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Synopsis

The molecular self-organisation and the emergent physical properties of materials

under different external conditions is an active field of research in soft condensed

matter science. The supramolecular order leading to various advanced functional

materials has attracted much attention due to their technological applications as

well as for fundamental understanding of their properties. In this thesis, we report

experimental investigations on two different types of soft materials exhibiting such

self-assembled structures. The first system studied is a liquid crystal compound

(8OCB) consisting of highly polar rod-like molecules. In the last few decades differ-

ent phases of nOCB liquid crystal homologs have been investigated where n denotes

the number of carbon atoms in the terminal aliphatic chain attached to one end

of the rod like molecule. A nitrile (CN) head group attached to the other end of

the molecule gives a strong dipole moment along its long axis. Various studies on

this family of liquid crystals have established some unusual properties of their liquid

crystalline phases such as intercalated organisation of molecules in their smectic A

phase and the existence of reentrant nematic phase below the smectic A phase [1–3].

Interestingly these nOCB liquid crystals also exhibit various stable and metastable

crystal phases [4, 5]. Although a large number of studies on the liquid crystalline

phases of 8OCB compound have been reported, relatively few studies have been per-

formed on its solid phases. In this thesis, we have studied the different crystalline

polymorphs of 8OCB obtained by cooling the sample from its melt. We identify

the metastable crystal state found in our sample as long parallelopiped or PP phase

which transforms to stable commercial powder or CP phase on ageing at room tem-

perature or by heating it above a certain temperature. Surprisingly, we have found

that the stable CP crystal phase of 8OCB itself is a heterogeneous phase with the

coexistence of fibrillar nano crystallites embedded in an amorphous solid phase. The

existence of various metastable crystal phases and a heterogeneous phase as the sta-

ble ground state shows the remarkable complexity of the free energy landscape for

this pure compound.
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It is found that the CP phase of 8OCB grows as spherulites from its sufficiently

supercooled melt. In spherulitic growth, the crystalline seed after nucleation grows

with a spherical growth front in contrast to the growth dictated by the crystal-

lographic symmetries. Though a variety of materials are now known to exhibit

such spherulitic growth, the detail understating of the growth mechanism is still

incomplete [6]. This kind of growth is often associated with the formation of many

radially aligned fibrillar crystallites which branch non-crystallographically during

its growth for filling the space. Furthermore, for some materials, the spherulitic

growth is accompanied by a series of equidistant concentric bands and these type of

spherulites are known as banded spherulite. In quasi two dimensional geometry, the

banded spherulite domain appears as a flattened disk with circular boundary and

these bands emerge as concentric circular rings. We have experimentally studied

the spherulitic growth of CP phase of 8OCB from its melt. We find that the banded

spherulite for this compound is formed by rhythmic growth of alternating concentric

domains of crystal-rich and crystal-poor zones along radial direction. To the best

of our knowledge this is the first report of a pure small molecular compound which

produces banded spherulite entirely due to the rhythmic growth of two different

zones.

The second soft material studied in thesis is the physical properties of starch

gel. Starch apart from being the most consumable carbohydrates is also one of the

largest polymer found in nature having application in biodegradable plastic and

other industrial applications. In this thesis, we have experimentally studied the

structural changes in a drying droplet of gelatinized starch solution drop-casted on

a flat surface. We find that the homogeneous starch solution with time transforms

to a gel state which on further drying acquires birefringence and partial crystallinity.

After complete drying, these droplets transform to transparent circular films as bio-

degradable plastic. Using variety of experimental techniques, we explore the physical

properties and the possible mechanisms of these transformations.

This thesis includes five chapters. In Chapter 1, we have given general in-
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troductions to the different subjects relevant to the thesis. In Chapter 2, we have

discussed briefly the various experimental techniques used in the thesis such as Polar-

ising Optical Microscopy (POM), Field Emission Scanning Electron Microscopy (FE-

SEM), Confocal Microscopy, Raman Spectroscopy (RS), X-ray Diffraction (XRD),

UV-Vis Spectroscopy, Dielectric studies etc.

In Chapter 3, we have discussed the experimental studies performed on the

crystalline polymorphs of 8OCB formed from its supercooled melt. Hori et al. first

observed three different metastable crystal polymorphs of 8OCB obtained from so-

lution crystallised samples and these phases are known as square-plate, needle phase

and long parallelepiped or PP phase respectively [4]. It also forms a stable crystal

phase known as commercial powder or CP phase. However, the crystal polymorphs

of the pure compound obtained from its melt have not been studied in detail. We

find two crystalline polymorphs of this compound most often forms on cooling the

sample from its melt. These phases are characterised as the metastable PP phase

and the stable CP phase respectively. The POM texture of this metastable PP

phase shows a uniform birefringent texture which grows as a strip from the melt

(fig. 1a). The unique Raman spectra of these individual phases helped us to identify

these stable and metastable crystal phases as the CP and PP phase respectively.

The metastable PP phase starts to transform to CP phase at room temperature

after few days. It can also be transformed to CP phase by heating the sample above

312K. The POM texture of CP phase shows a nonuniform grainy texture indicating

the presence of microscopic domains in this phase (fig. 1b). The FESEM studies

Figure 1: The POM textures of (a) PP phase and (b) CP phase of 8OCB.
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of CP phase revealed the coexistence of myriad fibrillar nano crystalites embedded

in an another solid phase. The XRD studies of CP phase showed that the fibril-

lar crystallites possess monoclinic lattice structure and no diffraction peaks were

found for the other solid phase confirming its amorphousness. The Raman peak

for stretching vibration of CN group of 8OCB molecules is quite sensitive to the

local molecular environment. This peak is asymmetric in CP phase and was fitted

with a prominent strong peak and a weak satellite peak at slightly lower Raman

shift than the stronger one. The molecular environment of CN group is different in

the amorphous and crystalline components of CP phase giving rise to these slightly

different peak positions. The doublet structure of this CN peak in the CP phase

can be attributed to the heterogeneous nature of this phase. During heating, this

amorphous component melts to the smectic phase before the fibrillar crystallites

giving rise to a pre-transitional increase in the dielectric constant before the melting

point of CP phase. This pre-transitional effect has also been noticed in other exper-

imental results. The coexistence of nano crystallites and the solid amorphous phase

as the stable ground state and the existence of other metastable phases for this

small molecular pure compound show the remarkable complexity of the free energy

landscape of this system. We attribute this behavior to the strong dipole moment

of the 8OCB molecules. The strongly dipolar nature of these molecules has been

proposed to account for the reentrant nematic phase below its smectic phase under

high pressure or in suitable mixtures with 6OCB [1, 2]. We are unable to isolate the

amorphous component of the CP phase to clearly identify its structure. We spec-

ulate that the amorphous component of the CP phase may be the frozen reentrant

nematic phase. Further experiments are required to reveal the detail structure of

the CP phase and the possible origin of this heterogeneous ground state.

In Chapter 4, we have presented the experimental studies on the spherulitic

growth of CP phase of 8OCB from its supercooled melt. The CP phase grows as both

banded and non-banded spherulite depending on the supercooling temperature of the

melt. The POM textures of the non-banded and banded spherulitic domains formed
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between two coverslips are shown in fig. 2a and fig. 2b respectively. Both of these

Figure 2: The POM textures of (a) non-banded and (b) banded spherulites of 8OCB
CP phase.

textures have a Maltese cross with the black brushes always parallel to the polarisers.

It signifies that one of the principle axes of effective refractive index ellipse lying

on the sample plane is along the radial direction of the domains. The POM studies

using a λ-plate were performed to determine the orientation of these axes. The minor

axis of this refractive index ellipse was found to be aligned along the radial direction

for both types of spherulite domains. Thus the spherulites of this compound are

optically negative. The POM texture of banded spherulite domain shows concentric

colour bands with periodic variation of colours. A periodic undulation of the effective

birefringence along its radial direction gives rise to this colour variation. The SEM

textures of this spherulitic domain also exhibit concentric bands where numerous

fibrillar crystallites with their long axis along the radial direction were found to be

embedded in an amorphous phase. The spherulitic bands arise from the periodic

growth of crystallite-rich and crystallite-poor concentric zones during the formation

of this domain. In crystallite-rich zones, the density of fibrillar domains is more

whereas crystallite-poor zones are rich with amorphous phase. The resulting periodic

change in effective birefringence along the radial direction produces the concentric

interference colour bands between crossed polarisers. The asymmetric Raman peak

envelope for CN stretching vibration observed in these domains can be fitted with

two peaks with slightly different peak positions. The doublet structure of this peak

indicates the coexistence of two different phases in these spherulitic domains. The
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XRD studies showed that the fibrillar nano-crystallites possess monoclinic lattice

structure whereas no XRD peak can be assigned to the other solid phase confirming

its amorphousness. All these experimental results strongly support the existence of

two different phases in banded and non-banded spherulites of this compound. We

find that the rhythmic growth of crystal-rich and crystal-poor zones is the underlying

physical mechanism for the formation this banded spherulite.

In Chapter 5, we have discussed the experimental studies on gelatinized starch

solution and physical properties of dried starch films. We have studied the structural

changes of drying gelatinized starch solution droplets on a flat surface. A sol-gel

transition was observed in these droplets during drying. The cryo-SEM studies

showed the presence of “cell-wall” like lamellar structures formed by the starch

polymers inside these droplets in the gel phase. These lamellar structures produce

a network in the starch solution giving rise to its gel property. During drying, the

droplets start to acquire birefringence from its circular edge. After complete drying,

these droplets form circular films which are transparent in visible light and also

have partial crystallinity. The POM studies revealed that these films are optically

biaxial except at its center where it is uniaxial. The optic axis at the center of

these films is perpendicular to the film surface. In the biaxial part of these films,

the conoscopic studies were performed to determine the orientation of the optic

axes and their variation along the diameter of these films. We have measured the

effective linear birefringence and its variation along the diameter of these films. The

effective birefringence of the film is maximum at its peripheral region and it decreases

towards its center. The structure and properties of these films have also been probed

by XRD, Raman spectroscopy and SEM techniques. The results obtained from these

studies have been used to account for the observed optical and other properties of

the films.
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Chapter 1

Introduction

1.1 Liquid crystals

In general, a matter can exist in three different states which are solid, liquid and

gas. Certain organic materials do not show a single transition from solid to liquid.

In these cases, a few different phases can exist in between solid and isotropic liquid

states. Some of the mechanical and symmetry properties of these in-between phases

are similar to that found in isotropic liquid and solid phase. Therefore, these phases

are often called as liquid crystal phases [7]. The liquid crystal was first discovered

by Friedrich Reinitzer in 1888 [8].

The liquid crystal phases are viscous and can flow as liquids. In addition, these

phases have optical birefringence, anisotropic behavior of their electrical conductiv-

ity and dielectric constant as usually found in crystal phases. The liquid crystalline

phases are generally observed in compounds consisting of anisotropic molecules. The

liquid crystalline phases are characterized by a long range orientational order of these

anisotropic molecules. The molecules with rod, disc or bent-rod shaped structure

are found to exhibit a variety of liquid crystal phases. Some of these liquid crystal

phases also possess one or two dimensional positional order of molecules in addition

to the orientational order.

The liquid crystals are divided into two major subcategories. These are ther-

motropic and lyotropic liquid crystals. In thermotropic liquid crystals, the behavior

of liquid crystal phases and their transitions are controlled by temperature. On the

other hand, liquid crystal phases in lyotropic systems are controlled by the concen-

tration of amphiphilic molecules in solvents. In this thesis, we have worked on a
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Chapter 1. Introduction

thermotropic liquid crystal consists of rod like molecules. This type of liquid crys-

tal is also known as calamatic liquid crystal. A brief discussion on different liquid

crystal phases for calamatic liquid crystals are given below.

1.1.1 Calamitic liquid crystal

The liquid crystals consist of rod-like molecules are called calamatic liquid crys-

tals. This kind of liquid crystal consisting of achiral molecuels generally shows the

following liquid crystal phases.

Nematic phase

This is the most simplest phase of liquid crystal. Here the molecules only have a

long range orientational order but no transnational order. The long axis of molecules

tend to aligned along a common axis known as director. The director is represented

by an apolar unit vector n which means n and −n are indistinguishable. This phase

belongs to D∞h symmetry group (Schoenflies notation). A schematic representation

of molecular arrangement in this phase is given in fig. 1.1. Nematic phase is usually

an optically uniaxial medium with an optic axis parallel to the director. The bire-

fringence of this phase is about 0.2 [9]. This phase is quite viscous with viscosity

about 0.1 Poise which is about 10 times larger than that of water [7].

Figure 1.1: Schematic diagram of molecular arrangement in nematic phase. n rep-
resents the director.
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1.1. Liquid crystals

Smectic phase

Molecules in smectic phase show both orientational and one dimensional positional

order which arises due to the formation of lamellar structure. Inside each layer,

molecules do not possess any long range positional order and hence in each layer

molecules behave as two-dimensional liquid. The smectic phase is divided into the

following subcategories,

Smectic A phase: In this phase, the molecules are arranged in liquid like layers

with the director n along the layer normal. This phase is optically uniaxial and has

D∞h point symmetry. The layer spacing (d) in this phase is close to the molecular

length (l) along its long axis. The XRD profile of smectic A phase gives a sharp

peak in the small angle region corresponding to this layered structure and a wide

hump at wide angle corresponding to the shorter correlation along the transverse

direction of molecules.

For some strongly polar molecules, the measured layer spacing is found to vary

between the molecular length (l) and twice this value. Fig. 1.2 gives the three

different molecular arrangements as found in smectic A phase consisting of polar

molecules. These smectic phases are known as monolayer smectic (SmA1) (fig. 1.2a),

partially bilayer smectic (SmAd) (fig. 1.2b) and bilayer smectic (SmA2) (fig. 1.2c)

phase respectively [10]. The layer spacings (d) measured from the XRD profiles

corresponding to these phases are l, l to 2l and 2l respectively.

Figure 1.2: Schematic diagram of molecular arrangement in (a) smectic A1, (b) smec-
tic Ad and (c) smectic A2 phases. n, d, k represent the director, layer spacing and
layer normal respectively.
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Smectic C phase: In this phase, the molecules are arranged in liquid like layers

and the director makes a tilt angle θ with respect to the layer normal as shown in

fig. 1.3. This phase has C2h point symmetry.

Figure 1.3: Schematic diagram of molecular arrangement in smectic C phase. n, d,
k represent the director, layer spacing and layer normal respectively.

Hexatic smectic In this phase, the molecules in each layers are locally distributed

on a triangular lattice. This positional order does not propagate over a distance

larger than 100 Å but the bond orientatinal order of the haxagonal lattice structure

extends over a large distance. When the long axes of molecules are on average

aligned along the layer normal then the phase is called hexatic smectic B phase

[7]. This phase has D6h point symmetry. On the other hand, when the molecules

are on average tilted towards a side of the hexagon as shown in fig. 1.4a, then the

phase is called smectic F phase [7]. If theses molecules are tilted towards a vertex

of this hexagon as shown in fig. 1.4b, then the phase is called smectic I phase [7].

The last two hexatic smectic phases have C2h point symmetry.

Reentrant phase

The low temperate liquid crystal phases generally have higher order and hence lower

symmetry than the phases formed at higher temperature. A calamatic liquid crystals

often exhibit the phase sequence Isotropic → Nematic → Smectic → Crystal on

decreasing temperature. However for some samples, a reentrant nematic phase is
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1.1. Liquid crystals

Figure 1.4: Schematic diagram of molecular arrangement in (a) smectic F and
(b) smectic I phase.

found to appear below smectic phase on decreasing temperature. These types of

samples generally show the following phase sequence on decreasing temperature.

isotropic → nematic → smectic → reentrant nematic → crystal

The reentrant nematic phase is also uniaxial in nature and has D∞h point symmetry.

This reentrant nematic phase was found to form in the mixture of two different

homologs of cyano biphenyl compounds [1, 11]. The pure 8OCB compound also

exhibits reentrant nematic phase at high pressure [2, 12].

1.1.2 Crystal polymorphism in calamitic liquid crystals

Crystal polymorphism of a compound describes the ability to form different crystal

phases with dissimilar structures and properties. A subtle interplay between ther-

modynamic parameters and the growth kinetics of the crystalline domains gives rise

to these polymorphic states. The calamatic liquid crystals are frequently found to

form polymorphic solid states [4, 5, 13–18]. However, the polymorphic solid states

of these calametic liquid crystals have not been studied in detail. In chapter 3,

we have studied the properties of different crystal polymorphs of a calamatic liq-

uid crystal. It has been found that the most stable solid state of this compound

shows spherulitic growth from its melt. The experimental studies on this spherulitic

growth have been discussed in chapter 4. In the following sections of this chapter,
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the general properties of this growth phenomenon have been discussed.

1.2 Spherulitic growth

In general, growth of crystal domains shows discrete orientational symmetry. In

some special cases, the solid phase after nucleation grows with a spherical growth

front having continuous orientational symmetry. This growth phenomenon is known

as spherulitic growth. In quasi-two-dimensional geometry, e.g. between two cover-

slips, the spherulite domains have circular boundary. The spherulitic growth of

solids is a ubiquitous phenomenon exhibited by many different types of materials

such as polymers [19, 20], minerals [21–23], elements [24, 25], metals [6] and salts

[26–28]. In 1937, H. F. Talbot observed spherulites of borax formed from phosphoric

acid [6, 29]. These kind of circular crystal domains were named as “circular crystals”

given by David Brewster [30]. Later the name changed to spherulite [6].

The radius of spherulitic domain increases linearly with time till its impingement

with another crystal domain [31]. The spherulitic domains consist of radially aligned

fibrillar crystallites which show non-crystallographic branching to fill the spheri-

cal volume of the domain [6, 31]. This non-crystallographic branching separates

spherulites from other poly-crystalline aggregates. In crystallographic branching,

long range positional order is maintained in branching. But in non-crystallographic

branching this long range positional order is not maintained during branching. The

misorientation of the newly formed crystallites typically varies from 0◦ to 15◦.

In general, the diameter of needle shaped fibrillar domains in non-polymeric

spherulite domains varies from 10−3 to 10−7 m [31]. But in spherulites of polymeric

system, the thickness of ribbon-like fibrillar crystalline units varies in the range

from 100 Å to 1000 Å and its width varies from 10−1 µm to 10 µm. The long chain

polymer molecules fold back and forth regularly in these ribbon-like domains during

crystallization [32].

Spherulites, depending on its morphology, are classified into compact and open

spherulite respectively [6, 31]. The compact spherulites do not contain any free

6



1.2. Spherulitic growth

space between the fibrillar crystallites as compared to the open or spiky spherulites.

The outer boundary of the compact spherulite domain is smooth and width of the

fibrils are less to that found in open spherulites.

Spherulites, consisting of birefringent fibrillar crystallites, produce Maltese cross

between crossed polarisers. In general, the black brushes of Maltese cross in birefrin-

gent spherulite domain are parallel to the polarisers’ pass axis and it remains invari-

ant on sample rotation. This implies that the major refractive index on the sample

plane is either along the radial or azimuthal direction of the circular spherulite do-

main. The spherulites with major refractive index parallel to its radial direction

are optically positive [6, 19]. On the other hand, optically negative spherulites have

major refractive index along its azimuthal direction. The optical sign of spherulites

can be determined by noting the change of interference colors of the sample after

inserting a λ-plate in the optical path.

1.2.1 Banded Spherulites

A large sub-group of spherulite with concentric banded structure is known as banded

spherulite. In quasi-two-dimensional geometry, the banded spherulite domain ap-

pears as a flattened disk with circular boundary and these bands appear as concen-

tric circular rings. The polarising optical microscopic textures of these spherulites

show concentric bands with periodic variation of interference color. This kind of

ring banded spherulites are generally found to form during polymer crystallization

[19, 20]. In addition, some small molecular compounds also form banded spherulites

[33–40]. A coherent twisting of the birefringent ribbon-like polymer crystallites

along the radial direction of the spherulite domain changes the orientation of indi-

catrix ellipsoid periodically along the same direction. This modulates the effective

birefringence periodically along the radial direction of the domain which gives rise

to the concentric colour banded structure with a periodic variation of colours be-

tween crossed polarisers. The twisting of optically uniaxial crystallites with optic

axis perpendicular to the radial direction gives rise two consecutive black bands in

7
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π rotation of indicatrix. In these black bands the effective birefringence is zero.

These kind of spherulites are known as single-banded spherulite [19]. On the other

hand, optically biaxial crystallites are associated with an indicatrix ellipsoid having

three different principal indices along three mutually orthogonal directions. If the

optic plane is perpendicular to the long axis of these crystallites then the coherent

twisting of crystallites along the radial direction produces two circular black bands

in each π rotation of the indicatrix. These are called double-banded spherulites [19].

The proposed mechanisms to account for the twist in the ribbon-like crystallites

are broadly divided into two categories [20]. Some of these mechanisms relate twist-

ing of the crystallites with the growth kinetics. The self induced concentration field

during lamellar growth was proposed as the reason behind lamellar twisting [41].

The other proposed mechanisms relate the morphological features of lamellae to its

twisting. There are mainly two different kinds of morphological features of lamel-

lae have been proposed for lamellar twisting [20]. Few groups of researchers have

introduced screw dislocation to account for lamellar twisting [42–44]. The other

proposals relate twisting to the structural difference in folding conformation at two

opposite fold surfaces of the lamellar crystal. Keith and Padden emphasized this

structural difference in folding conformation to account for the twisting in polyethy-

lene lamellar crystal [32]. Latter Lotz and Cheng advocated this proposal for other

polymeric systems [20]. In addition, another mechanism was proposed to account

for lamellar twisting which is known as autodeformation [6].

The diffusion controlled growth mechanism sometimes produces rhythmic change

in supply of materials at the growth front of solid domains growing from its solutions

[45–53]. This mechanism ultimately gives rise to the periodic height modulation of

the free surface along the radial direction of the solid domain and produces concentric

ring banded structure. This ring banded structures only have been observed in solid

thin films with one free surface. It does not have any general applicability in the

bulk crystallization of samples and hence is not considered as banded spherulite [20].
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1.3. Starch

1.3 Starch

Starch is a natural source of polysaccharide. The starch grains are found in fruits,

roots, stems, seeds and leaves of different plants and trees. The starch grains may

have spherical, elliptical or polygonal shapes [54]. The size of the insoluble starch

grains varies from 1 to 100 µm [55]. The ellipsoidal and spherical potato starch

grains used in our experiments is shown in fig. 1.5. The starch grains are made

of two different kind of polysaccharides named as amylose and amylopectin. The

amylose is mostly linear and possesses α(1→4) glycosidic linkage between D-glucose

units as shown in fig. 1.6a. The degree of polymerization found in amylose chains

is about 600. Most of the native starches contain 20% – 30% amylose. On the

other hand, amylopectin is one of the largest branched bio-polymer found in nature

containing both α(1→4) and α(1→6) glycosidic linkages between D-glucose units

as shown in fig. 1.6b. The α(1→6) glycosidic linkage is only found at the branch

points of side chains. The molecular weight of amylopectin is in the range between

(50–500) × 106 [54]. It is the major component found in starch grains.

Figure 1.5: SEM texture of potato starch grains.
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Figure 1.6: Molecular structure of (a) amylose and (b) amylopectin.

Starch grains have hierarchical structure. It consists of alternating amorphous

and crystalline shell-like domains referred to as “growth rings” which surround an

amorphous core known as hilum [55]. The thickness of these growth rings varies

between 100 – 500 nm [55]. The crystalline domains consist of blocklets of size 50

– 500 nm [56]. The smaller blocklets of size about 20 – 50 nm are found in amor-

phous domains [57]. The size and distribution of these blocklets play an important

role for resisting gelatinization and enzymatic degradation. Inside these blocklets,

alternating crystalline and amorphous lamellae with the period of about 9–11 nm

are found to form by amylopectin molecules [54]. The amylopectin molecules which

take part for constructing crystalline lamellae are found to form cluster of double

helical chains in these lamellae [54, 57]. The branch points for amylopectin side

chains are found in amorphous lamellae [57].

The crystallinity of native starch grains varies from 15% to 45% [55]. There are

mainly two different kinds of crystal polymorphs found in starch grains. One of them

known as A-type polymorph shows compact nature of amylopectin double helices.

This type of polymorph is mostly found in cereal starch grains. The other one which

shows relatively less compact structure of amylopectin double helices in crystalline

lamellae is known as B-type polymorph. This type of polymorph is mostly found in

tuber and root starches [55]. A mixture of both of these types of crystallinity has

10



1.3. Starch

been found in starch grains from legumes, some roots and fruits. This type of crystal

polymorph is known as C-type polymorph. It was proposed that in C-type grains,

the B-type of polymorphs are placed at the central region surrounded by A-type

of polymorphs [58–60]. Although the reverse situation has also been observed in

high-amylose mutant rice starch [61].

The structure of A-type polymorph was determined by the analysis of the re-

sults from the electron diffraction studies, decomposing the x-ray powder diffraction

profiles into individual peaks, x-ray fiber diffraction studies and the molecular mod-

eling [62]. The intra and inter molecular interaction energy calculation show that

the amylopectin chains form left handed parallel double helical strands in the crys-

talline lamellae. Each single helix with pitch length 2.138 nm is related to the other

one of the double stranded structure by a two fold axis of rotation. Therefore the

apparent fiber distance in double helix along its axis is 1.069 nm. The two polymer

chains in a double stranded helix are bound by hydrogen bonds. This structure

is very compact and no other molecules are present in between these two compo-

nent helices. The double helices in the crystalline lamellae form monoclinic lattice

structure with lattice parameters a = 2.124 nm, b = 1.172 nm, c = 1.069 nm and

β = 123.5◦ [62]. There are four water molecules found in an unit cell which can not

be extracted before crystal disruption. The double stranded helices are bound by

hydrogen bonds directly or through the water molecules.

The structure of B-type of polymorph was also determined by the analysis of

the results from electron diffraction studies, x-ray powder diffraction studies, x-ray

fiber diffraction studies and the molecular modeling [63]. The left handed parallel

stranded double helices formed by amylopectin chains in the crystalline lamellae

produce the hexagonal lattice structure. The corresponding lattice parameters are

a = b = 1.85 nm and c = 1.04 nm where c-axis is along the long axis of double

stranded helix. The single helix in a double strand has a pitch length of 2.08 nm and

it is related to the other conjugated helix by a two fold axis of rotation. Therefore

the apparent repetition along c-axis in a double stranded conformation is 1.04 nm.
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The double helices are bound with each other by hydrogen bonds and produce a

channel bound by the hexagonal arrangement. The channel in a hexagonal unit cell

contains 36 number of water molecules.

The starch grains are birefringent. Fig. 1.7a shows the image of a starch grain

between crossed polarisers. The black brushes of Maltese cross in this POM texture

remain invariant on rotating the sample stage. These black brushes with an intersec-

tion point at the hilum divide the whole grain into four quadrants. The interference

colour of the starch grain belongs to the first order of Levy chart. The insertion of

a λ-plate in the optical path changes the colour of first and third quadrants into

blue whereas the second and four quadrants turn into yellow as shown in fig. 1.7b.

So, an effective addition and subtraction of optical path differences occur in these

respective places. This implies that the major index of the index ellipse is along the

radial direction of the domain.

Figure 1.7: POM texture of a starch grain (a) between crossed polarisers (b) after
inserting λ-plate in the optical path between crossed polarisers. The bright field
images of (c) a starch grain and (d) the remnant sack after gelatinization of the
starch grain.

Fig. 1.7c shows the bright field image of a potato starch grain with only the

polariser in the optical path. The hilum of this grain appears as a dark spot as
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shown in this figure. The starch grains swell to some extent when kept in water at

room temperature. However on heating in excess water, above a certain temperature

the starch grains absorb water which gives rise to a pressure in the grains and

disrupts it. This irreversible transition is known as starch gelatinization [64]. After

gelatinization, starch grains loose its crystallinity [65] and birefringence [66]. An

unwinding of starch bio-polymers also occurs in this irreversible transition [67]. The

starch bio-polymers come out from grains and make the solution viscous. After

complete gelatinization, the residues of starch grains are known as “ghost” or “sack”

as shown in fig. 1.7d [68, 69]. Based on experimental studies, a few models on the

gelatinization mechanism of starch grains have been proposed [64, 65, 67, 70, 71].

The dispersed starch biopolymers in gelatinized starch solution form ordered

network structure on aging which is known as retrogradation [56]. The retrograded

starch containing certain percentage of water generally possess B-type of crystal

polymorph [56]. The crystalline structure in retrograded starch sample develops

when water content in gelatinized starch solution lies in the range from about 20% to

90% [72, 73]. In this continuously ongoing retrogradation process, amylose molecules

develop a network structure relatively faster than that of amylopectin molecules

[56, 74]. The gelatinised starch sample becomes turbid with aging due to the con-

tinuously developing network structure of starch biopolymers inside it [56, 75, 76].

Initially the turbidity increases relatively faster due to the fast formation of amylose

network [56, 74]. After a certain time from gelatinization, the turbidity of sample

increases slowly for the slow development of amylopectin networks.

The transparent biodegradable films are obtained on drying a gelatinized starch

solution [77–79]. In recent years starch based bio-plastics have attracted much at-

tention as a replacement of synthetic polymer films in plastic industries [80]. In

chapter 5, we have studied the properties of starch films formed on drying of gela-

tinized potato starch solution droplets.
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Chapter 2

Experimental techniques

2.1 Polarising Optical Microscopy

The polarising optical microscopy (POM) is a very common and versatile technique

used to investigate birefringent samples. This microscope is equipped with a po-

lariser and an analyser placed before the condenser and after the objective lens

respectively as shown in fig. 2.1. The birefringent samples are generally studied

between these polarisers with their pass axis at right angle to each other known

as crossed position. The birefringent and optically isotropic specimens generally

appear bright and dark respectively between crossed polarisers. The POM stud-

ies of our samples were performed by using the Olympus BX50 polarizing optical

microscope equipped with digital camera (Canon 80D) and a microscope hot stage

(Linkam LTS420E) placed on the sample stage (see fig. 2.1).

The refractive index of a birefringent sample is represented by an ellipsoid which

is known as indicatrix ellipsoid. For isotropic samples, all the principal indices are

same and the indicatrix becomes a spheroid. The cross section of this indicatrix nor-

mal to the direction of propagation of light effectively determine the birefringence

of the sample. For an optically isotropic system this cross section is always circu-

lar and hence the effective birefringence is zero. Therefore after passing through

the optically isotropic system, the light does not change its state of polarisation.

Therefore, the isotropic sample looks dark between crossed polarisers. On the other

hand for an optically anisotropic medium, the cross section of the indicatrix is gen-

erally an ellipse known as index ellipse. After passing through this sample, the state

of polarisation of light in general changes and therefore the sample appears bright
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Figure 2.1: The polarising optical microscope.

between crossed polarisers. The state of polarization depends on the optical path

difference encountered by the light during passing through the sample and also the

wavelength of the light. Therefore depending on the effective phase retardation, the

sample produces images with different colours when it is illuminated by white light.

The variation of interference colour on varying the optical path difference in the

specimen illuminated by white light is depicted in Michel-Levy chart as shown in

fig. 2.2.

The transmitted intensity for a given wavelength of light passing through a

sample between crossed polarisers can be written as,

I = I0 × sin2(2ϕ)× sin2(δ/2) (2.1)

Here I and I0 are the intensities after the analyser and polariser respectively. ϕ is

the angle between one of the principal axes of the effective index ellipse and the

polariser. The phase difference δ = (2πd∆n)/λ, where d is the thickness of the

sample, ∆n is the effective birefringence of the sample and λ is the the wavelength
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Figure 2.2: The Michel-levy chart.

of the light. It can be seen from eqn. 2.1 that when one of the principal axes of the

index ellipse is parallel to the polariser i.e. ϕ = 0 or π/2 then the sample appears

dark. Therefore, there are four extinction positions which appear on 360◦ rotation

of the sample. The sample becomes brightest when these principal axes make ±45◦

angle with respective to the polariser.

The orientation of the major principal axis of the effective index ellipse can be

determined at these brightest positions using a λ-plate in the optical path of the

microscope. The λ-plate for a given wavelength with a known slow axis is generally

introduced after the objective lens of the microscope. In our setup, a λ-plate for

wavelength of 530 nm is used with its slow axis at an angle of 45◦ with respect to

the polariser. The introduction of this phase plate in the optical path turns the dark

regions of the sample to magenta whereas the bright regions change to other colours

depending on the effective addition and subtraction of the optical path differences

occurred in the sample and the λ-plate respectively. These studies can be performed

easily when the interference colour of the sample is grey-white which belongs to the

first order region of the Levy chart. In case of effective addition of path differences,

the colour of the sample changes from gray-white to blue (see the Levy chart in

fig. 2.2) which implies that the slow axis of the λ-plate and the major axis of index

ellipse are parallel to each other. On the other hand, when these are perpendicular

to each other then the interference colour turns to yellow due to the subtractive
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nature of the respective path differences.

Figure 2.3: The ray diagram in conoscopic setup.

2.1.1 Conoscopic studies

The conoscopic studies are performed on birefringent samples to determine their

optical anisotropy. A condenser lens with high numerical aperture concentrates the

light into a cone and illuminates the sample. After passing through the sample, the

light is focused on the back focal plane of the objective lens as shown in fig. 2.3. To

see the conoscopic figure, the Bertrand lens attached with POM should be inserted

into the optical path. The conoscopic studies on our samples were performed by

using an objective lens with 50X magnification and 0.5 numerical aperture.

An optically uniaxial system has a single optic axis and can be either optically

positive (ne > n0) or negative (ne < n0). These uniaxial systems possess prolate and

oblate shaped indicatrix ellipsoid respectively as shown in fig. 2.4. When the optic

axis is parallel to the direction of propagation of light, then the conoscopic figures of

the uniaxial samples have a crossed isogyres as shown schematically in fig. 2.4. The

intersection point of the crossed isogyres remains invariant on rotation of the sample.

The cross isogyres divide the field of view into four quadrants with equal areas as

shown in fig. 2.4. The colour of these quadrants is gray-white for retardation in the
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Figure 2.4: (a) [Down] The oblate indicatrix of an optically negative uniaxial sample.
Principal indices in this indicatrix are ne and no. [Up] The conoscopic figures of an
optically uniaxial sample before [Left] and after [Right] inserting the λ-plate into the
optical path when the optic axis of the sample is along the direction of propagation
of light. (b) [Down] The prolate indicatrix of an optically positive uniaxial sample.
Principal indices in this indicatrix are ne and no. [Up] The corresponding conoscopic
figures before [left side] and after [left side] inserting the λ-plate into the optical path
when the optic axis of the sample is along the direction of propagation of light. The
effective principal indices encountered by the light falling at different incident angle
on the sample are shown in all these conoscopic figures.

first order region of the Levy chart. For highly birefringent samples, the concentric

isochromes can also be found. However, the starch samples studied in this thesis have

low birefringence and the isochromes were not observed in the conoscopic figures. For

an optically negative uniaxial sample with low retardation in the first order region of

the Levy chart, introduction of the λ-plate changes the colour of the first and third

quadrants to yellow and second and fourth quadrants to blue as shown in fig. 2.4a.

The optical path differences in these pairs of quadrants show subtractive and additive

nature respectively. On the other hand, for an optically positive uniaxial sample,

the first and third quadrants change to blue whereas second and fourth quadrants

change to yellow. The nature of the optical anisotropy of the uniaxial medium can

be determined from these colour variations. If the optic axis is slightly tilted with

respect to the direction of propagation of light then the intersection point rotates
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Figure 2.5: [Left] The tilted optic axis of a uniaxial medium by an angle θ w.r.t. the
direction of propagation of light along z axis. [Right] The conoscopic figures of this
optically uniaxial sample at different angles (ϕ) of rotation of the sample on sample
stage.

around the center of the field of view on rotating the sample as shown in fig. 2.5.

For a biaxial medium, all the three principal indices α, β and γ are different

(α < β < γ) as shown in fig. 2.6. These mediums have two optic axes and they lie

on the plane containing the major and minor principal axes i.e. α-γ plane. This

plane is called optic plane. The acute angle between these optic axes is known as

acute axial angle (2V ). The biaxial sample is optically negative when the minor

principal axis of the indicatrix is the bisectrix of the acute axial angle (see fig. 2.7).

On the other hand, when the major principal axis is the bisectrix of this acute axial

angle, then the biaxial sample is optically positive (see fig. 2.8).

Fig. 2.7 and fig. 2.8 show the schematic conoscopic figures for the optically

negative and optically positive biaxial samples respectively. In these cases the acute

bisectrix is along the direction of propagation of light. Therefore the optic plane

is also parallel to the direction of propagation of light. The conoscopic figures in

these cases show the crossed isogyres when the optic plane is either parallel or

perpendicular to the polariser. The intersection point of crossed isogyres remains
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Figure 2.6: The index ellipsoid of an optically biaxial medium.

at the center of the field of view. For other orientations of the optic plane with

respect to the polariser, the isogyres become uncrossed. At ±45◦ orientation of the

optic plane with respect to the polariser, the conoscopic figures show the uncrossed

hyperbolic isogyres as shown in the right side of fig. 2.7 and fig. 2.8. In these figures,

the poles of the optic axes appear on the apex of the hyperbolic isogyres with zero

effective birefringence. These poles are also called melatope. The convex sides of

these uncrossed hyperbolic isogyres are always directed towards the acute bisectrix.

The interference colour of the areas in the schematic conoscopic figures bound by

the convex side and concave side of the uncrossed hyperbolic isogyres is gray-white

(see the right side of fig. 2.7 and fig. 2.8). This colour belongs to the first order

region of the Levy chart. For the optically negative biaxial sample, introduction of

the λ-plate changes the colour of the areas bound by the convex and concave side

of isogyres to blue and yellow respectively at +45◦ orientation of the optic plane as

shown in right side top row of fig. 2.7. The optical path differences in these bound

regions show the additive and subtractive nature respectively. At -45◦ orientation of

the optic plane, the colours of these respective regions interchange as shown in right

side bottom row of fig. 2.7. On the other hand, for the optically positive biaxial

sample, the opposite nature of these colour variations should be observed as shown

in right side of fig. 2.8. Therefore, these colour variations after introducing the λ-
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Figure 2.7: [Left] The indicatrix of an optically negative biaxial sample and the
corresponding conoscopic figure when optic plane is parallel to the polariser and the
direction of propagation of light. The effective principal indices encountered by the
light falling at different incident angle on the sample are shown in this conoscopic
figure. [Right] [Up] The conoscopic figures at +45◦ orientation of the optic plane
w.r.t. polariser [Left] before and [Right] after inserting the λ-plate. [Down] The
conoscopic figures at -45◦ orientation of the optic plane w.r.t. polariser [Left] before
and [Right] after inserting the λ-plate.

plate in the optical path can be used to determine the optical nature of a biaxial

medium.

2.2 Confocal Microscopy

Confocal microscope has some advantages over the wide field fluorescent microscope.

This microscopy studies are capable to collect the fluorescent signal from a particular

optical section of the sample without any disturbances from the other optical sec-

tions. The samples doped with fluorescent dye molecules can only be studied in this

microscopy technique. In the laser scanning confocal microscope, a beam of light

with wavelength λ is focused on the sample. The emitted fluorescent signal from the

sample passes through the dichromatic mirror and falls on the aperture of a pinhole

placed before the photo-multiplier detector as shown in fig. 2.9. The dichromatic

mirror blocks the exciting beam to pass through it. This pinhole aperture is at the
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Figure 2.8: [Left] The indicatrix of an optically positive biaxial sample. The cor-
responding conoscopic figure when optic plane is parallel to the polariser and the
direction of propagation of light. The effective principal indices encountered by the
light falling at different incident angle on the sample are shown in this conoscopic
figure. [Right] [Up] The conoscopic figures at +45◦ orientation of the optic plane
w.r.t. polariser [Left] before and [Right] after inserting the λ-plate. [Down] The
conoscopic figures at -45◦ orientation of the optic plane w.r.t. polariser [Left] before
and [Right] after inserting the λ-plate.

conjugate plane to front focal plane of the objective lens. At this aperture, the illu-

minated point of the specimen on the focal plane of the objective produces an airy

disc. The fluorescent signal coming from other optical sections at different depth

of the sample produces extended airy discs on the same pinhole aperture. These

extended airy discs do not contribute to the formation of the fluorescent image. The

lateral XY scanning along with the axial (along z-axis) scanning of the specimen

by the focused laser beam produces the complete confocal fluorescent image of the

specimen.

In our experiment, the confocal images of the sample were taken by Leica SP8

confocal microscope equipped with different lasers. An Argon gas laser of wavelength

514 nm was used as an exciting beam which was focused on the sample by the

objective lens of the microscope. The back scattered fluorescent signal from the

sample was collected through the same objective lens. A prism dichroic is equipped
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Figure 2.9: The ray diagram in confocal microscope.

with this setup to select a particular bandwidth of the fluorescent signal to pass

through it. In our experiments, the bandwidth of the fluorescent signal detection was

set as 550 nm to 630 nm. An oil immersion objective with 100X magnification and

numerical aperture 1.25 was used for acquiring the confocal images of our samples.

The refractive index of the oil used for this purpose was 1.4.

2.3 Scanning Electron Microscopy

Scanning electron microscope is used to probe the sample topography in high res-

olution which is beyond the resolution of optical microscope. We used Carl Zeiss

(Ultra Plus model) scanning electron microscope for SEM studies of our samples.

Here, the field emission electron gun is used as a source of electron beam. The

electron beam after emission is accelerated by an applied accelerating voltage. This
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beam is focused by electromagnetic lenses on the sample. The bombardment of

accelerated electrons on the conducting samples emits secondary electrons from it.

These secondary electrons are detected by the detector and produces the image of

sample surface.

Generally, the yield of secondary electrons from electrically non-conducting sam-

ples is relatively less. In addition, it also accumulates charges due to the bombard-

ment of the incident electron beam. The localization of the accumulated charges on

the sample disturb the secondary electron trajectories which perturbs the image of

the sample surface. To overcome these difficulties, a thin metallic coating is made on

the surface of the electrically non-conducting samples. Our samples were also non-

conducting. Therefore the surface of the solid phases of our compound was sputter

coated with platinum [QUORUM (Q150R S)] before the SEM studies. The coating

thickness was mostly kept around 2 nm. The solid phases of our compound were

formed on the conducting surface of ITO coated glass plates. An electrical connec-

tion was made between this conducting surface to the metallic sample stage by using

conducting silver paste. In this way the sample surface was always grounded. The

metallic coating produces high yield of secondary electrons after bombarding it by

the incident electron beam. It also conducts charges and makes the sample surface

electrically neutral during imaging. The electrically conducting samples usually do

not need such treatment for their SEM studies. In this case, the sample is usually

kept on a double sided conducting tape to attach it with the metallic sample stage.

2.3.1 Cryogenic-SEM

The liquids with boiling points below 183 K are known as cryogenic liquids. We

use liquid nitrogen with boiling point about 77 K as a cryogenic liquid. The sample

kept in a holder is dipped in the liquid nitrogen for quenching it to low temperature.

The quenched sample is then transferred to the cryo-preparation chamber attached

with the field emission SEM (FESEM) system. The sample stage in this chamber is

already cooled to 103 K by liquid nitrogen circulation and the vacuum maintained
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in this chamber is in the range between 10−4 and 10−5 mbar. After transferring the

sample to the cryo-preparation stage, it is heated to 183 K to make it relatively

soft. The top part near the interface of this relatively soft sample is cut by a knife.

After cutting the sample, it is kept at this temperature for 15 minutes. In this time

period, ice sublimates from the top surface of the sample. This sublimation process

is generally needed for water based samples. Then the electrically non-conducting

surface of the sample is sputter coated with platinum for 60 sec. which produces

approximately 6 nm thick platinum film on the top of the sample. After completing

all these processes, the sample temperature is again brought down to 103 K and

then it is transferred to the microscope stage. This stage is already kept at 83 K

by liquid nitrogen circulation and the pressure maintained in the sample chamber

is about 10−6 mbar.

2.4 UV-Visible Spectrophotometry

The UV-Visible transmission spectroscopy studies of samples were performed by

using Lamda 35 Perkin Elmer spectrophotometer. It is a scanning double beam

spectrophotometer. The main parts of this machine are source of light, monochro-

mator and a detector. The tungsten and deuterium lamp sources are used to cover

the whole scanning wavelength range from 190 nm to 1100 nm. The sources switch

automatically during the monochromator skewing. The light from the source passes

through an entrance slit and then falls on a grating which disperses the beam into its

components. The exit slit after the grating allows a particular band of wavelength

of the dispersed beam to pass through it at a time. This spectral bandwidth is

1 nm and it depends on the exit slit width which is changeable in this setup. The

scanning of sample is performed for the whole wavelength range by skewing of this

grating. The exit beam after the slit falls on a beam splitter which splits the beam

into two equal intensity components. These two beams pass through the sample

and the reference respectively and ultimately collected by two different photodiodes

placed at the end of the optical paths. In this double beam spectrophotometer, the
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transmittance is calculated from the ratio of measured intensities of sample beam

and the reference beam respectively. At the beginning, the machine performs a

blank measurement where it measures both the intensities of sample beam (Sblank)

and reference beam (Rblank) simultaneously for the full wavelength range in absence

of sample and reference in optical paths. It then performs the same task in pres-

ence of both the sample (Smeas) and the reference (Rmeas) in the respective optical

paths. We used this setup for acquisition of the UV-Visible spectra of starch films

as discussed in chapter 5. In these measurements, we placed the starch film at the

sample stage and took air as reference. The transmittance (T ) of the sample film is

measured from the following relation,

T =
Smeas

Rmeas

× Rblank

Sblank

× 100% (2.2)

2.5 Raman Spectroscopy

In general, a radiation with frequency ω after falling on an object can be transmit-

ted, absorbed and scattered from the object. The scattering of radiation with same

frequency as that of the incident radiation is known as Rayleigh scattering. It is an

elastic scattering which means that no energy exchange occurs during interaction

between radiation and the interacting molecules. On the other hand, in Raman

scattering, the scattered wavelength (ω ± ωM) is different than that of the incident

radiation. Hence Raman scattering is an inelastic scattering. In this inelastic pro-

cess, an exchange of energy between molecule and the incident radiation changes

the final state of the molecule from its initial one. This final state of the molecule is

either more or less energetic than its initial state. Therefore, the energy of scattered

radiation shifts from that of the incident radiation. This shift is generally repre-

sented in terms of wave number shift expressed in cm−1 unit and called as Raman

shift.

The Raman bands with negative and positive Raman shifts are called Stokes

and anti-Stokes bands respectively. The less energetic Stokes bands appear when
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molecules absorb energy from the incident radiation and finally reach to the higher

energetic state. On the other hand, anti-Stokes bands appear when molecules release

energy and go to the less energetic states. At room temperature, the probability

of finding molecules in ground state is much higher than that of its other excited

states. These ground state molecules can participate in inelastic scattering by shift-

ing themselves to the higher energy states. This eventually increases the intensity

of Stokes bands compared to that of the anti-Stokes bands. Therefore, Stokes bands

are usually considered in Raman spectroscopic analysis.

The Raman spectroscopic studies of our samples were performed by using Horiba

Jabin-Yvon T64000 (see fig. 2.10) micro Raman spectrometer attached with an air

cooled argon laser and a He-Ne laser. The wavelength of the exciting radiations

coming from argon and He-Ne laser is 514 nm and 633 nm respectively. During data

acquisition process, one of these laser beams is used to focus on the sample by the

objective lens of a microscope. The spot of illumination on the sample is selected

by looking its image on a dedicated computer screen. These images are taken by

a digital camera attached to the microscope of this system. The radius (r) of the

focused laser spot on the sample depends on the numerical aperture (N.A.) of the

objective lens and the used wavelength (λ) of illumination as r = 0.61×λ/N.A. We

used an objective lens with 50X magnification and N.A. of 0.75 to focus the laser

beam on the sample. Hence the calculated spot size produced by this lens for the

exciting beam with wavelengths 633 nm and 514 nm is less than 1 µm.

The back-scattered light from the sample is collected by the same objective lens

and passes through a dichoric mirror to the spectrometer. The dichoric transmits

only the wavelengths higher than the exciting wavelength. Inside the spectrometer,

the signal gets dispersed by a grating (1800 groves/mm) and then focused on a

peltier cooled CCD camera. This device transforms the light signal to the electrical

signal which is again converted to the digital signal by analog to digital converter.

At last, the profile of the spectrum is observed in the computer monitor screen. This

profile shows an intensity plot verses Raman shift in cm−1. The resolution of this
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Figure 2.10: The Raman Spectrometer.

profile for 514 nm exciting wavelength is about 0.5 cm−1 per pixel.

The system is equipped with a Linkam hot stage placed on the sample stage. The

temperature range in this hot stage varies from -196◦C to 600◦C. The temperature

resolution of this setup is 0.1◦C. To acquire the Raman spectra from the samples

during heating, an objective with 50X magnification and long working distance

is used. Prior to taking the Raman spectra of the sample, the spectrometer is

calibrated using 520.7 cm−1 line of silicon.

2.6 X-ray Diffraction

X-ray diffraction technique is a powerful tool to detect the positional order of

molecular organization. The characteristic lengths of separation between atoms

or molecules in a lattice structure is determined by Bragg’s law as given below

2dhklsinθ = λ (2.3)
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where dhkl is the distance between lattice planes with Miller indices (hkl), 2θ is the

scattering angle and λ is the wavelength of the incident x-ray beam.

A DY 1042-Empyrean (PANalytical) x-ray diffractometer with a PIXcel 3D

detector was used to acquire the wide angle x-ray scattering (WAXS) profiles of our

samples using CuKα radiation of wavelength 1.54 Å. Small-angle x-ray scattering

(SAXS) studies were performed using a HECUS S3 Microsystem fitted with a copper

anode x-ray generator (Genix) and a 1D position-sensitive detector.

The samples in its liquid state are filled in Lindemann capillaries (outer diam-

eter 1.0 mm). The filled capillaries are flamed sealed. These samples are used for

the SAXS and WAXS studies. The XRD profiles of the samples are acquired during

transmission of x-ray beam through the samples in capillaries. A hot stage (Linkam)

is used to maintain the temperature of the samples in WAXS machine. The tem-

perature resolution in this hot stage is 0.1◦C. On the other hand in SAXS machine,

a Peltier-controlled stainless steel holder is used for controlling the temperature of

the samples.

The Lindemann capillary itself shows a wide hump at wide angle of its own

diffraction profile. Therefore this profile interferes with that of the sample inside

the capillary. To avoid this disturbance, samples are kept on a silicon made flat

sample stage of the wide angle x-ray diffractometer. The silicon flat stage shows

a flat XRD profile which does not interfere with that coming from the sample. In

this arrangement, the XRD studies are performed in the grazing angle of incidence

of the x-ray beam. The XRD studies of the samples on the flat stage can only be

performed at room temperature.

2.7 Differential scanning calorimetry

Differential scanning calorimetry (DSC) studies is an indispensable technique for

measuring the first order phase transitions of the samples. A power compensation

DSC setup was used to study of our samples. Here, the difference in flow rate of heat

to (or rate of heat released from) the sample and the reference is measured during
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heating (or cooling) of both of them simultaneously in controlled rate of temperature

variation. The sample is kept in an aluminum crucible whereas the other reference

aluminum crucible remains empty. During heating or cooling of both these crucibles,

the rate of change of temperature is kept same for both of them.

The DSC thermogram of a sample gives the profile of the difference between the

rates of heat flow to (or heat released from) the sample and the reference respectively

during varying the temperature of both of these systems in same rate. During a first

order phase transition of the sample, the rate of supplied (or released) heat to (or

from) the sample varies continuously till its complete transition whereas the same

remains constant for the reference in this period of transition. This variation gives

rise to a transition peak in the corresponding DSC thermogram of the sample. The

first order phase transitions can either be endothermic or exothermic. In these

transitions, the necessary latent heat is absorbed and released from the sample

respectively which gives rise to the corresponding endothermic and exothermic peaks

in DSC thermograms.

The total area enclosed by an exothermic (or endothermic) peak within the

temperature range from Ta to Tb gives the total heat released (or absorbed) by the

sample during the corresponding phase transition. The DSC studies are performed

at an environment of constant pressure on the samples. Therefore, the thermody-

namic relations imply that the heat (dQ) supplied (or released) to (or from) the

sample in changing its temperature by an amount dT is equal to the change in en-

thalpy (dH) of the sample. Therefore, the area under the transition peak is also

equal to the total change of the enthalpy of the sample in the corresponding phase

transition as given in the following relation.

∆H =

∫ Tb

Ta

(
dH

dT

)
p

dT =

∫ Tb

Ta

(
dQ

dT

)
p

dT = ∆Q (2.4)

Here p denotes pressure. The specific enthalpy during first order phase transition

of a sample is calculated from the ratio of measured enthalpy and the weight of the

studied sample.
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Figure 2.11: The optical head of photo elastic modulator [PEM 100, Hinds instru-
ment].

METTLER TOLEDO DSC 3 machine was used to acquire the DSC thermograms

of our samples. The lowest and highest limits of the range of temperature variation

in this machine are -40◦C and 600◦C respectively. The rate of heating or cooling

the sample in this setup can be varied from 0.01◦C/minute to 200◦C/minute. The

resolution of the flow rate of heat in this setup is 0.05 mJ/sec.

2.8 Linear retardation measurement setup using

photo elastic modulator

2.8.1 Photo elastic modulator (PEM)

Photo elastic modulator is a resonant polarization modulator of light passing through

it. In this device the mechanism of photo elastic effect is used to modulate linear re-

tardation of an optical element. We have used (Model PEM 100, Hinds instrument)

photo elastic modulator in our setup. In this device a rectangular fused silica bar is

used as the optical element which is softly bonded with a quartz transducer. This

optical element is transparent in visible wavelength range and optically isotropic

in stress free condition. This optical element acquires linear optical birefringence

when a strain is induced into it. The quartz transducer attached with this optical

element transforms the ac electrical signal to a periodic mechanical distortion with
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a frequency of 50 KHz. It is equal to the fundamental frequency of mechanical dis-

tortion of the optical element. Hence the oscillation of the transducer establishes a

distortion in optical element at its fundamental frequency. As a consequence of this,

an induced sinusoidal strain in the optical element leads to a sinusoidal variation

of linear retardation in the optical element. The maximum amplitude of sinusoidal

modulation of optical path difference is called peak retardation. The peak retarda-

tion in our setup can reach upto quarter wave for 170 nm to 2 µm wavelength range

and half wave for 170 nm to 1 µm wavelength range.

2.8.2 Linear retardation measurement setup

A He-Ne laser beam (5 mW) with wavelength 633 nm was used for this setup.

The beam first passes through a Glan-Thomson polariser with a pass axis at 0◦

orientation. After that the beam passes through the photo elastic modulator (PEM)

with its axis set at an angle of 45◦ to the polariser. The beam then falls on the

sample normally and passes through it. The sample is kept in such a way that the

major axis of the effective index ellipse is at ±45◦ to the polariser. After passing

through the sample, the beam falls on the Glan-Thomson analyser with the pass

axis perpendicular to that of the initial polariser. The laser beam after the analyser,

falls on a photo diode where the optical signal transforms to the electrical signal.

This electrical signal contains both ac and dc parts. The ac signal is separated from

the dc signal by a signal controlling unit (SCU 100, Hinds instrument) and sent to

the lock-in amplifier (SR 830). The rms amplitude of the ac signal corresponding

to the first and second harmonics is measured by the lock-in amplifier which is

fed with a reference signal of 50 KHz frequency from the PEM controller. This

is also the frequency of modulation of birefringence in the PEM. The ratio of the

rms amplitudes gives the retardation of the sample. The whole setup is shown

schematically in fig. 2.12.

The intensity at photo diode is calculated by using Jones calculus. The Jones

matrix corresponding to the polariser with 0◦ orientation of its pass axis is P =
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0 0

. The Jones matrix corresponding to the analyser with 90◦ orientation of

its pass axis is A =

0 0

0 1

. Now the Jones matrix for a linear retardation plate

with 0◦ orientation of its slow axis is

e−i(δ/2) 0

0 ei(δ/2)

. Here, δ = (2π/λ)(ne−no)d

is the phase difference introduced by the retarder where ne and no are the refractive

indices encountered by e-ray and o-ray respectively on normal incidence of light to

the retardation plate. Therefore (ne − no) is the birefringence of the retardation

plate in case of normal incidence of light. The thickness of this plate is d and λ is

the wavelength of the light passing through it. When this slow axis makes a positive

angle ρ to the polariser, then the Jones matrix for the retarder becomes,cosρ −sinρ

sinρ cosρ


e−i(δ/2) 0

0 ei(δ/2)


 cosρ sinρ

−sinρ cosρ



=

cos2ρ e−i(δ/2) + sin2ρ ei(δ/2) sinρ cosρ (e−i(δ/2) − ei(δ/2))

sinρ cosρ (e−i(δ/2) − ei(δ/2)) sin2ρ e−i(δ/2) + cos2ρ ei(δ/2)

 (2.5)

where

 cosρ sinρ

−sinρ cosρ

 is the rotational matrix.

Now for PEM, ρ = 45◦ and the retardation is being modulated as δ = δR =

δ0Rsin(ωt). Here, δ0R and ω are the peak retardation and frequency of modulation

of retardation in the PEM. Hence the Zones matrix for PEM as calculated from

eqn. 2.5 is,

M =

 cos(δR/2) −isin(δR/2)

−isin(δR/2) cos(δR/2)

 (2.6)

The normally incident laser beam on the sample encounters the index ellipse per-

pendicular to its direction of propagation. Therefore, for an effective birefringence

δ and an orientation angle ρ of the major axis of index ellipse, the Jones matrix
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Figure 2.12: The schematic diagram of linear birefringence measurement setup.

corresponding to the sample is,

S =

cos2ρ e−i(δ/2) + sin2ρ ei(δ/2) sinρ cosρ (e−i(δ/2) − ei(δ/2))

sinρ cosρ (e−i(δ/2) − ei(δ/2)) sin2ρ e−i(δ/2) + cos2ρ ei(δ/2)

 (2.7)

The laser beam after passing through the polariser becomes linearly polarised and

the Jones vector corresponding to this polarised light beam is, J =

Ex

0

, where

Ex is the component of electric vector of the polarised light parallel to the polariser.

The laser beam after polariser is passing through the PEM, sample and analyzer

respectively before falling on the photodiode. Hence the Jones vector representing

light at photodiode is,

Jfinal = A S M J (2.8)

This matrix multiplication ultimately gives, Jfinal =

Efinal
x

Efinal
y

, where

Efinal
x = 0,
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Efinal
y =−iEx×[cos(δR/2)×sin(2ρ)×sin(δ/2)+sin(δR/2){sin2ρ e−i(δ/2)+cos2ρ ei(δ/2)}].

Hence the intensity of the light falling on the photodiode is,

I = J†
final Jfinal (2.9)

or,

I = I0[cos(δR)× sin2(2δ)× sin2(δ/2) + sin2(δR/2) +
1

2
sin(δR)× sin(δ)× sin(2ρ)]

(2.10)

The light intensity as given in eqn. 2.10 falls on the photodiode and produces a

voltage signal as given in the following equation,

V = V0[cos(δR)× sin2(2δ)× sin2(δ/2) + sin2(δR/2) +
1

2
sin(δR)× sin(δ)× sin(2ρ)]

(2.11)

The magnitude of dc component, the coefficient of 1st and 2nd harmonics of the

voltage signal after expressing the eqn. 2.11 in Fourier series are given as follows,

dc signal:

(V0/2)[1 + J0(δ
R
0 ){2sin2(2ρ)× sin2(δ/2)− 1}] (2.12)

Coefficient of 1st harmonic:

V0[J1(δ
R
0 )× sin(δ)× sin(2ρ)] (2.13)

Coefficient of 2nd harmonic:

V0[J2(δ
R
0 ){1− 2sin2(2ρ)× sin2(δ/2)}] (2.14)

where J0(δ
R
0 ), J1(δ

R
0 ) and J2(δ

R
0 ) are the Bessel functions of first kind. The peak

retardation δR0 of the PEM for 633 nm wavelength is kept at 2.405 radians. Hence

J0(δ
R
0 ) = 0, J1(δ

R
0 ) = 0.5191, J2(δ

R
0 ) = 0.4317. The effective major index on the
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plane of starch film studied in this thesis was along -45◦ to the polariser, therefore

ρ = -45◦. So, the amplitude of the first and second harmonic signals will be modified

as,

V1f = sinδ × 0.5191× V0 (2.15)

and

V2f = cosδ × 0.4317× V0 (2.16)

Hence,

tanδ =
0.4317

0.5191
× V1f

V2f

(2.17)

Now in the lock-in amplifier (SR830), the rms voltage corresponding to the different

harmonics is measured. As δ is measured from the ratio of the amplitudes of the

first and second harmonics as given in eqn. 2.17, therefore the relation will remain

same even for the ratio of rms amplitudes of the voltage signals corresponding to

the first and second harmonics. Hence,

tanδ =
0.4317

0.5191
× V 1f

rms

V 2f
rms

(2.18)

where V 1f
rms and V 2f

rms are the rms amplitudes of first and second harmonics.

2.9 Impedance analysis of samples

Pure liquid crystals are generally dielectric materials with very high resistivity. But

the synthesized liquid crystal samples often contain some ionic impurities which

make them not perfect dielectric. Therefore, the liquid crystal cells filled with the

sample can be considered as a capacitor with capacitance Cs) and a resistor with

resistance Rs in parallel as shown in fig. 2.13. The size of the effective electrode area

in these cells is generally 5–10 mm and the thickness of these cells is about 5–20 µm.

To measure the impedance of these filled cells, it is connected in series with a known

resistance Rm = 1 kΩ. The end points of this circuit is connected with the output

of the ac power supply from the lock-in amplifier (Stanford Research System, model
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no. SR830). The frequency (ω) and rms amplitude (V0) of the applied ac voltage

are set to 5641 Hz and 0.5 volt respectively.

Figure 2.13: The schematic diagram of the dielectric measurement setup.

The impedance of the cell is,

Zs =
Rs(1− jωCsRs)

(1 + ω2C2
sR

2
s)

(2.19)

So, the total impedance including the series resistance Rm is,

ZT = Zs +Rm =
Rs(1− jωCsRs)

(1 + ω2C2
sR

2
s)

+Rm (2.20)

Therefore, the total current supplied by the source is,

IT =
V0e

i(ωt+ϕ0)

ZT

(2.21)

where ϕ0 is the phase of the applied voltage. So, the measured voltage across Rm is

Vm = Rm × IT (2.22)

After using the relations in eqn. 2.20 and eqn. 2.21 in eqn. 2.22, Vm becomes,

Vm =
Rm(1 + ω2C2

sR
2
s)V0e

i(ωt+ϕ0)

Rm +Rs + ω2C2
sR

2
sRm − jωCsR2

s

(2.23)
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Here Vm is a complex quantity. Hence, comparing the real part and the imaginary

part of the both sides of the eqn. 2.23, the following relations can be found.

V 0
mcos(ωt+ϕm) =

V0Rm[{Rs +Rm + ω2C2
sR

2
sRm}cos(ωt+ ϕ0)− ωCsR

2
ssin(ωt+ ϕ0)]

(Rs +Rm)2 +R2
mR

2
sC

2
sω

2

(2.24)

and

V 0
msin(ωt+ϕm) =

V0Rm[ωCsR
2
scos(ωt+ ϕ0) + {Rs +Rm + ω2C2

sR
2
sRm}sin(ωt+ ϕ0)]

(Rs +Rm)2 +R2
mR

2
sC

2
sω

2

(2.25)

where, ϕm and V 0
m are the absolute phase and rms amplitude of the measured signal

across Rm respectively. After solving eqn. 2.24 and eqn. 2.25, one can find that

Rs = Rm

[
(V 0

m − V0)(V
0
m + V0)

V 0
m{V 0

m − V0cos(ϕm − ϕ0)}
− 2

]
(2.26)

and

Cs =

[
V 0
mV0sin(ϕm − ϕ0)

Rmω{V 0
m

2 + V0
2 − 2V 0

mV0cos(ϕm − ϕ0)}

]
(2.27)

The amplitude (V 0
m) and phase difference (ϕm − ϕ0) of the voltage drop across the

resistance Rm are measured by the same lock-in amplifier (SR830). The whole

experimental setup is automated by interfacing it with a personal computer using

LabVIEW software.

The dielectric constant of the sample inside the cell is measured by taking the

ratio of filled cell capacitance (Cs) and empty cell capacitance (C0). On the other

hand, the conductivity of the samples is measured from the relation,

σ =
d

Rs × A
(2.28)

where d is the sample thickness and A is the effective area of electrode. To study

the temperature variation of impedance of samples, a microscope hot stage (Instec)

is used where the temperature variation of the samples is performed in a controlled

way. The resolution of temperature measurement in this hot stage is 0.1◦C.

39



Chapter 2. Experimental techniques

Figure 2.14: (a) and (b) The etched ITO plates. (c) The liquid crystal cell formed
by the etched plates.

2.10 Making of Liquid crystal cells

The liquid crystal cells are made of two ITO coated glass plates. A circular pattern

of ITO coating is formed by etching on both plates to get an active electrode area of

diameter 8 mm (see fig. 2.14). Sometimes rectangular pattern of electrodes are also

used. The etched glass plates are glued together using an epoxy glue with a small

gap between the plates. The ITO electrodes are on the inside surface of the cell and

also the effective electrode areas are overlapping on each other. The cells are cured

at 150◦C for one and half hours after the glue is applied at the side edges of the

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

using Ocean optics spectrometer. The empty capacitance of cell is measured before

filling the cell with the sample. After that the cells are filled with the sample in its

isotropic phase by capillary action. In these cells with parallel electrodes, the empty

capacitance is,

C0 =
ϵ0A

d
(2.29)
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where ϵ0 is the dielectric constant of the cell without sample, A and d are the

effective electrode area and the distance between them respectively. This relation is

only valid when the electrode diameter is large compared to the sample thickness d.

After filling the sample, the capacitance of the cell becomes,

Cs =
ϵ0ϵrA

d
(2.30)

where ϵr is the dielectric constant of the sample. After measuring capacitance of the

cell before and after filling it with the sample, the dielectric constant of the sample

can be determined as,

ϵr =
Cs

C0

(2.31)

Figure 2.15: The probe sonicator.
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2.11 Probe sonicator

The probe sonicator transforms the electrical signal to the mechanical vibration.

The whole machine is divided into three parts and these are generator, converter and

probe (see fig. 2.15). The generator transforms the supplied ac line power (220 volt

rms amplitude, 50 Hz) to an electrical signal of 20 KHz frequency. The converter as

a transducer transforms the 20 KHz ac signal to the mechanical vibration with same

frequency. This vibration is transferred to the probe attached with the transducer.

A tip which is attached down to the probe vibrates longitudinally with the same

frequency as supplied by the converter.

The tip of the sonicator is dipped into the liquid samples. The longitudinal vi-

bration of the tip produces a periodic cycle of compression and rarefaction in liquids

which causes cavitation into it. During rarefaction, a large number of micro-voids are

generated inside the liquid samples. These micro-voids are called cavitation bubbles.

During compression in liquids, these micro-bubbles collapse and release tremendous

energy in the cavitation field which drives the mechanism of fluid processing.

The effect of sonication depends on diameter of tip, volume of sample, shape of

sample container, amplitude of vibration of the tip and sample temperature. The

tips with lesser diameter deliver high intensity of sonication for a given percentage

of its amplitude of vibration, although the corresponding field of cavitation covers

lesser volume of the sample down to the tip. The diameter of the sample con-

tainer should be less such that the sample should not escape far from the tip during

sonication. The intensity of sonication increases with increasing the amplitude of

vibration of the tip which is controlled from the generator of this setup. More am-

plitude of vibration of the tip enhances the sample temperature during sonication

which increases the possibility of degradation of samples. Moreover, increasing the

temperature of sample enhances vapor pressure. Therefore, more vapor occupies

the volume of micro-cavities which blast less violently during liquid compression.

This reduces the the efficiency of sonication. To reduce these difficulties, the sample
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container is advised to keep in a heat sink during sonication. In addition, the pulsed

mode of vibration is also suggested rather than a continuous mode of vibration in

the probe sonication.

The Qsonica sonicator (QSONICA 700) was used to sonicate the gelatinized

starch solutions as discussed in chapter 5. The microtips with 6 mm diameter were

used for sonication. The amplitude of vibration was always kept at 40%. The

sonication was performed on samples in pulse mode of vibration to control the

temperature of samples.
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Chapter 3

Crystal polymorphism in 8OCB

3.1 Introduction

Molecules having strong electric dipole moment can exhibit rich variety of phases

on changing the temperature. The long range dipole-dipole interactions between

the molecules compared to the van der Waals interactions play important role in

stabilizing different phases. The strong dipolar association contributes to the com-

plexity in the self-organisation of the molecules giving rise to interesting physical

properties in their liquid and solid phases [81, 82]. In the last few decades different

phases of dipolar nOCB liquid crystal homologs (see fig. 3.1) have been investigated

where n denotes the number of carbon atoms in the terminal aliphatic chain at-

tached to one end of the biphenyl core of the molecule [1, 2, 11, 12, 83–85]. These

rod-like molecules have strong dipole moment along their long axis due to the pres-

ence of the nitrile (CN) group attached to the other end of the biphenyl core of each

molecule [1]. In this family of liquid crystals, the compounds 8OCB (4´-octyloxy-4-

cyanobiphenyl) and 9OCB (4´-nonyloxy-4-cyanobiphenyl) with intermediate chain

length show both smectic A and nematic phases. The lower homologs exhibit only

nematic and higher homologs exhibit only smectic A phase [4]. In the smectic A

phase, the rod-like molecules are arranged in layers with their long axes on aver-

age parallel to the layer normal and the layer spacing is same as the molecular

length (l) [7]. But the nOCB homologues exhibit an intercalated smectic A (SmAd)

phase with layer spacing as 1.4l [1, 12, 85]. Moreover at higher pressure and in

mixtures of different homologous compounds, a remarkable reentrance phenomena

with reentrant nematic phase has been observed [1, 2, 11]. The intercalated nature
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of smectic A phase and the reentrant phenomena thought to arise from the strong

dipolar association of the molecules forming dynamic pairs in their liquid crystalline

phases [1, 12].

Figure 3.1: nOCB molecule.

Interestingly these nOCB liquid crystals also exhibit various stable and metastable

crystalline phases [4, 5, 13, 18, 86, 87]. Hori et al. first observed three different

metastable crystal polymorph of 8OCB grown from its solution and these phases

were square-plate, needle phase and long parallelepiped (PP) phase respectively [4].

They found that the square-plate phase was too unstable to probe experimentally.

With the help of X-ray diffraction studies, it has been shown that the needle and

PP metastable phases have triclinic and monoclinic lattice structures respectively.

The lattice parameters for needle phase are a = 12.71 Å, b = 20.41 Å, c = 7.32 Å,

α = 99.86◦, β = 99.44◦, γ = 92.55◦. On the other hand, the lattice parameters for

the PP phase are a = 8.55 Å, b = 36.14 Å, c = 5.85 Å, β = 95.09◦. The molecules in

the needle phase form tetramers by CN...CN interaction whereas the CN...biphenyl

intermolecular interaction plays dominant role in stabilising the monoclinic crystal

structure of the PP phase. In addition to these metastable crystal phases, 8OCB has

a stable crystal phase which is known as commercial powder (CP) phase. The lattice

structure of the CP phase is monoclinic with a = 30.56−30.62 Å, b = 7.39−7.44 Å,

c = 25.43−25.52 Å, β = 107.3◦−107.8◦, but the detail molecular arrangement is still

not well understood [83, 88]. Most of the previous studies on stable and metastable

crystal phases of 8OCB were carried out on solution crystallised samples. Jackli et

al. studied a metastable crystal state of 8OCB obtained by cooling the sample from

its melt and identified the observed metastable phase as needle crystal phase [15].

After that the temperature variation of dielectric constant of a metastable state of
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8OCB doped with graphene nano platelets has been reported [89]. Recently, a glassy

state of 8OCB on fast cooling of the sample from its melt has been observed [90].

Though a large number of studies on the liquid crystalline phases of nOCB

molecules have been reported, relatively few studies are performed on the solid

phases of this system. In this chapter, we report detail experimental studies on the

different crystal polymorph of 8OCB obtained by cooling the sample from its melt.

We identify the metastable crystal state often found in our sample as PP phase

which transforms to stable CP phase on aging at room temperature or by heating

it above 312 K. Based on our experimental results, we have found that the stable

CP crystal phase of 8OCB is a heterogeneous phase with the coexistence of fibrillar

nano crystallites embedded in an amorphous phase. In this chapter we also discuss

that this amorphous phase melts first during heating which causes a pre-transitional

phenomenon before complete melting of stable CP phase. The existence of various

metastable crystal phases and a heterogeneous phase as the stable ground state show

remarkable complexity of the free energy landscape for this type of pure compound

consisting of relatively small rod-like molecules with strong dipole moment along

their long axis.

3.2 Experimental Detail

3.2.1 Sample Description

Here, we have studied the crystal polymorphism of 4´-octyloxy-4-cyanobiphenyl

(abbreviated as 8OCB) thermotropic liquid crystal compound. It contains molecules

with polar cyanobiphenyl head group attached with an aliphatic tail through an

oxygen atom. The molecular structure is given in fig. 3.2. The dipole moment of

each molecule and the molecular weight of this compound are 3.5 debye and 307.434

respectively [1]. The compound melts at 327.5 K to smectic A phase. Further

heating transforms the smectic A phase to nematic and then isotropic phase at

340 K and 353 K respectively. On cooling, the sample shows a large supercooling
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effect (≈ 30− 35 K) during smectic A to crystal transition. The detail XRD studies

performed on the smectic A phase reveal that the layer spacing is 31.7Å as shown

in fig. 3.2. However, The reported molecular length of this compound is 24 Å [1].

Based on these observations, an intercalated organization of molecules (see inset of

fig. 3.2) in the layer have been proposed by Cladis et al. [1]. The polar molecules

form dynamic intercalated pairs in their liquid crystal phases giving rise to layer

thickness as 31.7 Å in smectic A phase as shown in fig. 3.2.

Figure 3.2: XRD profile in smectic A phase of 8OCB.

3.2.2 Sample preparation

The commercially available liquid crystalline sample 4´-Octyloxy-4-cyanobiphenyl

(8OCB) was used in all the experimental studies. Sample sandwiched between two

cleaned coverslips was used for Raman Spectroscopy (RS) and polarised optical

microscopy (POM) studies. A coverslip was heated to 373 K by keeping it on a
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hot stage and then small amount of 8OCB sample was placed on it. The sample

transformed to isotropic state at that temperature. Then another coverslip was

carefully placed on top of the sample. The sample sandwiched between the coverslips

was then allowed to cool to obtain different crystal polymorph. Raman spectra were

obtained using laser micro-Raman spectrometer (Jabin-Yvon T64000) equipped with

a microscope hot stage and a temperature controller (Linkam T95). The Raman

signal from the back scattered light was detected using cooled CCD camera. Prior

to taking the Raman spectra of the sample, the spectrometer was calibrated using

520.7 cm−1 line of silicon. The POM studies of the sample were carried out on a

polarized optical microscope (Olympus BX 50) equipped with a hot stage (Linkam).

X-ray diffraction (XRD) studies were performed on samples filled in Lindemann

capillaries (outer diameter 1.0 mm) with CuKα radiation of wavelength 1.54 Å using

DY 1042-Empyrean (PANalytical) x-ray diffractometer comprising a programmable

divergence slit and PIXcel 3D detector. For grazing incidence studies, the crystal

phase was formed on a coverslip and the identity of the phase was confirmed by

POM studies. The sample was then scrapped off from the coverslip and placed

on the silicon flat stage attached with the x-ray setup. The silicon flat stage was

used as its XRD profile gives a flat background and does not interfere with sam-

ple’s profile. Small-angle x-ray scattering (SAXS) studies were performed using a

HECUS S3 Microsystem fitted with a copper anode x-ray generator (Genix) and a

1D position-sensitive detector. The sample was taken in Lindemann capillary tube

(outer diameter 1.0 mm). A Peltier-controlled stainless steel holder was used to

maintain the sample temperature.

Field Emission Scanning Electron Microscopy (FESEM) studies were performed

by using CARL ZEISS (ULTRA PLUS model) system to probe the surface morphol-

ogy of the samples. For FESEM studies, a small amount of sample was kept on a

cleaned thin aluminium foil and it was cooled to the desired phases from its isotropic

phase. Sometimes the indium tin oxide (ITO) coated glass plates were used as sub-

strate for visibility of the sample under microscope. The sample was then coated
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with platinum [QUORUM (Q150R S)] to probe the surface morphology.

The dielectric measurements in metastable crystalline state were performed by

using home made liquid crystal (LC) cells. The LC cells were made by using clean

ITO coated glass plates with a circular electrode area of diameter 8 mm. For prob-

ing the dielectric constant of stable crystal phase, commercially available LC cells

(INSTEC Inc.) of sample thickness 9 µm were also used. The sample was filled in

the LC cells in its isotropic state by capillary action using a hot stage. The mea-

surements of dielectric constant as a function of temperature were performed on a

homemade experimental setup discussed in chapter 2. A sinusoidal ac voltage of

frequency 5641 Hz and rms amplitude 0.5 volts was used for this measurement.

3.3 Results and Discussion

3.3.1 Polarising Optical Microscopy (POM) Study

The POM studies of the sample were carried out on a polarized optical micro-

scope (Olympus BX 50) equipped with a Linkam hot stage (LTS420E) controlled

by Linkam T95 controller. Two types of crystal phases of 8OCB were most often

observed on cooling the sample from its melt. One of them was the stable commer-

cial powder or CP crystal phase. The other phase was the long parallelepiped or

PP crystal phase which transformed irreversibly to the CP crystal phase at higher

temperature or even at room temperature after few days. Hence the PP crystal

phase is metastable in nature. The POM textures of the CP phase and the PP

phase are shown in fig. 3.3a and fig. 3.3b respectively.

The stable CP crystal phase grew from its melt as spherulites and showed a

nonuniform grainy texture (fig. 3.3a) between crossed polarisers. The nonuniform

texture indicates the presence of many submicroscopic domains coexisting in this

phase. The metastable PP phase grew from its melt as flat strips with a smooth

homogeneous texture (fig. 3.3b). Interestingly, the growing front edge of a strip was

found to be tilted with respect to the growth direction by an acute angle of about
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Figure 3.3: The POM textures of (a) the stable CP phase and (b) PP phase growing
from smectic A phase of 8OCB.

±40◦. When a strip was rotated by 360◦ between crossed polarisers, four extinction

positions with a difference of 90◦ were always found. This indicates that a strip

of PP phase has an uniform orientational order. The uniform extinction of a strip

occurred when its front edge was made parallel or perpendicular to the polariser

axis. It implies that the major or minor axis of the effective refractive index ellipse

is parallel to the front edge of the strip. The POM studies using a λ-plate were

performed to determine the direction of the major axis of this refractive index ellipse

within a strip of PP phase. The used λ-plate was a positive birefringent crystal plate

with a known direction of its slow axis. A sample strip of lower thickness with the

birefringence colour in first order region of Levy chart (see fig. 3.4) was chosen for

this purpose to clearly identify the colour changes of the sample on inserting the

λ-plate in the light path. The strip was kept at its brightest positions at angle ±45◦

respectively with respect to one of its four extinction positions i.e. the front edge of

the strip was making angle ±45◦ respectively with respect to the polariser. At these

two brightest positions, the colour variations of the strip were noticed (see fig. 3.4b

and fig. 3.4c) by introducing the λ-plate in the optical path of the microscope. When

front edge of the strip was parallel to the slow axis of the λ-plate, the strip appeared

blue (fig. 3.4b) indicating the effective addition of optical path differences between

the ordinary and extraordinary rays on passing through the sample and the λ-plate.

On the other hand, when the front edge of the strip was perpendicular to the slow

axis of λ-plate then the strip appeared dark yellow (fig. 3.4c) due to the effective
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Figure 3.4: The POM textures of a strip of PP phase between crossed polarisers
(a) without λ-plate (b) with the slow axis of the λ-plate parallel to the front edge
and (c) with the slow axis of the λ-plate perpendicular to the front edge. The white
double headed arrow indicates the major axis of the effective refractive index ellipse
within the strip. (d) The schematic representation of the molecular organisation
within the strip.

subtraction of these optical path differences. These observations illustrate that the

effective refractive index parallel to the front edge (white double headed arrow in

fig. 3.4) of the PP strip is larger than that perpendicular to the growing front plane

of the strip.

Fig. 3.4d shows a possible schematic organisation of the 8OCB molecules within

the strip taking into account the reported monoclinic lattice structure of the PP

phase [4]. The b-axis of the monoclinic lattice having maximum component of the

refractive index is parallel to the front edge of the strip while the c-axis is perpendic-

ular to the growing front plane. The molecules lie parallel to this front plane of the

growing strip as shown in fig. 3.4d. This organisation of the molecules can account

for slightly higher birefringence of PP phase compared to that of smectic A phase in

a planner aligned sample. This model also perhaps explain slightly higher dielectric

constant of PP phase in a non-aligned liquid crystal cells compared to that in the

CP crystal phase as discussed later.

52



3.3. Results and Discussion

Figure 3.5: The POM textures showing the transformation of PP phase to CP phase
with increasing temperature.

The metastable PP phase transforms to the stable CP phase on increasing the

temperature of the sample. Fig. 3.5 shows the POM textures of the growth of

CP phase into the PP phase during heating it with 1 K/min rate. The CP phase

appeared from the top left corner of the visible area of the sample at 312 K. This

agrees with the reported transition temperature of solution crystallised PP phase of

8OCB [5]. Therefore, we conclude that the metastable phase observed in our sample

on cooling from its melt is the PP phase.

Figure 3.6: PP phase to CP phase transition with time.
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Figure 3.7: The SEM textures of (a) the CP phase, (b) the cross sectional view
of the fibrillar nano crystallites in the CP phase and (c) PP phase. (d) shows the
magnified view of the marked region of the PP phase in figure (c) indicating smooth
homogeneous texture.

The metastable PP phase also transforms to CP phase at room temperature

within few days. Fig. 3.6 shows this transition at different intervals of time. The

transition mostly starts to occur from the grain boundaries between the strips.

3.3.2 Field Emission Scanning Electron Microscopy (FE-

SEM) Study

Field Emission Scanning Electron Microscopy (FESEM) studies were performed by

using CARL ZEISS (ULTRA PLUS model) system. The detail of this microscopic

technique has been discussed in chapter 2. The FESEM studies were performed

to investigate the structure of the crystalline phases of 8OCB at higher resolution.

Fig. 3.7 shows the FESEM photomicrographs of the sample in these crystal phases.

The FESEM texture of the CP phase (fig. 3.7a) shows the presence of numerous

fibrillar nano crystallites embedded in an noncrystalline amorphous phase. Fig. 3.7b
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Figure 3.8: (a-i) The SEM textures at different temperature during heating the
sample from PP phase.

shows the cross section of these nano crystallites in the transverse direction which

appears either rectangular or elliptical in shape. The nano crystallites have long

fibrillar shape of length 5 − 7 µm and width about 100 − 400 nm. Therefore,

the FESEM studies clearly reveal that the stable CP crystal phase of 8OCB is a

heterogeneous phase consisting of two sub-phases coexisting together.

Fig. 3.7c shows the FESEM texture of the PP phase. The sharp front edge of

a strip in the PP phase with a 40◦ tilt to its growth direction is also clearly visible

here. Fig. 3.7d shows the magnified view of the marked position in fig. 3.7c. The

uniform FESEM texture of metastable PP phase indicates the homogeneity of this

phase unlike the CP phase.

The POM studies discussed earlier reveal that the PP phase transforms to CP

phase at 312 K. This transition was also verified by FESEM studies as shown in

fig. 3.8. Fig. 3.8a shows the SEM texture of PP phase at 307 K. It transforms to

CP phase at 313 K on heating the sample on the specimen stage of the SEM setup.
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The growing front of CP phase has been marked in fig. 3.8b. Fig. 3.8c to 3.8i show

the subsequent changes in the SEM textures of the CP phase during heating the

sample till its melting at 327 K. The texture of the sample starts to change from

324 K (see fig. 3.8f) and the smectic domains become visible at 326 K as shown in

fig. 3.8h. Fig. 3.8i shows the SEM textures of the sample after complete melting to

the smectic A phase. Therefore SEM studies clearly show the pre-transitional effect

of melting of the sample from the CP phase to the smectic A phase.

3.3.3 Dielectric Studies

Dielectric measurements on the sample were performed with increasing temperature

to detect the various phase transitions as shown in fig. 3.9. In these measurements,

the heating rate was always kept at 1 K/min. One advantage of our technique is

that the state of the sample can be observed during the measurement of dielectric

constant using POM. As 8OCB forms different stable and metastable crystal phases

during cooling from its melt, this measurement technique enable us to ensure the

state of the sample being probed using microscopic observations. Once the phase of

the sample is formed inside the liquid crystal cell, it does not need to be displaced

to other specimen stage for characterization unlike in DSC studies. Therefore, a dis-

turbance free measurement of dielectric constant especially in metastable phases is

possible in this setup. All the measurements were carried out during heating of the

sample either from the metastable PP phase (see fig. 3.9a) or from stable CP phase

(see fig. 3.9b). The transition from the PP phase to the CP phase at 312 K was

clearly detected as shown in fig. 3.9a. A step decrease in dielectric constant is clearly

visible at this transition (see inset in fig. 3.9a). On further heating, the melting tran-

sition from CP to smectic A phase at 327.5 K was observed which agrees with the

reported melting point of solution crystallised CP phase [5]. Interestingly, a promi-

nent pre-transitional effect in which the dielectric constant of the sample increasing

continuously from 321 K was observed (see fig. 3.9). Further studies discussed in the

coming sections of this chapter showed that this pre-transitional effect arose due to
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the changes occurring in the heterogeneous CP phase in this temperature range. The

amorphous component of the CP phase starts to transform below the melting point

of the nano crystallites at 327.5 K giving rise to this pre-transitional behavior. The

monotonic increase of the dielectric constant in the smectic A phase above 327.5 K

on heating was due to the gradual change from planner to homeotropic alignment

of molecules in the LC cells. The dielectric constant parallel to the director in the

homeotropic configuration is much larger than that of the perpendicular component

in planner configuration due to the strong longitudinal dipole moment of the 8OCB

molecules [91]. The dielectric constant then again decreased in the nematic phase as

the nematic to isotropic transition temperature was approached due to the decrease

in the orientational order of the sample.

The frequency dependent dielectric studies were performed in the solid and

liquid mesophases of the sample. We did not find any dielectric relaxation for

all these phases till 100 KHz. The dielectric constant in the solid phases of the

sample is relatively low compared to its perpendicular component (ϵ⊥) in the liquid

mesophases of the compound. This is perhaps due to the lower contribution of the

orientatinal polarization to the dielectric constant in these solid phases compared to

that in the liquid mesophases.

As mentioned earlier, the metastable PP phase transforms to CP phase after few

days at room temperature. This transition was confirmed using dielectric measure-

ment of the sample. The PP phase was formed in a home made cell with planner

alignment which was identified by POM observations. The sample was then kept

at room temperature for 9 days. In this period of time, the PP phase was found

to transform to CP phase as confirmed from the POM observations. The dielec-

tric measurement on heating the sample from the CP phase obtained in this way

was performed as shown in fig. 3.9c. The dielectric profile shows very similar trend

as that found for CP phase obtained by directly cooling the sample from its melt

(see fig. 3.9b). This result implies that the metastable PP phase transforms only

to CP phase at room temperature. The presence of other metastable phases after
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Figure 3.9: The temperature variations of dielectric constant of 8OCB on heating the
sample from its (a) PP phase and (b) CP phase. The inset in (a) shows the variation
of the dielectric constant across the PP to CP phase transition in an expanded scale.
(c) The temperature variation of dielectric constant of CP phase formed after 9 days
from PP phase kept at room temperature.
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this transition were not found. This was also confirmed by Raman studies discussed

later.

3.3.4 X-ray diffraction studies

The powder x-ray diffraction (XRD) studies of the sample filled in Lindemann cap-

illary tubes were performed to characterise the crystallographic structure of the CP

phase. The XRD intensity profile obtained in the CP phase as a function of the

scattering vector q is shown in fig. 3.10a. The prominent diffraction peaks obtained

in the CP phase can be indexed with the Miller indices of a monoclinic lattice struc-

ture as indicated in fig. 3.10a. The lattice parameters obtained for this monoclinic

structure are a = 30.72 Å, b = 7.47 Å, c = 25.58 Å and β = 107.7◦. These parame-

ters were calculated by using the following relation for monoclinic lattice structure

1

d2hkl
=

1

sin2β

[
h2

a2
+

k2sin2β

b2
+

l2

c2
− 2hlcosβ

ac

]
, (3.1)

where dhkl (= 2π/q) is the lattice spacing between two consecutive lattice planes

with Miller index (hkl). The lattice parameters are obtained by solving eqn. 3.1

using the dhkl values corresponding to the peaks with Miller indices (100), (001),

(101̄), (102̄) respectively. Hori et al. also reported about the monoclinic lattice

structure of CP phase of 8OCB compound grown from its solution. The reported

lattice parameters are in the range a = 30.56 Å - 30.62 Å, b = 7.39 Å - 7.44 Å,

c = 25.43 Å - 25.52 Å and β = 107.3◦ - 107.8◦ [88]. Therefore, the reported lattice

structure of solution crystallized CP phase of 8OCB matches very well with that of

the CP phase formed from the melt.

The Lindemann capillary itself produces an XRD profile with a broad hump

at wide angle (see fig. 3.10b) which interferes with that coming from the sample.

FESEM studies of CP phase clearly reveal the coexistence of fibrillar crystallites

embedded in an amorphous solid phase. This amorphous phase shows a broad

hump at wide angle with similar range of scattering angle as that shown by the
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Figure 3.10: The XRD profiles of (a) the CP phase in capillary at room temperature,
(b) the capillary and (c) the CP phase on flat stage at room temperature.
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Lindemann capillary itself. Therefore, the amorphous hump from the sample with

relatively less intensity is masked by the hump produced by the capillary tube. This

difficulty was overcome by taking the XRD profile of the sample in the grazing mode

of x-ray incidence on a flat silicon specimen stage. The silicon stage has a flat XRD

profile which does not interfere with that coming from the sample.

The CP phase was formed on a cleaned coverslip which was identified by POM

observations. The sample was then scraped off from the coverslip and placed on the

silicon flat stage for XRD studies. The total acquisition time of the XRD profile

in the range from q ≈ 0.7 nm−1 to 28 nm−1 with 0.001 nm−1 step size was set to

180 minutes. The range of 2θ values corresponding to the above range of q values

is 1◦ − 40◦. Fig. 3.10c shows the XRD profile of this sample where a small broad

hump in the range from about 11 nm−1 to 21 nm−1 was found. This broad hump

arises due to the amorphous component of the sample in the CP phase. Therefore,

we conclude from XRD and FESEM studies that the nano crystalline component of

the CP phase has monoclinic lattice structure while the other component, which did

not exhibit any sharp peak in the XRD profile is in the noncrystalline amorphous

state.

3.3.5 Small angle X-ray diffraction studies

It was observed that the diffraction peak for smectic phase at 1.98 nm−1 appeared

before complete melting of CP phase during heating. To quantify the structural

changes in the CP phase during heating in the pre-transitional temperature range

from 321 K to 327.5 K the small angle x-ray scattering (SAXS) studies of the sample

were performed. In the scattering vector (q) range from 1.40 nm−1 to 3.20 nm−1

(2θ = 2◦ to 4.5◦) in the SAXS profile, three peaks at 2.14 nm−1 (100), 2.58 nm−1

(001) and 2.80 nm−1 (101̄) corresponding to the monoclinic lattice structure of CP

phase were found (see fig. 3.11). These peaks were fitted with three different Gaus-

sian functions to accurately determine their intensities, positions and the full widths

at half maxima (FWHM). The intensity profiles of these fitted peaks as function of
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Figure 3.11: The SAXS profiles of CP phase during heating in pre-transitional region
before melting. ∆T = T − Tc is in K.

the wave vector q at different temperatures are shown in the fig. 3.11. Fig. 3.12

shows the variation of the intensity and FWHM of these peaks with temperature

difference ∆T = T − Tc, where T and Tc denote the measured temperature and the

transition temperature from CP to smectic phase respectively. The intensity of all

these peaks either increased or remained almost same with increasing temperature

till ∆T = −2 K and then started to decrease till the complete melting of CP phase

at Tc. The FWHM of all these peaks decreased till Tc. The Debye Scherrer equa-

tion says that the FWHM of the diffracted peaks is inversely proportional to the
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mean size of the ordered domains. Hence reducing FWHM of these peaks in the

pre-transitional temperature range implies that the dimensions of nano crystalline

domains increase during heating the sample before melting. Above Tc, only one peak

at 1.98 nm−1 corresponding to the layer spacing in the smectic phase was observed.

Interestingly, this smectic peak started to grow from 5 K below Tc and became

prominent with further heating (see fig. 3.12). The SAXS results therefore indicate

that both the nano crystalline component of CP phase and the smectic phase grew

at the expanse of the amorphous component of the CP phase during heating it in

this pre-transitional region.

Figure 3.12: The temperature variation of intensity and FWHM of three crystalline
peaks (a) (100), (b) (001), (c) (101̄) of CP phase and (d) (001) peak of smectic
phase on heating the sample in the pre-transitional temperature range. Here ∆T =
T −Tc, where T and Tc denote the measured temperature and the complete melting
temperature of CP phase respectively.

This was also confirmed by studying the SEM texture of CP phase which was

cooled to the room temperature after keeping it at 325 K for 1 hour. This texture

showed that the size of the fibrillar nano crystallites in the CP phase became larger

compared to that obtained on cooling from its melt (see fig. 4.11a,b in chapter 4).
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It implies that the fibrillar nano crystallites in CP phase grew at the expense of

the amorphous phase in the pre-transitional temperature range and their size was

preserved on subsequent cooling to room temperature. Hence the morphological

changes occurring in the pre-transitional region during heating of CP phase gave rise

to the continuous increase in the dielectric constant of sample before its complete

melting.

3.3.6 Raman spectroscopic studies

The Raman spectroscopic studies of the sample were performed to characterize the

observed crystal phases obtained from its melt. This spectroscopic technique is an

indispensable tool to identify the crystal phases of 8OCB. In this section, a few

of the characteristic peaks in the range from 200 cm−1 to 900 cm−1 which allowed

us to identify the different solid phases of the compound, have been discussed. In

addition, four prominent peaks in the range between 200 cm−1 to 3200 cm−1 were

studied at different phases of this compound as discussed below.

Raman peaks from 200 cm−1 to 900 cm−1

Fig. 3.13a and fig. 3.13b show the Raman spectra of the sample in its PP and CP

phase respectively in the range of 200 cm−1 to 900 cm−1. In addition to the PP

phase, 8OCB also forms two other metastable crystal phases from its solution known

as needle phase and square-plate phase respectively [4]. Though, the needle crystal

phase known to be formed very less frequently, we incidentally found the needle

crystal phase once on cooling the sample from the smectic phase. Fig. 3.13c shows

the Raman spectra of the needle crystal phase in the range between 200 cm−1 to

900 cm−1.

It can be seen that two closely spaced peaks at about 400 cm−1 are almost

invisible (fig. 3.13a) for the metastable PP phase but are prominent for the CP and

needle phase respectively (fig. 3.13b, 3.13c). These pairs of peaks at 399 cm−1 and

414 cm−1 in the CP phase and 406 cm−1 and 420 cm−1 in needle phase respectively
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Figure 3.13: Raman spectra for (a) PP phase, (b) CP phase and (c) Needle phase.
(d) The Raman spectra of 8OCB showing the variation with temperature across the
transition from PP to CP phase.

have been assigned to the stretching vibrations of twisted biphenyl link [88]. The

intensities of these peaks are reported to be quite sensitive to the dihedral or twist

angle of the biphenyl moiety of the 8OCB molecules [92]. This dihedral angle varies

in the different crystalline states of 8OCB. The reported twists of biphenyl moiety of

8OCB molecules in PP phase and needle phase are 2.2◦ and about 38◦ respectively

[4]. Although there is no report for it in CP phase but the value was expected to be

high [88]. The low value of the twist angle in the PP phase accounts for the absence

of the doublet peaks at 400 cm−1 while these peaks are prominent in other crystalline

phases of 8OCB. The absence of these peaks for the metastable PP crystal phase

observed in our experiments on cooling the sample from its melt therefore confirms

its identity. The Raman spectroscopic signature of the transition from PP to CP

phase is shown in fig. 3.13d where the doublet peak near 400 cm−1 started to appear
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from 312 K on heating.

Another doublet peak were found for PP phase near 800 cm−1. The position

of the component peaks is 825 cm−1 and 838 cm−1 respectively (fig. 3.13a). The

same peaks were also observed for CP phase at 822 cm−1 and 836 cm−1 respec-

tively (fig. 3.13b). In needle crystal, these peaks are positioned at 824 cm−1 and

838 cm−1 respectively (fig. 3.13c). These peaks are associated with two different

perpendicular deformation modes of CH bonds linked with the phenyl rings of the

8OCB molecule [93]. For PP and CP phase these two peaks have similar intensity

but in case of needle phase the peak at 824 cm−1 is highly intense than the other

one. Hori et al. reported similar results for solution crystallized needle phase of

8OCB [88]. Therefore, the needle phase was identified from the nature of these two

peaks. In our sample, the intensity profile of these two peaks do not change across

PP to CP phase transition as shown in fig. 3.13d which implies that the needle phase

does not form across this transition. Hori et al. reported that in most cases, the

PP phase grown from 8OCB solution transformed to CP phase in slow heating [88].

Occasionally, they found traces of needle phase coexisting with CP phase after the

transition. However, from micro-Raman studies we did not detect any trace of the

needle phase on slow heating (1 K/min) of the PP phase above 312 K.

The stability and the transition between smectic and these solid phases can be

understood using the schematic energy diagram as shown in fig. 3.14 [5]. At room

temperature, the CP phase is most stable and the lowest energy state of 8OCB. The

metastable PP phase is the next lowest energy state compared to the other phases

of 8OCB as shown in fig. 3.14. Thus, the metastable PP phase tends to transform

to the stable CP phase. However at room temperature, this transition takes few

days to complete, possibly due to the high energy barrier between these two states.

On increasing the temperature, this barrier height decreases and also the metastable

needle phase becomes of lower energy than the PP phase above 312 K. Therefore,

the PP phase becomes more unstable towards the formation of CP and needle phase.

It is our conjecture that perhaps above 312 K, the energy barrier between PP and
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Figure 3.14: Schematic free energy diagram of various phases of 8OCB with tem-
perature variation.

needle phase is comparatively larger than that between PP and CP phase. Hence

the transition probability of unstable PP phase to most stable CP phase is much

larger than that to the needle phase. This explains the absence of needle phase in

our sample above this transition though, Hori et al. occasionally found traces of

needle phase above this transition of solution crystallized PP phase [88].

Raman peaks from 200 cm−1 to 3200 cm−1

In the range between 200 cm−1 to 3200 cm−1, four prominent Raman peaks were

found for all phases of the compound as shown in fig. 3.15. In this subsection, we

have studied the properties of these peaks at different phases of 8OCB. These four

peaks are positioned at about 1185 cm−1, 1285 cm−1, 1605 cm−1 and 2230 cm−1

respectively. The first one is associated with in-plane deformation of CH bonds of

the biphenyl moiety [93]. The second one is a combinational band of symmetric

and asymmetric out of plane deformations of CH2 group in the aliphatic chain [93].

The third peak is for quadrant vibration of aromatic rings and the last one is for

CN stretching vibration respectively [93, 94]. Besides these, the peaks in the range

67



Chapter 3. Crystal polymorphism in 8OCB

Figure 3.15: Raman spectra in (a) PP phase, (b) CP phase, (c) Needle phase,
(d) Smectic A, (e) Nematic and (f) Isotropic phase.

between 2830 cm−1 to 3100 cm−1 in all phases come from CH stretching vibrations

[84].

All these prominent peaks were fitted with Voigt functions using Origin soft-

ware to resolve the component peaks and accurately determine the peak positions

at different phases. The Voigt function can be obtained by convoluting a suit-
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able Gaussian and a Lorentzian function respectively. The fitting processes were

performed after subtracting an appropriate baseline from the data. The detail of

these four intense peaks after fitting in different phases of the compound is given in

table 3.1, table 3.2, table 3.3 and table 3.4 respectively.

Table 3.1: In-plane deformation of CH bonds of biphenyl moiety

Name of Phase Nature of peak Raman Shift

PP phase Doublet Component peaks are at
1181 cm−1 and 1188 cm−1

Needle phase Doublet Component peaks are at
1180 cm−1 and 1186 cm−1

CP phase Symmetric 1185 cm−1

Smectic A Symmetric 1180 cm−1

Nematic Symmetric 1180 cm−1

Isotropic Symmetric 1180 cm−1

Table 3.2: Combinational band for perpendicular deformations of CH2 group

Name of Phase Nature of peak Raman Shift

PP phase Asymmetric 1283 cm−1

Needle phase Asymmetric 1290 cm−1

CP phase Asymmetric 1284.5 cm−1

Smectic A Symmetric 1287 cm−1

Nematic Symmetric 1287 cm−1

Isotropic Symmetric 1287 cm−1

Table 3.3: Quadrant stretching mode of aromatic rings

Name of Phase Nature of peak Raman Shift

PP phase Asymmetric 1604 cm−1

Needle phase Asymmetric 1607 cm−1

CP phase Asymmetric 1606 cm−1

Smectic A Symmetric 1605 cm−1

Nematic Symmetric 1605 cm−1

Isotropic Symmetric 1605 cm−1

The Raman peak for in-plane deformation of CH bonds attached with biphenyl

moiety shows doublet structure in PP and needle phase. These peaks were fit-

ted with two Voigt functions in the PP and needle phase as shown in fig. 3.16a

and fig. 3.16b respectively. For PP phase, the component peaks are positioned
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Table 3.4: CN stretching vibration

Name of Phase Nature of peak Raman Shift

PP phase symmetric 2230 cm−1

Needle phase Doublet The component peaks are at
2222 cm−1 and 2233 cm−1

CP phase Asymmetric The peak at 2233 cm−1,
the component peaks are at
2227 cm−1 and 2234 cm−1

Smectic A Symmetric 2227 cm−1

Nematic Symmetric 2227 cm−1

Isotropic Symmetric 2227 cm−1

at 1180 cm−1 and 1186 cm−1 respectively whereas for needle phase these are at

1181 cm−1 and 1188 cm−1 respectively. In other phases the peak envelope is sym-

metric (see fig. 3.16c,d).

The positions of these peaks did not vary appreciably during heating of PP phase

as shown in fig. 3.17a. Across the transition from the PP to CP phase at 312 K,

the doublet peaks transformed to a single symmetric peak centered at 1185 cm−1

which signifies the presence of only CP phase after this crystal to crystal phase

transition. The position of this symmetric peak started to decrease continuously

on heating above 323 K (fig. 3.17a). This type of pre-transitional effect near the

melting point of CP phase was also observed in the XRD and dielectric studies.

The position of this peak remained almost constant in all the liquid phases with

increasing temperature. The temperature variation of this peak position was also

studied on heating the sample which was initially in its stable CP phase rather than

metastable PP phase. Again a totally symmetric singlet peak was observed in the

whole temperature range of CP phase. The variation of this peak position with

temperature is shown in fig. 3.17b. The clear match between peak positions in the

CP phase with temperature for both cases signifies that the PP phase transformed

to the CP phase at 312 K on heating.

The Raman peak at 1283 cm−1 in PP phase is a combination band of symmetric

and asymmetric perpendicular deformations of CH2 group attached to the aliphatic

chain. It showed a small jump towards higher Raman shift across the PP to CP phase
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Figure 3.16: Raman peak for in-plane CH deformation in (a) PP phase, (b) Needle,
(c) CP phase and (d) Smectic A phase.

transition. Near CP to smectic phase transition, the position changed gradually

towards higher Raman shift till the complete melting of CP phase. In liquid phases,

the peak position remained invariant with increasing temperature.

The Raman peak for quadrant stretching mode of aromatic rings positioned at

1604 cm−1 in PP phase is asymmetric in nature. It is also asymmetric in needle

and CP phase. Across PP to CP phase transition, this peak remains asymmetric

and shifts to the higher wave number. This peak becomes symmetric in the liquid

phases and the position of the peak remains constant with increasing temperature.

The Raman peak for CN stretching vibration is quite sensitive to the electron

density of CN group [83]. This electron density depends on the local molecular

environment around the CN group in different phases of 8OCB and hence sensitive

to these phases. The CN stretching vibration gives rise to a symmetric singlet peak

at 2230 cm−1 in the PP phase (fig. 3.18a). The closer proximity between the CN

group of a molecule with the biphenyl moiety of the neighboring molecule in the
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Figure 3.17: Temperature variation of Raman peak position for in-plane CH de-
formation mode when initial phase was (a) PP phase, (b) CP phase. Temperature
variation of Raman peak position for stretching vibration of CN group when initial
phase was (c) PP phase, (d) CP phase.

monoclinic structure of PP phase manifests itself in giving rise to this peak [4]. This

peak shows doublet structure at needle phase and fitted with two Voigt functions.

The fitted component peaks at 2222 cm−1 and 2233 cm−1 respectively are shown

in fig. 3.18b. This splinting comes possibly due to the dipolar interaction among

neighboring CN groups [87]. In CP phase, this peak becomes asymmetric and was

fitted (Voigt fitting) with a prominent strong peak positioned at 2235 cm−1 and

a weak satellite peak at 2226 cm−1 (see fig. 3.18c). In liquid phases, it remains

symmetric at 2227 cm−1 (see fig. 3.18d).

The temperature variation of Raman peak position for CN stretching vibration

is shown in fig. 3.17c and fig. 3.17d when initial phase was PP and CP phase re-

spectively. No change in peak position was noticed during heating the sample in PP

phase. Across PP to CP transition the peak became asymmetric. The fitted intense

peak position remained invariant during heating till melting of this phase. The less
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Figure 3.18: Raman peak for CN stretching mode in (a) PP, (b) needle, (c) CP and
(d) Smectic A phase.

intensity of shoulder peak causes a fitting error in evaluating its exact peak position

at different temperatures. In liquid phases, the peak position remained invariant

with increasing temperature. The similar behavior was also found when the sample

was heated from the initial CP phase.

The molecular environment of CN group is different in the amorphous and crys-

talline components of CP phase giving rise to a slightly different peak positions.

Hence the doublet nature of the CN peak in the CP phase can be attributed to the

heterogeneous nature of this phase. The fitted strong and weak peaks are associated

with the nano crystalline and amorphous components of the CP phase respectively.

This was inferred from the pre-transitional variation of these peaks near the CP

to smectic phase transition as shown in fig. 3.19. The intensity and position of

the strong peak remained almost constant with increasing temperature in the pre-

transitional range and it disappeared on melting of the nano crystallites at Tc. On

the other hand, the intensity and the position of weak peak started to change in
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Figure 3.19: The temperature variation of the Raman peak profile associated with
the CN stretching vibration of 8OCB molecules in the pre-transitional temperature
range of CP phase during heating the sample. ∆T = T−Tc in K denotes temperature
difference from the complete melting temperature of CP phase.

this temperature range due to the transformation of the amorphous component to

smectic below Tc and only this peak remained after transition to the smectic phase

at Tc.

3.4 Conclusion

Two different crystalline states of 8OCB are observed on cooling the sample from

its melt. One of them is the metastable long parallelepiped or PP crystal phase.

The other one is the stable crystal phase known as the commercial powder or CP

phase. The metastable PP phase transforms to the stable CP phase on aging at

room temperature or by heating it above 312 K. Though the PP phase is a homo-

geneous crystal phase, the SEM studies show that the stable CP phase is actually

74



3.4. Conclusion

heterogeneous in nature with two sub-phases coexisting together. Here numerous

fibrillar nano crystallites are found to be embedded in an amorphous matrix. The

XRD studies on the CP phase show that the fibrillar nano crystallites have mon-

oclinic lattice structure while no lattice structure is found corresponding to the

amorphous component. This signifies that there is no long range positional order

in the amorphous component of the CP phase. The CP phase shows a prominent

pre-transitional effect close to its melting point during heating. This effect arises due

to the transition of amorphous part of CP phase that starts before than the melting

point of nano crystallites at 327.5 K. Such coexistence of crystalline and amorphous

states is generally observed for large molecular weight polymeric systems or in mix-

tures of incompatible molecules [31, 95]. The coexistence of nano crystallites and

the amorphous phase in the stable ground state has not been observed for this type

of small molecular weight liquid crystals. We attribute this behaviour to the strong

dipole moment of the 8OCB molecules. This strongly polar 8OCB compound is

known to exhibit reentrant nematic phase below its smectic phase under high pres-

sure or in suitable mixtures with 6OCB [1, 2]. Thus, it is our expectation that this

amorphous component may be the frozen reentrant nematic phase. We are unable

to isolate the amorphous component of the CP phase to clearly identify its structure.

Further experiments are required to reveal the detail structure of the CP phase and

the possible origin of the heterogeneous ground state.
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Spherulitic growth in 8OCB

4.1 Introduction

The spherulitic growth of solids is a ubiquitous phenomenon exhibited by many

different types of materials such as polymers [19, 20], minerals [21–23], elements

[24, 25], metals [6] and salts [26–28]. It is also found in biological materials like coral

skeletons [96], kidney stones [97], proteins [98–100] and urinary sediments [101]. In

spherulitic growth, the solid phase after nucleation grows with a spherical growth

front with continuous orientational symmetry in contrast to the growth of a crys-

tal having discrete orientational symmetries. The spherulites were initially named

as “circular crystals” for its circular boundary in quasi-two-dimensional geometry

which was changed later to spherulite [30]. In spite of research on it for over a

century, the detailed understanding of the mechanism of this abundantly found nat-

ural growth phenomenon is still incomplete [6]. The spherulitic growth morphology

is often associated with the formation of many radially aligned fibrillar crystallites

which branch non-crystallographically for filling space during the growth [31]. The

misorientations of the lattice planes between parent and daughter crystallites in

spherulite domain vary between 0◦ to 15◦ in contrast to the crystallographic branch-

ing where the crystal orientation remains preserved during branching as generally

seen in dendritic growth [6].

Depending upon morphology, spherulites are classified into two categories named

as compact or closed and open spherulite [6]. In compact spherulites, the width of

fibrillar crystallites is comparatively lesser than the open spherulites. The fibrillar

density in compact spherulite is higher than open spherulite.
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In some materials, the spherulitic growth is accompanied by a series of equidis-

tant concentric bands and is known as banded spherulite. In quasi-two-dimensional

geometry, the banded spherulite domain appears as a flattened disk with circular

boundary and these bands appear as concentric circular rings. The polarising optical

microscopic textures of these spherulites show concentric bands with periodic vari-

ation of interference color. Polymers generally form this kind of banded spherulite

[6, 19, 20, 32]. Some small molecular systems also produce banded spherulites [33–

40]. An organized periodic twist of radially aligned fibrillar crystallites in the banded

spherulitic domain has been observed to generate a periodic change of effective bire-

fringence along the radial direction. This undulation in the birefringence gives rise

to concentric interference colour bands with periodic variation of colors when viewed

through crossed polarisers. The mechanism of twist of the fibrils are still a debated

subject. The proposed mechanisms are broadly divided into two categories [20].

In first category, the twisting is related with growth kinetics of fibrillar crystallites

whereas the second category relates twisting with the lamellar structure itself. Keith

and Padden advocated that the twisting in polyethylene lamellae forms due to the

unbalanced surface stress at its opposite surfaces [32]. Later Lots and Chen contin-

ued this argument for other chiral polymers [20]. In contrast, some multi-component

blends of materials form banded spherulites by rhythmic deposition of host and ad-

ditive materials [95, 102, 103]. Even in some of these cases, twist order of fibrils

has been found to contribute to the modulation of effective birefringence along the

radial direction. So the organized twisting of the fibrillar crystallites is considered

to be a primary mechanism for the formation of the banded spherulites.

Besides banded spherulite, the rhythmic growth of ring banded structures formed

on thin films with one free surface has been reported [45–53]. The periodic height

modulation of the free surface gives rise to the ring banded structure in these sys-

tems. The effective birefringence in these cases may also vary periodically depending

on the periodic orientational change of lamellar building blocks. The diffusion con-

trolled growth mechanism produces a rhythmic variation of material supply near
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the growth front of the solid phase which leads to this height modulation. These

types of ring banded structures are found only in thin films and are very different

from the banded spherulites formed in three-dimensional bulk systems [20].

In this chapter, we report the formation of banded spherulite by pure 4′-octyloxy-

4-cyanobiphenyl liquid crystalline compound consisting of relatively small rodlike

molecules with 24 Å molecular length. We show that the rhythmic growth of con-

centric crystallite-rich and crystallite-poor zones is the underlying mechanism for

the formation of banded spherulites of this compound contrary to the organized

twisting of the fibrillar crystallites. The crystallite-rich zones have higher density

of radially aligned fibrillar nano-crystallites while crystallite-poor zones are rich in

the solid amorphous state of the compound. The alternation of these concentric

regions changes the effective birefringence periodically along the radial direction of

the spherulite giving rise to the concentric interference color bands between crossed

polarisers.

4.2 Experiment

The commercially available liquid crystalline compound 4′-octyloxy-4-cyanobiphenyl

(8OCB) was used with 99% purity. The sample shows a melting transition to the

smectic-A phase at 327.5 K on heating from its most stable crystal phase known as

the commercial powder or CP phase. On further heating, the compound transforms

to the nematic and to the isotropic liquid phase at 340 K and 353 K respectively.

The sample exhibits a large range of supercooling from its smectic A phase. The

supercooling ∆T = Tc − T , where T is temperature below the melting point Tc.

The banded spherulitic domains are formed on supercooling the smectic phase by

at least 22.5 K below the melting temperature. The probability of getting the

banded spherulites increases with higher supercooling. For spherulitic growth, the

sample sandwiched between two cleaned coverslips in its isotropic phase was cooled

to a desired temperature (T ) below its melting point (Tc) using a microscope hot

stage (Linkam). The spherulitic domains grown in this way were used for polaris-
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ing optical microscope (POM) observations and Raman spectroscopic studies. The

spacing between the spherulitic bands was determined by taking photographs using

a digital camera (Canon EOS 80D) attached to the polarising microscope (Olympus

BX50) followed by analysis of the images using the imageJ software. The velocity

of the growth front in isothermal condition was calculated by analyzing the videos

of spherulitic growth of the compound taken at different supercooling.

The micro-Raman spectroscopic studies of the spherulite domain were performed

using a Raman spectrometer (Jabin Yvon T64000) equipped with a nanopositioning

stage. An air-cooled argon laser (Melles Griot) beam of wavelength 514 nm was

used as an excitation source. An objective lens with 50X magnification and 0.75

numerical aperture was used to focus the beam on the sample. The Raman spectra of

the sample were recorded from the backscattered light. The theoretically estimated

diameter of the focused spot is less than 1 µm.

The field emission scanning electron microscopy (FESEM) studies of the spherulite

domain were conducted using the CARL ZEISS (ULTRA PLUS model) system. The

banded spherulites of the sample were formed from its melt on cleaned ITO-coated

glass plates at room temperature. The free surface of these samples was sputter

coated with platinum [QUORUM (Q150R S)] for FESEM imaging. For the cross-

sectional view of the domain, the spherulites formed on coverslips were cleaved in

the middle and then the cross-sectional areas were sputter coated with platinum for

FESEM imaging.

For cryo-SEM imaging, a small brass container was filled with the sample above

its clearing temperature using a hot stage. After that it was dipped in liquid nitrogen

for fast cooling which produced the banded spherulites. It was then transferred

to the cryo-sample preparation chamber (Quorum Technologies PP3000T) of the

FESEM system maintained at a temperature of 103 K. The sample was then heated

to 183 K to make it soft and the upper portion of the sample was scraped off for

removing the ice content. The newly opened sample surface was then sputter coated

with platinum and transferred to the main unit for SEM imaging where the sample

80



4.2. Experiment

was maintained at 83 K.

The fluorescent dye (rhodamine 6G) was mixed with the 8OCB sample at

1:104 wt/wt ratio. The mixture was stirred for 3 hours above the clearing tempera-

ture of 8OCB for homogeneous mixing. The sample was then sandwiched between

two coverslips and supercooled to room temperature to form the banded spherulites.

The fluorescent images of the spherulite domain were captured by a confocal micro-

scope (Leica SP8) equipped with an argon gas laser. The exciting wavelength was

514 nm.

A DY 1042-Empyrean (PANalytical) x-ray diffractometer with a PIXcel 3D

detector was used to acquire the x-ray diffraction (XRD) profiles of the sample

using CuKα radiation of wavelength 1.54 Å. The banded spherulites were formed

on a cleaned coverslip on cooling the sample to room temperature from its isotropic

phase and its formation was confirmed by POM observation. The sample was then

scraped off this substrate and placed on a silicon plate. The XRD measurements

were performed in the grazing angle of incidence of the x-ray beam. The silicon

plate has a flat XRD profile which does not interfere with that from the sample.

The temperature variation of the dielectric constant of the sample was measured

using a homemade setup. The detail of this setup has been discussed in chapter 2.

Two different kind of commercially available liquid crystal cells (INSTEC Inc.) were

used for dielectric measurement. One of them had planner alignment with 5×5 mm2

electrode area and 5 µm sample thickness. Another one had homeotropic alignment

with 10×10 mm2 electrode area and 9 µm sample thickness. Prior to filling the sam-

ple, the capacitance of both the empty cells was measured. The cells were then filled

with the sample in its isotropic phase by capillary action on a hot stage. After that,

it was supercooled to the lower temperature to form banded spherulite domains.

The formation of the banded spherulites was confirmed using POM observation of

the sample. A sinusoidal voltage of rms amplitude 0.5 V and frequency 5641 Hz was

used for the dielectric measurements. The ratio of the capacitance of the filled cell

to the empty cell gives the dielectric constant of the sample.
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4.3 Results and discussions

4.3.1 Polarising optical microscopy studies

Fig. 4.1a shows a polarising optical microscope (POM) texture of the banded spherulite

of 8OCB liquid crystal formed between two coverslips at room temperature. The

POM texture of this banded spherulites shows four black brushes parallel to the

polarisers forming a Maltese cross in addition to the concentric interference color

bands with periodic variation of colors. These color bands arise from the periodic

variation of the effective birefringence in the sample along the radial direction. The

black and white appearance of the interference color bands in this texture is due

to relatively lower thickness of the sample with phase retardation in the first-order

region of the Levy chart. The dark arms of the Maltese cross remain invariant on

rotating the sample between crossed polarisers. This implies that the major axis of

the effective refractive index ellipse in the plane perpendicular to the light path lies

parallel or perpendicular to the radial direction of the spherulitic domain.

The POM studies using a λ-plate of path difference 530 nm were performed

to determine the orientation of this major axis. Fig. 4.1b is the POM image af-

ter introducing the phase plate in the optical path of the microscope. The yellow

double-headed arrow shows the orientation of the slow axis of the phase plate with

respect to the orientations of the crossed polarisers. It can be inferred from the

Levy chart that there is effective addition and subtraction of path differences due

to the sample and the λ-plate in the blue and yellow colored regions of the texture

respectively. This observation clearly indicates that the major axis is oriented paral-

lel to the azimuthal direction of the banded spherulite. The spherulites with major

index along the radial and azimuthal direction of the domain are optically positive

and negative respectively [6, 19]. Hence the spherulite observed for this sample is

optically negative. The white double-headed arrows in fig. 4.1b show the orientation

of the major axis around the seed of this spherulite domain.
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Figure 4.1: The POM textures of banded spherulite of compound 8OCB at room
temperature (a) between crossed polarisers, (b) between crossed polarisers and a λ
plate, and (c) with only the polariser in the optical path. The white double-headed
arrows in (b) indicate the orientations of major refractive index around the seed.
(d) The POM texture of a banded spherulite domain between crossed polarisers for
relatively thicker sample at room temperature. The insets show the variation of
color in the bands in three different regions with slightly different sample thickness.
(e) The same as in (d) with a red filter introduced in the optical path. The inset
shows the variation of light intensity along the band normal which makes an angle
γ with the polariser. (f) The variation of optical phase difference along the radial
direction of the banded spherulite shown in (e). All scale bars are 20 µm.

The bright-field image of the sample is shown in fig. 4.1c with only the polariser

in the light path. In this figure, the bands have low (high) optical contrast where

band normal is parallel (perpendicular) to the polariser. This observation indicates

that the radial component of refractive index does not vary appreciably along the

radial direction. The strong variation of the azimuthal component along the radial

direction produces the undulation of the birefringence in the banded spherulite.

For relatively thicker sample, there are multiple interference color rings in a

given spherulitic band as shown in fig. 4.1d. The insets in fig. 4.1d are the magnified

view of these interference color rings in three regions with slightly different sample

thickness. The variation of phase retardation in the texture can be measured from

the intensity variation by introducing a red filter in the light path of the POM.

Fig. 4.1e is the POM image of the spherulite domain with a periodic variation of

intensity along the radial direction of the spherulite. The inset in fig. 4.1e depicts

the magnified view of the marked region of this domain where the band normal
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Figure 4.2: (a) Growth velocity of banded spherulite at different supercool-
ing. (b) The band spacing of banded spherulite formed at different supercooling.
(c) Band spacing of banded spherulite of 8OCB at different spots along the length
of a wedge cell.
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makes an angle γ = 30.5◦ with respect to the polariser. Using this known value of γ,

the phase retardation introduced by the sample can be calculated from the following

formula,

I = I0sin
2(2γ)sin2(ϕ/2) + Id, (4.1)

where I0, I and Id are the incident, measured and the dark background intensities

with crossed polarisers respectively. The phase retardation ϕ = 2πd∆n/λ, where d

is the sample thickness, ∆n is the effective linear birefringence of the sample and

λ is the wavelength of incident light. At first, the dark background intensity was

measured in the sample free area of the cell and it was subtracted from the intensity

profile. As the interference colors of bands (without red filter) belong to the first

order of Levy chart hence at maximum intensity (with red filter) along the band

normal, ϕ = π. This allows us to calculate I0. The known I0 was used further

to calculate the variation of retardation along the band normal from the measured

intensity profile along the same direction as shown in fig. 4.1f. The variation of

sample thickness for the selected small region shown in the inset of fig. 4.1e is

negligible. Therefore, the oscillation of phase retardation across the bands mainly

arises due to the variation of the birefringence in the sample.

The velocity of the growth front of the banded spherulite formed in isothermal

condition at different supercooling is shown in fig. 4.2a. This velocity increases ini-

tially with increasing supercooling. After reaching around 80 µm/sec, it starts to fall

with further supercooling. This kind of temperature variation of growth velocity has

also been found in spherulitic growth of polymeric systems [19]. In these systems,

growth velocity is controlled by the driving force for nucleation and the transporta-

tion of polymeric chains to the growth front. With increasing supercooling, this

driving force increases whereas the mobility of polymeric chain diminishes simulta-

neously. Hence at lower supercooling, the growth velocity of polymeric spherulite is

dominated by nucleation process which increases with increasing supercooling. On

the other hand at higher supercooling, this growth phenomenon is dominated by

transportation of polymer chains which decreases with increasing supercooling. The
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Figure 4.3: The banded spherulite of 8OCB formed at ∆T = (a) 26 K, (b) 30 K,
(c) 34 K, (d) 42 K.

competing effects of these two process can give rise a non-monotonic variation with

a peak of the growth velocity as a function of supercooling. The non-monotonic

variation of growth velocity with supercooling observed in our sample can perhaps

be explained using similar mechanisms proposed for the polymeric systems.

The spacing between successive bands depends on supercooling (∆T = Tc − T )

of the sample as shown in fig. 4.2b. The banded spherulite in our sample was found

to form for supercooling of at least 22.5 K below the melting point. Fig. 4.3 shows

POM textures of banded spherulite of 8OCB formed at different supercooling. The

band spacing at higher supercooling (∆T ∼ 35 K - 55 K) is around 3-4 µm which

tends to diverge on approaching ∆T = 22.5 K from above.

To study the variation of band spacing with thickness of the sample, the banded

spherulite of the compound was formed in a wedge shaped cell. The interference

colour of bands near the thinner edge of the cell belongs to the first order of Levy

chart whereas near the opposite edge of the cell, this colour belongs to the higher

order of Levy chart as shown in fig. 4.4. This signifies an increasing sample thickness

along the 11 mm length of the wedge shaped cell. We measured the band spacing

of the sample at few equidistant spots along the length of the wedge as shown in
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fig. 4.2c. The distance between two successive spots was 1 mm and the spots were

counted from the thinner edge of the sample. As can be seen from fig. 4.2c, the

band spacing of the spherulite is independent of the thickness of the sample.

Figure 4.4: The POM textures of the banded spherulite of 8OCB in a wedge shaped
cell at spot number (a) 0, (b) 4, (c) 7 and (d) 11 along the increasing thickness of
the cell.

Formation of continuous non-banded spherulite

As mentioned earlier, the banded spherulite does not form for ∆T < 22.5 K. In-

stead a non-banded continuous spherulites were found to be formed for lower values

of supercooling of the sample. Fig. 4.5a shows the POM texture of a continuous

spherulite of the compound formed from its melt sandwiched between two coverslips

at ∆T = 22.5 K. The black brushes of the Maltese cross parallel to the polarisers

remain invariant on rotating the sample on the microscope stage. The interference

colours of this continuous spherulite domain belong to the first order of the Levy

chart. After introducing the phase plate, the colour of the first and third quadrant

remained in first order of Levy chart whereas the colour of second and fourth quad-

rant was changed to the second order of Levy chart as shown in fig. 4.5b. An effective

subtraction and addition of optical path differences in sample and the phase plate

respectively transformed the colour of these pairs of quadrants accordingly. Hence
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the major index on the sample plane is along the azimuthal direction as shown by

the yellow double headed arrows around the seed of the domain (fig. 4.5b). There-

fore, this continuous spherulite of the compound is also optically negative. Fig. 4.5c

shows the bright field image of this continuous spherulite where only a polariser

was inserted in the optical path. Here the texture of the domain has clear contrast

along the direction perpendicular to the polariser’s pass axis. But the contrast is

relatively low along the direction of polariser. Similar behaviour was also observed

for banded spherulite of this compound as discussed earlier.

Figure 4.5: Continuous non-banded spherulite formed at ∆T = 22.5 K (a) between
crossed polarisers, (b) between crossed polarisers with λ-plate and (c) only polariser
in the optical path.

POM studies of heating effects on the banded spherulite

The banded spherulite of 8OCB was found to transform irreversibly to non-banded

continuous spherulite on heating. Fig. 4.6 shows the textural changes of a banded

spherulite across such transformation. Fig. 4.6a shows the POM texture of the

banded spherulite initially formed at room temperature. This sample was then

heated to 325 K and held at that temperature for 1 hour which transformed the

banded spherulite to a non-banded one. The non-banded spherulite texture persists

on subsequent cooling of the sample to the room temperature. Fig. 4.6b shows the

POM texture of this continuous spherulite. The interference colour of this spherulite

belongs to the first order of the Levy chart. The black brushes of the Maltese cross

parallel to the polarisers remain invariant on sample rotation. It indicates that the

major index on the sample plane is either parallel or perpendicular to the radial

direction of the domain. After introducing the phase plate in the optical path, the
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colour of the first and third quadrants changed to orange whereas second and fourth

quadrants changed to blue (see fig. 4.6c). These interference colours belonging to

first and second order of Levy chart respectively indicate that the optical path

differences at sample and phase plate show an additive and subtractive nature at

these respective pairs of quadrants. Hence the major index on sample plane is

lying along the azimuthal direction of the domain same as the banded spherulite

domain. Fig. 4.6d shows the bright field image of this continuous spherulite domain

after introducing a polariser before the sample. Here, the domain along its radial

direction perpendicular to the direction of incident polarisation of light has clear

contrast than that parallel to the direction of polarisation. This is also same as

found in the bright field image the banded spherulite shown in fig. 4.1c.

Figure 4.6: The POM textures of (a) 8OCB banded spherulite between crossed
polarisers. The POM textures of non-banded spherulite formed at 325 K (b) between
crossed polarisers, (c) between crossed polarisers and the λ-plate and (d) only with
a polarised in the optical path. All scale bars are 20 µm.

POM studies of aging effects on the banded spherulite

The banded spherulite structure in our sample is found to be metastable in

nature. It slowly transforms to the non-banded continuous spherulite with time.

Fig. 4.7a shows the POM texture of the banded spherulite of 8OCB just after its

formation between two coverslips at room temperature. The sample was then kept
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Figure 4.7: (a) 8OCB banded spherulite between crossed polarisers. The same
spherulite after 73 days (b) between crossed polarisers, (c) between crossed polarisers
and a phase plate and (d) with only a polarised in the optical path. All scale bars
are 20 µm.

at room temperature for 73 days. The POM texture of this spherulite after 73 days

is shown in fig. 4.7b. On ageing, the banded structure of the spherulite changed

to the non-banded continuous spherulite. The black brushes of the Maltese cross

in this texture always remain parallel to the polarisers on rotating the sample. It

implies that the major index is either parallel to the radial or azimuthal direction

of the domain. The interference colour of the four quadrants formed by Maltese

cross in this transformed continuous spherulite belongs to the first order of Levy

chart. On introducing a phase plate in the optical path, the colour of the first and

third quadrants was changed to orange whereas second and fourth quadrants were

changed to blue (see fig. 4.7c). These colours belong to the first and second order

of Levy chart respectively which indicates that in these pair of quadrants the path

differences show subtractive and additive nature respectively. Therefore, the major

index lying on the sample plane is along the azimuthal direction of the domain as

shown by the double headed white arrows in fig. 4.7c. The bright field image of

this non-banded continuous spherulite with only a polariser in the optical path is

shown in fig. 4.7d. The texture has clear contrast along the radial direction of the

domain perpendicular to the polariser’s pass axis whereas in the parallel direction
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the domain has less contrast. This is also observed in the case of banded spherulite

of the compound.

Core structure of the banded spherulites

The spherulite starts to grow from a point giving rise to a defect core structure. The

different types of core structures have been observed. Fig. 4.8a shows a point like

core structure observed in the banded spherulite of our sample. Sometimes the core

region of banded spherulite shows sheaf like or double leaf like structure as shown in

fig. 4.8b. The bands in the spherulites of our sample generally form concentric rings

although the formation of spiral bands has also been noticed as shown in fig. 4.8c.

Figure 4.8: (a), (b) and (c) show the different morphologies of 8OCB banded
spherulite. All scale bars are 20 µm.

4.3.2 Scanning electron microscopy studies

Scanning electron microscopy studies are performed to observe the surface topogra-

phy of the samples beyond the optical resolution limit. The POM studies of banded

spherulite as discussed above show that a periodic variation of birefringence along

its radial direction gives rise to the concentric interference colour bands between

crossed polarisers. The detail of structural variation giving rise to the bands in the

spherulite can not be probed by optical microscopes due to its limited resolution.

Therefore, SEM studies were performed on these banded spherulite to observe the

structural variation. The FESEM studies of the banded spherulite domain showed

a coexistence of two different phases. Here, fibrillar crystallites oriented along the
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radially outward direction of the spherulite domain are embedded in a solid amor-

phous phase as shown in fig. 4.9a. This figure also shows concentric bands with

same periodicity as that found in POM studies. The bands in the spherulite arise

from the periodic growth of crystallite-rich and crystallite-poor concentric zones as

indicated by “A” and “B” respectively in fig. 4.9a. In crystallite-rich bands, the

composition of fibrillar crystallites are more than that of the amorphous component

whereas crystallite-poor bands are rich with amorphous phase. Similar repetitive

structure was also found in the FESEM texture of the cross-sectional surface area

of the sample (fig. 4.9b) showing its bulk nature. The FESEM texture of the cross-

sectional area of this banded spherulite shown in fig. 4.9c exhibits a clear evidence

of amorphous phase present in this domain. The crystallites have length similar to

the periodicity of the bands while its width varies from 100 nm to 300 nm.

The cryo-SEM studies of the sample was carried out on quenching it from its

isotropic liquid phase. In this process, the sample in its isotropic liquid phase

was immediately dipped in liquid nitrogen and then it was transferred to the cryo-

preparation chamber of the SEM setup for further processing which has been dis-

cussed in section 4.2. Fig. 4.9d shows the cryo-SEM image of the banded spherulite

formed in the quenched sample. It can be seen from this picture that the composi-

tion of nano-fibrils in this spherulite is relatively lesser than that found in banded

spherulite of the sample formed at room temperature. On the other hand, the com-

position of amorphous phase is relatively higher in this quenched sample than that

found in normal spherulites. These give rise to a relatively smooth textured banded

spherulite than that shown in fig. 4.9a and fig. 4.9b.

Some polymers and a few small molecular systems exhibit concentric color

banded spherulites in which organized twisting of fibrillar units along their long

axis has been observed as the mechanism of the band formation [6, 19, 20, 32–37].

In some small molecular systems, a periodic variation of orientation of individual

crystallites has been reported to produce concentric color bands [104, 105]. But

in our sample, neither twist nor periodic change of orientation of fibrillar crystal-
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Figure 4.9: The FESEM image of (a) the top surface of a banded spherulite and
(b) the cross-sectional view of a banded spherulitic obtained from the cleaved surface
showing the bulk structure. (c) The cross section of banded spherulite showing
amorphous domain. (d) The cryo-SEM image of 8OCB banded spherulite formed
after quenching the sample in isotropic phase. “A” and “B” zones represent the
crystallite-rich and crystallite-poor concentric bands. (e) The cross section of fibrillar
crystallites in banded spherulite. (f) The selected area in figure (e) with higher
resolution.

lites is found. The FESEM studies depict that the rhythmic growth of concentric

crystallite-rich and crystallite-poor zones produces the banded spherulite of 8OCB.

The periodic change in birefringence along the radial direction due to these con-

centric zones gives rise to the interference color bands observed between crossed
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polarisers. The crystallite-poor regions possess least birefringence due to their pre-

dominant amorphous nature while the crystallite-rich zones have larger birefringence

due to the presence of a large number of radially aligned crystallites.

Figure 4.10: Indicatrix ellipsoid in banded spherulite. The schematic representa-
tion of the variation of optical indicatrix along the radial direction of the banded
spherulite of the compound 8OCB. The (a) top and (b) side views showing the uni-
axial oblate indicatrix with radially oriented optic axes.

Fig. 4.10 shows the schematic representation of the variation in the refractive in-

dex ellipsoid along the radial direction of the banded spherulite. The FESEM studies

revealed that the elliptical or rectangular cross sections of radially aligned fibrillar

crystallites are oriented randomly about their long axis (see fig. 4.9e,f) giving rise to

a uniaxial structure about the radial direction. The POM studies showed that the

azimuthal component of the refractive index is larger than the radial component in

the spherulite. Hence, the banded spherulite of 8OCB possesses a uniaxial oblate

indicatrix with a radially oriented optic axis as shown in fig. 4.10. The radial com-

ponent of the refractive index does not vary appreciably along the radial direction

but the periodic variation of the transverse component gives rise to the modulation

in the birefringence of the sample as observed in fig. 4.1c. This birefringence mod-

ulation causes the concentric interference colour bands as shown schematically in

fig. 4.10.
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As can be seen from fig. 4.1c, the bands illuminated by plane polarised light

exhibit less contrast when band normal is parallel to the direction of polarisation

whereas they acquire good contrast when their normal is perpendicular to the di-

rection of polarisation. This observation can be explained by assuming that the

refractive index of the amorphous domain is close to that along the longitudinal

direction of the fibrillar crystallites whereas its transverse component of refractive

index is different from that of amorphous phase. The same arguments can be used

to explain the bright field images of non-banded continuous spherulites of this com-

pound with only the polariser in the optical path as discussed above.

SEM studies of heating effect on banded spherulite

The 5 µl of 1 wt% 8OCB solution in chloroform was dropcasted on an ITO coated

glass plate and it was left for complete solvent evaporation. The sample was then

kept at 333 K for 10-15 minutes which evaporates unwanted residue of solvent present

in the sample. The sample was then cooled to room temperature to produce banded

spherulite. To study the effect of heating on the this banded spherulite, it was

held at 325 K below its melting point (327.5 K) for 1 hour followed by cooling it

to room temperature. The POM studies of this sample confirmed that the con-

centric banded structure had completely transformed to the non-banded continuous

spherulite. Fig. 4.11a,b show the SEM textures of this non-banded spherulite which

also confirm the absence of bands. The length of the radially aligned fibrillar crys-

tallites in this non-banded spherulite has increased compared to that found prior to

this heat treatment. There was no twist in these crystallites.

SEM studies of aging effect on banded spherulite

The banded spherulites on ITO coated glass plates were formed by the same method

as discussed above and kept for 73 days at room temperature. On aging, the banded

spherulites were found to transform to the non-banded spherulite as confirmed from

POM studies. The FESEM studies were also performed to confirm these obser-
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vations. Fig. 4.11c,d show the FESEM textures of a domain of these non-banded

spherulites where no bands were found. The radially aligned fibrillar crystallites

has increased longitudinally by many times of its initial length. Any twist in these

extended fibrillar crystallites was not found.

Figure 4.11: (a) The non-banded continuous spherulite formed after keeping the
banded spherulite of 8OCB at 325 K for 1 hour followed by cooling it at room tem-
perature. (b) The selected region in figure (a) with higher magnification. (c) Non-
banded spherulite formed after keeping the banded spherulite for 73 days at room
temperature. (d) The marked region in figure (c) in higher magnification.

4.3.3 X-ray diffraction studies

The x-ray diffraction studies were performed to identify the crystal structure of the

banded spherulite of 8OCB. The XRD profile of the banded spherulite as shown in

fig. 4.12 is identical to that of the commercial powder or CP crystal phase of 8OCB.

As discussed in chapter 3, the CP crystal phase of the compound is composed of

fibrillar nano-crystallites embedded in its own amorphous solid state. All the peaks

observed in the XRD profile of the banded spherulite match with those of the CP

crystal phase of this compound. These XRD peaks with the corresponding Miller
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indices are associated with the monoclinic crystal structure of the nano-crystallites.

The amorphous component shows only a broad hump from 11 nm−1 to 21 nm−1

in this XRD profile. Thus the XRD studies confirm that the banded spherulite of

the compound has similar composition as that of its CP crystal phase. The bands

are formed due to the periodic variation of composition of nano-crystalites and the

amorphous state.

Figure 4.12: XRD profile of banded spherulite of 8OCB.

4.3.4 Fluorescence microscopy studies

The fluorescent image of a banded spherulite domain [see fig. 4.13a] was obtained

by doping the sample with a fluorescent dye (rhodamine 6G). It shows a periodic

variation of dye concentration along the radial direction of the spherulite domain.

The crystallite-rich zones are found to have higher concentration of dye molecules

compared to the crystallite-poor zones which makes these zones brighter and darker

respectively in the fluorescent image. The advection of the dye molecules during

the growth of crystallite-rich and crystallite-poor zones perhaps can explain their

97



Chapter 4. Spherulitic growth in 8OCB

distribution in the banded spherulite of the sample. The density in crystallite-rich

zones is higher compared to that in crystallite-poor regions. Thus the growth of a

crystallite-rich band produces a diffusive current which advects the dye molecules

from the leading edge of the growth front that gives rise to the higher density of

the dye molecules in this band. The depletion of molecular density promotes the

formation of crystallite-poor zones with lower density of the dye molecules. The

repetition of these processes leads to the formation of banded spherulite in this

sample. Therefore, the fluorescent microscopy studies support the rhythmic growth

mechanism of formation of banded spherulite in our sample.

Fluorescence microscopy studies of heating effect on banded spherulite

The transformation of banded spherulite to non-banded structure as found in SEM

studies was also probed using fluorescent microscopy studies. The fluorescent dye

(rhodamine 6G) doped banded spherulite of the compound was formed at room tem-

perature between two coverslips. The sample was then kept at 325 K for 10 minutes

followed by cooling it to room temperature. The POM studies on this sample showed

absence of banded texture thus confirming the complete transformation of banded

spherulite to the non-banded continuous one. Fig. 4.13b shows the fluorescent im-

age of this continuous spherulite where no periodic distribution of dye molecules

was found. Hence the fluorescent microscopy studies also confirm the destruction of

the band structure on heating the sample to its pre-transitional temperature region

giving rise to the continuous spherulite.

Fluorescence microscopy studies of aging effect on banded spherulite

As discussed above, the banded spherulite was also found to transform to the non-

banded spherulite on aging the sample at room temperature. To study this effects

using fluorescent microscopy, the dye doped banded spherulite was formed at room

temperature between two coverslips. This sample was then kept at room tempera-

ture for 105 days. Fig. 4.13c depicts the fluorescent image of this aged spherulitic
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Figure 4.13: (a) Fluorescent image of banded spherulite doped with rodamine 6G.
(b) Fluorescent image of the non-banded spherulite formed after keeping the banded
spherulite at 325 K for 10 minutes. (c) Fluorescent image of the banded spherulite
after keeping it for 105 days at room temperature showing its transition to non-
banded spherulite.
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domain showing the transformation of the banded spherulite to non-banded struc-

ture. As can be seen from this figure, the non-banded texture with uniform distri-

bution of dye molecules grows at the expanse of the banded texture with periodic

variation in the dye density. Therefore, the distribution of the dye molecules in the

sample changes with changing morphology of the banded structure.

4.3.5 Raman studies in banded spherulite

Raman spectroscopic studies were performed to characterize the banded spherulite

of 8OCB obtained from its melt. The Raman spectrum of the banded spherulite

is shown in fig. 4.14a. The four intense Raman peaks were found in the wave

number range 200–3200 cm−1. These peaks are positioned at 1185 cm−1, 1285 cm−1,

1607 cm−1 and 2234 cm−1 respectively. The first peak is associated with in-plane

deformation of CH bonds attached with biphenyl moiety [93]. Second peak is a

combination band of symmetric and asymmetric perpendicular deformations of CH2

group attached in aliphatic chain [93]. The third peak is for quadrant stretching

vibration associated with biphenyl moiety and the last one is for CN stretching

vibration respectively [93, 94]. The position of all these peaks are same as that found

in CP phase of 8OCB discussed in chapter 3. The doublet peak near 400 cm−1 as

shown in the inset of fig. 4.14a is for the stretching vibration of the twisted biphenyl

moiety [88]. The pair of component peaks positioned at 822 cm−1 and 836 cm−1 is

associated with two different perpendicular deformation modes of CH bonds linked

with the phenyl rings of the 8OCB molecule [93]. The peaks from 2830 cm−1 to

3100 cm−1 are associated with CH stretching vibration [84]. All these peak positions

are same as found in CP phase of the compound. Hence the Raman spectrum of

banded spherulite confirms that the banded spherulite structure of the sample has

the same composition as that found in the CP phase of the compound.

A sample with banded spherulite structure was heated to 325 K and kept for

1 hour at this temperature followed by cooling it to room temperature. This process

transformed the sample to the non-banded continuous spherulite. Fig. 4.14b shows
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Figure 4.14: Raman specta of (a) the banded spherulite of 8OCB, (b) the non-
banded spherulite formed after keeping the banded spherulite at 325 K for 10 minutes
and (c) the non-banded spherulite formed after keeping the banded spherulite at
room temperature for 73 days.
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the Raman spectrum of this continuous non-banded spherulite. All the Raman

peaks as mentioned above are observed at the same positions as found in the Raman

spectrum of banded spherilite. This implies that the phase of the sample remains

the same in this banded to non-banded spherulite transformation during heating.

To study ageing effects, a banded spherulite of the sample was kept at room

temperature for 73 days. The POM studies of this aged sample confirmed the

transformation of banded spherulite to non-banded continuous spherulite. Fig. 4.14c

shows the Raman spectrum of this transformed non-banded spherulite. All the

Raman peaks observed for the banded spherulite are also found in the continuous

spherulite domain at the same positions. This result implies that the composition

of continuous spherulite obtained on aging the sample is same as the composition

of banded spherulite of the CP phase.

Figure 4.15: (a) The asymmetric Raman peak for CN stretching vibration in banded
spherulite of 8OCB fitted by two Voigt functions. (b) The variation of intensity ratio
of the fitted Raman peaks associated with the CN group of the molecules at few
consecutive crystallite-rich and crystallite-poor bands along radial direction of the
banded spherulite where r0 is an initial point of measurement.

The Raman peak for stretching vibration of nitrile group (CN) of 8OCB is

reported to be quite sensitive to the local molecular environment [83]. This Raman

peak is asymmetric in the banded and non-banded spherulites and can be fitted

by two closely spaced peaks as shown in fig. 4.15a. The fitted intense peak at

2235 cm−1 is due to the fibrillar crystallites whereas the shoulder peak at 2226 cm−1

arises from the solid amorphous phase of the spherulite same as found in the CP
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phase (see chapter 3). These peaks for stretching vibration of CN bond were used

to examine the spatial variation of composition of two different phases along the

radial direction of the banded spherulite domain of the compound. The ratio of

the intensities of these peaks obtained in the crystallite-rich and crystallite-poor

zones along the radial direction of the banded spherulite is shown in fig. 4.15b. The

higher and lower values of this intensity ratio at crystallite-rich and crystallite-poor

zones respectively indicate the periodic variation of the compositions along the radial

direction of the banded spherulite.

4.3.6 Dielectric studies

The temperature variation of dielectric constant of the banded spherulite sample

is shown in fig. 4.16. The thickness of the sample was 5 µm and it was formed

at room temperature in a commercially available planner aligned liquid crystal cell

(Instec Inc). The dielectric measurements were carried out on heating the sample

from its solid phases. The compound forms various stable and metastable solid

phases from its melt during cooling. Hence the determination of the initial solid

phase under study is necessary for proper interpretation of the experimental results.

Our dielectric measurement setup has an advantage of examining the phase of the

sample by looking it simultaneously under microscope. This phase determination is

not possible in differential scanning calorimetry studies which probes the first order

transitions with high accuracy.

In the dielectric profile, a sudden change of slope was observed at 318 K indicating

a transformation in the sample [see inset in fig. 4.16]. But no change in the POM

textures of the banded spherulites was found at this temperature. We attribute it to

the softening of the amorphous component of the sample. On further heating, the

bands started to become blurred irreversibly at 321 K and the texture transformed

completely to non-banded spherulite at 325 K. The FESEM studies of this non-

banded spherulite revealed that the length of the radially aligned fibrillar crystallites

was increased and their distribution was uniform along the radial direction giving
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Figure 4.16: The temperature variation of dielectric constant of the banded
spherulite during heating of the sample. The inset highlights the step change in
dielectric constant at 318 K.

rise to the non-banded texture (see fig. 4.11a). Thus the amorphous component after

softening gradually transforms to the crystallites and smectic phase on heating as

discussed in chapter 3. This accounts for the observed increase in dielectric constant

with increasing temperature before complete melting of the sample to the smectic

phase at 327.5 K.

After this transition, the dielectric constant remains almost constant in smectic

phase. Its value in the planner configuration gradually increases with temperature

after smectic to nematic phase transition due to the decrease in the orientational

order till the nematic to isotropic phase transition at 353 K. Above this transition,

molecules do not possess any long range order in the isotropic phase and the value

of dielectric constant remain almost constant on further heating.
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Figure 4.17: The temperature variation of dielectric constant of non-banded
spherulite (a) formed after keeping banded spherulite of 8OCB at 325 K for 1 hour
followed by cooling it at room temperature. (b) formed after keeping the banded
spherulite at room temperature for 1 year.

Dielectric studies of heating and aging effect on banded spherulite

The banded spherulite of the compound formed in a homiotropic liquid crystal cell

(Instec Inc.) was heated to 325 K and kept at that temperature for 1 hour. The

sample was then cooled to room temperature. The POM studies confirmed that the

banded spherulite in this process changed to non-banded continuous spherulite. The

temperature variation of dielectric constant of this sample during heating is shown

in fig. 4.17a. The dielectric profile obtained for this sample is very similar to that
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found in CP phase of the compound (see fig. 3.9b in chapter 3). This result indicates

that the non-banded spherulite is basically the CP phase of the compound.

The dielectric properties of the aged banded spherulite of the sample was also

studied using commercially available homeotropic liquid crystal cell. The banded

spherulite of the compound formed in the LC cell was kept for one year at room

temperature for aging. After one year, the banded spherulite was completely trans-

formed to non-banded continuous spherulite as confirmed from the POM studies.

The temperature variation of dielectric constant of this transformed sample during

heating is shown in fig. 4.17b. Similarity of this profile with that found in CP phase

(see fig. 3.9b in chapter 3) of this compound confirms its identity.

4.4 Conclusion

We have studied the banded spherulitic growth of the most stable solid phase of

pure 8OCB liquid crystalline compound from its melt during cooling. A variety of

experimental techniques such as POM, XRD, SEM, Raman spectroscopy etc. were

used to characterise the sample. The compound exhibits coexistence of fibrillar

nano-crystallites and an amorphous phase in its most stable solid state at room

temperature. The banded spherulites are formed due to the rhythmic generation

of crystallite-rich and crystallite-poor concentric zones on supercooling the smectic

phase of the compound. In crystallite-rich zones, the density of fibrillar crystallites

are more and crystallite-poor zones are rich with amorphous phase. This produces

the modulation in birefringence which gives rise to the concentric interference color

bands with periodic variation of colours observed between crossed polarisers. Gener-

ally banded spherulites in other compounds are found to form by coherent twisting

of fibrillar crystallites. It changes the effective birefringence periodically along the

radial direction of the domain and ultimately produces concentric interference colour

bands between crossed polarisers. However, we have not found any twist in these fib-

rillar crystallites embedded in the solid amorphous phase of the banded spherulite.

To the best of our knowledge, this is the first report of the banded spherulite formed
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by periodic variation of composition of two different solid phases of a pure compound

without any twist order in the crystallites.
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Chapter 5

The optical & structural properties

of starch films

5.1 Introduction

The drying dynamics of a solution droplet casted on a flat substrate and the struc-

ture of the deposited film produced after drying for various solute substances such as

polymers [106–108], DNA [109, 110], nanotubes [111–114], nanorods [115, 116], liq-

uid crystals [117, 118], colloids [119–122], surfactants [123, 124], salts [125, 126] and

biological materials [127–130] are an active field of research during last two decades.

The most spectacular phenomenon found in deposited solute films after drying a

solution droplet is the coffee ring effect where a circular stain is found to form due

to the capillary flow of solute particles towards the pinned edge of the droplet. Inter-

estingly, self-assembled structure of solute ingredients has also been found in some

cases which makes the deposited thin film birefringent [109, 113, 114, 117].

The drying dynamics of droplets of polymer solutions in some cases exhibit differ-

ent behavior than the usual coffee ring effect. The droplets with high concentration

of polymer and high contact angle with the substrate produce films with distorted

surface profiles after drying [108, 131–133]. In these cases, an elastic or glassy but

solvent permeable skin forms on top of the droplets during its drying [134–136].

Further drying decreases the enclosed droplet volume which buckles the skin and

produces varieties of surface distortion in the deposited film.

Starch, the most abundant and consumable carbohydrates, is the source of large

polysaccharides found in nature. Starch naturally occurs in the form of grains and
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is made of amylose and amylopectin which are generally linear and branched poly-

mers respectively. The starch grains on heating in excess water swell and rapture

irreversibly by imbibing water above a certain temperature which allows the starch

polysaccharides to disperse in water. This phenomenon is known as starch gelatiniza-

tion [55]. The gelatinized starch solution casted on flat surface produces transparent

biodegradable starch films after drying [77–79]. In recent years starch based bio-

plastics have attracted much attention as a replacement of synthetic polymer films

in plastic industries [80].

In this chapter, we describe the detail studies on the properties of the biodegrad-

able potato starch films formed after drying of the gelatinized starch solution droplets

casted on a plastic substrate. We study the drying dynamics of these droplets of

gelatinized starch solution and find that the circular films produced after drying are

optically biaxial except at its center. The film is uniaxial at the center with an optic

axis normal to its flat surface. The polarised optical microscopy studies establish

that in the biaxial region of the circular films, the three principal refractive indices

are along radial, azimuthal and perpendicular directions respectively. We measure

the variation of birefringence along the diameter of the film. This is equivalent to

the variation of orientational order of starch bio-polymers along same direction of

the film obtained on drying of droplets. The microscopic studies in drying droplets

were performed to find a possible reason behind the acquisition of birefringence and

its variation along the diameter of starch films.

5.2 Sample Preparation

5.2.1 Extraction of potato starch

The starch grains were extracted from the potatoes procured locally from the market.

At first potatoes were peeled and washed thoroughly in water to remove the soil and

skin. The peeled potatoes were then grated gently and mixed with excess water at

room temperature. This mixture was then stirred properly to extract the starch
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grains from the grated potato into the water. The water with the dispersed starch

grains was then separated from the remnants of the grated potato by using a sieve. In

this way, the starch grains dispersed in water become separated from the remaining

parts of potatoes. The dispersed starch grains being of slightly higher density than

water precipitate after few minutes. After complete precipitation, the excess water

on top of the sediment was decanted and the sedimented starch content was dried

in air at room temperature for 3–4 days. The potato starch sample after complete

drying appeared as white powder as shown in fig. 5.1.

Figure 5.1: Images of the sample (a) potatoes and (b) the extracted potato starch.

5.2.2 Preparation of gelatinized starch solutions and films

The gelatinized starch solutions with different starch concentrations in water were

prepared using the following method. A chosen amount M g of starch sample was

dispersed in a given amount W g of water in a 50 ml beaker. The concentration

C of starch in wt% in the gelatinized starch solution was calculated by using the

following equation

C =
M

(M +W )
× 100 (5.1)

The beaker containing starch grains dispersed in water was closed tightly by using

aluminum foil and kept at 363 K for 1.5 hours with continuous stirring of the sample

using magnetic stirrer. At this temperature, the starch grains become gelatinized.

The gelatinized starch solution was then kept at room temperature for 10 minutes

in a water bath producing a highly viscous sample. The presence of large interlinked

starch polysaccharides and the remnant structures of the gelatinized starch grains
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in the solution make it highly viscous and inhomogenious. The sample was then

homogenized using a ultrasonic probe sonicator (QSONICA Q700). The 17 ml of

the starch solution was taken in a 20 ml glass vowel and sonicated in pulsed mode

(2 sec./4 sec. on/off) for 10 minutes with 40% amplitude of vibration using a 6 mm

diameter tip. The sonicated starch solution was then cooled to room temperature

by keeping it in a water bath for 5 minutes.

The Potato starch was dispersed in water to prepare the gelatinized starch so-

lutions with five different starch concentrations following the method as described

above. The details of these mixtures are given in table 5.1.

Table 5.1: Starch content in water

Sample no. added starch grains added water added water starch
concentration

(grams) (ml) (grams) (wt%)

1 3.5 30 28.805 10.8
2 2.5 25 23.930 9.5
3 2.5 30 28.805 8.0
4 2.0 30 28.805 6.5
5 1.5 30 28.805 5.0

The solutions with different starch concentrations as described above were drop-

casted on flat plastic substrates by using a micro-pipette. These solution droplets

were kept at room temperature and ambient humidity for its complete drying. The

droplets on complete drying produce the starch films on the substrate. It is found

that the films produced in this way can be easily removed from plastic substrates

for further studies whereas the films formed on glass plates are firmly attached to

the substrate. It is hard to detach them from the glass plates for further character-

izations.
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Figure 5.2: DSC thermogram of potato starch in excess water during heating at
a rate of 5 K/min. The insets show the POM textures of a starch grain in water
before and after gelatinization respectively.

5.3 Experimental Results and discussions

5.3.1 Differential scanning calorimetry studies

The native starch grains on heating in excess water swell and get disrupted on ab-

sorbing water above a certain temperature. This irreversible transition is known

as starch gelatinization which shows an endothermic peak in the DSC thermogram

[64, 137, 138]. The native starch grains are semi-crystalline and birefringent in

nature which appear bright between crossed polarisers. The grains loose both of

their crystallinity and birefringence across this transition. Fig. 5.2 shows the DSC

thermogram of the potato starch when heated in excess water as found in our ex-

periments. In these experiments, about 11 mg of native potato starch was mixed

with about 22 µl water in a DSC cup. This cup was then completely sealed for

measuring the DSC thermogram of the sample on heating at the rate of 5 K/min.
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The sample gives a single endothermic gelatinization peak at about 340 K as shown

in fig. 5.2. The specific enthalpy of transition calculated from the peak is about

5.13 J/gm. The inset pictures at left and right sides of the endothermic peak show

the POM textures of a starch grain in water before and after gelatinization respec-

tively. The birefringent starch grain looks bright between crossed polarisers before

its gelatinization and it becomes dark after its gelatinization.

5.3.2 Drying dynamics of starch solution droplets

The weight loss during drying of a starch solution droplet was measured using a

quartz crystal micro-balance with precision of 10−4 g. The 150 µl of starch solu-

tion was dropcasted on the flat surface of a plastic petridish using a micro-pipette.

This droplet was then allowed to dry in air at room temperature (about 25◦C) and

humidity in the range 53%–55%. The petridish was kept on the micro-balance and

the weight of the droplet was measured in 5 minutes interval till its complete dry-

ing. The experiment was repeated for other droplets with same initial volume but

different starch concentrations.

Fig. 5.3a shows the images of a 150 µl droplet with 5 wt% starch concentration

at different time intervals of its drying. The initial diameter of this droplet was

about 11 cm. Initially, the droplet dries with its edge pinned to the substrate. After

about 170 minutes, the droplet edge starts to recede towards the center with the

formation of a peripheral film from the initial pinned edge of the droplet. Further

drying reduces the diameter of the droplet. The time variation of the diameter of

the circular droplet edge normalized by its initial diameter is shown in fig. 5.3a.

Initially, the normalized diameter remain constant with value one and started to

decrease after about 170 minutes. The complete drying of this droplet gives rise to

a circular starch film with diameter same as that of the initial droplet.

The variation of the weight of this drying droplet with time is shown in fig. 5.3b.

Initially, the weight of the droplet decreases linearly due to constant rate of evapora-

tion of water. The height of the droplet perhaps reduces gradually with time during
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Figure 5.3: (a) Variation of normalized diameter of a 150 µl starch solution droplet
with 5.0 wt% starch concentration during its drying. The images show the droplet
at different time intervals of its drying. The variation of weight and weight loss rate
during drying of a 150 µl droplet of (b) 5.0 wt% of starch solution and (c) 9.5 wt%
of starch solution and (d) pure water.

this phase as a consequence of water evaporation keeping its circular edge pinned

as shown in fig. 5.3a. The rate of weight loss starts to decrease continuously after

about 170 minutes till its complete drying. The sample does not show any weight

loss after its complete drying.

The similar dynamics was also found for other starch solution droplets with

same initial volume but different starch concentrations. The weight loss curve of

a 150 µl droplet with 9.5 wt% starch concentration is shown in fig.5.3c. For this

concentration, the rate of weight loss starts to decrease after about 190 minutes

when the circular edge of the droplet starts to recede towards the center. The

SEM studies as discussed in section 5.3.9 show the developed gel network in the

droplet with 9.5 wt% of initial starch concentration after about 10 minutes of its

115



Chapter 5. The optical & structural properties of starch films

dropcasting. Therefore, the decrease in the rate of weight loss of the droplet on

drying is independent of sol-gel transition as claimed in a previous report [126].

The drying dynamics of a pure 150 µl water droplet on the same petridish was

also investigated to compare it with that of starch droplets as discussed above. The

variation of its weight with time is shown in fig. 5.3d. Initially, the rate of weight

loss of this droplet is constant till about 150 minutes from its dropcasting. The

diameter of the circular droplet edge did not change during this period of time.

The droplet diameter started to reduce gradually after about 150 minutes showing

simultaneous decrease in the rate of weight loss till its complete drying. Therefore,

the dynamics of drying for starch solution droplets is very similar to that of pure

water droplets. This result again confirms that the decrease in rate of weight loss is

due to the receding of the droplet edge during drying.

5.3.3 The thickness profile of dried starch films

The starch solution droplets on drying produce circular films on the substrate. These

circular films have azimuthal symmetry with a radial variation of its thickness. The

thickness profiles along the diameter of these films were measured to elucidate their

morphology. These films were cut along their diameter and the images of their

cross sections were taken by using a microscope (Olympus BX50) attached with a

digital camera (Canon 80D). These images were then analyzed by using digital image

processing software (imageJ, NIH) to obtain the thickness profiles. Fig. 5.4a shows

the variation of thickness along the diameter of different starch films formed after

drying of different volume of droplets with 9.5 wt% of initial starch concentration.

It is found that all these profiles show a sharp increase near the edge of these films

and a dimple at their center giving rise to a M-shaped thickness profile. The films

have a maximum thickness hmax and radius r0 depending on the initial volume of the

corresponding droplets. The normalized thickness profiles (h/hmax) of these films

when plotted with their normalized radial distance (r/r0), collapse to a single curve

as shown in fig. 5.4b. Therefore, the scaled thickness profile (h/hmax) is a function
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Figure 5.4: (a) The thickness profiles along a diameter of a starch films formed from
different volume of starch solution droplets with 9.5 wt% initial starch concentration.
(b) The corresponding normalized thickness profiles as a function of the normalized
radial distance. (c) The thickness profiles along a diameter of a starch films formed
from 300 µl droplets with different starch concentrations. (d) The corresponding
normalized thickness profiles as a function of the normalized radial distance.

of the scaled radial distance (r/r0) only when other experimental parameters remain

same.

The SEM studies as discussed in section 5.3.9 show the cellular network of

starch bio-polymers inside the droplets which causes gelation. In addition, an elastic

water permeable solid crust was also found to form on these drying droplets. The

evaporation of water near the interface of drying droplets leads to the formation of

this elastic crust. The evaporation rate of water near the circular contact edge of

droplet is highest [120]. Therefore, a flow of water towards the edge of droplets gives

rise to a compressive stress on the gel network along the radially outward direction.

On the other hand, reducing volume of the drying droplet enclosed by the solid crust
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produces a stress on it. These two dynamic effects perhaps concurrently lead to the

formation of M-shaped thickness profile of the film.

Fig. 5.4c depicts the thickness profiles of starch films formed from 300 µl droplets

for different initial starch concentrations. The maximum thickness of these films

with similar diameter increases on increasing the initial starch concentration. The

maximum thickness of the film for 5.0 wt% initial starch concentration occurs closer

to the center of the film which moves towards the edge of the film on increasing the

initial starch concentration.

The normalized thickness profiles (h/hmax) as a function of normalized radial

distance (r/r0) of the data shown in fig. 5.4c is plotted in fig. 5.4d. The dimple at

the center of the film from the droplet with 10.8 wt% initial starch concentration is

dipper and wider compared to that of the film formed from the droplet with 5.0 wt%

initial starch concentration. The droplet with higher concentration of starch takes

relatively less time to form a thicker crust on its surface. This perhaps leads to a

dipper and wider dimple in the film formed from more concentrated starch solution

droplet. Therefore, the variation of h/hmax with r/r0 of the films depends on the

initial starch concentration of the droplets.

A circular coffee stain is generally found to form on drying dilute solution droplets

for various kind of solutes [119, 120]. During this drying process, the solute particles

are piled towards the pinned edge of the droplet and are ultimately deposited near

the edge. Therefore, the thickness profiles along the diameter of dried solute films

show the highest thickness near the edge which diminishes towards the center. This

thickness variation along the radial direction is reduced on increasing the initial

solute concentration in droplets [108]. In our experiments, the dimple at the center of

starch films becomes dipper and wider on increasing the initial starch concentration

of the droplets. Therefore, the mechanism of the formation of the dimple in starch

films is not similar to the formation of coffee rings.

118



5.3. Experimental Results and discussions

Figure 5.5: The image showing the transparency of a starch film of average thickness
about 180 µm.

5.3.4 UV-Visible transmission spectroscopy studies

The dried starch films are transparent in visible light as shown in fig. 5.5. For

more quantitative measurements, the UV-Visible spectroscopic studies of the starch

films were performed by using Lamda 35 Perkin Elmer spectrophotometer. Fig. 5.6

shows the UV-Visible spectrum of a starch film formed after complete drying of

600 µl droplet with 9.5 wt% of starch concentration. The transmittance of this film

of thickness about 180 µm is 95% in 400 nm to 1100 nm wavelength range. The

absorption in the film starts to increase with decreasing wavelength below 400 nm in

the UV range. A shoulder peak in the transmittance spectrum is found at wavelength

of about 250 nm. The origin of this peak is not clear even in the literature.

5.3.5 X-ray diffraction (XRD) studies

The XRD measurements of starch grains and starch films were performed to de-

termine their crystalline structure. All these measurements were performed in the

grazing angle of incidence of the x-ray beam. The samples were kept on a flat silicon

stage which gives flat XRD profile and hence it does not interfere with the profiles

from samples. The XRD profile of starch grains in our sample is shown in fig. 5.7a.

The profile exhibits peaks on top of a broad amorphous hump. This indicates that

the grains are semi-crystalline in nature. The peak positions in the XRD profile of

these grains is similar to that found for the potato starch grains having B-type of
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Figure 5.6: The UV-Visible transmission spectrum of starch film obtained on drying
600 µl droplet with 9.5 wt% starch concentration.

crystal polymorphism [55, 139–141]. The B-type crystal polymorph has the hexag-

onal lattice structure with lattice parameter a = b = 1.85 nm, c = 1.04 nm and

γ = 120◦ [63]. The broad hump in this diffraction profile represents the amorphous

parts of the grains coexisting with crystalline parts.

The XRD profile of starch film formed from 600 µl droplet with 9.5 wt% starch

concentration is also shown in fig. 5.7a. The diffraction peaks on a broad hump in

this profile indicate that the film has semi-crystalline structure with coexistence of

both crystalline and amorphous domains. The similarity of this diffraction profile

to that found for starch grains indicates that the film also has B-type of crystal

structure.

The starch solution droplets do not possess any crystalline structure just after its

dropcasting. The XRD studies at different times after dropcasting were performed

to investigate the development of crystalline order on drying. The XRD profiles were

measured on a 150 µl droplet with 9.5 wt% starch concentration during its drying on

a glass plate. These measurements were performed in the grazing angle of incidence

of the x-ray beam. The baseline corrections for all these profiles were performed by
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Figure 5.7: (a)The XRD profiles of starch grains and starch film formed from 600 µl
droplet with 9.5 wt% of starch concentration. The profile for the film is shifted
upward for clarity. (b) The XRD profiles at different times after dropcasting a
150 µl droplet with 9.5 wt% of initial starch concentration. The profiles at different
times are shifted vertically for clarity of presentation. The insets show the images
of the droplet at three different times after its dropcasting on a glass plate.

subtracting the profiles from that of the empty glass plate. The XRD profiles of this

droplet at different times after dropcasting are shown in fig. 5.7b. It can be seen from

the figure that the droplet did not have any crystalline order at 30 minutes after of

its dropcasting. The sample started to acquire the crystalline order after 90 minutes
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when it started to dry from its edge as shown in the inset of fig. 5.7b. The SEM

studies as discussed in section 5.3.9 below indicate that the starch solution develop

gel structure almost immediately after its preparation. Therefore, the absence of

crystalline structure even after 30 minutes of its dropcasting indicates that the gel

network inside the droplet does not possess crystalline order. The crystalline order

which develops after 90 minutes arises due to the dried starch film forming at the

periphery of the droplet. The peaks of the XRD profile along with a broad hump

intensify on further drying till the complete drying.

Figure 5.8: Raman spectra of (a) native potato starch grains and (b) starch film
obtained on drying 600 µl droplet with 9.5 wt% starch concentration.

5.3.6 Raman spectroscopy studies

The Raman spectroscopy is a non-invasive technique used to characterize a variety

of samples. Raman spectroscopy studies on the native potato starch grains and the
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Table 5.2: Observed Raman peaks for starch grains and films

Raman peaks for Raman peaks for
Serial no. starch grain starch film Vibrational modes

(cm−1) (cm−1)

1 359 364 Skeletal mode
of pyranose ring

2 442 443 Skeletal mode
of pyranose ring

3 478 478 Skeletal mode
of pyranose ring

4 867 866 νs(C1-O-C5),
δ(C-H), δ(CH2)

5 941 942 νs(C1-O-C4′)
6 1051 1049 ν(C-OH),

δ(C-OH), ν(C-C)
7 1081 1082 δ(C-OH) bending
8 1127 1125 ν(C-OH),

δ(C-OH), ν(C-O)
9 1150 1150 νs(C1-O-C4′)
10 1262 1261 CH2OH related modes
11 1339 1338 δ(CH2) twisting,

δ(C-OH) bending
12 1381 1379 δ(C-OH), δ(CH) bending,

δ(CH2 scissoring)
13 1461 1458 δs(CH2) twisting,

C-H bending
14 2830 – 3030 2800 – 3060 ν(C-H)
15 3090 – 3650 3100 – 3700 ν(O-H)

starch films obtained on drying starch solution droplets were carried out to compare

their structural features. Fig. 5.8a show the Raman spectrum in the range between

200 cm−1 and 4000 cm−1 for starch grains while fig. 5.8b shows the corresponding

spectrum for starch film obtained on drying of 600 µl droplet with 9.5% starch

concentration. Table 5.2 gives the positions of the prominent Raman peaks in this

range for our samples. These peaks are attributed to different vibrational modes of

the molecule [142, 143]. A comparison between Raman spectra of starch grains and

starch film shows that most of these Raman peaks are at same Raman shift. This

result implies that the starch grains and the dried films have very similar molecular

configuration. It has been proposed that the FWHM of the peak at 478 cm−1
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decreases with increasing the starch crystallinity [144, 145]. The similarity in the

width of this sharp peak for the native potato starch grains and the starch film found

in our experiments implies that both of them possess similar amount of crystallinity.

The peak at 942 cm−1 and the shoulder peak at 1150 cm−1 indicate the presence of

glycosidic linkage between glucose units in starch.

5.3.7 Polarising optical microscopy studies

The starch films formed after drying were found to be birefringent. Therefore, the

POM studies were performed to investigate the anisotropic optical properties of

starch films by using an Olympus BX50 polarising optical microscope.

Orthoscopy studies

The films formed after drying of starch solution droplets are birefringent. Fig. 5.9a

shows the POM texture of a starch film formed after drying a 10 µl droplet with

10.8 wt% of starch concentration. The dried starch films obtained in our experiments

are found to be optically biaxial in nature. The three principal axes of the refractive

indicatrix are oriented along the normal, radial and azimuthal directions of the

dried circular starch films. The principal values of refractive indices along these

directions are denoted as α, β and γ respectively. The circular starch films between

crossed polarisers appear bright with a Maltese cross along the pass axis of polarisers.

The black brushes of the Maltese cross divide the whole circular film into four

quadrants and remain invariant on rotating the sample on the microscope stage.

This observation implies that the principal indices β and γ are along the radial

and azimuthal directions of the film respectively. The POM studies using a λ-plate

(530 nm) were performed to determine the major and minor indices on the plane

of film. The film appears black and white between crossed polarisers implying that

the retardation of the film is in the first order of Levy chart. The introduction

of the λ-plate with the slow axis at an angle of 45◦ with respect to the polariser

changes the colour of first and third quadrants to yellow whereas second and fourth
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quadrants become blue as shown in fig. 5.9b. These colours belong to the first and

second order of the Levy chart respectively. The effective subtraction of the path

differences in the first and third quadrants of the sample and the λ-plate produces

the yellow color. On the other hand, the effective addition of the path differences

in the second and fourth quadrants of the sample and the λ-plate produces the blue

color. Therefore, it can be concluded from these observations that the principal

refractive index γ along the azimuthal direction is greater than the other principle

index β along the radial direction of the film.

Figure 5.9: The POM images of the starch film (a) between crossed polarisers and
(b) after inserting of a λ-plate with the slow axis at an angle of 45◦ with respect to
the polariser.

The variation in the POM textures of a drying starch solution droplet was studied

to investigate the growth of the film from its periphery. Fig. 5.10a-f show the POM

textures of a section near the edge of a 150 µl droplet with 9.5 wt% of starch

concentration at different time intervals after of its dropcasting on a glass substrate.

Initially, the POM texture of the droplet appears dark due to the isotropic nature

of the sample. After a certain time, the circular edge of the droplet starts to recede

towards the center leaving a birefringent film at its peripheral region (see fig. 5.10a).

This film appears bright between crossed polarisers. The width of this film along

the radial direction increases with time on further drying as shown in fig. 5.10b-f.

The intensity at a 66 × 66 µm2 spot about 1 mm from the edge of the droplet
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measured as function of time is shown in fig. 5.10g. This spot is indicated by the

red dot in fig. 5.10a-f. The intensity was calculated by adding the red, blue and

green intensities at the spot and then dividing by 3. Initially, the intensity was

almost zero before the edge of the birefringent film appeared at the spot. Then the

intensity increased sharply as the edge swept through the spot. The intensity almost

saturated to a constant value as the edge of the film passed through the spot.

Figure 5.10: (a)-(f) The POM textures of a section near the edge of a 150 µl droplet
with 9.5 wt% of starch concentration at different time intervals after of its dropcast-
ing on a glass substrate. (g) The variation of intensity at a 66 × 66 µm2 spot at
about 1 mm away from droplet edge. The red dot on the images indicates the spot
where the intensity was calculated.

Conoscopy studies

The conoscopic studies were performed to determine the optical nature of the dried

starch films. The conoscopic studies show that the starch films are optically biaxial
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except at its center. The center of the film is uniaxial in nature with the optic axis

along the normal to the film. Fig. 5.11 shows the conoscopic figures of a starch

film of diameter about 16 mm formed after drying a 600 µl droplet with 9.5 wt% of

starch concentration. The conoscopic figures were recorded at the center of the film

and 3 mm away from it. The center of the film between crossed polarisers appears

dark in POM which implies that this central region is either optically isotropic or

uniaxial with an optic axis along the normal to the film. The uniaxial nature of

the central region of film was confirmed by the conoscopic studies. The bottom row

in fig. 5.11 shows the conoscopic figures at the center of the film for three different

orientations of the sample on the microscope rotation stage. The conoscopic figure

at the center of the film has the black isogyres parallel to the crossed polarisers and

the figure remains invariant on rotating the sample by ±45◦ on the microscope stage

(see fig. 5.11 bottom row) confirming the optical uniaxiality of the central region

of the film with an optic axis perpendicular to the film. The conoscopic studies

using a λ-plate (530 nm) with its slow axis at 45◦ with respect to the polariser

were performed to determine the sign of the birefringence. The interference colour

in conoscopic figure of the film is in the first order of levy chart. The insertion of

the λ-plate into the optical path changed the colour of the peripheral region in the

first and third quadrants to yellow whereas the peripheral region of the second and

fourth quadrants became blue as shown in the bottom row of fig. 5.11. In the yellow

(blue) colored regions parallel (perpendicular) to the slow axis of the λ-plate, an

effective subtraction (addition) of the path differences at the sample and the phase

plate occurs. This observation clearly implies that the sign of the birefringence at

the central region of the film is negative. Hence, the conoscopic studies confirm that

the indicatrix ellipsoid at the center of the film has uniaxial oblate shape.

The top row in fig. 5.11 shows the conoscopic figures about 3 mm away from the

center of the film for three different orientations of the sample on the microscope

rotation stage. These conoscopic figures clearly demonstrate the biaxial nature

of the film at this position. The conoscopic figures on rotating the film by 360◦
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Figure 5.11: The conoscopic figures of starch film at its center (bottom row) and
3 mm away from its center (top row). The angle of the optic plane of the film
with respect to the polariser and the presence of the λ-plate between the crossed
polarisers are also indicated in the respective figures.

on the microscope stage show that the isogyres become crossed at four distinct

positions with a difference of 90◦. At ±45◦ with respect to the crossed positions,

the isogyres separate and become hyperbolic as shown in the top row of fig. 5.11

which indicates the optical biaxiality of the film at this position. These hyperbolic

isogyres containing the poles of the two optic axes at their apex are centered at the

middle of the field of view. Further, the crossed positions of the isogyres are also at

the center of the field of view. Therefore, these observations indicate that one of the

principal index denoted as α and the optic plane containing both the optic axes are

perpendicular to the film. Hence, the other two principal axes with indices β and γ

respectively must be on the plane of the film. The orthoscopic studies as discussed

above have confirmed that the index γ along azimuthal direction is greater than the

index β along the radial direction of the film.

The conoscopic studies after inserting the λ-plate (530 nm) in the optical path

were performed to determine the order of the principal indices α, β and γ at this

biaxial part of the film. The insertion of the λ-plate for +45◦ orientation of the

sample changed the colour in the peripheral region between the isogyres to blue

whereas it became yellow at −45◦ orientation of the sample (see the top row of

fig. 5.11). These results indicate that biaxial starch films are optically negative

and α < γ. Therefore, the starch films are biaxial with the three principal indices
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α < β < γ and the optic plane in the biaxial region lies along the azimuthal direction

and perpendicular to the film.

Figure 5.12: Schematic ray diagram of the conoscopic measurement setup.

Determination of acute axial angle

The acute axial angle (2V ) between the two optic axes was calculated from the

conoscopic figures. Fig. 5.12 shows the ray diagram of the conoscopic measurement

setup. The diagram depicts the light rays in the α−γ plane of the sample containing

both the optic axes. In this setting, the light rays from the illuminated part of the

sample kept in the front focal plane of the objective lens are focused on its rear focal

plane. Hence from fig. 5.12, it can be written as

a

f
= tan θ (5.2)
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and,

p

f
= tanV (5.3)

From eqn. 5.2 and eqn. 5.3, one can write,

p

a
=

tanV

tan θ
=

sinV

cosV
× cos θ

sin θ
(5.4)

Since the numerical aperture NA = n × sin θ of the objective lens with 50X mag-

nification is 0.5 and the refractive index n = 1.0 for the intervening air medium,

θ = 30◦ in our setup. With V between 0◦ and 30◦, (cos θ/ cosV ) ≈ 1 and we get

sinV =
NA× p

a
=

NA× 2p

2a
(5.5)

Figure 5.13: Schematic diagram of a conoscopic figure having two uncrossed hyper-
bolic isogyres depicting the distances 2p and 2a.

Fig. 5.13 shows the schematic conoscopic figure of a biaxial sample where 2p is

the distance between the poles of the optic axes and 2a is the diameter of the circular

field of view. The acute axial angle 2V between the optic axis can be determined

from eqn. 5.5 by measuring the ratio of 2p and 2a.

The conoscopic figures at different positions along the the diameter of a starch

film formed from 600 µl droplet with 9.5 wt% of initial starch concentration are

shown in fig. 5.14a. The measurements were performed at an interval of 1 mm along

the radial direction. The acute angle (2V ) between the two optic axes along the

diameter of the film was calculated from these conoscopic figures by using eqn. 5.5.
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Figure 5.14: (a) Conoscopic figures at different positions along the radial direction
of a starch film of radius about 8 mm formed from 600 µl starch solution with
9.5 wt% of starch concentration. The distance between two consecutive positions
of measurement is 1 mm. (b) The variation of the optic axial angle (2V ) along the
radial direction of the film obtained from the conoscopic figures.

The variation of angle 2V along the radial direction of the film is shown in fig. 5.14b.

The angle 2V is zero at the uniaxial center and it increases monotonically towards
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the edge of the film. The hyperbolic isogyres beyond 6 mm from the center of the

film went out of the field view and the calculation of the acute axial angle beyond

this limit was not possible.

5.3.8 Measurement of birefringence along the diameter of

starch films

The POM studies discussed above clearly establish that dried starch films are op-

tically biaxial in nature. We also measured the effective birefringence on the plane

of these starch films. Though there are several reports of the mechanical and spec-

troscopic properties of these starch films [146–149], the measurements of the optical

biaxiality of them have not been carried out. Clearly the anisotropic optical prop-

erties of these starch film arise due to the orientational order of starch bio-polymers

during drying. Therefore, these measurements provide valuable insight on the struc-

ture of these films.

The effective retardation [(γ − β) × sample thickness)] in the plane of the film

was measured using a home built setup with a photo elastic modulator (PEM). The

detail of this experimental setup has been discussed in chapter 2. The effective

retardation was measured at different positions along the diameter of the film at

an interval of 0.1 mm. The thickness profile of the film along its diameter was also

measured by following the procedure as discussed in section 5.3.3. The effective

birefringence (γ−β) at a point can be obtained by dividing the effective retardation

by the corresponding thickness of the film.

Fig. 5.15a shows the variation of birefringence (γ − β) along the diameter of a

starch film formed after drying a 600 µl droplet with 9.5 wt% of starch concentration.

The birefringence is maximum at the edge of the film and diminishes monotonically

to zero towards its center. The measured birefringence at the center of the film

is zero due to its uniaxial nature as discussed above. The birefringence profile

along the radial direction from the center to the edge of the film can be divided

into three parts with three different slopes. Initially the birefringence increases
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Figure 5.15: (a) The birefringence profile (γ−β) along the diameter of a starch film
obtained from a 600 µl droplet with 9.5 wt% starch concentration. Its thickness
profile has also given in this figure. (b) The birefringence profiles (γ − β) along the
normalized radial direction of starch films formed from 300 µl droplets with different
starch concentrations. (c) The birefringence profiles (γ − β) along the normalized
radial direction of starch films obtained from different volumes of droplets with
6.5 wt% initial starch concentration.
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rapidly along the radially outward direction from its center. Then it increases with

a relatively lower slope and again increases rapidly to the maximum value. Beyond

this maximum point, the measured birefringence drops to zero rapidly at the edge.

Fig. 5.15a also shows the corresponding thickness profile of the film along its radial

direction.

The birefringence profiles of starch films obtained on drying the same volume of

droplets but with different starch concentrations were measured to investigate the

effects of initial starch concentration. Fig. 5.15b shows the birefringence profiles of

films obtained on drying 300 µl droplets with different starch concentrations. The

birefringence profile is plotted as a function of the normalized radial distance in

the film. The normalization was performed on dividing the radial distance (r) by

the radius of the film (r0). These profiles with different concentrations have similar

characteristic variation along the radial direction with three different slopes. But

the slope in the middle part of the birefringence profile decreases with decreasing

the initial starch concentration. The maximum values of birefringence at the edge

of these films are close to each other independent of the initial starch concentrations

of droplets.

The birefringence profiles of the starch films formed after drying different volumes

of droplets but with same 6.5 wt% initial starch concentration were measured to

study the effect of initial droplet volume. The birefringence profiles as a function of

the normalized radial distance (r/r0) of the starch films for different initial volume of

the droplets are shown in fig. 5.15c. Though different initial volumes of the droplets

produce films of different radii, the data in fig. 5.15c almost superpose on each

other. The superposition of all these data indicates that the birefringence (γ − β)

is a function of r/r0 only for the other experimental conditions remaining the same.

The maximum value of birefringence at the edge of these films have very similar

values indicating that it neither depends on the initial starch concentration nor on

the initial droplet volume.
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Figure 5.16: The index ellipse on the optic plane of starch film.

Measurement of (β − α)

The POM studies as discussed in section 5.3.7 confirm the biaxial nature of the starch

films away from the center. The three principle indices α, β and γ (α < β < γ)

are along the perpendicular, radial and azimuthal directions of the film respectively.

The index ellipse on the optical plane is shown in fig. 5.16. The equation of this

index ellipse can be written as

x2

γ2
+

z2

α2
= 1 (5.6)

where γ and α are the major and minor indices respectively. The sections of the

optical indicatrix perpendicular to optic axes are circular with radius β. Therefore,

the length of the radius vector to the point P on the index ellipse in fig. 5.16 is the

intermediate index β. Then using eqn. 5.6, it can be shown that

tan2 V =
1− β2

γ2

β2

α2 − 1
(5.7)

The principal refractive indices α, β and γ of starch film are expected to be

of similar order of magnitude to that of water or glass. The measured value of
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Figure 5.17: The variation of (γ − β) and (β − α) along the diameter of a starch
film obtained on drying of 600 µl droplet with 9.5 wt% starch concentration.

birefringence (γ − β) of the starch films is found to be of order 10−4 which is very

small compared to the principal values of the indices. As 60◦ > 2V > 30◦ in most

part of the starch films (see fig. 5.14b), it implies that (β−α) also has similar order

of magnitude as that of (γ − β). Therefore, using (γ − β) ≪ β and (β − α) ≪ β,

eqn. 5.7 can be approximated as

tan2 V =

[
γ − β

β − α

]
(5.8)

or

(β − α) =

[
γ − β

tan2 V

]
(5.9)

The variation of (γ − β) along the diameter of a starch film formed from 600 µl

solution droplet with 9.5 wt% starch concentration is shown in fig. 5.17. The axial

angle (2V ) measured from the conoscopic textures along the same radial direction

of this film is shown in fig. 5.14b. The calculated variation of (β − α) from eqn. 5.9

along the diameter of the film is shown in fig. 5.17. It can be seen from this figure

that (γ − β) varies considerably along the radial direction of the film but (β − α)
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remains almost constant.

Figure 5.18: [Left] The index ellipsoids along the diameter of starch film. [Right] The
variation of index ellipse containing the principal indices α and β along the diameter
of the film.

The variation of indicatrix ellipsoid along the diameter of the starch film is

schematically shown in fig. 5.18. The indicatrix in the biaxial part of the film is a

general ellipsoid with three different principal indices α, β and γ along the normal,

radial and azimuthal directions of the film respectively. The left hand side of fig. 5.18

shows the index ellipsoids at different parts of the film when viewed from the top.

The intersection points between the optic axes and the ellipsoid in biaxial part of

the film are indicated by a pair of black dots on each indicatrix in this diagram.

The increasing acute angle between the two optic axes towards the edge of the film

widens the separation between these dots along the radially outward direction. At

the center of the film having uniaxial character, the index ellipsoid appears circular

with the intersection point of optic axis at its center. The right hand side of fig. 5.18

shows the variation of index ellipse in the α–β plane along the diameter of the film.

At the uniaxial center of the film, the birefringence is negative and the index ellipsoid

has an oblate shape. The α and β are maximum at the center of the film and they
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diminish monotonically towards the edge keeping their difference almost same.

5.3.9 Scanning electron microscopy (SEM) studies

The cryo-SEM studies of drying starch droplets were carried out to investigate the

submicroscopic structures of the sample. It is found that the droplets with initial

starch concentration higher than 9.5 wt% transform to gel within few minutes after

dropcasting. The cryo-SEM studies were performed on these drying droplets to

find the gel network structure developed in these droplets. The 300 µl droplets

with 9.5 wt% starch concentration were dropcasted on plastic petridish and left

to dry in air. It is found that these droplets generally take about 18 to 20 hours

to dry completely at about 298 K and 45% - 50% humidity. The liquid nitrogen

was poured in the plastic petridish to freeze the droplets after certain time from

dropcasting. A frozen droplet was then removed from the plastic petridish and

immediately transferred to the channel of an aluminum sample holder as shown in

fig. 5.19a. The droplet was fixed vertically to the channel wall by using colloidal

graphene conducting paste such that half of the droplet protruded out of the holder

as shown schematically in fig. 5.19b. The sample with the holder was again dipped

in liquid nitrogen and then transferred to the cryo-preparation chamber kept at

10−4 to 10−5 mbar pressure. The sample stage in this chamber was kept at 103 K.

The sample was then heated to 183 K and kept at that temperature for 5 minutes

to make it soft for cutting through its diameter. The cross sectional area of the

sample was left for 15 minutes at this temperature and pressure for ice sublimation.

Then the cross sectional area of the sample was sputter coated with platinum for

60 seconds. Finally, the sample was transferred to the microscope stage of SEM

which was kept at temperature 83 K and pressure 10−5 to 10−6 mbar.

Fig. 5.20a,b show the cryo-SEM textures of a starch droplet with 9.5 wt% initial

starch concentration after 10 minutes of its dropdasting. The textures clearly show

the presence of a solid thin crust on the surface of the droplet (fig. 5.20a) and a

cellular network inside the sample (fig. 5.20b). The solid crust forms due to the
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Figure 5.19: (a) Aluminum holder for cryo-SEM studies. (b) A schematic diagram
showing the starch droplet in the aluminum holder.

drying from the surface and the cellular network is responsible for the gel property.

The walls of the cellular structures are composed of starch bio polymers. In addition,

the starch nano particles were found to float in water inside these cells. Similar gel

network structure has also been observed during retrogradation of gelatinized starch

sample [150–152].

As discussed in section 5.3.2, the droplet beyond a waiting time starts to recede

from its initial pinned edge towards the center with the formation of a peripheral

film. The edge of a 300 µl droplet with 9.5 wt% of starch concentration recedes

about 3 mm towards the center after 14 hours of dropcasting. Fig. 5.20c shows the

cross sectional SEM texture near the contact line of this droplet surrounded by the

dried film on the SEM holder. The regions marked 1 and 2 in this figure correspond

to the dried film outside and the gel just inside the droplet edge respectively. The

the magnified view of region 1 as shown in fig. 5.20d is depicting the smooth texture

of the film. On the other hand, the magnified view of region 2 as shown in fig. 5.20e

is depicting the thread like network structure. This thread like networks of starch

biopolymers ultimately give rise to the smooth texture of the film after complete

drying.

Fig. 5.20f shows the cross sectional SEM texture near the interface of this droplet

at its central region. Three different regions with three different textures can be
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observed in this figure. A relatively dense crust forms on top of the droplet. Below

the crust, a thread like network region is developed by the starch bio-polymers.

The width of this region is large compared to that of the crust and has relatively

lesser density than the crust. A cellular network structure with lowest density is

observed below the thread like network region. It should be noted here that the

thread like network is formed by the filaments of starch biopolymers whereas the

cellular network is made of starch biopolymer membranes. The marked regions 3

and 4 near the interface and inside the droplet are shown in fig. 5.20g and fig. 5.20h

respectively in higher magnification. Fig. 5.20g shows the smooth texture of the

crust with thickness about 2.5 µm above the thread like network region. This

texture of the crust is same as that found for the dried peripheral film shown in

fig. 5.20d. The cellular network structure as shown in fig. 5.20h clearly reveals the

starch membranes separating the cells. Therefore, the SEM studies confirm that

at sufficient time after dropcasting, the cellular network region inside the droplet

is surrounded by a thread like network region with intermediate density which in

turn is covered by a relatively thinner solid elastic crust as schematically shown in

fig. 5.21. It is apparent that the cellular network structure gives rise to the denser

thread like network structure near the droplet interface which transforms to the

dried film on further drying.

The biaxiality of the dried starch films can be explained by assuming that the

starch filaments forming the thread like network structure observed experimentally

are birefringent. These filaments near the circular contact line of the drying droplet

tend to align themselves parallel to this line. This alignment of the starch filaments

perhaps gives rise to the biaxial starch film with three principal indices α, β and γ

along its perpendicular, radial and azimuthal directions respectively. The alignment

tendency of these filaments along the azimuthal direction gives rise to the highest

index γ along this direction at the edge of the film. The other two principal directions

being experimentally not equivalent, give rise to the biaxility of the film away from

the center. The gradual diminishing order of the filaments decreases the value of
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Figure 5.20: The Cryo-SEM textures of cross section of a 300 µl droplet with 9.5 wt%
starch concentration at different time after dropcasting. (a) The crust formed on the
surface of the droplet after 10 minutes. (b) The cellular network structure inside the
droplet after 10 minutes. (c) The texture near the contact line of the droplet after
14 hours showing the droplet surrounded by the dried film on the SEM holder. (d)
The magnified view of the marked region 1 showing the smooth texture of the dried
starch film. (e) The magnified view of the marked region 2 showing the thread like
network structure inside the droplet edge. (f) The SEM texture near the interface of
the droplet at its central region after 14 hours. (g) The magnified view of the marked
region 3 showing the crust on top of the droplet and the thread like network below
it. (h) The magnified view of the marked region 4 showing the cellular network
structure well inside the droplet.
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the principal index γ monotonically along the radially inward direction of the film.

As a consequence of this, the value of other two principal indices α and β increases

simultaneously along the radially inward direction of the film keeping their difference

constant as found experimentally.

Figure 5.21: The schematic image of the droplet and droplet cross-section along
with the peripheral film.

5.4 Conclusion

In this chapter, we have studied the drying dynamics of dropcasted gelatinized

starch solution droplets at room temperature and humidity. Initially the droplets

are pinned at its circular edge of contact to the substrate. The edge of the droplet

starts to recede toward the center after a certain time of its dropcasting, leaving a

transparent birefringent film from the initial pinned edge. The circular starch films

formed after complete drying of droplets are azimuthally symmetric and show M-

shaped thickness profiles along their diameter. These films are partially crystalline

and look bright between crossed polarisers. The POM studies show that the films

are optically biaxial except at its center where it is uniaxial with an optic axis

perpendicular to film. In biaxial part of film, the three principal indices α, β and

γ are along the normal, radial and azimuthal directions of the film respectively

where α < β < γ and the film is optically negative. The optic plain containing

both the optic axes is along the azimuthal direction and normal to the film. The

effective birefrigence (γ − β) on the plane of the film increases along the radially
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outward direction whereas (β − α) as obtained from the conoscopic figures remains

almost constant along the same direction. The cryo-SEM studies of droplets after

certain time of dropcasting show a cellular network of starch biopolymers. This

cellular network gives rise to the gelling property of the droplets. The evaporation

of water near the interface of drying droplets leads to the formation of a water

permeable elastic crust on top of it. This crust formation possibly gives rise to

the starch films with a dimple at its center on complete drying of droplets. The

SEM studies of droplets also show that at sufficient time after dropcasting, the

cellular network region inside the droplet is surrounded by a thread like network

region which in turn is covered by a relatively thinner crust. It is apparent that the

cellular network structure gives rise to the thread like network structure near the

droplet interface which transforms to the solid film on further drying. The starch

filaments forming the thread like network structure as observed experimentally are

possibly birefringent. The alignment of these filaments near the circular contact line

of the drying droplets perhaps gives rise to the birefringence in the solid films.
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Summary

In this thesis, two different types of materials are studied experimentally. The

first system is a calamatic liquid crystal compound (8OCB) consisting of highly

polar rod-like molecules. The crystal polymorphs of this compound formed from its

supercooled smectic phase are studied in detail. It is observed that the most stable

solid phase of this compound shows both banded and non-banded spherulitic growth

from the supercooled smectic phase. The second system studied in this thesis is the

starch films formed on drying droplets of gelatinized potato starch solution on a flat

substrate.

In chapter 1, a brief introduction about calamatic liquid crystals, spherulitic

growth and starch are given.

In chapter 2, the various experimental techniques used to study the samples

are discussed.

In chapter 3, we study the two crystal polymorphs of 8OCB formed from its melt

during cooling. We identify that one of these phases is metastable long parallelepiped

or PP phase. The other stable solid phase is identified as commercial powder or CP

phase. It is found that the CP phase is not a homogeneous phase. In this phase, the

fibrillar nano crystallites with monoclinic lattice structure are embedded in a solid

amorphous phase.

It is observed that the CP phase of 8OCB shows both banded and non-banded

spherulitic growth from the supercooled smectic phase. Both of these spherulite do-

mains show a spherical growth front which appears circular in quasi-two-dimensional

geometry. In chapter 4, the banded and non-banded spherulitic growth of CP phase

are studied in detail. In these spherulite domains, the radially aligned fibrillar crys-

tallites are found to be embedded in a solid amorphous phase. The bands in the

banded spherulite domain arise due to the periodic variation of the composition of

the two different coexisting phases along the radial direction of the domain. This
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variation gives rise to the alternating concentric crystallite-rich and crystallite-poor

bands which appear as the concentric interference color bands between crossed po-

larisers. It is found that the banded spherulite of 8OCB is not a stable structure. It

transforms irreversibly to the non-banded spherulite on heating and also on aging.

In chapter 5, we study mainly the structural and optical properties of circular

starch films formed on drying droplets of gelatinized starch solutions dropcasted on

a flat surface. It is found that the films are transparent in visible light and possess

a semi-crystalline structure. These films are birefringent and appear bright between

crossed polarisers. The circular films are found as optically uniaxial at their center

with an optic axis normal to the film. Except center, the films are optically biaxial

with three principal indices α, β and γ along the normal, radial and azimuthal

direction respectively. The starch films are found to be optically negative in both

the uniaxial and biaxial regions. Based on experimental results, we have found that

(γ - β) decreases monotonically from the edge to the center of the films whereas

(β - α) remains almost constant along the radial direction.
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“Exceptionally long-range self-assembly of hexa-peri-hexabenzocoronene with
dove-tailed alkyl substituents,” Journal of the American Chemical Society,
vol. 126, no. 26, pp. 8074–8075, 2004, pMID: 15225022. [Online]. Available:
https://doi.org/10.1021/ja048351r

[36] X. Cui, A. L. Rohl, A. Shtukenberg, and B. Kahr, “Twisted aspirin crystals,”
Journal of the American Chemical Society, vol. 135, no. 9, pp. 3395–3398, 2013,
pMID: 23425247. [Online]. Available: https://doi.org/10.1021/ja400833r

[37] A. Shtukenberg, J. Freundenthal, E. Gunn, L. Yu, and B. Kahr,
“Glass-crystal growth mode for testosterone propionate,” Crystal Growth
& Design, vol. 11, no. 10, pp. 4458–4462, 2011. [Online]. Available:
https://doi.org/10.1021/cg200640g

[38] T.-F. Lin, R.-M. Ho, C.-H. Sung, and C.-S. Hsu, “Helical morphologies
of thermotropic liquid-crystalline chiral schiff-based rod-coil amphiphiles,”
Chemistry of Materials, vol. 18, no. 23, pp. 5510–5519, 2006. [Online].
Available: https://doi.org/10.1021/cm061666g

[39] J. L. Hutter and J. Bechhoefer, “Three classes of morphology transitions
in the solidification of a liquid crystal,” Phys. Rev. Lett., vol. 79, pp.
4022–4025, Nov 1997. [Online]. Available: https://link.aps.org/doi/10.1103/
PhysRevLett.79.4022

[40] J. L. Hutter et al., “Banded spherulitic growth in a liquid crystal,” Journal
of Crystal Growth, vol. 217, no. 3, pp. 332–343, 2000. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S0022024800004796

[41] J. M. Schultz, “Self-induced field model for crystal twisting in spherulites,”
Polymer, vol. 44, no. 2, pp. 433–441, 2003.

[42] A. Toda, T. Arita, and M. Hikosaka, “Three-dimensional morphology of pvdf
single crystals forming banded spherulites,” Polymer, vol. 42, no. 5, pp. 2223–
2233, 2001.

[43] D. Bassett and A. Hodge, “On lamellar organization in certain polyethylene
spherulites,” Proceedings of the Royal Society of London. A. Mathematical and
Physical Sciences, vol. 359, no. 1696, pp. 121–132, 1978.

150

https://doi.org/10.1021/ja101491n
https://doi.org/10.1021/ja300257m
https://doi.org/10.1021/ja048351r
https://doi.org/10.1021/ja400833r
https://doi.org/10.1021/cg200640g
https://doi.org/10.1021/cm061666g
https://link.aps.org/doi/10.1103/PhysRevLett.79.4022
https://link.aps.org/doi/10.1103/PhysRevLett.79.4022
https://www.sciencedirect.com/science/article/pii/S0022024800004796


Bibliography

[44] D. C. Bassett, A. M. Hodge, and A. Keller, “On the morphology of
melt-crystallized polyethylene. III. spherulitic organization,” Proceedings
of the Royal Society of London. A. Mathematical and Physical Sciences,
vol. 377, no. 1768, pp. 61–71, 1981. [Online]. Available: https:
//royalsocietypublishing.org/doi/abs/10.1098/rspa.1981.0115

[45] Y. Okabe and T. Kyu, “Spatio-temporal growth of broken spiral and
concentric ringed spherulites in blends of poly(vinylidene fluoride) and
ethylene-vinylacetate copolymers,” Polymer, vol. 45, no. 25, pp. 8485–8490,
2004. [Online]. Available: https://www.sciencedirect.com/science/article/pii/
S0032386104009656

[46] H. Uesaka and R. Kobayashi, “Pattern formation in the crystallization
of ascorbic acid,” Journal of Crystal Growth, vol. 237-239, pp. 132–137,
2002, the thirteenth international conference on Crystal Growth in conj
unction with the eleventh international conference on Vapor Growth and
Epitaxy. [Online]. Available: https://www.sciencedirect.com/science/article/
pii/S0022024801018929

[47] Y. Li, H. Huang, T. He, and Z. Wang, “Coupling between crystallization and
evaporation dynamics: Periodically nonlinear growth into concentric ringed
spherulites,” Polymer, vol. 54, no. 24, pp. 6628–6635, 2013. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S0032386113008756

[48] Y. Yamazaki, M. Kikuchi, A. Toda, J.-i. Wakita, and M. Matsushita,
“Dynamical properties in uniform and periodic growth modes of ascorbic
acid crystal domain from thin solution film,” Journal of the Physical
Society of Japan, vol. 83, no. 6, p. 064002, 2014. [Online]. Available:
https://doi.org/10.7566/JPSJ.83.064002

[49] Y. Li, H. Huang, Z. Wang, and T. He, “Tuning radial lamellar packing and
orientation into diverse ring-banded spherulites: Effects of structural feature
and crystallization condition,” Macromolecules, vol. 47, no. 5, pp. 1783–1792,
2014. [Online]. Available: https://doi.org/10.1021/ma402579d

[50] Y. Li, Z. Wang, Q. Gu, and X. Wu, “Enhance understanding
of rhythmic crystallization in confined evaporating polymer solution
films: from environment to solution film and then to one period,”
RSC Adv., vol. 6, pp. 45 241–45 249, 2016. [Online]. Available: http:
//dx.doi.org/10.1039/C6RA02803A

[51] Y. Li, Z. Wang, and T. He, “Morphological control of polymer spherulites via
manipulating radial lamellar organization upon evaporative crystallization:
A mini review,” Crystals, vol. 7, no. 4, 2017. [Online]. Available:
https://www.mdpi.com/2073-4352/7/4/115

[52] J. Wei, L. Wu, H. Zhu, Y. Li, and Z. Wang, “Formation of well-organized,
concentric-ringed spherulites of four-arm star symmetric PEO-b-PCL via
confined evaporative crystallization,” CrystEngComm, vol. 22, pp. 7016–7024,
2020. [Online]. Available: http://dx.doi.org/10.1039/D0CE01183E

151

https://royalsocietypublishing.org/doi/abs/10.1098/rspa.1981.0115
https://royalsocietypublishing.org/doi/abs/10.1098/rspa.1981.0115
https://www.sciencedirect.com/science/article/pii/S0032386104009656
https://www.sciencedirect.com/science/article/pii/S0032386104009656
https://www.sciencedirect.com/science/article/pii/S0022024801018929
https://www.sciencedirect.com/science/article/pii/S0022024801018929
https://www.sciencedirect.com/science/article/pii/S0032386113008756
https://doi.org/10.7566/JPSJ.83.064002
https://doi.org/10.1021/ma402579d
http://dx.doi.org/10.1039/C6RA02803A
http://dx.doi.org/10.1039/C6RA02803A
https://www.mdpi.com/2073-4352/7/4/115
http://dx.doi.org/10.1039/D0CE01183E


Bibliography

[53] B. Fang, J. Wei, S. Qiu, J. Zhu, L. Wu, and Y. Li, “Unusually negative,
single ring-banded spherulites of poly(ethylene adipate) formed via controlled
stepwise evaporative crystallization,” Journal of Crystal Growth, vol. 575,
p. 126372, 2021. [Online]. Available: https://www.sciencedirect.com/science/
article/pii/S002202482100347X
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