring 

may even be dominating over the natural elastic energy of the helical twist elastic energy 

giving rise to a more rigid anchoring and thus responsible for the increased fG with a 
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concomitant lowered GM strength.  In another study [41] on a PSFLC system, it was found 

the P/ ratio changes by only about 4% between the pure FLC and the PSFLC material. If a 

similar feature is applicable to the present case of Anopore confined sample, then it lends 

justification to the assumption that was made in the above described analysis that P/ ratio 

may not be responsible for the diminution of G.  

7.4.4 Non-linear dielectric measurements  

In comparison to the large database available for linear dielectric investigations on FLC, there 

are only a handful of measurements on the non-linear response [42-44]. More importantly, 

FLCs confined to Anopore membranes do not seem have been investigated at all. The reasons 

for this are two-fold: (a) the signal due to the non-linear part is very small compared with that 

due to the linear part and therefore difficult to extract; (b) there is no commercially available 

equipment with which to perform these measurements. Before we discuss the results of the 

FLC studied here when the sample is confined in Anopore membranes, let us look at the 

background information available on this topic. 

In liquid crystals the study of the nonlinear dielectric measurements was started 

perhaps by Ziolo et al. [45; also see Ref.46], who investigated the non-linear response across 

the nematic-isotropic phase. Based on a principle developed by Chelkowski [47] for general 

dielectric materials, they applied large pulsed voltages (in the range 200 to 1000 V) to the 

sample and probed the dielectric constant with a much smaller field. The difference in the 

values with and without the large pulsed voltage is taken to be a measure of the non-linear 

response. The disadvantages of the technique, especially for the study of FLC, are the need 

for application of high voltages, and the generally used high frequencies [46]. A second 

technique available overcomes this problem, and is based on Nakada‟s phenomenological 

theory [48] of multi-time after-effect functions. It involves applying a low amplitude 

sinusoidal field to the sample and measuring the electrical displacement at past multi-time 
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point. In the frequency regime this is achieved by measuring the displacement response at the 

fundamental and harmonic frequencies of the applied field. For an applied field of amplitude 

Eo and angular frequency , the different components of the displacement can be written as 
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and so forth. In the experiments described here the field amplitude was very low (0.05V/m) 

and therefore we neglect the higher order terms on the right hand side of each of the 

expressions in equation (7.8) and retain only the first terms. This approximation is validated 

by the fact that the raw values obtained for the sub harmonics were found to be much weaker 

than the signal for the fundamental. In the light of this we can approximate Dl to be the linear 

response, D2 and D3 to be the second and third harmonic responses respectively, thereby 

allowing the determination of the linear dielectric constant 1 and the non-linear dielectric 

constants 2 and 3. This principle was exploited by Furukawa et al. [49] to study solid state 

ferroelectric samples. In their measurements, the field to be applied to the sample was 

digitally synthesized and the sample response collected using a charge amplifier. The output 

of the charge amplifier was passed through a Sample & Hold module and transferred to a PC 

through an A/D converter; the Fourier transform of the data was done on the PC to obtain the 

multiple frequency responses. Although cumbersome to implement, the technique provides 

high precision data. Kimura and Hayakawa [50] adapted this method by substituting a storage 

oscilloscope to perform the functions of the Sample & Hold module and the analogue-to-

digital converter, and investigated ferroelectric liquid crystals. In the following we describe a 

much simpler method developed in our laboratory [51].  
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Figure 7.13: Diagram depicting (a) the experimental setup and (b) the circuit diagram 

employed for measurement of non-linear dielectric constant. 

 

 

 The diagram of the experimental set-up used is shown in Figure 7.13. While the charge-to-

voltage conversion is accomplished by a very low loss, good high frequency performance 

capacitor (RS Electronics) calibrated using a standard frequency response analyser 

(Solartron1260), the remaining functions, namely, waveform generation, Sample & Hold, 

A/D conversion and FFT, are all realized through a digital lock-in amplifier (EG&G 

Instruments, DSP7260). The lock-in technique also helps in drastically improving the signal-

to-noise ratio.  
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Figure 7.14: Thermal variation of the first and third harmonic dielectric response in the SmA 

and SmC* phases for the bulk sample. 

 

If the sample thickness is more than the helical pitch, then the global symmetry of the SmC* 

phase will be the same as that of the SmA phase, and therefore the system possesses a centre 
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of symmetry. Thus 2 and other even harmonics which can exist only in non-centrosymmetric 

systems will be absent. For these measurements, the amplitude of the applied voltage, kept at 

500mV, was much smaller than the helix-unwinding or equivalently the polarization-reversal 

field in the SmC* phase. 
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Figure 7.15: Thermal variation of the first and third harmonic dielectric response in the SmA 

and SmC* phases for the confined sample normalized to have a value of 1 at the SmA-SmC* 

transition. 

 

Also, as stated earlier, since the “empty cell capacitance” is not precisely known for 

the Anopore case, we present all the data in terms of the ratio of the capacitance measured 

with respect to that in the SmA phase. Figures 7.14 and 7.15 show the data for the 

fundamental and third harmonic components obtained for the bulk and Anopore cases. For 

both situations, the second harmonic signal is practically comparable to the background 

noise. The absence of any improvement of the second harmonic signal can be taken to be an 

indication of the helix remaining intact in the confined case also.  For the bulk sample the 

third harmonic signal is quite strong and its temperature dependence is quite similar to that 

seen for another room temperature FLC material [51] with a sharp peak at the transition. At 

room temperature the raw third harmonic signal is 3 orders of magnitude weaker than the 

fundamental, but at the peak, it is a little more than 2 orders lower. Further with respect to the 

value in the SmA phase, the peak is 2 orders of magnitude stronger.  For the Anopore case, 
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just like the fundamental, the 3
rd

 harmonic is also weak, and has only a small step-like change 

at the SmA-SmC* transition. However, the 3
rd

 harmonic is only a factor of two lower than the 

fundamental, but this could be solely due to the weakness of the fundamental itself, a 

behaviour which is corroborated by the fact that the maximum third harmonic component is 

only 20% higher than the value in the SmA phase, as against two orders of magnitude higher 

value for the bulk case.  

7.5 Summary 

In summary, we have performed Xray, linear and non-linear dielectric measurements 

on a room temperature ferroelectric liquid crystal mixture in the bulk and restricted geometry 

by confining the sample in Anopore membranes. The layering order is substantially better 

than the standard sinusoidal density modulation, as indicated by the presence of strong 2
nd

 

harmonic peak for the bulk as well as the Anopore sample. Confinement however brings in 

many features, some of which are caused purely due to the finite size of the system. It is 

observed that the Xray profiles are much broader in the confined case, and the determined 

correlation length is smaller than the pore size. The temperature dependence of the extracted 

tilt angle has a behaviour that suggests that the restricted geometry takes the system away 

from the tricritical point, deeper into the mean field regime. The fact that the pitch length of 

the smectic C* phase is comparable to the pore size of the membrane is reflected in an order 

of magnitude increase in the relaxation frequency and a concomitant reduction in the strength 

of the Goldstone mode upon confinement. This feature also causes the qualitatively different 

behaviour of the non-linear dielectric constant.   

7.6 References 

1. S. Chandrasekhar, Liquid Crystals, Cambridge University Press, Cambridge, U.K. 2
nd

 

ed. (1992). 

2. S.T. Lagerwall, Ferroelectric and Antiferroelectric Liquid Crystals, John Wiley & 

Sons, New York (1999); I. Muševic, R. Blinc and B. Zekš, The Physics of 



Chapter-7: Confinement Studies on a Room Temperature Ferroelectric Liquid Crystal 

Ferroelectric and Antiferroelectric Liquid Crystals, World Scientific, Singapore 

(2000). 

3. F. Tournilhac, L.M. Blinov, J. Simon and S.V. Yablonsky, Nature, 359, 621 (1992). 

4. R.B. Meyer, L. Liebert, L. Strzelecki and P. Keller, J. Phys. (Paris), 36, 69 (1975); R. 

B. Meyer, Mol. Cryst. Liq. Cryst., 40, 33 (1977). 

5. I. Musevic, B. Zeks, R. Blinc, L. Jansen, A. Seppen and P. Wyder,  Ferroelectrics, 58, 

71 (1984); Z.M. Sun, Z.H. Wang, X. Zhang and D. Feng, Phys. Lett. A, 156, 114 

(1991); D.K. Rout and R. N.P. Choudhary, Ferroelectrics, 82, 157 (1988). 

6. E.P. Pozhidaev, L.A. Beresnev, L.M. Blinov and S.A. Pikin, JETP Lett. 37, 88, 

(1983); K. Kondo, H. Takezoe, A. Fukuda and E. Kuze,  Jpn. J. Appl. Phys, 21, 224 

(1982). 

7. S. Krishna Prasad and G.G. Nair, Mol. Cryst. Liq. Cryst., 202, 91 (1991). 

8. S. Rozanski, Phys. Stat. Solidi, 79, 309 (1983). 

9. L.A. Beresnev, L.M. Blinov, M.A. Osipov, S.A. Pikin, Mol. Cryst. Liq. Cryst. 158A, 

3 (1988). 

10. A.M. Biradar, S.S. Bawa, S.B. Samanta and S. Chandra, Phys. Stat. Solidi, 97, 

427(1986). 

11. G. Cordoyiannis, G.  Nounesis, V. Bobnar, S. Kralj, and Z. Kutnjak, Phys. Rev. Lett. 

94, 027801 (2005). 

12. F.M. Aliev and J. Kelly, Ferroelectrics 151, 263 (1994). 

13. H. Xu, J.K. Vij, A. Rappaport and N.A. Clark, Phys. Rev. Lett., 79, 249 (1997). 

14.  L. Naji, F. Kremer and R. Stannarius, Liq. Cryst., 25, 363 (1998). 

15.  S.A. Rozanski, R. Stannarius and F. Kremer, Liq.Cryst, 28, 1071 (2001). 

16. K.L. Sandhya, S. Krishna Prasad, D.S. Shankar Rao, and Ch. Bahr, Phys. Rev. E, 66, 

031710 (2002).  

17. G. Cordoyiannis, S. Kralj, G. Nounesis, Z. Kutnjak, and S. Zumer, Phys. Rev. E, 75, 

021702, (2007). 

18. See e.g., S. Heinekamp, Robert A. Pelcovits, E. Fontes, E. Yi Chen, R. Pindak, and R. 

B. Meyer, Phys. Rev. Lett., 52, 1017 (1984). 

19.  Ch. Bahr and D. Fleigner, Phys. Rev. Lett., 70, 1842 (1993). 

20. Z. Kutnjak, S. Kralj and S. Zumer, Phys. Rev. E, 66, 041702 (2002). 

21. (a) E.P. Pozhidaev, S.I. Torgova, V.E. Molkin, M.V. Minchenko, V.V. Vashchenko, 



Chapter-7: Confinement Studies on a Room Temperature Ferroelectric Liquid Crystal 

A.I. Krivoshey, and A. Strigazzi, Mol. Cryst. Liq. Cryst., 509, 1042 (2009); (b) E.P. 

Pozhidaev, Gurumurthy Hegde, V.G. Chigrinov, A.A Murauski, H.S. Kwok, V.V. 

Vashchenko, and A. I. Krivoshey, Mol. Cryst. Liq  Cryst., 510 12 (2009); (c) A.D. 

Kiselev, E.P. Pozhidaev, V.G. Chigrinov, and H.S. Kwok, Phys. Rev. E., 83, 031703 

(2011).  

22.  P.E. Cladis, R.K. Bogardus, W.B. Daniels, and G.N. Taylor, Phys. Rev. Lett., 39, 720 

(1977).  

23. A.J. Leadbetter, J.C.  Frost, J.P. Gaughan, G.W. Gray, and A.J. Mosley, J. Phys. 

(France) 40, 375 (1979).  

24. P.E. Cladis, J. Stamatoff,  D. Guillon, M.C. Cross, T. Bilash, and P. Finn, in Advances 

in Liquid Crystal Research and Applications, edited by L. Bata, Pergamon, Oxford 

(1981).  

25. B.M. Ocko, A.R. Kortan, R.J. Birgeneau, and J.W. Goodby, J. Phys. (Paris) 45, 1139 

(1984). 

26. S. Tristram-Nagle, Y. Liu, J. Legleiter, and J.F Nagle, Biophys. J., 83, 3324 (2002); S. 

Tristram-Nagle and J. F. Nagle, Chem. Phys. Lipids, 3, 127 (2004); G. S. Smith, C. R. 

Safinya, D. Roux, N. A. Clark, Mol. Cryst. Liq. Cryst., 144, 235 (1987). 

27. S. Das, N. Gopinathan, S. Abraham, N. Jayaraman, M.K. Singh, S. Krishna Prasad, 

and D.S. Shankar Rao, Adv. Func. Mater., 18, 1632 (2008); For the thermotropic 

sugar derivates used in this study they observed the second harmonic to be only a 

factor 1.5 weaker than the fundamental peak. 

28. P. Davidson and A.M. Levelut, Liq. Cryst., 11, 469 (1992). 

29. T. Murias, A.C. Ribero, D. Guillon, D. Shoosmith, and H.J. Coles, Liq. Cryst., 29,627 

(2002); L.Li, D.J. Christopher, M. Jakob, and P.L. Robert, J. Mater. Chem., 17, 2313 

(2007); S. Dielea, D. Losea, H. Krutha, G. Pelzla, F. Guittardb and A. Cambonb, Liq. 

Cryst., 21, 603 (1996). 

30. The s values quoted in the text are obtained from the width of the raw scans. If 

corrections for the instrumental resolution are applied the s values for the bulk 

become 480 nm, whereas that for the Anopore case changes marginally to 100 nm. 

Therefore we discuss the observations in terms of the correlation length values 

determined without these corrections. 

31. S. Krishna Prasad, S. Sridevi, and D.S Shankar Rao, J. Phys. Chem. B, 114, 7474 

(2010). 



Chapter-7: Confinement Studies on a Room Temperature Ferroelectric Liquid Crystal 

32. C.C. Huang, and J.M. Viner, Phys. Rev. A 25, 3385 (1982). 

33. J. Goldstone, A. Salam and S. Weinberg, Phys. Rev., 127, 965 (1962). 

34. C.V. Raman and T.M.K. Nedungadi, Nature, 145, 147 (1940). 

35. W. Cochran, Phys. Rev. Lett., 3, 412 (1959); W. Cochran, Adv. Phys., 9, 387 (1960). 

36. M. Delaye and P. Keller, Phys. Rev. Lett., 37, 1065 (1976). 

37. S. Havriliak, and S. Negami, J. Polym. Sci., Part C: Polym. Symp., 14, 99 (1966). 

38. R. Richert, Annu. Rev. Phys. Chem. 62, 65 (2011). 

39. S. Kaur, I. Dierking, and H. F. Gleeson, Eur. Phys. J. E 30, 265 (2009). 

40. See e.g., Geetha G. Nair, S. Krishna Prasad, V. Jayalakshmi, G. Shanker, and C.V. 

Yelamaggad, J. Phys. Chem. B 113,  6647 (2009). 

41. M. Petit, A. Daoudi, M. Ismaili, and J.M. Buisine, Eur. Phys. J. E, 20, 327 (2006). 

42. Y. Kimura, S. Hara, and R. Hayakawa, Phys. Rev. E 62, 5907 (2000). 

43. Y. Kimura, Frequency-Domain Nonlinear Dielectric Relaxation Spectroscopy: Its 

applications to ferroelectric liquid crystals in Nonlinear Dielectric Phenomena in 

Complex Liquids, Nato Science Series, Rzoska, J. Sylwester, Vitaly and Zhelezny 

(Eds), Netherland, 157, 221 (2005). 

44. Y. Ishibashi, J. Kor. Phys. Soc., 32, 407 (1998). 

45. J. Ziolo, J. Chrapec, S. J. Rzoska, and W. Pyzuk, Mol.Cryst. Liq. Cryst. 3, 183 (1986) 

46. Rzoska, J. Sylwester, Zhelezny, Nonlinear Dielectric Phenomena in Complex Liquids, 

Nato Science Series II, Jaszowiec-Ustron, Vitaly (Eds.), Poland, Vol. 157 (2003).  

47. A. Chelkowski, Dielectrics Physics, PWN / Elsevier, Warsaw /Amsterdam (1980). 

48. O. Nakada, J. Phys. Soc. Japan, 15, 2280 (1960). 

49. T. Furukawa, K. Nakajima, N. Koizumi and M. Date. Jpn. J. Appl. Phys., 26, 1039 

(1987). 

50. Y. Kimura and R. Hayakawa, Jap. J. Appl. Phys., 32, 427 (1993). 

51. S. Krishna Prasad, Geetha G. Nair, and D.S. Shankar Rao, Liq. Cryst. 26, 1587 

(1999).  


	Cover_Page
	Front_Page1
	Chapter-1
	Doc1
	Chapter-2
	Chapter-3
	Chapter-4
	Chapter-5
	Doc2
	Chapter-6
	Chapter-7

