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PREFACE

We have prepared homogenous Langmuir-Blodgett (LB) films of liquid crystals (LC) and

it’s composite with nano-particles. Interaction between nano-particles and host LC matrix

resulted in phase changes of monolayer. Orientation and ordering of LC at air-water

interface have been significantly improved by adding nano-particles into it. It has

improved many physical properties of liquid crystal matrix. These LB films have opened

up opportunities for understanding of many properties for application point of view.

Results are summarized in this dissertation:-

Chapter 1 reviews of liquid crystal science and recent development of this
subject. It explains about amphiphilic character of molecules which is necessary
for LB film formation. Thermotropic liquid crystal posses amphilphicity due to
chirality and electronegative functional groups attached with phenyl rings. Both
ferroelectric and bent core liquid crystals have both hydrophobic and hydrophilic
character in their molecular structure.

Anoverview of physical properties of thermo tropic liquid crystals is given on the
basis of their molecular arrangement. Amphiphilic character of ferroelectric and
bent core liquid crystal molecules make them suitable candidate for the formation
of LB films.

Chapter 2 provides details about Langmuir Blodgett experimental set up and
methodology used for depositing thin films. Characterization was done using
Fourier Transform infrared Spectroscopy (FTIR) to confirm complete deposition
at substrate, Low Angle X-Ray Diffraction for layer ordering of thin films and
Atomic Force Microscopy in non-contact mode for topographical imaging of thin
films. Molecular Structures and 3-D models of Ferroelectric Liquid Crystals, Bent

Core Liquid Crystals and functionalized nano-particles are given in this chapter.

Chapter 3 describes about LB films of a ferroelectric liquid crystal (FLC) and its
composite with SWCNTs at air—water interface and deposited onto solid
substrates It is concluded that the amphiphilic nature of the FLC played a vital
role in the orientation and ordering of the FLC film. The XRD profile of FLC film
indicated smectic layering of the FLC molecules, and FTIR spectra confirmed

XX



complete deposition of the FLC films. AFM images show uniform films with
average height profile of 2.53 nm.

Langmuir—Blodgett films of ferroelectric liquid crystal (LC) doped with low
concentration of octadecylamine functionalized single-wall carbon nanotubes
show that the interaction between nanotubes and LC molecules in the monolayer
was increased during barrier compression, resulting in increased surface pressure.
It is due to m—= stacking of SWCNTs with the FLC molecules. AFM profile of
films SWCNT and FLC-SWCNT composite systems infer uniform film
deposition on Si substrate. This study of composite film is helpful in alignment of

LC molecules with improved properties for various device applications.

Chapter 4 contains deposition of LB films of functionalized nano-particles
(octadecylamine functionalized AZO and dodecanethiol functionalized Ag ) in
FLC host matrix. Nano-particles has noticeable effect on monolayer stabilization
at air-water interface. It enhances ordering of films. Deposited composite films
have been examined under FTIR, Low Angle XRD and AFM. All tools confirm
uniform deposition and retaining of smectic layer ordering of FLC at low
concentration doping of nano-particles into it. . These kind of LC films having

nano-particles patterned in them have various optical and sensor applications.

Chapter 5 presents the formation of Langmuir monolayer of bent-core liquid
crystals at air—water interface by changing pH of the sub phase on silicon
substrate. Atomic force microscopy images showed decreased height profiles with
varied sub phase pH=6, 4, 2 levels. Thus LB technique has provided new insight
into monolayer formation of bent-core molecule. So the major requirement of
aligning bent core is fulfilled, it provides new innovations in research and

technology.

Chapter 6 contains summary of the work. It shows that LB technique provide a

method to develop ultrathin films. Future scope of work is also proposed here.
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CHAPTER -1
Liquid Crystals and Langmuir-Blodgett Technique

Overview

This chapter explains about amphiphilic character of liquid crystal molecules in particular
which is necessary for Langmuir-Blodgett (LB) film formation. Thermo-tropic liquid
crystal posses amphiphilic character due to chirality and electronegative functio nal groups
attached with phenyl rings. Both ferroelectric and bent core liquid crystals have both
hydrophobic and hydrophilic character in their molecular structure.

Anoverview of physical properties of thermotropic liquid crystals is given on the basis of
their molecular arrangement. History of Langmuir Blodgett films is discussed briefly.
Langmuir monolayer is formed at air-water interface with constant compression of
barriers. Modes of Langmuir monolayer deposition are also discussed.




Introduction
1.1 Amphiphiles

The molecules which have covalently bonded hydrophilic and hydrophobic groups are
termed as amphiphilies. Many amphiphiles are found in nature for example long chain
fatty acids like stearic acid (C17H3ssCOOH), arachidic acid (CH3(CH,)1sCOOH), behenic
acid(CH3(CH,)20COOQH) etc. The carboxyl (-COOH) group of fatty acids is hydrophilic in
nature due to presence of oxygen (strong electronegative) element and the long alkyl
chains are hydrophobic. Organic molecules which contain a hydrophilic group like -
NHCOCH;3; -CONHj; -CH,0H, -CN, -COO-, -CH,COCHgs, -CH=NOH, -C¢H4OH etc.,
and having hydrophobic groups are another examples of amphiphilic molecules [1-3].
When an amphiphilic molecule is placed at water surface, it can undergo two different
mechanisms depending upon concentration of the spread materials. At high concentration
micellization occurs at the interface. Whereas at low concentration, a stable monolayer is
formed at air-water interface as shown in figure 1.1 [4, 5]. Hydrophilic (polar) part of
molecule is attracted toward water surface and hydrophobic (non polar) part stay away
from water surface. Alignment of molecules at the interface is also dependent upon
chemical structure of molecules, temperature of water sub phase, concentration of ions at
interface etc. [6].

Polar head
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Figure 1.1: It shows alignment of amphiphilic molecules at the air-water interface. Polar
groups are hydrophilic and non-polar tails are hydrophobic.



1.2 Liquid Crystals as Soft Matter

Reintzer and Lehmann had discoverd liquid crystals in 1888 [7- 9]. It is a state of matter
whose properties are intermediate to liquids and solid crystals [10]. They have high
mobility like liquids as well as positional and orientational ordering like crystal. Incrystal
phase, molecules are highly ordered having long range positional and orientational order
(figure 1.2). When temperature is increased LC phase appear having orientational order
and partial or no positional order. With further increase in temperature ordering of
molecules vanish completely and liquid phase of matter is formed. The materials which
exhibit liquid crystalline phases during heating are known as mesogens [11].

Liquid Crystals molecules can be categorized into two different types: Thermotropic LC

phases and Lyotropic LC.

I = 10

Crystal (Solid) Liquid Crystal Liquid

Figure 1.2: It shows organization of molecules in crystals (solid), Liquid Crystals and
isotropic liquid phase.

Thermotropic LC phase is observed in certain temperature range, phase transition occurs
with increase and decrease of temperature. When temperature is decreased below some
certain point solid crystal phase is attained and isotropic liquid phase is formed at higher
temperatures [12-14]. These LCs have many applications in electro-optic devices and
sensors due to their phase variation with temperature.

Lyotropic LC phases are formed in a solution, with change of concentration of

dissolved materials. Molecules forming lyotropic liquid crystals are usually amphiphilic



in nature. With variation of concentration molecules arrange themselves in different
structures e.g.: spheres, bilayers, discs etc [15-17].

Depending upon arrangement and orientation of molecules, thermotropic as well as
lyotropic liquid crystals are further classified in different phases. Since our present work
is focused on ultrathin films of thermotropic liquid crystals. We will discuss detail of
LCs of our interest only. Thermotropic LCs has four types: Calamitic (rod shaped),
Discotic (disc shaped), Bent Core (banana shape) and LC-polymers. A brief description

of calamitic liquid crystals and bent core LC phases is given below:

1.3  Calamitic Liquid Crystals

Figure 1.3: Schematic view of molecular structure of Calamitic Liquid Crystals
[18].

Calamitic liquid crystal molecules are rod shaped. Their schematic view of molecular
structure is shown in figure 1.3. RC; and RC, are rigid aromatic cores. These cores are
attached with flexible chains at ends. These are shown as R and R’. These are generally
alkyl or alkoxy chains. L is linking group like -N=N-, -COO-, -CH=N, CH,-CH,- etc
between rigid cores. X and Y (F, Cl, CN, CHs etc.) are lateral substitution attached to
cores. They insert special properties to liquid crystalline phase [18].

Depending upon degree of orientational and positional order calamatic LCs are
divided in four types nematic, cholesteric, smectic phase and Ferroelectric Sm C*

phase as shown in figure 1.4.
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Figure 1.4: It shows schematic representation of molecular organization in (a) nematic
(N), (b) smectic A (SmA) and (c) Smectic C(Sm C) phase.

1.3.1 Nematic phase

The nematic phase posses long-range orientational order and no positional order. This is
the least ordered phase among calamatic liquid crystal phases. The long axes of the all
molecules tend to align along a direction. 7(r) (Represents local orientation of all
molecules) is the director. In nematic phase long axis of all molecules is parallel to
director. When LC molecules are cooled down from isotropic phase, nematic phase
appear with decrease in entropy. Long axes of molecules get orientated along one
direction with cooling. The thread like defect patterns of the nematic liquid crystals are

observed under the polarizing microscopy [19].

1.3.2 Smectic Phase
Smectic liquid crystals posses both orientational and positional order. They have layered
structures with fixed interlayer spacing. In each layer molecules have liquid like

arrangement [20]. Long molecular axis of all molecules is in one fixed direction (n). Z

represents layer normal. When director (n) is parallel to layer normal (z), the molecular



arrangement result in formation of Smectic A phase and if n makes an angle (6) with the

layer normal it forms Smectic C phase as shown in figure 1.4.

1.3.3 Cholesteric Phase

Cholesteric LC phase is achieved by doping chiral molecules to nematic mesophase and
therefore it is also named as chiral nematic phase. Chiral doping makes them optically
active [21]. Cholesteric mesophase was first found in esters of cholesterols [22].

In these systems, neighbouring molecules of each layer are aligned at a slight
angle to molecule of another layer. This result in formation of helix with well defined
pitch (P) along local director as shown in figure 1.5. Size of pitch is much longer as
compared to size of single molecule. Depending on the molecular conformation helical
twist can be either right handed or left handed.

Figure 1.5: It shows Helical structure of the chiral nematic phase (cholesteric phase) [22].

Helical arrangement of molecules in this phase has great importance in developing optical
devices. When polarised light is passed through these LCs thier plane gets tilted toward
direction of helix. Cholesteric Phase exhibit schlieren and oily streak textures depending

upon doping materials and surface conditions [23, 24].



1.3.4 Ferroelectric SmC* Phase

In the smectic C* phase (* indicate a chiral phase), the molecules posses positional
ordering in a layered structure similar to smectic C phases, with the molecules making a
finite angle with layer normal. When we add chiral materials to Smectic LC or some

functionalization group is attached to it results in chiral compound in SmC* phase.

Figure 1.6: Helical structure of SmC” liquid crystals: n is director; z is twist axis; p is
dipole moment.

7 shown in figure 1.6 represents long molecular axis of molecules in each layer. Layer
normal is represented by Z. It rotates by small angle from one layer to the next. The
molecules in SmC” exhibit ferroelectric properties due to presence of dipole moment (L)

having direction perpendicular to layer normal Z .



1.4 Bent Core Liquid Crystals
In the recent past, a new system known as bent-shaped liquid crystals have been

discovered.

‘Banana-shaped’

Antiferroelectnc Fermoelectric

Figure 1.7: Layer ordering of bent core molecules in Anti ferroelectric and ferroelectric
phase.

Bent shaped liquid crystal molecules also arrange themselves in layers having positional
ordering but their properties are different from smectic phases. They are immiscible in
each other [25-32]. They posses ferroelectricity but do not contain any chiral carbon

atom. This property appears from bend shape as shown in figure 1.7.

1.5 Structure of bent-core mesogens
Bent core mesogens are not linear in shape like calamatic liquid crystals. They are
consist of calamitic liquid crystals attached by varied linking groups (Y, Y'). Linking
groups are organic functional groups like methylene, carbonyl, ether and thioether [33-
38]. (X, X’) are also linking groups with which calamitic rods are connected to central

core.
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Figure 1.8: General molecular structures of bent-shaped molecules.

Meta substituted benzene rings result in bending angle o as shown in figure 1.8.
Terminal chains are connected at para position of benzene rings. Terminal chains are
long alkyl or alkoxy hydrocarbon chains. Length of terminal chain will decide packing
structure of bent core liquid crystals in bulk. With longer alkyl chains as compared to
spacer a biaxial structure is formed [39, 40], if length of alkyl chain is small molecules

arrange themselves to form SmC phase.

1.6 Phases of Bent core Liquid Crystals (B; — Bg)

Figure 1.9: It shows molecular arrangement of B, phase [28].



Bent core liquid crystals are divided into B1-Bg phases depending upon their molecular
arrangement. Here B represents banana shape of the molecules. Most of the phases are
formed by parallel alignment of molecules in bent direction.
Sekine et al (1997) discovered first compound having B; phase. B; have rectangular
lattice structure as shown in figure 1.9. In this structure columns are formed by molecular
arrangement of bent core molecules in layers. Molecules are arranged in adjacent layers
having opposite polarization direction. Rectangular lattice is formed by having vertex at
central unit. ‘@’ represents number of molecules forming the lattice and ‘b’
gives length of individual molecule. Overlapping of aromatic parts of central unit results
in stabilization of network structure. If chain length is extremely large, there will be
unfavourable repulsion and Bg phase is formed. If chain length in B; phase is very small
molecules move across domains resulting in formation of B, phase.

In B, phase long terminal alkyl chains shows variety of textures under microscope
e.g.: schlieren, focal conic and fringe pattern textures. This phase is most common in
observed bent shaped liquid crystal molecules. In molecular structure of bent core LC
optics axis is tilted normal to layer normal. Layer polarization is also perpendicular to

optic axis as shown in figure 1.10.

Figure 1.10: It shows molecular arrangement of B, phase [28].
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B3 appears on decreasing temperature from B, phase with no textural change on
rapid cooling. Although breaking of domains can be observed on slow cooling. It is
inferred from XRD data of these phases that they posses crystalline structure. But on the
basis of dielectric spectroscopic results they show dynamic similar to B, phase. Hence B3
phase can be termed as highly ordered smectic phase.

B4 mesophase is observed under B, phase or Bs phase. This phase shows coloured
(blue) domains under cross polarizer. Because of blue coloured domains this phase is also
named as smectic blue phase. The XRD pattern reveals small angle as well wide angle
peaks indicating crystalline order.

Bs mesophase appears below B, phase. This phase is observed in molecules which
are fluoro substituted at place of alkyl chains. It is proposed that Bs phase have
rectangular lattice and in-plane molecular packing as shown in figure 1.11.This phase is

reported only in a few systems.

Figure 1.11: Molecular arrangement of bent core LC in Bs phase [41].

Bs mesophase has intercalated structure. In molecular structure gap between the
aromatic (electronegative) cores is filled by alkyl chains. Due to the pattern in packing of
aromatic cores, only alkyl chain having lesser length can form Bg phase (figure 1.12).

This phase exhibits a fan-shaped texture similar to SmA phase.

11
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Figure 1.12: Molecular arrangement of bent core LC in Bg phase [11].

B~ phase shows helical nuclei textures. They appear when bent core molecules are
slowly cooled from isotropic state. Textures usually resembles with telephone wires,
textures are extremely beautiful and fascinating.

Bg compounds are derived from isophthalic acid, which contain carboxylic groups
in terminal alkyl chains. They possess a bilayer texture. Anti-ferroelectric behaviour is
observed in Bg phase at higher temperature

1.7 Langmuir-Blodgett Films

Benjamin Franklin studied the behaviour of thin film on air- water interface [44-43]. He
observed that surface tension at interface is different from tension faced by molecules in
bulk. Interface tensions helped in alignment of molecules. Later on, Agnes Pockles found
that impurities of sub phase had their influence on arrangement of molecules [44-45].
Irving Langmuir, an American scientist, had performed systematic studies on monolayers
floating on air-water interface. He gave understanding about the structure of monolayer

and proposed that the preferred orientation of monolayer was attained due to presence of

12



amphiphilic character of molecule. Monolayers formed at air water interface are referred
as Langmuir monolayers. Later his work was further preceded by Katherine Blodgett
who gave detailed description of sequential monolayer transfer to solid substrate. She
developed experimental set up for making monolayer and multilayers on solid substrates.
Thus, monolayers transferred to substrates are named as Langmuir-Blodgett (LB) films
[46].

1.8 Langmuir Monolayer

Amphiphilic character of molecules is the major requirement to form Langmuir
monolayer. Proper balance between hydrophilic groups and hydrophobic groups of
amphiphilic molecules is necessary to ensure insolubility at water surface. Solution is
prepared by dissolving low concentration of amphiphilic molecules in volatile solvent
such as chloroform. This dilute solution is spread drop wise on water surface. The solvent
will evaporate leaving a well aligned layer on interface. Hydrophilic groups of molecules
align towards water surface and hydrophobic groups are repelled away from water
surface. Monolayers formed by this procedure at molecular level are named as Langmuir
monolayers [47].

The schematic view of Langmuir Blodgett setup is given in figure 1.13. Monolayer
formed is dependent upon nature of spread material [48, 49], pH of the sub phase,
compression rate, temperature of sub phase [50], ions present in sub phase etc. Trough
containing water is usually made up of teflon. The most important parameter in study of
LB films is surface pressure (II). It is defined as the difference between surface pressure

of sub phase in the presence of monolayer and without monolayer [51, 52].

M=yo—y (1.1)

Where ye is the surface tension of water without monolayer and y is the surface tension
with monolayer. Surface pressure is measured by immersing Wilhelmy plate in to
subphase. Wilhelmy plate is attached to electro-balance by a hook. Plate can be made of
platinum or paper. This plate sense surface pressure of monolayer with great accuracy
during compression. Constant compression of monolayer is done by moving barriers at

uniform speed.
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Figure 1.13: Schematic view of LB experimental set up. 1. Monolayer at interface 2.
Liquid subphase (water) 3. Langmuir Blodgett Trough 4. Solid substrate 5.
Dipping mechanism 6. Wilhelmy Plate 7. Electro balance (Surface Pressure) 8.
Barriers 9. DC motor for driving barriers.

After required compression films are easily transferrable to substrate at constant dipping
speed. Solid substrate is fixed in dipper clip. Langmuir monolayer provides very useful

information about intermolecular forces and molecular sizes of materials [53, 54].

1.9 Surface pressure- Area (I1-A) Isotherm

Surface pressure-Area isotherm gives information about various phase transitions
occurring during constant compression. Surface Pressure arises because molecules at
interface experience unequal forces of interactions at interface as compared to molecules
present in bulk.

A typical version of Surface pressure- Area isotherm is shown in figure 1.14. For simple
amphiphilic materials isotherm consist of three distinct regions: Gas phase, Liquid phase
and Solid phase [55].

Initially there is no external pressure on molecules forming monolayer. There is no

interaction force among them and behave like a ‘gas’ which obey ideal gas equation
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Figure 1.14: Isotherm of Langmuir monolayer on constant compression of
barrier.

NA=KT 1.2)

Where IT is the surface pressure of molecules present at interface, A the molecular area, K

denotes Boltzmann constant and T represents temperature.
Researchers have reported deviation from equation 1.2 in most of the monolayers. When
compression process is initiated in gaseous phase, molecules posses weak forces of

attraction. Surface pressure of monolayer will start increasing with decrease in area per
unit molecule. This leads to correction in equation 1.2.

(m+ é) (4, — b) = k,T (1.3)

Where a shows surface pressure increased during compression and b shows reduced area.

Liquid Phase appears with compression, firstly low density phase comes with

molecular ordering, it is intermediate phase between gaseous and liquid phase. In this

phase molecules are randomly arranged as in liquid phase but they have slightly week
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forces of attraction. When this phase is further compressed, molecules come closer to
each other and they arrange themselves in such a way that hydrophobic parts of molecules
are lifted upwards and hydrophilic groups are attracted towards water surface. This partial
ordering of molecules leads to high density two-dimensional liquid phase [56].

With further sliding of barriers towards each other, molecules of monolayer come closer.
Attraction forces among molecules are increases up to great extent which result in
formation of Solid phase [57-60].

Further compression of monolayer form solid phase result in collapsed state. Monolayer
will become 3-D in state. The pressure at which 3-D or multilayers are formed are named
as collapsed surface pressure. So, the collapse pressure can be defined as maximum
surface pressure up to which a uniform monolayer can sustain [61, 62].

As we can clearly examine from figure 1.14 each phase of monolayer has a
characteristic trace on the isotherm plot with a sharp transition at the change of phase.

The monolayer phase can be easily characterized by studying compression modulus | E|.

dnt
™ dAm

EF —-A (1.4)

1.10 Modes of deposition

Deposition of Langmuir monolayer is dependent upon speed of transfer. At low speed of
transfer, monolayer can be easily transferred to solid substrates. Packing structure and
molecular orientation remain preserved during formation of Langmuir Blodgett films. If
transfer speed is chosen very high, the crystalline structure is changed or lost. Chances of
transfer are decreased significantly. Films are always formed at constant surface pressure
[63]. There are two methods which are used to transfer Langmuir monolayer to solid
substrates as shown in figure 1.15:

1. Langmuir Blodgett (\VVertical deposition)

2. Langmuir-Schaefer (Horizontal Deposition)

In Langmuir-Blodgett deposition substrate is lowered vertically into water subphase.
While lowering it becomes in contact with the monolayer present at interface. Monolayer
gets attached to the substrate at constant surface pressure. Repeated immersion emersion
of the substrate at interface results in formation of multilayers. Multilayers can be formed

by three different types (X, Y and Z) of substrate movements as described below:
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Langmuir-Blodgett Langmuir-Schaefer

Figurel.15: Schematic representation of the vertical (Langmuir-Blodgett) and horizontal
(Langmuir -Schaefer) multilayer films transfer method [64].

In Y-type deposition mode sequence of multilayers with alternating hydrophobic-
hydrophobic and hydrophilic-hydrophilic interactions are deposited by repeating up and
down stroke alternately (Figure 1.16). Multilayers can be deposited by X and Z type,
when films are transferred by down stroke and upstroke movements only. Such
multilayers can be formed with molecules having a weakly hydrophilic character or a
slightly polar terminated alkyl chain [65-67].

In horizontal lifting method, substrate is moved up at very slow speed parallel to interface
as depicted schematically in the right side of figure 1.15. Crystalline order of monolayer
is preserved during transfer.

Transfer Ratio is used to calculate how efficiently LB film is transferred to solid substrate

from sub phase.

Decrease in Langmuir monolayer surface area
Total surface area of the substrate

T =

17



Where t represents transfer ratio. For ideal deposition transfer ratio is 1. Many times
this may not be the case, often during transfer, films get modified due to various reasons.

Transfer ratio may deviate slightly from 1.

T W T
I T

==

Y -type X —type Z -type

Figure 1.16: Y, X and Z-type of multilayer deposition (Y-type is centrosymmetric while
the X and Z are non-centrosymmetric) [64].

1.11 Langmuir Blodgett films of Amphiphilic Liquid Crystals and
Functionalized nano-particles

All thermotropic liquid crystal molecules are not amphiphiles; nevertheless many of them
do posses amphiphilic properties. They create stable and compressible monolayers at air-
water interface. These monolayers can be easily transferred to solid substrates [68-71].

Some liquid crystals which donot have balance between hydrophilic and
hydrophobic groups, they can form LB monolayers by addition of long chain fatty acids.
Nano-particles itself do not have tendency to stabilize at interface but after they are
functionalized with long polar alkyl chains, they do get hydrophobic character.

In this thesis we have attempted to understand properties of stable LB films of

ferroelectric liquid crystals and their composite dispersed with nano-particles [72-75].
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Chapter 2
Experimental techniques and Materials Used

Overview
This chapter presents the experimental techniques and materials used for preparation
and characterization of LB films of liquid crystals and their composite systems. It
explains various stages for preparation and deposition of LB films. Experimental
techniques like FTIR used to confirm complete deposition, X-Ray Diffraction (XRD) for
phase determination and Atomic Force Microscopy (AFM) for topography are disc ussed.
Hydrophobicity and hydrophillicity of groups present in ferroelectric liquid
crystal, single wall carbon nano tube, nano-particles and bent core liquid crystal are
discussed along with their molecular structure and 3-D models. A summary of

methodology is also given at end of this chapter.
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2.1 Langmuir-Blodgett Deposition technique

Sensor
Dipper
Wilhelmy plate

Trough

Barriers

Figure 2.1: Experimental set for Langmuir-Blodgett film deposition.
We have used KSV-NIMA, Finland experimental set up. This instrument is a single
minitrough (160 ml without dipping well) system made up of Teflon with a dipper well
for dipping the substrate [figure 2.1]. The working area of the trough may be varied by
moveable barriers, made up of Derlin (polyactelylene). These barriers are also used to
stabilise the surface pressure of monolayer. The surface pressure was measured by
Wilhelmy plate (38mmx19.62mmx10mm) with precision of 0.ImN m™[1, 2]. The
deposition of films onto a solid substrate is done by holding substrate into dipper clip,
then dipper is moved vertically through the floating Langmuir monolayer at the air-water
interface. Movements of both the dipper and the barrier are done by computer controlled
stepper motors. The speeds of the motors can be controlled precisely. The whole set-up is
located in an acrylic small glass cabinet (CABI S) to avoid air streams and dust
deposition and to allow temperature control at 23.0 + 0.1°C. Temperature was measured
using a probe (KN0054), which was immersed in Langmuir trough from one side and the
other side being containing the temperature measuring probe having a wire connected to
an interface unit of KSV NIMA. The whole LB film deposition system is computerized
through interface unit having display. Display shows both barrier position (mm min*) and
surface pressure (mN m) while running experiment. pH measuring probe for KSV-
NIMA System (KN 0011) was also attached through interface [3,4].
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2.1.1 Trough Cleaning and Subphase:

Proper cleaning of trough is very important to study molecular interactions at interface
air-water. Trough is cleaned with ethanol [Merck (AR)] and then rinsed with deionised
water. The proper cleanliness of trough can be ensured when Millipore water (Direct Q3)
completely dewetted the surface after draining it. Most common sub phase used for the
study of mono-molecular film is ultra pure water. Other liquids can be used if they posses
high surface tension as water. We have used water from Milli-Q ultra pure water
purification system. The resistivity of the water was 18.2 MQ.cm. The pH of the water is
~6.0. Addition of ions (changing acidity or basicity) into sub phase will provide
considerable amount of degree of control over monolayer behaviour and the successful

deposition of the monolayer.

2.1.2 Solution Preparation and spreading on Subphase:

Solution (mg mI*) of desired amphiphilic material is prepared using highly volatile water
insoluble solvent such as chloroform. Solutions are ultrasonicated for required amount of
time to ensure proper dissolution. Solutions are kept in air-tight container so that their
concentrations remain unaltered.

Solution is spread on the aqueous surface by Hamilton micro syringe. Small drops at
distance of a few millimeters above the subphase are placed uniformly. Before starting

compression process with barriers, solvent evaporation time is given in each experiment.

2.1.3 Cleaning of Substrates and Deposition:

Silicon substrates were cleaned by solvent clean method. Silicon wafers were placed in
warm acetone (60°C) in a covered petri dish for about 10 minutes, and then substrates
were placed in methanol for about 3 minutes. They are rinsed with deionised water and a
short dip of silicon substrate was made into 2% dilute hydrofluoric acid. This acid helps
in removal native silicon dioxide from wafers so that direct covalent linkage to the Si
surface via a Si-C bond made monolayer chemically and thermally stable as compared to
organic layers on other substrates like glass, mica, quartz etc [5]. At end, substrates were
rinsed with deionised water. Glass substrates are cleaned by using acetone to remove
organic impurities from surface and rinsing is done by using deionised water.

Monolayer and multilayers formed at water surface are successfully transferred to

substrate at constant surface pressure with constant dipper speed (mm min). Transfer
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ratio should be close to 1.0 for all depositions to ensure complete transform of monolayer

to substrate. After detaching substrate from dipper, films are dried in vacuum desicators.

2.2 Fourier Transform Infra-red Spectroscopy:

Figure 2.2: Image of FTIR Spectrometer present at laboratory.

FTIR measurements are carried out by spectroscope (BX-I1I, Perkin Elmer) as shown in
figure 2.2, resolution 4 cm™, scan range 400 cm™ to 4000 cm* at room temperature. 16
scans are performed to ensure results for each film.

When LB film is placed on sample holding stage, IR radiation is passed through film
deposited on glass substrate. Some of the infrared radiation is absorbed by the film and
some of it is passed through (transmitted). The resulting spectrum represents the
molecular absorption and transmission, creating a molecular finger prints of the film.

So, infrared spectroscopy can result in a positive identification (qualitative analysis) of
every different kind of material present in film. In addition, the size of the peaks in the
spectrum is a direct indication of the amount of material present. Intensity of peaks will
change with increasing layer number of deposition. The normal instrumental layout of
FTIR is shown in figure 2.3. Source emits Infrared energy which is then passed through

an aperture, to get desired and controlled amount of energy.
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Figure 2.3: Simple layout of FTIR Spectrometer

This controlled energy beam is passed through interferometer before sending to sample
compartment. Optical path of beam is controlled by its reflection from mirror. When
beam falls on film mounted on sample holder, it gets transmitted from surface of sample.
Specific amount of frequency is absorbed by the sample. The beam passes through
detector for final measurements after getting reflection from beam. Detectors are specially
designed to measure interferogram signal. This measured signal is again converted into
digital signal before sending to computer. In computer Fourier transformation of signal

take place. Infrared spectrum is presented to user for interpretation
2.3 X-Ray Diffraction Spectroscopy

We have used Philips XPERT-PRO MPD X-Ray Spectrometer. Laboratory view of XRD
is shown in figure 2.4. For XRD analysis of LB films, films were deposited on Glass
substrate, to avoid substrate peak. LB films of liquid crystal materials are detected at low
angles. X-ray diffraction is the most wide spread technique for determining the phase
identification, crystal structure, lattice parameter of the crystalline solids. A typical XRD

consist of four main components such as X-ray source, specimen stage, receiving optics
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Figure 2.4: Laboratory view of X-Ray Diffraction spectrometer.
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Figure 2.5: Schematic view of Optical axis of X-Ray Diffraction spectrometer

and X-ray detector as shown in figure 2.5. The source and detector with its associated
optics lie on the circumference of circle focusing circle and the sample stage at the centre
of circle. The angle between the plane of the specimen and the X-Ray source is 6,
known as Braggs angle and the angle between the projection of X-ray and the detector is

20 [6,7].

32



2.4 Atomic Force Microscopy

Atomic force microscopy (AFM) (Solver-NEXT NT-MDT; Zelenograd, Moscow,
Russia) is used for topographical investigations of the thin films as shown in figure 2.6.
AFM images are taken in non-contact mode (scan rate 1 Hz). Silicon nitride (SiN) probe
of tip curvature radius 2 nm is attached to a cantilever (resonance frequency; 87-230
kHz, typical force constant 5.1nN m™). The topography data are sampled in a grid of 512
x 512 points. The imaging is carried out under ambient laboratory conditions. Initially
properly cleaned substrate is scanned under AFM and root mean square roughness < 1nm
is observed. It ensures smoothness of the silicon and its sustainability for monolayer
deposition. AFM images are processed with NOVA P9 Software (Image Analysis
2.1.0.800) which is used also to determine 3-D view and height profiles.

Figure 2.6: Front view of Atomic Force Microscope.

A schematic view of an Atomic Force Microscope is shown in figure 2.7. Tip is attached
at edge of cantilever. The head of the tip is usually coated with a reflecting material like
SIN. When laser light falls, it gets illuminated. The reflected light from tip surface is
collected on a quadrant photodiode. Sample is mounted on a piezo scanner. It can move
in all X, Y and Z direction. When deflection of tip occurs due to its interaction with the
sample, it is monitored by measuring change of light intensity on the photodiode. There
are numerous modes of operation of AFM. Langmuir-Blodgett films are of soft organic

material. They are analysed under non-contact mode of scanning.
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Figure 2.7: Schematic diagram of an atomic force microscope (AFM)
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Figure 2.8: Typical force versus tip-sample distance curve inanatomic force microscopy.

In non-contact mode AFM, attractive forces which are of long range are used to monitor
the tip-sample interaction as shown in force-distance curve in figure 2.9 [8,9]. In this
mode oscillations are produced in cantilever by using electrical oscillator [10]. When the

cantilever was away from sample free oscillations occurs due to non interaction zone.
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When it approaches the sample surface, the tip is attracted toward sample material via
Van der Waals interactions, hence it results in reduces amplitude of cantilever oscillation.
The amplitude of the oscillations can be kept constant at a fixed cantilever-sample

distance. The sample surface is scanned at constant amplitude using a feedback loop as
shown in figure 2.7.

2.5 Ferroelectric liquid crystal molecules

C=N
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Figure 2.9: Molecular structure of the ferroelectric liquid crystal mixture showing
hydrophilic and hydrophobic groups, and its 3D molecular structure [15].

A room temperature FLC [ZLI1-3654 (E. Merck Darmstadt)] is taken as a basic material.
Its chemical and three dimensional molecular structures are given in figure 2.9. The
average molecule length =~ 27.836 A° as determined by Chem Sketch-Advanced
Chemistry Development (ACD) software. It has biphenyl rings as a back bone where as
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alkyl chains at the ends are hydrophobic in nature. Hydrophillicity is provided by chiral
carbon -*CH with chlorine attached to it, the carbonyl groups (- OOC), cyanide (-CN),
and secondary amine’s nitrogen present at meta-carbon in benzene ring [11]. The phase

sequence of this compound is

or 25 smer 25 smar S N5
Where Cr, SmC*, SmA*, N*, | represents crystalline, Smectic C*, Smectic A*, Nematic
and Isotropic phase of liquid crystals respectively [12-14]. These transition temperatures
were determined by differential scanning calorimeter (DSC model LINSEIS L-63) with
heating @ 5 degree minute and verified by thermal polarzing microscopy set up
(Linkam TP 94 and THMS 600) with in £0.1°C temperature precision fitted on the
polarizing microscopy (Olympus BX-51P) stage. Since the molecule exhibit chiral
smectic phase at room temperature, it is a favourable condition to study and understand

the mechanism of thin film deposition by Langmuir-Blodgett method [15].
2.6 Functionlaized Single Wall Carbon Nanotubes and nano-particles

We have used Octadecylamine (ODA) functionalized single-walled carbon nano tube
having diameter d = 2-10 nm and length L = 0.5-2 um, bundle dimensions [Sigma
Aldrich] for preparing LB films. Figure 2.10 shows its molecular structure and 3D model.
These pre-functionalized SWCNTs were used to prepare composites with FLC. ODA
functionalized SWCNTs have amine group, which provide hydrophilic character whereas
hydrophobic character is provided by long alkyl chain of ODA and walls of carbon nano
tubes. Composites of FLC-SWCNTs were made by weight mixing (1, 5) wt % of single
wall carbon nanotubes — FLC in chloroform solution via ultrasonication for 45 minutes
[16].

We have also formed composite of FLC with AZO [AZO= ZnO + 6% AL, size <50 nm
(Sigma Aldrich)] nanoparticles after functionalizing them with octadecylamine (figure
2.11). 0.54 gm of octadecylamine was dissolved into 180 ml of chloroform and then 1gm
of 6% AL doped ZnO was also added to solution. The mixture was sonicated for at least 2
hours. The particles were precipitated from chloroform by adding 400ml anhydrous
ethanol with deionised water till the clear solution is obtained. The powder was dried and
AZO nano particles were doped in FLC matrix. Octadecylamine (ODA) functionalized

AZQO nano particles having amine group and oxygen of metal oxide, which provide
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Figure 2.10: Molecular Structure and 3-D model of Octadecylamine functionalized

Single Wall Carbon Nanotubes.

hydrophilic character whereas hydrophobic character is provided by long octadecyl
chain.(1, 5) wt % of functionalized AZO — FLC composite material were prepared in
chloroform (1 mg ml™) after 30 minutes of sonication. The proper dispersion of nano-
particles in FLC matrix was ensured by uniform solution obtained after sonication [17].
Another nano-particles used are dodecanethiol functionalized silver nano-particles
(5-15 nm) 0.25% (w/v) in hexane [Sigma Aldrich]. Its molecular structure and 3D
molecular model are given in figure 2.12. Dodecanethiol (DDT) functionalized Ag nano
particles have thiol group which provide hydrophilic character whereas hydrophobic

character is provided by long dodecyl chain.
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Figure 2.11: Molecular Structure and 3-D model of ODA functionalized AZO [AZO =
ZnO + 6% AL] nano particles [17].

SCH,L(CH,),,CH3

Figure 2.12: Molecular Structure and 3-D model of dodecanethiol functionalized silver

nano-particles.
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2.7 Bent core Liquid Crystalline molecules

Nearany

C-Hy:0 OH
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Figure 2.13: Molecular structure and 3-D view of bent-core liquid crystal molecules
BC1 [21].

Langmuir-Blodgett films were prepared of two bent core liquid crystal molecules having
molecular structure {[4-(N-4'-n-heptyloxy-2-hydroxy-benzylidene)-amino)phenyl]-[3-(N-
4'-n-butyloxy-2-hydroxybenzylidene)-amino)  benzoate  ]}(BC1) and{[4-(N-4'-n-
tetradecyloxy-2-hydroxy-benzylidene)-amino)phenyl]-[3-(N-4"-n-undec- yloxy-2-hydroxy
benzylidene)-amino) benzoate]}(BC2) as shown in figure 2.13 and figure 2.14
respectively [18, 19]. The molecules have four-phenyl rings as a core where as alkyl
chains at the ends are hydrophobic in nature. The hydrophillicity is provided by carbonyl
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Figure 2.14: Molecular structure and 3-D view of bent-core liquid crystal molecule BC2
[21].

groups (- OOC), alcohol (-OH), and secondary amine’s nitrogen present at core of the
molecule. The molecular lengths are about 4.1 nmand 5.1 nm respectively as determined
by software. Different lengths of alkyl chains attached at ends result in different bent core
angles, BC1 (158.933°) < BC2 (165.46°). [ACD/Chem. Sketch software (Advanced
Chemistry Development, Inc, version 11.01)] was used to estimate the value of area per
molecule assuming a flat film formation. BC1 and BC2 have molecular areas 50.239A°2
and 62.964 A°? respectively [20].
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BC1

87:2°C 174.8°C
K———SM2 > M1 — N -
BC2

96.3°C 105.0°C 1185.5°C
Cr—/™™m>» Cr —™ B7 —>

The phase sequences as detected by POM and the transition temperatures are confirmed
by differential scanning calorimetry (DSC) of the compounds are given above. BC1 and
BC2 both show crystalline phase at room temperature. BC1 has nematic to isotropic
transition at 174.8°C, and M2, M1 are two undefined phases. BC2 have B7 to isotropic
transition at 113.5°C [21].

2.8 Methodology

To prepare LB films, solution of LC materials are prepared in chloroform by ultra
sonicating it. Sub phase is prepared at required pH and temperature. A clear solution
obtained by sonication is spread on subphase by using micro syringe. Generally
quantities in microliters (ul) are drop wise placed on subphase in a uniform manner. A
proper time is provided for evaporation of solvent. Dipper motor is allowed to take
substrate through air-water interface. Then barriers are compressed uniformly at very
slow rate. Isotherm is recorded with decrease in trough surface area.

Films are deposited on solid substrates by continuous strokes; choice
of substrate is dependent upon type of characterization. For XRD amorphous glass is
taken to avoid substrate peak and AFM images are taken on smooth Si substrates to
avoid surface topography. A concise view of methodology is presented in form of flow
chart in figure 2.15.
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C Preparation of liquid crystal composites >

Prepare mixture in chloroform

Vi

Adjust Subphase at required Py and temperature

Spread above mixture on sub phase by
using micro syringe

V

Barrier Compression +Isotherm + substrate Dipping

( Characterizations )

Figure 2.15: Flow Chart showing Langmuir Blodgett films preparation and

characterization
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CHAPTER 3

Langmuir-Blodgett ultrathin thin films of Ferroelectric liquid
crystal and its composites with Single Wall Carbon Nanotubes

Overview
Monolayer of the ferroelectric liquid crystal formed at the air-water interface has been
deposited onto solid substrates by Langmuir Blodgett technique. On compressing
molecules at the sub-phase, a stable monolayer is formed at room temperature. Isotherms
were recorded in constant compression mode. Monolayer and Multi-layers were
successfully transferred to quartz substrate by using Y-Type deposition.
Langmuir-Blodgett films of ferroelectric liquid crystal-Single Wall
Carbon Nanotubes (SWCNTSs) composites have been also prepared and characterized.
Pressure - area isotherms show that the films are stable and have good spreading
properties. The interaction between nanotubes in the monolayer was increased during
barrier compression, resulting in increased surface pressure. We observed phase change
with increasing nanotubes concentration in ferroelectric liquid crystal matrix. Fourier
Transform Infrared (FTIR) spectra of deposited LB films confirm complete transfer of
molecules and X-Ray Diffraction (XRD) spectroscopy shows smectic layer ordering in
composite films. Atomic force microscopy images indicate uniform deposition of

material on single crystal silicon wafer.
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3.1 Introduction

Ferroelectric Liquid crystals (FLCs) are an important class of smart electro-optic
materials in soft condensed matter physics. In the last decades, significant research work
has been carried out on several important FLC (having polarizing groups) materials to
understand their material physics for display devices [1-4]. Typically they have
anisotropy in shape and flat segments of benzene ring which formrigid backbone for long
axis of the molecule. Strong dipoles and easily polarisable groups are present in structure
of many liquid crystals which makes them amphiphilic in nature.

Several research groups investigated physical aspects of liquid crystal thin
films deposited by Langmuir Blodgett technique [5-8], but not much effort has gone to
understand the interfacial properties of ferroelectric liquid crystal. The existence of polar
order in ferroelectric liquid crystals is scientifically fascinating and technologically
important. Thermotropic liquid crystal molecules cannot be directly treated as
amphiphilic, but many of them are able to create stable compressible monolayer at the
liquid surface, which can be easily transferred to solid substrates [9-14].

Some of the recent research reports suggest novelty in carbon nano tubes CNTs—
LC (carbon nano tubes - liquid crystal) combination, the LC behaviour in electro optic
devices such as displays possibly being improved by the presence of small amounts of
CNTs and nano material can easily modify their properties which influence their physical
properties and device behaviour [15-23]. Carbon nano tubes (both Single Walled and
Multi Walled) when doped in FLCs give rise to many interesting properties however,
practical applications have been hindered by the poor dispersibility and solubility. Due to
an organic nature of long alkyl chains functionalized nanotubes; they are dispersible in
organic solvents where as covalent attachments of functional groups influences on tube-
tube stacking.

The effective interactions between carbon nanotubes (CNTs) and the polar LC
molecules result in the formation of soft material composites [24]. This results in the
formation of permanent dipoles near the surface of functionalized SWCNTs. Several
research groups have studied the role of CNT in nematics LC systems. The results reveal
enhanced dielectric constant [25], fast switching time and lower switching threshold
voltage [26] homogeneous dispersion [27, 29], suppressed back flow effect [21], faster
electro-optic effects [15], etc. These effects are more pronounced at lower CNTs

concentrations [28-31]. Some recent reports show that rotational viscosity of FLC
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decreases the doping of SWCNTs while anchoring energy increases due to electron
stacking between host FLC and functionalized nano tubes. Inclusionof MWCNTSs in FLC
significantly affects the dielectric, electrical and electro-optical properties [32- 38]. Thus,
carbon nano tubes (both single walled and multi walled) when doped in FLCs give rise to
many improved properties however, practical applications have been hindered by the poor
dispersibility and solubility. Due to an organic nature of long alkyl chains functionalized
nanotubes; they are dispersible in organic solvents where as covalent attachments of
functional groups influences on tube-tube stacking.

Dispersion of SWCNTSs in FLC is significant because it possess large surface area
and m-m surface electron that results in the strong electrostatic interactions between
SWCNTSs and the surrounding host medium [39-50].

In this chapter, we have made an attempt to study the organization and
orientation of FLC molecules and FLC-SWCNTs composite systems at room
temperature by Langmuir Blodgett technique. Surface Pressure- Area (IT-A) isotherms,
Multiple isotherms during compression and expansions cycles of barriers, Low angle X-
Ray diffraction profile, Fourier Transfer Infrared spectroscopy (FTIR) and Atomic Force

microscopy (AFM) image analysis have been carried out to study LB films.

3.2 FLC Monolayer at air-water interface:
3.2.1 [I-A Isotherm

1 mg ml* solution of FLC mixture (figure 2.9) was dissolved in chloroform by sonicating
the mixture for half an hour. 50ul of this solution was then taken out in Hamilton micro
syringe and spread over Millipore Q filtered water (pH=6.00) contained in the LB trough.
After 20 minutes of the solvent evaporation, the monolayer was compressed @ 10mm
min* using derlin (polyactelylene) barriers.

Figure 3.1 shows a typical profile of surface pressure (II) as a function of
mean molecular area (Mma) of the FLC monolayer. The compression isotherm was taken
by compressing barriers at constant speed (@ 5mm min™) on water sub-phase. Initially
with open barriers, molecules were randomly oriented having negligible interactions
between them. While closing the barriers at a constant speed, compression resulted in
various molecular interactions at the air-water interface. Further compression of
monolayer, results in the orientation and ordering of liquid crystal. Molecules were

initially in gaseous phase at negligible surface pressure but on compression the isotherm
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showed lift-off area per molecule (A; ~13.6 A°?). We observed a gradual rise in the
surface pressure up to 3mNm™. Before attaining this pressure, the monolayer was in
liquid expanded phase and condensed phase was formed at Ag ~ 7 A°? when the FLC
molecules got aligned as stable monolayer on air-water interface. A further increase in
compression results in the collapse of monolayer and multilayer would be formed on the

sub-phase.

- - - Ao= 6.924A%
A = 13.6A”
-—— Condensed Phase

Liquid Exapnded Phase

Surface Pressure (mN m'1)

Lift off Area
/ gaseous phase

T L W e o e e e e e e e R S B B
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

02
Mean Molecular Area(A™“/molecule)

Figure 3.1: Compression isotherm of FLC shows the phase change as the mean
molecular area keeps on decreasing.

3.2.2 Hysteresis in Isotherm cycles

We performed three compression-expansion cycles to stabilise the film at air-water
interface as shown in figure 3.2. We noticed hysteresis behaviour during compression and
expansion cycles of isotherm. This arises due to mixed amphiphilic nature of FLC
molecules and can be related to the chain entanglement and molecular reorganizations
[51, 52].

Figure 3.3 shows a typical profile of surface pressure as a function of time taken for
cycles in the range of 0-6 mN m. We noted three apex points at 6 mN m™* which
corresponds to the maximum surface pressure attained during each cycle. It shows that

the monolayer at the sub phase has taken equal time for each compression and expansion
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Figure 3.2: Surface pressure as a function of mean molecular area (IT —A)
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Figure 3.3: Variation in surface pressure of the FLC monolayer as a function of time during

compression-expansion of barriers. Cycles have been repeated between 0—6 mN m*
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cycle and hints that monolayer was stable as molecules retain their orientation and
positional order during these cycles.

The variation of surface pressure as a function of time during compression and
deposition of monolayer is shown in figure 3.4. We found that the surface shows a steep
increase due to the formation of monolayer initially, whereas on reaching the equilibrium
position it saturates. Films were transferred to the substrate at constant surface pressure
(@ 5mN mt). During the deposition process, number of molecules got decreased as they
are attached to quartz substrate and barriers automatically move to adjust this surface

pressure [11].

3.3 Octadecylamine functionalized SWCNTs and FLC-SWCNTs
composites at air-water interface:
3.3.1 II-A Isotherm of ODA functionalized SWCNTSs

1 mg ml™? solution of functionalized SWCNTs was prepared in chloroform by sonicating
the mixture for half an hour. 100ul of this solution was spread on subphase. After 20
minutes of the solvent evaporation, the monolayer was compressed @ 10mm min™ for
recording isotherm.

Figure 3.5 shows a typical surface pressure profile of functionalized SWCNTs
during first compression of barriers at air-water interface. We noticed that the surface
pressure increases with increasing compression. At 240 cm? (a), monolayer of SWCNTs
is equivalent to two dimensional gas where inter tube interaction is very weak. We
attained surface pressure ~ 0.96 mN m*. Further compression results in plateau region up
to (b), indicating liquid expanded phase of Single Wall Carbon Nanotubes. Surface
pressure increases rapidly when barriers are constantly compressed at (~140 cm?). At this
stage, the nanotubes are in contact with each other and their mutual interaction in this
limited area has increased the surface pressure. A condensed phase (c) was observed at 9
mN m* where SWCNTs might have arranged themselves to form a stable monolayer at
air-water interface [53]. Figures 3.5 also shows two continuous expansion and
compression cycles of barriers having SWCNTs monolayer at interface. It is clearly seen
that expansion cycles do not retrace the compression cycles as it gets shifted towards
lower trough areas. This hysteresis behaviour is evident and indicates that some
aggregation might have occurred amongst nano tubes of monolayer which was not

immediately reversed when the trough area was increased.
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Figure 3.4: Equilibrium surface pressure (ESP) as a function of time. FLC

monolayer at air-water interface stabilises at 5mNm *.
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Figure 3.5: Compression isotherm of functionalized SWCNTs shows phase change,
as area keeps on decreasing from 245 to 46 cm? and hysteresis is observed during two

cycles (compression—expansion) of barriers having SWCNTS at air—water interface.
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During the first down stroke, no material was transferred onto the Si substrate because it
entered the sub phase, with open barriers. But after the compression process, nanotubes
got transferred to the solid substrate during the upstroke, with typical transfer ratio of

1.02. 11 multilayers were deposited by Y-type method.

3.3.2 Isotherms of FLC - functionalized SWCNTs composites

(1, 5) wt % of FLC- SWCNTs composite materials were prepared in chloroform (1 mg
ml?) after 30 minutes of sonication. The proper dispersion of nanotubes in FLC matrix
was ensured by uniform solution obtained after sonication. 100 pl mixtures of both
composites were spread on water sub phase separately. Isotherms were obtained by
constant compression (@10 mm mint) of barriers and monolayers were transferred to
individual Si substrates.

The surface pressure-area isotherm of undoped FLC and FLC doped with SWCNTs
composite materials are shown in figure 3.6. They indicate that the monolayers have good
surface spreading properties. In undoped FLC isotherm, increase in compression resulted
in orientation and ordering of liquid crystal molecules at air-water interface. Initially
molecules were in gaseous phase but then alignment of monolayer increased surface

pressure up to 14 mN m. Surface pressure variation of 1 wt% FLC composite
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Figure 3.6: Isotherms of undoped FLC and composite systems (1, 5) wt%
functionalized SWCNTSs in FLC in matrix.
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indicates that molecules are getting aligned with reduction in the surface area. In this case
surface pressure of well aligned monolayer rise up to 9 mN m which is lower than
surface pressure attained by pure FLC, hinting at the influence of 1 wt% CNT present at
the interface.

Isotherm for 5wt% functionalized SWCNTs in FLC reveals smooth transitions from

the gas to the liquid phase and from the liquid phase to the condensed phase at 1mN m™
and 3 mN m* respectively. This system attains maximum pressure ~ 4 mN m™, which is
lower than surface pressure of 1wt % composite system.
At this composition SWCNTs and FLC are competing for better alignment as -NC=0
group of functionalized nano tubes is getting affinity from —OH group of aqueous sub
phase, simultaneously —F and —COO groups of FLC are aligning on surface. So a packed
network is found up to a little extent. This results in lowering of surface pressure for
5wit% composite system, likely due to molecular stability with nanotubes.

Monolayers and 11 multilayers of composites were deposited on Si and glass substrates
at9 mN  m™and 4 mN m? respectively. The premises about the molecular alignment of
FLC-SWCNTs composite systems at air-water interface, is further confirmed by

topographical investigations by using AFM on their films transferred to Si substrate.

3.4 Fourier transform infrared spectroscopy
(@ FLC films

FTIR spectras of the 11 and 22 multilayer thin films of FLC have been studied using
(BX-1I, Perkin Elmer) as shown in figure 3.7. Interpretations of molecules containing one
halogens was straightforward, because with the polar nature of this chlorine group, we
expected the spectral contribution to be distinctive (C-Cl; 800700 cm®). Absorption at
866.4 cm™ confirmed hydrocarbon chain bond with halide group CH,-X where X= Cl.
Absorption at 1175 cm™ and 1169 c¢cm® in 11 layers and 22 layers of FLC spectra
respectively  corresponded to C-O stretch, (C-O-C; 1200-1050 cml) with alkyl
substitution. Absorptions at 1255.88 cmi* and 1264.24 cm™ corresponded to ®-O-C
stretch (1270-1230 Cm™) Aromatic substitution (®) for 11 and 22 layers FLC
respectively. Absorptions at 1316.51 cm™ corresponded to aromatic secondary amine C-N
stretch. Absorption at 2363.90 cmi* corresponded to nitrogen compounds featuring triple
or cumulated double bonds, such as cyanides (CN; 2285-1990 cm*). The band was

assigned to the stretching vibration, which was the asymmetric stretch in the case of the
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cumulated double-bonded compounds. All the functional groups present in FLC had been
analysed in FTIR spectrum [54-56].

(b) FLC - functionalized SWCNTs composites films

Figure 3.8 shows FTIR spectra of the 11 multilayers of SWCNTs (a) and their composite
systems (b). The interpretation of long chain is straight forward as we have observed a
jagged absorptions at approximately 2908.74 cmi* and 2842.10 cm. These correspond
to C-H stretching anti symmetric and symmetric vibrations for saturated aliphatic chain.

Another absorption is observed at 1381.76 cm™, corresponding to simple bending
vibrations of C-H bonds. Presence of amide group is confirmed by absorption at 3439.96
cm?, it corresponds to N - H mode where as absorption present at 1046.49 cm™
corresponds to C - N stretching.

Absorption present at 1589.99 cm™ corresponds to carbonyl C = O (stretching) of
amine group [54-56]. FTIR spectra confirm complete transfer of SWCNTSs. Transfer of
FLC multilayer has already been reported [57].

In figure 3.8 (b) the disappearances of amide group broadening (3439.96 cm™)
from spectra clearly indicate that FLC and functionalized SWCNTSs exhibit electrostatic
interaction at the surface of nanotubes.

Absorptions at 2948.60 cm™ and 2918.95 cm’ are due to asymmetric and
symmetric vibrations of C-H, which has remained the same as these are in FTIR spectra
of functionalized SWCNTs film, just a slight shift is observed. Absorptionat 1724.08 cm
! confirms presence of carbonyl C=0 group of FLC. Absorption at 1606.47 cm™ is
probably due to C=N bend of the aromatic ring.

Absorption at 1581.73 cm* confirms both aromatic C=C bonding of phenyl rings
and unsaturated wall of nanotubes. Absorption at 1467.84 cm™ is due to C-H bending
vibrations of composites. Absorptions at 1244.87 cm™and 1173.47 cm™ correspond to —
O-C stretch (1270-1230 cm™*) of aromatic substitution and C—O-C substitution (1200
1050 cm 1) respectively.

The interpretation of molecules containing one halogen is straightforward, since
due to the polar nature of the chlorine group its contribution to the spectrum was expected
to be distinctive (C—CI; 800-700 cm). The absorption at 846.42 cm* confirms the
presence of a hydrocarbon chain bonded with a halide group, CH2—X, where X = CI. So,

FLC-SWCNTSs composite were deposited on substrates.
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Figure 3.7: Fourier Transform Infrared spectroscopy profile of FLC multilayers.

36 60
(a) b + +5% SWCNTs in FLC
= 1% SWCNTs in FLC
oooooo - avaiar
34 50 - DR ’.
. P
’ f."‘l\. ot
% k] - T K
e e N i
o 30 ) 104649cm™ | & 30 . . .
e 2842.10 cm E .
£ -1 1381 ;e cm’! §, 1724.08 cm’”
£ 28- 2908.74 cm : S % /1
a I: 7 p AN ) 1606.47 cm \1 \§46.42 em’
é \ 2048.60 cm” 2918.95cm 1581.73 cm \ 1173_41 em”
F %1 33096 cm” 10 124487 om
1467.84 cm
24
0 T T T T T T T T T T T T
T T T T T 3500 3000 2500 2000 1500 1000
3500 2800 2100 1400 700 |
Wavenumber cm

Wavenumber (cm'l)

Figure 3.8 (a) FTIR spectroscopy profile of functionalized SWCNTs, (b) FTIR spectra of
composite systems (1, 5) wt% functionalized SWCNTs in FLC.
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3.5 X-ray diffraction spectras of FLC film and its composite with
SWCNTs:

In order to ascertain the formation of smectic layer ordering in the layers to a set of 11
and 22 multilayers, LB films deposited on quartz substrate were exposed to Cu-k,

radiation source at low angle (2 8 = 1-10°) as shown in figure 3.9. The X-Ray diffraction

- : . + FLC 22 layers

*r 1 2 ¢ 1 4 @ 1 4 o T 3 U a3 T oy o4 oY N 3T W os

——FLC 11 layers

Intensisty (AU)

20
Figure 3.9: Low Angle XRD profile of FLC peaks for 11 and 22 multilayers.

profile shows an intense peak at 20 = 3.2° which correspond to the smectic layer
ordering of liquid crystal molecules with a layer spacing of ~ 27.52 A° [58].

As number of layer increased from 11 to 22 layers, we noticed an increase in
intensity and decrease in peak broadening at 26 = 3.2° [59]. Less broadened peak in XRD
spectra of 22 layers indicates an increase in film thickness [60, 61]. Figure 3.10(a) and
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figure 3.10(b) show low angle and wide angle X-Ray diffraction pattern of 11 multilayers

of composite LB films deposited on glass substrate.
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Figure 3.10: (a) Low angle X-ray diffraction profile of LB film of (1, 5) wt%
functionalized SWCNTs in FLC matrix with 20 = (2.5"- 10') and (b) Wide angle X-ray

diffraction profile of LB film of (1, 5) wt% functionalized SWCNTs in FLC matrix with
20 =(10"- 50).
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At low angle (1, 5) wt % of SWCNTs showed an intense peaks at 20 = 3.2°,
corresponding to the smectic layer ordering of liquid crystal molecules. As the
concentration of nanotubes is increased from 1 to 5 wt %, a decrease in peak intensity
was noticed. From this we conclude that at low concentration doping layer structure of
liquid crystal matrix is not disturbed. Peaks at 260 = 4", 12.0" and 14.0° are due to oriented
octadecylamine chains.

Wide angle X-ray diffraction profile in range (20 = 10 ° - 50°) shows intense peaks at 20 =
20.06° and 24.40° are due to functionalized nanotubes doped in FLC matrix [41-1487:

JCPDS]. The broader peaks are due amorphous nature of liquid crystalline host matrix.

3.6 Topography of LB film

Topography of monolayer deposited on quartz and Si substrate was investigated using
atomic force microscopy (solver-next NT-MDT). Silicon nitride (SiN) probe of tip
curvature radius 2nm  was attached to a cantilever (resonance frequency; 87-230 kHz,
typical force constant 5.1nNm™?). Initially properly cleaned quartz substrate was scanned
under AFM and root mean square roughness < 1nm was observed. It ensured smoothness
of the quartz and its sustainability for monolayer deposition. Then, topography of the
FLC monolayer deposited on quartz substrate was observed under AFM in non-contact

mode.
3.6.1 Topography of FLC monolayer

The images shown in Figure 3.11 were taken at scan range 5x5 um®. AFM image in
figure 3.11(a) showed elongated ferroelectric liquid crystal domains where as figure
3.11(b) represents three dimensional (3D) view with roughness parameter along z-axis.
The black line onthe figure 3.11(a) was drawn to measure the roughness variation along
it; corresponding height profile is shown in figure 3.11(c). Average height profile
indicated roughness about of 2.5 nm. Narrower peaks in height profile indicate the

monodispersity whereas Figure 3.11(d) represents magnitude profile image.
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Figure 3.11: Atomic force microscopic (AFM) image of FLC deposited on a smooth
quartz substrate at 5 mN m:(a)images of FLC monolayer atascanrange 5 x 5 um?, (b)
3D view of FLC monolayer, (c) height profile along black line of image (a),(d)

magnitude profile of monolayer.

3.6.2 Topography of LB Films of functionalized SWCNTs and FLC-
SWCNTSs composites

AFM image of a LB monolayer of ODA functionalized SWCNTs on a single crystal
silicon wafer substrate in a scan range 5x5 pm? is shown in figure 3.12. The deposition
was done at constant surface pressure 8 mN m . In image 3.12(a) film of nanotubes
appears to be consisting of a network having interconnected bundles of nanotubes. 3-D
topography of the deposited film is shown in scan image 3.12(b), which indicates its
uniform deposition. The bundle diameters for the octadecylamine functionalized
SWCNTs is lying in range 2-10 nm as inferred from figure 3.12(c) showing average
height profile of deposited film [62].

During two continuous compression and expansion cycles, some SWCNTs get

attached with others which resulted in hysteresis behaviour. When we deposit monolayer
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after completion of two cycles, a topographical pattern obeying isotherm data was
observed. In figure 3.13(a) nanotubes having tubular topography are attached with each
other are shown in scan range 500 x500 nm?. Image 3.13(b) gives 3D view of attached
nano tubes which hints at some aggregation occurring amongst Single Wall Carbon
Nanotubes in the monolayer, which was not immediately reversed on expansion. Height
profile in figure 3.13(c) shows average diameter of tubes ~ 8nm. High coverage of nano
tubes on the surface enables us to see the result by statistical analysis.

Thus we find maximum number of counts of particles having size in range of2-10 nm as
shown in figure 3.13(d).Figure 3.14 shows AFM image of 1 % functionalized SWCNTs
in FLC deposited at 9 mN m’. The AFM image having scan range 1x1 pm? shown in
image 3.14(a) have elongated ferroelectric liquid crystal domains, tubular topography is
not observed because of very less weight percent of SWCNTSs in it and image 3.14(b)
gives a three-dimensional (3D) view, with the roughness parameter along the z-axis. The
corresponding average height profile is shown in figure 3.14(c), the average height profile
indicating a roughness ~ 2.5 nm, which is near to average length of FLC molecules.

Narrower peaks in the height profile indicate mono dispersity

Figure 3.15 shows image in scan range 5x5 pn? for 5 % mixture, where as
topography of aligned SWCNTs along with ferroelectric liquid crystal domains is shown
in figure 3.15(a). 3-D view as shown in image 3.15(b) infer about complex pattern of
both globular as well as tubular topography and 3.15(c) shows average height profile
having average tube diameter ~ 6nm, this is because of strong (m-m) electrostatic
interaction between SWCNTs wall and FLC’s biphenyl rings.

This suggest the possibility of aligning carbon nano tube using FLC as enabling
material, it has many important applications in nano tube based electronics [63], where

large scale alignment is required to avoid short circuit and undisturbed tube interaction.

3.7 Conclusions

It is concluded that the amphiphilic nature of the FLC and functionalized nanotubes
played a vital role in the orientation and ordering of films at interface. Reproducibility of
the II-A isotherm confirmed the stability of the mono-layer. The XRD profile indicated
smectic layering of the FLC molecules and FTIR spectra confirmed complete deposition
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Figure 3.12: AFM image of functionalized SWCNTs deposited at 8 mN m™ on single

crystal silicon wafer. (a) 5 x 5 um? 2-D image (b) 3-D view and (c) shows average height

profile.
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Figure 3.13: Image of 500 x 500 nm?, interconnected SWCNTSs are observed. (a, b)
shows 2-D and 3-D image, while (c) shows average height profile and (d) provides

count of size distribution.
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Figure 3.14: Images of 1 wt% ODA-functionalized SWCNTs in FLC deposited at 9 mN
m * on single crystal silicon wafer. (a) It shows 1 x 1 pm? 2D image, (b) shows 3-D

view and (c) shows average height profile.
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Figure 3.15: Images of 5 wt% functionalized SWCNTs in FLC deposited at 4 mN m* on
single crystal silicon wafer. (a), (b) and (c) show 5 x 5 pm? 2-D image, 3-D view of

deposited LB film and average height profile, respectively.

of the FLC and composite films. SWCNTs in FLC matrix enhances stability due to n—n
stacking of SWCNTs with the FLC molecules. Thus LB technique provides new insight
into ultrathin films of LCs, which will find a variety of applications in sensor devices.
These investigations have opened up vistas for understanding the switching and other
electrical properties of FLC-SWCNTs thin films by providing molecular level ordering

of nanotubes in FLC matrix.
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CHAPTER -4

Effects of nano-particle doping on the Phase transitional
behaviour of ferroelectric liquid crystal Langmuir -Blodgett
composite films

Overview

Langmuir—Blodgett films of ferroelectric liquid crystal doped with low concentration of
functionalized {ZnO: At (AZO) and Ag} nano-particles were prepared and characterised.
Pressure—area isotherms show that the nano-particles as well as FLC composite systems
have capability to form stable monolayer at air-water interface. The molecular interaction
between nano-particles and ferroelectric liquid crystal molecules increases during barrier
compression, which resulted in increased surface pressure. We observed various phases in
isotherms with increasing concentration of nano-particles in the ferroelectric liquid crystal
matrix. X-Ray diffraction profile at low angle confirmed that ferroelectric liquid crystal
retains its layer structure at low concentration doping of nano particles in FLC matrix.
Atomic force microscopy images indicate that low wt% composites are uniformly

deposited without disturbing translation behaviour of Sm C* liquid crystal.
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4.1 Introduction

We know that nano-particles have their effect on the electro-optic performance of
ferroelectric liquid crystals [1-6], but effect is dependent on the size, intrinsic
characteristics and doping concentration of nanoparticles [7-10]. Low doping
concentrations usually lead to even distribution in liquid crystal matrix. We have prepared
LB films of AZO nanoparticles because AZO nanoparticles posses several favourable
semiconducting properties, good transparency, high electron mobility, wide band gap and
Ag nano-particles have unique electro-optical response [11-14].

Liquid crystal (LC) alignment plays important role in fabricating liquid crystal
displays. There are several ways to align LC materials, some conventional techniques are
like photo alignment, and polymer stabilized alignment by using polyimide (PI) films
[15-18] and the nano-particle induced alignment for developing thin films at room
temperature [19-23].

Research groups have prepared thin films of these doped composite systems by
all these methods at micro scale. But in many applications molecular level ordering is
required; this ordering can be attained by Langmuir-Blodgett (LB) technique at
nanometer scale [24-28].

Amphiphilic LC creates stable compressible monolayers at the air—water interface
which are easily transferrable onto solid substrates [29-31]. Functionalized nano-particles
also have tendency to align themselves on air-water interface. They have proper balance
in hydrophilic and hydrophobic groups as shown in figures 2.11 and 2.12. The films
formed by addition of nano-particles in FLC matrix forms a new class of composite
materials for variety of applications [32-35].

We made an attempt to understand the effects of nano-particle doping on properties of
FLC thin films. We doped ZnO: At (AZO) and Silver (Ag) nano-particles in FLC matrix.

Monolayers at air—water interface were characterised by surface pressure—area
(II-A) isotherms. Low Angle and Wide Angle X-Ray diffraction are used to study phase
transition of LB films deposited on glass substrates, Fourier Transform Infrared
Spectroscopy to study interaction between nano-particles and FLC matrix and atomic
force microscopy (AFM) were used to investigate topography of LB films deposited on Si
wafer.
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4.2 Fourier Transform Infrared (FTIR) Spectroscopy of
functionalized AZO and Ag nano-particles

Figure 4.1 shows FTIR spectras of Octadecylamine (ODA), ZnO: At (AZO) and ODA
functionalized AZO nano-particles. In AZO, two major absorptions are present. One at
3469 cm’ and other near to 503 cm™; firstone is due to Zn-O bond and other is from
6% AL doping in ZnO.

In ODA major absorptions corresponds to presence of amine and carbon atoms of
octadecyl chain. Presence of amide group is confirmed by absorption at 3331.96 cm™.
The interpretation of long chain is straight forward as we have observed jagged
absorptions at approximately 2912.13 cm™* and 2896.10 cm*. These correspond to C-H
stretching asymmetric and symmetric vibrations for saturated aliphatic chain. Absorption
present at 1583.00 cm™ corresponds to carbonyl C = O (stretching) of amine group.
Absorption is observed at 1360.00 cm', corresponding to simple bending vibrations of C-
H bonds.

In ODA —AZO a broad absorption is missing at 3469 cm™, which was present in
FTIR of AZO nano-particles, it confirms the chemical functionalization through oxygen.
The absorptions seen at 2851.00 cm™ and 2903.00 cm* to saturated octadecyl chain
Absorption at 3331 cm™ in FTIR spectra of ODA was due to presence of free NH, group.
This absorption peak has shifted to 3229 cm in spectra of ODA functionalized AZO
nano-particles. It is due to chemical functionalization of AZO nano-particles [36, 37].

We have purchased pre-functionalized Ag nano-particles. FTIR spectra of DDT
functionalized Ag nano-particles is given in figure 4.2. In the spectrum of DDT
functionalized Ag nano-particles, the CH, symmetrical and asymmetrical stretching bands
appear at 2959.25 cm *& 2924.66 cm * and 2872.90 cm *& 2854.40 cm * respectively
[38, 39] which are due to long dodecanethiol chain attached to Ag atom.

The absence of S—H stretching band at 2700-2550 cm* in spectrum is clearly
observed which is resulted from the coordination —SH to the surface of the nano-Ag
particles. Wagging (Wx) progression bands of dodecyl chains appear at 1459.55 cm %,
1378.50 cm tand 1117.47 cm* (1400-1150 cm*). Absorption at 724 cm* is due to Ag
nano-particles. Hence long alkyl chains are attached to nano-particles provide balance

between hydrophillicity and hydrophobicity to make stable monolayers at water surface.
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Figure 4.1: FTIR spectra of AZO nano-particles, Octadecylamine (ODA) and ODA
functionalized AZO nano-particles.
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4.3 Surface Pressure- Area (II-A) Isotherms of nano-particles — FLC
films

100 pl of solution prepared by dissolving 1.0 mg ml™* of Octadecylamine functionalized
AZO nano-particles in chloroform was spread on the aqueous surface by Hamilton micro
syringe. After providing evaporation time ofabout 15 minutes, barriers were swept closer
@ 10mm min*. Before starting next experiment, trough was thoroughly cleaned by using
ethanol and deionised water. 50 pl of solution (Img ml™* FLC in CHC(3) was spread on
trough water and isotherm was recorded at constant barrier speed (10 mm min™) to
prepare monolayer of FLC material. (1, 5) wt % of AZO — FLC composite material were
prepared in chloroform (1 mg ml?) after 30 minutes of sonication. The proper dispersion
of nano-particles in FLC matrix was ensured by uniform solution obtained after
sonication. 50 pl mixtures of both composites were spread on water sub phase separately.

The surface-pressure isotherms of undoped FLC and AZO nano-particles doped

FLC composite materials are shown in Figure 4.3. The isotherms indicate the formation
of stable monolayers at constant compression speed. As in undoped FLC isotherm,
increase in compression resulted in orientation and ordering of LC molecules at air—water
interface. Initially molecules were in the gaseous phase but then alignment of monolayer
had increased surface pressure up to 7 mNm™, at this pressure a condensed phase was
formed. Surface-pressure variation of 1 wt% FLC composite at constant barriers
compression 10 mm min™* indicates that the molecular  alignment as a function of
reduced surface area. In this case, surface pressure of well-aligned monolayer raises up to
14.76 mN m %, which is greater than surface pressure attained by undoped FLC hinting at
the presence of nano-particles doped system at the interface. Where as isotherm for 5
wt% functionalized AZO nano-particles in FLC reveals smooth transitions from the gas to
the liquid phase and from the liquid phase to the condensed phase at 2.66 mN m™* and
4.45 mN m* respectively.

This system attains maximum pressure ~30 mNm *, which is higher than surface pressure
of 1 wt% composite system. At this composition, AZO nano-particles and FLC molecules
are competing for better alignment. We believe that the -NC=0 group of nano-particles
is getting affinity with —OH group of aqueous sub phase, simultaneously —-Cl and — CO
groups of FLC are aligning on surface. So a packed network might get formed. This
results in an increase of surface pressure for 5 wt% system, likely due to molecular

stability with nano-particles. Figure 4.3 inset shows typical LB surface pressure-Area (I1-
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A) isotherm of functionalized AZO nano-particles Three distinct regions are observed in
this profile. Region | represents rise in the surface pressure (up to 11 mNm™) which occur
due to molecular ordering in the gaseous state resulting in the formation of expanded
liquid phase. On further compression of barriers, surface pressure increases up to 21.18
mNm® [Region 1], representing the liquid condensed phase. Region Il represents solid
condensed phase, formed with a sharp rise in the surface pressure up to 43.39 mNm™.
The functionalized AZO nano-particles thus have a stable monolayer at air-water
interface, which was easily transferred to Si substrate at 42.0 mNm™.Monolayers and 11
multilayers of (1, 5) wt% composites were transferred to glass and Si wafer substrate at
14 and 30 mN'm* respectively.

1mg mi* solution of FLC material was prepared in chloroform by sonicating the
mixture for about 30 minutes. 50 pl of this solution was spread on trough water and
isotherm was recorded at a constant compression (10 mm mint). (1, 5) wt % of Ag —
FLC composites material were prepared in chloroform (1 mg ml™) after 30 minutes of
sonication. The proper dispersion of nano-particles in FLC matrix was ensured by
uniform solution obtained after sonication. 50 pl mixtures of both composites were spread
on water sub phase separately.
Surface pressure—area (I1-A) isotherms profiles of undoped FLC and (1, 5) wt% of DDT
functionalized Ag nano-particles in FLC matrix are given in figure 4.4. Inset (figure 4.4)
shows I1-A behaviour of DDT functionalized Ag nano-particles at air-water interface. In
undoped FLC isotherm condensed phase surface pressure reaches up to 7 mN m™* At
these stage molecular interactions among FLC molecules has resulted in formation of
well orientated monolayer at air-water interface after passing through gaseous and liquid
expanded phase.

In 1 wt% FLC composite isotherm molecules were in gaseous phase up to 175 cm?.
With constant compression, interaction between nano-particles and FLC resulted in
increased surface pressure ~ 12.46 mNm*; whereas further rise in surface pressure up to
245 mN m' is observed in case of 5 wt% functionalized Ag nano-particles in FLC
matrix. Thus with increasing concentration of nano-particles, increased interaction
among them resulted in increased value of surface pressure. Monolayer and 11
multilayers of both composites were successfully deposited at constant surface pressure

(12 mN m?, 24 mN m™) on Si wafer and glass substrate respectively.
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In surface pressure-Area (I1-A) isotherm of dodecanethiol functionalized Ag nano-
particles, various phase changes were observed with constant compression of barriers.
The molecules were initially in the gaseous phase at negligible surface pressure, but on
compression the isotherm move to liquid expanded phase.

A gradual rise was observed in the surface pressure up to 25 mN m*. Before attaining
this pressure the monolayer was in the liquid expanded phase, and the condensed phase
was formed at A ~ 116 cn?, when the functionalized Ag nano-particles molecules had
become aligned as a stable monolayer at the air—water interface. Monolayer and 11
multilayers were successfully deposited (at surface pressure 29 mN m*) on Si wafer and

glass substrate respectively.

44 Fourier Transform Infrared (FTIR) Spectroscopy of LB films
Figure 4.5 shows FTIR spectra of composite systems (1, 5) wt% of ODA functionalized
AZO nano-particles in FLC. Absorption at 845.21 cm ! confirmed the presence of a
hydrocarbon chain bonded with a halide group, CH2—X, where X = CI. Absorption at
1016 cm* corresponded to C-O stretching (C—O-C; 1200-1050 cm ! ), with alkyl
substitution of FLC. Absorption at 1166.81 cm®, 1428.36 cm™ and 1466.21 cm*
corresponded to C-C stretch of aromatic rings of FLC; it is due to interaction occurring
between FLC and long alkyl chain of functionalized AZO nano-particles. Absorption at
1538.51 cm ! corresponded to N-H bend of functionalized nano-particles. Absorption at
1758.97 cm* corresponded to C=0 stretching of ODA. Absorptions at 2921.96 cm* and
2852.38cm are cm ~ corresponded to C-N stretch of octadecyl amine. Absorption at
1246 cm* corresponded to 1606.71 cm’, due to octadecylamine chain. Presence of
absorption at 3485.80 cm™ confirms presence of N-H group .Absorptionat 663.22 cm*
confirms presence of 6% aluminum doping in ZnO. So FTIR spectra confirm complete
transfer of molecules from air-water interface and hints at interaction occurring between
them.

Figure 4.6 shows FTIR spectra of LB film of composite systems (1, 5) wt% of
DDT functionalized Ag nano-particles in FLC matrix. Again absence of S—H stretching
band at 2700-2550 cm * in composite spectrum confirm coordination —SH to the surface
of the nano-Ag particles. The CH, symmetrical and asymmetrical stretching bands of
dodecyl chain appear at 2956.35 cm *& 2924.78 cm * and 2872.78 cm '& 2855.11 cm *
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respectively, which are almost similar to LB film of functionalized Ag nano-particles.
Absorption at 1585.06 cm* corresponds to N-H band of FLC. Absorption at 1609.11
cm ! corresponded to C-C aromatic structure of FLC.

Absorptions at 1168.54 cm * and 1248.44 cm™ corresponded to C—O stretching
(C—O-C; 1200-1050 cm !). Absorption at  798.45 cm '  confirms the presence
distinctive (C—CI; 800-700 cm™) of FLC molecule. Absorptions at 1459 cmt, 1430.17
cm* and 1378 cm* are due to CH, symmetrical and asymmetrical stretching bands of
DDT molecule. Absorptions at 1609.11 cm ™ and 1585 cm * and absorption at 1248.44
cm—1 corresponded to ®-O-C stretch (1270-1230 ¢cm—1), aromatic substitution (®) for
FLC. Absorptions at 1378.44 cm—I1corresponded to aromatic secondary amine C—N
stretch. Absorption at 724 cm™ is due to Ag nano particles. All groups present in the FLC

and functionalized Ag nano-particles were analyzed by FTIR spectrum [40].

4.5 X-Ray Diffraction Spectroscopy of LB films

Figure 4.7 and figure 4.8 show low angle and wide angle X- Ray diffraction pattern of 11
multilayers of (1,5) wt % composites LB films deposited on glass substrate. In figure 4.7
low angle (20 =2.5° — 10°) XRD for (1, 5) wt % of AZO functionalized nano-particles in
FLC matrix showed an intense peak at 26 = 3.2°, corresponding to the smectic layer
ordering of liquid crystal molecules with a layer spacing of ~27.52 A [41]. As the
concentration of AZO nano-particles is increased from 1 to 5 wt %, a decrease in intensity
was noticed.

In figure 4.8 wide angle range (20 = 10 ° — 80°) shows intense peaks at (100),
(002), (101), (102), (103), (110), (112) corresponding to ZnO (36-1451 JCPDS) [42, 43].
Broader diffraction peaks observed in range (20 = 20°- 24°) are from long alkyl chain of
octadecylamine, such a lattice can only result from the periodic arrangement of ODA-
AZO nano-particles in FLC matrix. From this we conclude that with doping of nano
particles, layer structure of liquid crystal matrix is not disturbed.
Figure 4.9 shows low angle X-ray diffraction profile of LB film of (1, 5) wt%
functionalized Ag nano-particles in FLC matrix with20 = (2.5°- 5) and 4.10 shows wide
angle X-ray diffraction profile of LB film of (1, 5) wt% DDT functionalized Ag nano-
particles in FLC matrix with 20 = (5°- 50).
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Figure 4.7: Low angle X-ray diffraction profile of (1, 5) wt% functionalized AZO
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Figure 4.8: Wide angle X-ray diffraction profile of (1, 5) wt% functionalized AZO
nano-particles in FLC matrix with 20 = (10°-80).
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functionalized Ag nano-particles in FLC matrix with 20 = (2.5 - ).

—o=—1 wt % functionalized Ag nanoparticles in FLC
— = 5 wt % functionalized Ag nanoparticles in FLC

Intensity (a.u.)

20°

Figure 4.10 Wide angle X-ray diffraction profile of LB film of (1, 5) wt%
functionalized Ag nano-particles in FLC matrix with 20 = (5"- 50 ).
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In Low angle spectra an intense peak at 20 = 3.2" and 4" are due to smectic layer ordering
of FLC molecules and long dodecyl chain respectively [44]. Peaks at 20 = 16.15 * and
20.23 are due to Ag nano-particles (87-0598: JCPDS). Other intense peaks at 6.36°, 7.99,
8.69"and 14.63" are due to alignment of DDT chains in LB films of composite systems.

4.6 Topographical images of LB films

Atomic force microscopy (AFM) (Solver-NEXT NT-MDT,; Zelenograd, Moscow,
Russia) was used for topographical investigations of thin films. AFM images were taken
in non-contact mode (scan rate 1 Hz) by using Silicon nitride (SiN) probe of tip curvature
radius 2 nm was attached to a cantilever (resonance frequency; 87-230 kHz, typical
force constant 5.1nN m™) [45]. The topography data were sampled in a grid of 512 x 512.
The imaging was carried out under ambient laboratory conditions. Initially properly
cleaned silicon substrate was scanned under AFM and root mean square roughness < 1nm
was observed. It ensured smoothness of the silicon and its sustainability for monolayer
deposition [46, 47]. AFM images were processed with NOVA P9 Software (Image
Analysis 2.1.0.800) whichwas also used to determine 3-D view and height profiles.

AFM image of LB monolayer of functionalized AZO nano-particles deposited on
a single crystal silicon wafer substrate in a scan range 1x1 pm? is shown in figure 4.11.
The deposition was done at constant surface pressure 42 mN m™.. In image 4.11(i), film
of nano-particles appears to be consisting of many grains, having mountain-valley-like
morphology. 3-D view of the deposited film is shown in image 4.11(ii), which indicates
its uniform deposition. The average size of octadecylamine functionalized AZO nano-
particles is lying in 10-35 nmas inferred from figure 4.11(iii).
Figure 4.12 shows AFM image of 1 wt% functionalized AZO nano-particles in FLC
deposited at 14 mN m™. The AFM image of scan range 2x2 um?, shown in image 4.12
(i) have elongated ferroelectric liquid crystal domains as well as mountain-valley-like
topographical coverage in limited area because of very less weight percent of AZO nano-
particles in it and image 4.12(ii) gives a three-dimensional (3D) view, with the roughness
parameter along the z-axis. The corresponding average height profile is shown in figure
4.12 (iii), the height profile indicating a roughness ~ 20 nm, which refer to presence of
AZO nano-particles and height peaks in the range of 2-3 nm indicate FLC host matrix,
which is same as size of FLC molecules [figure 2.9]. Narrower peaks in the height profile

are indicative of mono dispersity of AZO nano-particles in FLC matrix.
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Figure 4.13 shows image in scan range 5x5 pm? for 5wt% mixture, topography of aligned
AZO nano-particles along with ferroelectric liquid crystal domains is shown in figure
4.13(i). 3-D view as shown in image 4.13(ii) infer about complex pattern of FLC
domains and valley like topography of nano-particles and 4.13(iii) shows average height
profile having height ~ 2-20 nm having distinct peaks corresponding , so there is no
severe agglomeration of the particles and they remain stabilized and well dispersed
in the smectic C phase. The nano-particles appear to be stabilized by repulsive
interactions between functionalized nano-particles forming stable dispersions in the
SmC* phase [48].

Figure 4.14 shows atomic force microscopic images of functionalized Ag nano-particles
deposited at 29 mN m* on single crystal silicon wafer. 4.14 (a) shows 5 x 5 pm? 2-D
image, 4.14 (b) shows 3-D view and 4.14 (c) shows height profile. Topography of film
reveals that nano particles are well separated from its neighbouring nano-particles,
indicating that Ag nano-particles are well functionalized by dodecanethiol molecules.
3D view shows that height of nano-particles monolayer lies between 6-10 nm, similar
profile is shown by height image.

Figure 4.15 shows AFM images of 1 wt% DDT-functionalized Ag nano-particles
in FLC matrix deposited at 12 mN m * on single crystal silicon wafer. 4.15(a) shows 5 x 5
um’ 2D image which shows average contrast of deposition up to 8nm, 4.15 (b) shows 3-D
view and 4.15(c) shows average height profile, red lines in height profile indicate peaks at
2.3nm are due to FLC and peaks up to 6-7 nm are due to functionalized Ag nano-
particles. The AFM images show that there is no severe agglomeration of the particles
and they remain stabilized and well dispersed in the smectic C phase.Raised humps
region in figure 4.15(b) are due to individual nano-particles. The nano-particles in FLC
matrix are stabilized due to repulsive interactions among them.

Figure 4.16 shows images of 5 wt% functionalized Ag nano-particles in FLC
deposited at 24 mN m* on single crystal silicon wafer. 4.16(a), 4.16(b) and 4.16(c) show
5 x 5 um? 2-D image, 3-D view of deposited LB film and average height profile
respectively. It is similar to 1 wt% nano-particles in FLC matrix, with increase in
concentration density of nano-particles is increased in imaging area. As FLC domains are
clearly observed in images of composite systems, it indicate translation behaviour of FLC

remain unaltered with low concentration doping.
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Figure 4.11: Atomic force microscopic images of functionalized AZO nano-particles
deposited at 42.0 mNm* on single crystal silicon wafer. (i) 1 x1 pum? 2-D image (ii)
3-D view and (iii) shows average height profile.
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Figure 4.12: Images of 1 wt% ODA-functionalized SWCNTs in FLC deposited at
14 mN m *on single crystal silicon wafer. (i) It shows 2 x 2 pm? 2D image, (ii)
shows 3-D view and (iii) shows average height profile.
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Figure 4.13: Images of 5 wt% functionalized AZO nano-particles in FLC deposited
at 30 mN m* on single crystal silicon wafer. (i), (ii) and (iii) show 5 x 5 pm? 2-D
image, 3-D view of deposited LB film and average height profile, respectively.
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Figure 4.14 Atomic force microscopic images of functionalized Ag nano-particles
deposited at 29 mN m* on single crystal silicon wafer. (a) 5 x 5 pm? 2-D image (b) 3-D
view and (c) shows height profile.

"0 05 10 15 20 25 30 35 40 45 50
pm

Figure 4.15: Images of 1 wt% DDT-functionalized Ag nano-particles in FLC deposited
at 12 mN m* onsingle crystal silicon wafer. (a) It shows 5 x 5 pm? 2D image, (b) shows
3-D view and (c) shows height profile.
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Figure 4.16: Images of 5 wt% DDT-functionalized Ag nano-particles in FLC
deposited at 24 mN m* on single crystal silicon wafer. (a) It shows 5 x 5 pm? 2D
image, (b) shows 3-D view and (c) shows height profile.
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Doping of nano-particles in liquid crystal matrix also help in alignment of host molecules
at substrate. This aspect of composites systems is expected to have their applications in
optical devices.

4.7 Conclusions

We have successfully prepared uniform Langmuir Blodgett films of functionalized AZO
and functionalized Ag nano-particles. They form stable monolayers at air—water interface
and stability is enhanced due to strong interaction between alkyl chains of functionalized
nano-particles with the FLC molecules. LB films of nano-particles-FLC composite
system have been transferred to substrates. X-Ray diffraction profile confirms dispersion
of nano-particles in FLC matrix, without disturbing the SmC * layer structure (translation
behaviour) of FLC. Similar results are interpreted from AFM images of LB films. These
well organized composite films can have variety of applications in sensors and optical

devices.
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Chapter5

Effect of pH on the control of molecular orientation
in monolayer of bent-core liquid crystal materials by
Langmuir-Blodgett method

Overview

Control of molecular orientation at the substrate surface is significant to understand the
surface science. Langmuir-Blodgett films of bent-core liquid crystals having alkyl chains
at both ends were deposited on silicon substrate. Studies were carried out on air—water
interface by changing pH of the subphase. On compression, molecules were arranged in
stacks at high pH where as uniform monolayer was formed at lower pH. Limiting area
gets increased at low pH, which resulted in the formation of monolayer after attaining a
sustainable surface pressure. Langmuir films were transferred to silicon substrate, and

atomic force microscopy images showed appropriate height profiles.
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5.1 Introduction

The understanding of the molecular orientation distribution in organic thin films is not
only of fundamental interest but also of practical importance for designing organic
materials for optoelectronics and other device applications. Different kinds of organic
materials have been extensively studied for understanding physical and chemical
properties with regard to their molecular orientations [1-6].

Liquid crystals that have hydrophilic organic functional groups and hydrophobic alkyl
chains are capable to form Langmuir monolayers at air—water interface [7—13]. This
balance of hydrophillicity and hydrophobicity governs the stability of Langmuir films.
Among LCs, bent-shaped liquid crystal molecules have attracted attention of both
chemists and physicists. It is due to their extraordinary characteristics, including
spontaneous supramolecular chirality, ferroelectricity and anti-ferroelectricity, electro-
optic switching and exotic phases. The crucial prerequisite for achieving polar order and
chirality in any of the materials is that the individual constituent molecule should possess
a bent shape in the central core and form smectic layers in which the molecular planes are
tilted, resulting in a spontaneously chiral architecture.

Efforts have been made to deposit LB films of rod-shaped liquid crystals in chapter 3, but
it has been difficult to align bent-core molecules. In order to form their homogenous
monolayer, researchers have used several methods to form composite films with long
chain amphiphilic molecule and by mixing bent core molecules with 8CB [14, 15] but
these mixed films exhibit different physicochemical properties. Few reports focused
particularly on the interfacial behaviour of such molecules only at the air—-water interface
[16-21].

In this chapter, we have aligned pure monolayer of bent-core liquid crystal molecules
with different end alkyl chains by varying pH of the subphase.

1 mg mI* solutions of BC1 and BC2 bent core liquid crystal in chloroform were
obtained by ultra sonicating the mixtures for half an hour separately. 50 pl of each
solution was spread drop wise on the aqueous surface using a Hamilton micro syringe
held very close to the aqueous surface separately, Milli-Q filtered water (pH = 6.00)
contained in the LB trough, and then the solvent was allowed to completely evaporate
over a period of 15 minutes before compression of the monolayer at a constant sweeping
@ 5 mm min? using derlin (polyactelylene) barriers. Then sub phase was replaced with

0.1mM solution of HC{ in water to attain pH =4 and 0.01 M solution of HC{ in water to
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attain pH=2 [27]. Again solutions of BC1 and BC2 in chloroform was spread at these pH
values. pH measuring probe for KSV NIMA System (KN 0011) was attached through

interface.

5.2 II-A isotherms:

Surface pressure-area (IT-A) isotherms were plotted to study alignment of molecules at
air-water interface [23]. Figure 5.1 shows the typical surface pressure profiles of bent
core liquid crystalline molecule (BC1) as a function of area per molecule at three
different sub phase pH levels. [Inset levels (a), (b), (c) represent hypothetical illustration
to explain molecular orientation at different stages of compression.

At pH=6, compression of the monolayer @ 5mm min™ for BC1 molecule is
initiated. The isotherm has a shoulder region within 65-45 A%/molecule and surface
pressure remains nearly at surface pressure value 0 mN m™ asymptotically. We believe
that the molecules lie flat on the surface even up to 45 A%/molecule [inset level (a)] and
they float on the water surface where as surroundings still remain in gaseous phase so the
surface pressure does not increases from OmN m™ [24].

From the molecular structures we know that single molecule covers an area ~ 50.99
A2 As a result of compression, molecular rearrangement has taken place among the
molecules, and layers become thicker. As the area per molecule approaches 41
A%/molecule, surface pressure starts increasing, thus molecules combine to form stacks
[inset level (b)]. Limiting area for isotherm is obtained by extrapolating isotherm curve
to zero surface pressure and the limiting area (a;) was attained at 40 A%2.

At pH=6, at — OOC group attached to phenyl rings in core will be negatively charge
forming carboxylate ion (COQ") , this negative charge will be delocalised at phenyl ring
and both oxygen of carbonyl group. Hydroxyl group will also attain negative charge by
deprotonation [25, 26]. On the other hand secondary amine (-NH") being weak base, it
will accept proton from sub phase and attain positive charge on it. These charges produce
partial dissociation of the core, which resulted in mixing at molecular scale. The charge
interactions between the cores lead to the suppression of the phase separation and
increase resistance to the compression [27, 28].

Hence, isotherm shifts toward lower molecular areas which have been resulted

due to formation of molecular stacks on the sub phase.
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At pH =4 and 2, H3O" and C{ ~ions are present at the interface. In this situation -COO
ion will pick up proton and form a molecule having net positive charge on secondary
amine. It will make core as cation. Counter ions C{™ present at interface, interact strongly
with cation, chains being hydrophobic will be repelled upward from the sub phase [inset
level (c)]. So this electrostatic interaction has resulted in the formation of new phase at
the interface. It has modified the structure of the films. Secondary amines are weak bases,
when carbon chains and core will get affinity from Si substrate then the -NH" will leave
proton and monolayer will be transferred to substrate [27].

At pH=4, 2 we noticed that the surface pressure rose steeply for these molecules
even at higher areas per molecule. Because central core of molecules to have good
contact with the water surface due to presence of C{" ions, whereas the end chains are
flexible and prone to leave it. This way, the molecules form monolayer at air-water
interface. At pH=4, limiting area (a2) was at 52.50 A%?/molecule where as pH=2, limiting
area (as) was at 62.5 A%/molecule. It shows that with decrease in pH, limiting area is
increased. We infer that at lower compression, high surface pressure is achieved.

Figure 5.2 shows II-A isotherm in case of bent core molecule BC2 we notice that at
pH=6, multilayer stacks are formed at air-water interface after passing through shoulder
region (60-45 A%/ molecule). Due to the affinity of core with water, molecule tends to
align flat on its surface. Since BC1 and BC2 molecules have different length alkyl chains
substituted at the ends, different inner angle of the central benzene ring of the core, it
affects both configuration and stability of the molecule at the surface, as well as the way
in which these molecules stack to form layers. At pH=4 and 2 for BC2 molecules, surface
pressure starts increasing at 60 A%/ molecule. The well aligned monolayer is formed at
air-water interface. Limiting areas A;=39 A%/ molecule, A;= 57 A%/ molecule and As=
60 A%/ molecule are observed at pH=6, 4 and 2 respectively. It is seen that at pH=6,
limiting area is less and as we decrease the sub phase pH limiting area moves to the
higher values.

It is interesting to see that length of alkyl chains of BC1 and BC2 molecules are
influencing monolayer formation at air-water interface. We revealed from isotherm data
that the work of compression by barriers is dependent on alkyl chain lengths at edges of
bent core liquid crystal molecules. BC1 has smaller alkyl chain length as compared to
BC2, hence BC1 has smaller limiting area as compared to BC2, and less work is done by
the barriers for aligning BC2 molecules. Stability of molecules also depends upon length

of alkyl chains. Molecules having longer alkyl chains will forma stable monolayer at
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Figure 5.1 Compression isotherms of BC1 molecules at three different sub phase pH =
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lower surface pressures as compared to smaller alkyl chain molecules, because the Van
der Waals interactions between the chains is a major stabilizing factor. As we can see
BC1 has shorter alkyl chain lengths on edges, monolayers become stable to higher
pressures as compared to BC2 molecules [29, 30]. This isotherm data is supported with

surface elasticity calculations and AFM topography results.

5.3 Surface pressure versus time plot and surface elasticity of Langmuir

monolayer

The variation of surface pressure as a function of time at constant area is shown in figure
5.3 (a, b) for BC1 and BC2 molecules respectively. It measure the stability of monolayer
when barriers are in compressed state, a nearly stable surface pressure with time is
attained at constant area per molecule. The molecular area drop is negligibly small; it may
be due to minimal reorganization of the monolayer under pressure over time (~ 1 hour)
and due to the evaporation of the aqueous sub phase [31]. Films were transferred to the
substrate at constant surface pressure 20 mN m™ for BC1 molecules and 8 mN m* for
BC2 molecules. The films were deposited at same surface pressure which ensures that
topography will reveal information on account of sub phase pH, not due to barrier
compression. During the deposition process number of molecules at air-water interface
decreased as they are attached to silicon substrate and barriers automatically move closer
to adjust this surface pressure. The deposition ratio was very close to unity on each
substrate which indicates good transfer of molecules.

In order to understand the nature of phase transformation behaviour, we attempt to

evaluate the surface elasticity (Eo) of the Langmuir monolayer [32-34] which is given

by:

dr

mda,,

Eo.=

where II is the surface pressure of the monolayer and Ay, is the area per molecule in the
monolayer. Surface elasticity (E,) is the representing a rheological quantity related to the
monolayer rigidity and to its capability to store elastic energy. The compression of the
monolayer is performed at a sufficiently low rate to ensure that the system is always in a

stationary state and possible relaxation processes in the monolayer can be neglected.
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The variation of surface elasticity E, with Ay, for BC1 and BC2 are shown in figure 5.4
(a, b) respectively. The minima in the surface elasticity plot represent coexistences of
different phases in the monolayer. Elasticity increases with formation of new phase and
reaches a maximum at the maximum packing density in the new phase. Generally this
new phase is condensed phase having well patterned monolayer at air-water interface.
The E, maxima in the condensed state for sub phase pH 6 for BC1 molecule was at
33.47 A% and when sub phase pH was reduced to 4, 2 maxima peak was attained at 41.89
A% and 59.46 A% respectively. Thus peak of E, represent formation of condensed phase,
at lower value of pH condensed monolayer was formed.

Similarly, surface elasticity for BC2 molecule is shown in Figure 5.4 (b). E, maxima for
pH= 6, 4, 2 are attained at 31.99 A% 60.30 A%, 73.05 A% respectively. We infer that on
lowering the sub phase pH monolayers are formed when barriers were compressed to

lesser extent.

5.4 Imaging with AFM

Atomic force microscopy (AFM) (Solver-NEXT NT-MDT,; Zelenograd, Moscow,
Russia) was used for topographical investigations of the thin films. AFM images were
taken in non-contact mode (scan rate 1 Hz). Silicon nitride (SiN) probe of tip curvature
radius 2 nm  was attached to a cantilever (resonance frequency; 87-230 kHz, typical
force constant 5.1nN m'!). The topography data were sampled in a grid of 512 x 512
points or 1024 x1024 points. The imaging was carried out under ambient laboratory
conditions. Initially properly cleaned silicon substrate was scanned under AFM and root
mean square roughness < 1nm was observed. It ensured smoothness of the silicon and its
sustainability for monolayer deposition.

LB films were prepared by vertical dipping into the sub phase at a constant surface
pressure. The Si substrate was first immersed and then extracted from the sub phase, the
transfer rate was 5 mm min™ for all pH levels. This is automatically done by the
deposition KSV NIMA-LB software. Transfer ratio was close to 1.0 for all depositions
and then films were dried in vacuum desicators before imaging. AFM images were
processed with NOVA P9 Software (Image Analysis 2.1.0.800) which was used also to
determine 3-D view and height profiles.

At pH = 6 with compression of barrier, area per molecule decreases and the structure
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become more compact. As inferred from isotherm data, stable surface pressure of
(20mNm™t) was due to 3-D network formed by molecular stacks, on the same track AFM
show bright images, suggesting an overlapping of molecules [21, 35]. It forms a granular
structure having height about 2-16 nm as shown in figure 5.5. Figure 5.5(a) represent
10x10 pm? image of BC1 molecule deposited at 20mNm™, a 3D image and height profile
also indicate formation of layer pattern on Si substrate. Figure 5.5 (b) elaborate
topography at 5x5 pm?, 3-D view and height profile indicate that molecules are showing
height in the range of 2-16 nm, which is quite larger than size of bent core molecule
(4.1nm). It confirms nano-metric molecules agglomerate in a layering pattern on the
substrate with non uniform height varying in 2-16 nm.

15 20 25 nm

10
0 2 4 6 8 10 12 14 16

0 1 2 3 4 5 6 7 8 910

0 1 2 3 4 5 6 7 8 9 10
pm

0 2 4 6 8 10 12 14 16 18

o 5 10 15 20 25 30 nm

nm

20

0 2 4 6 8 10 12 14

Figure 5.5: AFM images of BC1 molecule deposited at 20 mN m* having subphase pH =
6. (@) 10 x 10-um? image along with its 3D view and height profile. (b) An image taken at
scale of 5 x 5 pm?. (c) An image taken at the edge of deposited film. 3D view and height

profile show distinct boundary between deposited film and substrate.
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Figure 5.5(c) is particular image scanned at edge of deposited film. The 5x5 pm? is
consisting of edge film having height profile 10-16 nm and nearly O nm at non-deposited
region. Thus, LB layers deposited shows layer pattern [36-39].

As we reduce pH of sub phase to 4. Figure 5.6(a) shows AFM image at bent core
molecule deposited at 20mN/m with sub phase pH =4 and 5.6 (b) shows AFM image at
same surface pressure but pH was red uced to 2.

In the case of deposited monolayer LB-films at pH=4 a multilayer pattern is again
obtained having height about 9 nm, which is less than topographical height of pH=6 film.
It infers that presence of counter ions has reduced the extent of stacking molecules at the
interface.

At pH = 2, images are showing a homogeneous and nearly mono modal grain size
distribution at large micrometric length scale which agrees with the molecular
dimensions of the bent-core compound (4.1 nm).

So AFM images of bent core Langmuir—Blodgett (LB) films indicate that
at low pH, organized monolayer of bent core molecule has been formed  at the
airfaqueous and air/solid interface rather than a cluster of molecules. Figure 5.7(a) shows
image of BC2 molecule deposited at 8mN/m having sub phase pH=6.

It shows again a clustering pattern of molecules having height about (2-14) nm. A
similar trend to BC1 molecule is observed, as we reduced the sub phase pH=4, height of
deposited film decreased to 8nm as shown in figure 5.7(b).

At pH =2 monolayer of bent core molecule is obtained having height nearly equal
to 4.9 nm as shown in figure 5.7(c), which is equal to molecular dimensions of bent core
molecules BC2 (5.1nm). Hence again pH of sub phase has provided better alignment for

bent core molecule.
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Figure 5.7: AFM image of BC2 molecules deposited at three different sub phase pH, and
deposition surface pressure in all cases was 8 mMNm . (a) A 10 x 10-um’ image along with its 3D
view and height profile of BC2 molecule deposited at pH = 6. (b) A 10 x 10-um® image along
with its 3D view and height profile at pH = 4. () A 5 x 5-um’ image taken at pH = 2.
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5.5 Conclusions

It is inferred that pH plays a vital role for orientation and ordering of bent-core molecules.
Pattern of limiting area in isotherms confirmed the formation of monolayer with a
decrease in pH. The successful matching of AFM data with a corresponding molecular
model also provided information about packing of bent-core molecule at air—water
interface. Thus, LB technique has provided new insight into monolayer formation of bent-
core molecule. It provides new innovations in research and technology with a form of

mysterious soft matter state.

106



References:

1

D Liu, D J Broer . Liquid Crystal Polymer Networks: Preparation, Properties, and
Applications of Films with Patterned Molecular Alignment. Langmuir. 2014, 30
(45), 13499.

A Nayak, K A Suresh. Conductivity of Langmuir-Blodgett films of a disk-shaped
liquid-crystalline molecule—-DNA complex studied by current-sensing atomic force
microscopy. Phys. Rev. E. 2008, 78, 021606 (1).

J K Basu, M K Sanyal. Ordering and growth of Langmuir—Blodgett &films: X-ray
scattering studies. Phys. Rep. 2002, 363,1

L T Cheng, W Tam, S H Stevenson, G R Meredith, G Rikken, S R Marder.
Experimental  Investigations of Organic Molecular Nonlinear Optical
Polarizabilities. 1. Methods and Results on Benzene and Stilbene Derivatives. J.
Phys. Chem.1991, 95, 10631.

T F Heinz, H W K Tom, Y R Shen. Determination of molecular orientation of
monolayer adsorbates by optical second-harmonic generation. Phys. Rev. A.1983,
28(3), 1883.

A Jakli, D Kruerke , G G Nair. Liquid crystal fibers of bent-core molecules. Phys.
Rev. E. 2003, 67, 051702(1).

C M Khnobler. Langmuir monolayers and Liquid Crystals. Mol. Cryst. Lig. Cryst.
2001, 364, 133.

M C Friedenberg, G G Fuller, C W Frank, C R Robertson. Formation of Bilayer
Disks and Two-Dimensional Foams on a Collapsing/Expanding Liquid-Crystal

Monolayer. Langmuir.1994, 10, 1251.

M N G Mul de, J A Mann, Jr. Multilayer Formation in Thin Films of
Thermotropic Liquid Crystals at the Air-Water Interface. Langmuir.1994, 10, 2311.

107



10

11

12

13

14

15

16

17

18

M N G Mul de, J A Mann, Jr. Determination of the Thickness and Optical
Properties of a Langmuir Film from the Domain Morphology by Brewster Angle
Microscopy. Langmuir.1998, 14, 2455.

R Kaur, K K Raina. Influence of single-wall carbon nanotubes on Langmuir—
Blodgett films of ferroelectric liquid crystals as studied by atomic force
microscopy. Lig. Cryst.2014, 41(8), 1065.

Q Xue, K Yang, C Xiao, Q Zhang. Direct observation of 2-D phase transitions of
Chiral liquid crystals at the air/water interface. Thin Solid Films.1999, 347, 63.

K S Krishnamurthy, S S Katti. Monolayer behaviour of a nematogenic phenyl
benzoate at the air-water interface. Lig. Cryst.1989, 6(3), 281.

W Iglesias, T J Smith, P B Basnet, S R Stefanovic, C Tschierske, D J Lacks, A J
Akli, E K Mann. Alignment by Langmuir/Schaefer monolayers of bent-core liquid
crystals. Soft Matter. 2011, 7, 9043.

R Kaur, G K Bhullar, K K Raina. Behaviour of an ultrathin ferroelectric liquid
crystal Langmuir—Blodgett film at an air—water and air-solid interface. Liq.
Cryst.2012, 39(11), 1375.

L Zou, J Wang, V J Beleva, E E Kooijman, S V Primak, J Risse, W Weissflog, A
Jakli, E K Mann. Langmuir Monolayers of Bent-Core Molecules, Langmuir. 2004,
20, 2772.

J Wang, L Zou, A Jakli, W Weissflog, E K Mann. Anisotropy in Langmuir Layers
ofa Bent-Core Liquid Crystal. Langmuir.2006, 22, 3198.

T Yamamoto, S Oguchi, T Manaka, M Iwamoto. Measurement of interfacial
dielectric polarization for the investigation of the orientational structure of
monolayers comprised of banana-shaped molecules at an air—water interface. Thin
Solid Films. 2006, 499, 242.

108



19

20

21

22

23

24

25

26

27

N Duff, L Wang, E K Mann, D J Lacks. Molecular Dynamics Investigation of
Bent-Core Molecules ona Water Surface Langmuir. 2006, 22, 9082.

N Duff, E K Mann, D J Lacks. Molecular Dynamics Investigation of the Effects of
a Water Surface on the Aggregation of Bent-Core Molecules. Langmuir. 2008, 24,
4456.

I Giner, | Gasc, J Vergara, M C Lopez, M B Ros, F M Royo. Molecular
Arrangement in Langmuir and Langmuir-Blodgett Films of a Mesogenic Bent-Core
Carboxylic Acid. Langmuir.2009, 25(20), 12332.

L Dziri, S Boussaad, N Tao, R M Leblanc. Effect of pH on acetylcholinesterase
Langmuir and Langmuir—Blodgett films studied by surface potential and atomic
force microscopy. Thin Solid Films. 1998, 56, 327.

M C Petty, Langmuir-Blodgett films: An Introduction, Cambridge University
Press, 1996.

L. Zhao, C Feng, X Pang, J Jung, M C Stefan, P Sista, R Han, N Fang, Z Lin. Self-
assembly of a conjugated triblock copolymer at the air—water interface Soft Matter.
2013, 9, 8050.

W Wang, R Y Park, A Travesset, D Vaknin. lon-Specific Induced Charges at
Aqueous Soft Interfaces. Phys. Rev. Lett. 2011, 106, 056102(1).

A Aroti , E Leontidis, E Maltseva, G Brezesinski. Effects of Hofmeister Anions
on DPPC Langmuir Monolayers at the Air-Water Interface. J. Phys. Chem. B.
2004, 108, 15238.

T S Harish, P Viswanath. Effect of cations on condensation of a mesogenic

amphiphilic molecule at  the  air-aqueous  electrolyte interface.
Phys.Chem.Chem.Phys. 2014, 16, 1276.

109



28

29

30

31

32

33

34

35

A M Brzozowskal, F Mugele, M H Duits. Stability and interactions in mixed
monolayers of fatty acid derivatives on Artificial Sea Water. Coll. Surf. A:
Physicochem. Eng. Aspects. 2013, 433, 200.

L T Nguyen, A Ardana, E J Vorenkamp, G Brinke, A J Schouten. Chain length
dependence of the helix orientation in Langmuir—Blodgett monolayers of a-helical
diblock copolypeptides. Soft Matter.2010, 6, 2774.

K D Comeau, MV Meli. Effect of Alkanethiol Chain Length on Gold Nanoparticle
Monolayers at the Air-Water Interface. Langmuir.2012, 28, 377.

R C Chambers, J O A Elizabeth, D McAdams, E J Haydenband, D J A Brown.
Creating monolayers and thin films of a novel bis(alkyl) substituted asymmetrical
polyoxotungstate, {{CH3(CH,)11Sil,OSiW1103}* using the Langmuir-Blodgett
technique. Chem. Commun.2003, 15, 2456.

H Hilles, A Maestro, F Monroy, Ortega F, R G Rubio, M G Velarde. Polymer
monolayers with a small viscoelastic linear regime: Equilibrium and rheology of
poly(octadecyl acrylate) and poly(vinyl stearate). J. Chem. Phys. 2007, 126,
124904 (1).

T Verwijlen, L Imperiali, J Vermant. Separating viscoelastic and compressibility
contributions in pressure-area isotherm measurements. Adv. Coll. Interf. Sci. 2014,
206,428.

G L Caballero, A M Molina, A Y S Trevino, M A Rodriguez-Valverde, M A C
Vilchez, ] M Valderrama. Using AFM to probe the complexation of DNA with
anionic lipids mediated by Ca?*: the role of surface pressure Soft Matter. 2014, 10,
2805.

S Kundu, A Datta, S Hazra. Manipulating headgroups in Langmuir—Blodgett
films through subphase pH variation. Chem.Phys. Lett. 2005, 405, 282.

110



36

37

38

39

T J Smith, W Iglesias, S R Stefanovic, E K Mann, C Tschierske, A Jakli, D J
Lacks. Effects of Tether Length on the Behavior of Amphiphilic Bent-Core
Molecules at Water Surfaces. J. Phys. Chem. B, 2011, 115, 12809.

T J Joncheray, K M Denoncourt, C Mathieu, M A R Meier, U S Schubert, R S
Duran. Langmuir and Langmuir-Blodgett Films of Poly(ethylene oxide)-b-Poly(E-
caprolactone) Star-Shaped Block Copolymers. Langmuir.2006, 22, 9264.

S Reuter, E Amado, K Busse, M Kraska, B Stiihn, C Tschierske, J Kressler.
Formation of 2D spherulites in Langmuir films of amphiphilic T-shaped liquid

crystals. J. Colloid Interface Sci. 2012, 372, 192.

T Schmatko, P Muller, M Maaloum. Surface charge effects on the 2D conformation
of supercoiled DNA. Soft Matter.2014, 10, 2520.

111



Chapter6
CONCLUSIONS AND FUTURE SCOPE OF THE WORK

The thesis presents systematic experimental method for the formation of Langmuir
Blodgett films of liquid crystals and their composite systems. Monolayers and
multilayers are transferred to solid substrate by Y-type deposition (Langmuir Blodgett
Technique). These nanometric films have many applications in sensors and electro-optic

devices. Following inferences are drawn:

= FLC molecules posses proper balance between hydrophilic (*CH-CI, -OOC, —CN,
C-NH) and hydrophobic (alkyl chains) groups. Average Length of FLC molecules
is ~ 27.836 A. FLC molecules form stable monolayer at air-water interface.
Orientation and ordering of the liquid crystal monolayer was attained at constant
compression of barriers. Negligible hysteresis was noticed during the compression
and expansion cycles of the isotherm which was due to chain entanglement and
molecular reorganisations. FLC monolayers as well multilayers were transferred
to solid substrate by Y-type (centro-symmetric) manner at constant surface
pressure 5 mN m™.

Low Angle XRD profile of multilayers showed an intense peak at 20 =
3.2°, corresponding to the smectic layer ordering of liquid crystal molecules witha
layer spacing of ~27.52 A. All the functional groups present in the FLC film were
analysed by FTIR spectrum. Monolayer of FLC was scanned in non-contact
mode. It showed elongated ferroelectric liquid crystal domains, with average
height about 2.5 nm.

X Dispersion of SWCNTs in FLC has given significant results because they possess
large surface area and n—x surface electrons that result in the strong electrostatic
interactions between SWCNTs and the surrounding host medium (FLC). The
interaction between nanotubes and LC molecules in the monolayer was increased
during barrier compression, resulting in increased surface pressure in isotherm
plots. At low wt% mixing, it is clear from low angle XRD profile that doping has
not altered layer structure of host FLC. FTIR spectra of LB films composite
system confirmed that transfers of FLC-SWCNTs composite were done

successfully. Under non-contact mode AFM imaging films of nanotubes appears
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to be consisting of a network having interconnected bundles of nanotubes. In LB
films of FLC-SWCNTs composite systems, complex pattern of both globular as
well as tubular topography was observed. These investigations have opened up
vistas for understanding the switching and other electrical properties of FLC—
SWCNTs thin films.

X Langmuir-Blodgett films of ferroelectric liquid crystal doped with low
concentration of functionalized ZnO: Al (AZO) and Ag nano particles were
deposited on silicon and glass substrate by using Y-type deposition. Interactions
between nano-particles and FLC molecules resulted in phase changes during
compression. FTIR spectra confirms molecular interaction in composite systems
Translation ordering of FLC was not disturbed as peak of smectic C phase remain
unaltered in low angle XRD profile. AFM images confirmed domain structure of

FLC as well globular network of nano-particles doped in FLC.

= Monolayers of Bent core molecules were successfully deposited by varying pH of
the subphase. Sub phase was prepared at three different pH levels = 6, 4, 2. With
reduction of pH counter ions present at air-water help in alignment and ordering
of bent core molecules. Length of alkyl chains has their influence on monolayer
formation. BC1 has smaller alkyl chain length as compared to BC2. BC1 has
smaller limiting area; hence more work of compression was done in this case.
AFM images deposited at three different pH levels indicate decrease in height
profile with reduction of pH of sub phase. It provides new innovations in research

and technology with a form of mysterious soft matter state.

6.1 Future Scope of the Work

/ FLC formed stable monolayer at interface. We have studied isotherm and
hysteresis plots. As FLCs have permanent dipole moment, Surface potential (AV)
of ordered monolayer can be calculated by attaching surface potentiometer at
interface. Dipole moment, u can be calculated from the Helmholtz equation using
the measured AV. This will give complete study of molecular ordering and

orientation at air-water interface.
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/ All isotherms are measured at constant compression speed of barriers. However
studies can be extended to measure isotherms at oscillating barrier mode.
Viscoelastic parameter of monolayer can be measured at oscillating barrier
method. This will lead to calculation of elastic and viscous modulus of

monolayers.
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