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Abstract

Thin films science and technology is one of the important fields of research and devel-

opment. The reduction in the dimension of bulk material and approaching to a limit

of 2–dimensional (2D) system by fabricating ultrathin films of the material provides a

remarkable increase in surface–to–volume ratio as compared to the bulk material. Such

huge increase in surface–to–volume ratio increases the activities of the material enor-

mously and thereby the material properties. Such changes in the material properties

in the state of ultrathin films promises a wide range of applications starting from the

basic science research to various device fabrication. In this thesis, we have discussed

the fabrication of the ultrathin films of carbon based nanomaterials through Langmuir

monolayer, Langmuir–Blodgett (LB), self assembly, spin coating and drop casting tech-

niques. In LB technique, the films are fabricated by arranging the molecules in the

defined molecular states in a single layer onto some substrates.

The main aim of the work involves the development and characterization of ultra-

thin films of single–walled carbon nanotubes (SWCNTs) possessing different functional

groups as well as functionalized graphene at air–water (A/W) and air–solid (A/S) in-

terfaces. We have studied their interaction with different molecular species and found

that the LB films can potentially be employed for sensing applications.

The Langmuir film (LF) of pristine SWCNTs is found to be stable at the A/W in-

terface. The ultrathin films of the SWCNTs are transferred to solid substrates by

LB technique. The films shows the dependence of SWCNTs alignment on solid sup-

port as a function of target surface pressure (πt) during LB deposition. The films are

characterized using Atomic Force Microscopy (AFM). The films deposited at surface

pressures ≥2 mN/m shows SWCNTs forming a supramolecular donut structure. The

ultrathin LB films of pristine SWCNTs are employed for methane (CH4) gas sensing

at the room temperature, and the sensing performance is compared with that of the

film fabricated by the drop cast method. We found that the LB films are very sensitive

to a change in the concentration of the CH4 molecules in the ambient. The sensing

performance improves due to presence of humidity in the ambient.

The functionalized SWCNTs offers not only the ease of thin films processability but

also functional layer for attracting specific analytes in the sensing application. The

LB films of octadecylamine functionalized SWCNTs (ODA–SWCNTs) are fabricated

onto functionalized quartz crystal wafers of a QCM and are employed for sensing
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the biological analytes viz. L–aspartic (L–asp) acid and bovine serum albumin (BSA)

protein. The sensing performance of the LB films of ODA–SWCNTs is compared with

that of thin film of randomly oriented ODA–SWCNTs obtained through spin coating

technique. The highly oriented ODA–SWCNTs in the LB films may create large

surface density of adsorption sites which support the further growth of the nucleation

sites into bigger domains. This in turn yield better performance and high sensitivity

of the analytes by the LB films of ODA–SWCNTs.

We have studied the Langmuir monolayer (LM) and LB films of the cationic surfac-

tants. We formed the LB films of dioctadecyl ammonium bromide (DOAB) and studied

the DNA sensing application. The lowest detectable concentration of DNA in the liq-

uid is found to be 20 fM. The effect of polyethylene glycol functionalized SWCNTs

(PEG–SWCNTs) in the aqueous subphase on the LM of dioctadecylamine (DODA)

is also studied. We formed the LB films of DODA and DODA/PEG–SWCNTs at πt

= 10 mN/m from the ultrapure water subphase and characterized them using field

emission scanning electron microscopy (FESEM). The FESEM image clearly shows

the formation of liquid condensed domains in form of small domains and big dendritic

domains. The LB film of DODA/PEG–SWCNTs also reveals the presence of nan-

otubes on the monolayer matrix of DODA. The DNA sensing studies of LB films of

DODA/PEG–SWCNTs indicate that the lowest detectable concentration of DNA in

aqueous medium is ∼3 fM which is far lower than that of the LB film of DOAB.

The carboxylic group functionalized graphene (G–COOH) is one of the important

chemically modified graphene which has a potential for chemical and biological sensing.

The LF of G–COOH at the A/W interface is found to be very stable and reversible.

The functional layers of G–COOH were formed over the gold–coated quartz crystals by

LB and spin coating techniques, and employed for sensing of urea in aqueous medium.

The response is found to be linear in the given concentration range. The sensing

performance of LB film of G–COOH is found to be better than that of spin coated

film of G–COOH. The detection of urea in milk sample using the functional layers of

G–COOH is also studied. The study on sensing of urea in milk sample indicate that

the LB film of G–COOH can be employed for sensing urea even in the presence of

differnt other species in the aqueous medium.

The ultrathin films of carbon based nanomaterials on solid substrates exhibit remark-

able properties. Such properties can potentially be employed for device fabrication.
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Chapter 1

Introduction

1.1 Introduction

A thin film is a layer of material whose thickness ranges from a fraction of nanometer

to several micrometers. The surface–to–volume ratio of a material when spread on to

a substrate to form a thin film increases enormously. Therefore, the sensitivity and

efficiency of thin film devices increase manifold. The physicochemical properties of the

thin film may depend on the nature of molecular aggregation onto the substrate. The

structures of the thin films on a surface can lead to the growth of bulk material, and

hence the material properties can be controlled by manipulating the structures of the

thin films. The form of such structures depends on the molecule–substrate and inter-

molecular interactions [1, 2]. Thin films find applications in semiconductor devices,

solar cells, light–emitting diodes, liquid crystal displays, compact discs, electro–optic

coatings, flat–panel displays, microelectromechanical systems, and photovoltaics and

as an anti corrosion agent [3].

A single layer of molecules onto the substrate can be considered as ultrathin film. Ul-

trathin films can be fabricated using different techniques e.g. chemical vapour depo-

sition (CVD), physical vapour deposition (PVD), spin coating, dip–coating, drop cast

method, self–assembly and Langmuir–Blodgett (LB) technique [4–12]. Among these

techniques, generation of mono– or multi–layers by LB film technique has a special sig-

nificance for developing ultrathin films of appropriately functionalized molecules with

controlled thickness and well–defined molecular orientation, as these have potential

applications in sensors and other high–end technological devices [13–16].
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1.2. Langmuir monolayer at air–water interface

1.2 Langmuir monolayer at air–water interface

A Langmuir monolayer (LM) is a stable monomolecular thick film of amphiphilic

molecules at the air–water (A/W) interface. Amphiphilic molecules possess both hy-

drophilic and hydrophobic parts. The hydrophilic part is referred to as head group

(polar) and hydrophobic part as tail group (non–polar). Examples of amphiphilic

molecules are surfactants, block copolymers, lipids, fatty acids, cholesterol and protein

[17–19]. Table 1.1 shows the some of possible hydrophobic (HPB) and hydrophilic

(HPL) groups of amphiphilic molecules.

Table 1.1: Some of the possible HPB and HPL groups of amphiphilic molecules

HPB groups HPL groups

Hydrocarbon chains (e.g. methyl) Hydroxyl (–OH)
Fluorocarbon chains Sulphates (–SO4)

Phenyl Sulfhydry (–SH)
Polycyclic Carbonyl (C = O)

Amino (–NH2)
Carboxyl (–COOH)
Phosphate (–PO4)

Figure 1.1: Schematic diagram of an amphiphilic molecule indicating hydrophilic
head group and hydrophobic tail group.

A schematic diagram of an amphiphilic molecule is shown in Fig.1.1. The hydrophilic

part of the molecule can easily form hydrogen bond with water. On the other hand, the

hydrophobic part does not form hydrogen bond with water and prefers to stay away

from the water. When amphiphilic molecules with proper balance between hydrophilic

and hydrophobic parts are spread on the water surface, the hydrophilic part of the
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1.2. Langmuir monolayer at air–water interface

amphiphilic molecule get anchored to the water surface, whereas the hydrophobic part

stay away from the surface. This gives rise to a monomolecular thick stable film

at the A/W interface [20]. Such monomolecular thick film at the A/W interface is

generally known as LM. A boundary surface between two different phases is called an

interface. Generally, the thickness of the interface is only of the order of few Angstrom

(Å). Therefore, an interface can be approximated to two-dimensional (2D) surface.

The most important feature of an interface is the sudden change in both density and

composition that gives rise to an excess free energy at the interface. The monolayer

at the A/W interface can be considered as a 2D system.

Figure 1.2: Schematic illustration of a spread monolayer of amphiphilic molecules
at A/W interface.

A schematic representation of LM at the A/W interface is shown in Fig.1.2. The

stability of the monolayer at the A/W interface is determined by the strength of

polarity of the head group and the hydrophobicity of tail group of the molecules [21].

It has been found that the monolayer of fatty acid (CnH2n+1COOH) with n in the range

of 12 to 24 can form stable film at the A/W interface [22]. If n > 24, the hydrophobicity

dominates and molecules aggregate to form crystallites on water surface. If n < 12,

the hydrophilicity dominates, and the molecules dissolve in water to form various

concentration dependent structures [23]. Such structures are dependent on molecular

interaction, temperature, pH and ion contents of the aqueous medium [17].

At very low concentration of the hydrophilically dominant amphiphilic molecules, the

molecule adsorb and desorb from the interface and establish a dynamical equilibrium.

Such monolayer at A/W interface is known as Gibb’s monolayer [21]. Above a cer-

tain concentration, called the critical aggregation concentration (CAC), the molecules

self–assemble into different structures e.g., rods, discs, spheres, bilayers and vesi-

cles. At concentrations much higher than the CAC, amphiphiles may form diverse
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liquid–crystalline phases, e.g., bilayer stacks (lamellar phase) and hexagonal phases

[24].

1.3 Surface Manometry

LM is an ideal system to study the thermodynamics of a 2D film where 2D plane is

provided by smooth water surface. Surface manometry is a standard technique to study

the thermodynamics and the surface phases in a LM. The presence of a monolayer at

the A/W interface reduces the surface tension of water. Such reduction in the surface

tension is defined as surface pressure (π). It is given by Eq.1.1:

π = γ0 − γ (1.1)

where γ0 is the surface tension of the pure water and γ is the surface tension of water

with film. The surface pressure can be measured using a transiometer connected with

a Wilhelmy plate. In surface manometry, the surface density (ρ) of the amphiphilic

molecules is varied and change in surface tension relative to pure aqueous subphase is

recorded. The surface density can be varied either by changing number of molecules

in a given area or by changing area for a given number of molecules. Practically, it

is convenient to change area available for a fixed number of molecules. At a constant

temperature, the variation of surface pressure as a function of area per molecule (Am)

is known as π – Am isotherm. The isotherm can provide the information about the

different phases and phase transitions in monolayer at A/W interface [25, 26]. The

schematic diagram of the experimental setup for obtaing π – Am isotherm is shown in

Fig.1.3. It consists of a trough (1) of dimension 60cm×20cm and two barriers (4) made

up of teflon. Teflon is considered to be hydrophobic and oleophobic which assures no

deposition of material onto the trough & barriers. The arrows indicate the direction of

flow of temperature regulated water inside the chamber to control the temperature of

the subphase. The subphase (2) is ultrapure ion–free water having a resistivity greater

than 18 MΩ–cm obtained by passing reverse osmosis (RO) water through filtering and

deionizing columns of a Milli–Q Millipore unit (DQ–5).

The amphiphilic molecules are dissolved in an appropriate organic solvent to obtain

a solution of known concentration, and a volume of the solution is spread drop by
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Figure 1.3: A schematic diagram of a LB trough. The components are: (1) teflon
trough (2) liquid subphase (3) pressure sensor (4) barriers (5) wilhelmy plate (6)

control unit (7) computer.

drop on the surface of water between the barriers using a Hamilton microsyringe. The

solvent is allowed to evaporate for ∼30 minutes before starting the compression. As

the solvent evaporates, a monolayer is formed as dictated by the amphiphilic nature

of the molecules. The head groups of amphiphilic molecules get anchored to the water

surface and the tail groups stay away from the water surface. The surface density of

the amphiphilic molecules in the monolayer is varied by changing the area available

for the molecules by moving the barriers laterally. The barriers are driven by motors

connected to a controller (6) which is interfaced with a computer (7). Barriers are

coupled to each other so that it ensures a symmetric compression of the monolayer.

The surface pressure is measured using a pressure sensor (3) which is connected with

a Wilhelmy plate. A filter paper of appropriate size is used as the Wilhelmy plate (5).

The benefit of the filter paper is that the wetting is more efficient due to the porosity,

low cost comparative to a Platinum–plate and the light weight of filter paper increase

its sensitivity towards the surface pressure. The filter paper is suspended from the

pressure sensor and is made just to touch the surface of the water. The filter paper

is allowed to soak water fully and the reading of the sensor is made zero. The surface

pressure and area per molecule at a constant temperature is recorded simultaneously

using the computer.

A schematic of π–Am isotherm of a LM at A/W interface indicating the different phases

and possible arrangement of molecules therein is shown Fig.1.4. The isotherm shows

discontinuities in the form of kinks and plateau. The kink or plateau in the isotherm
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Figure 1.4: A schematic of surface pressure (π) – area per molecule (Am) isotherm
of a LM at A/W interface indicating the different phases and possible molecular
arrangement therein. The symbols L1, L2 and S represent liquid–expanded, liq-

uid–condensed and solid phases, respectively.

indicate phase transitions. Due to practical limitations, the weak phase transitions

sometimes does not appear exclusively as a prominent kink or plateau in the isotherm.

Such weak phase transition can be studied by calculating in–plane elastic modulus

(E) from the isotherm. E is an appropriate quantity for distinguishing very weak

phase transitions and elastic nature of the monolayer in a given phase. The isothermal

in–plane E [1] is defined as given by Eq.1.2

E = –Am
dπ

dAm

(1.2)

At a very large Am, the molecules are far apart and do not exert any force on each

other. This is a 2D gas phase. On compression, the molecules condense to a low density

liquid state (L1). There are no positional and orientational orders in the arrangement

of molecules in this phase. On further compression, the L1 phase transforms to a high

density liquid state (L2) accompanied by a two phase (L1 + L2) coexisting region.

This is known as high density liquid phase or condensed (L2) phase. In the L2 phase,

molecules exhibit a long range orientational order and a quasi–long range positional

order. On compression, the L2 phase transforms to a 2D solid (S) phase. On further

compression, the monolayer collapses. This is indicated by a sharp decrease in surface
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pressure. The collapsed state is generally indicated either by a sharp decrease in π

value or a plateau in the isotherm. In the collapsed state, the monolayer destabilizes

and the molecules go to the third dimension. A plateau in the collapse state may

indicate the formation of multilayer, whereas a sharp decrease may indicate a random

crystallization into the 3–dimensional (3D) crystals. The nature of collapse varies

from molecules to molecules. It also depends on the experimental conditions. The

monolayer may fold or bend in the collapsed state [27–32].

As the monolayer is compressed starting from very large area per molecule, the surface

pressure remains zero. The area per molecule at which the isotherm starts indicating

very small and finite values of π (e.g. 0.2 mN/m) is known as lift–off area per molecule

(Ai). The average area occupied by the molecules in a phase is determined by extrapo-

lating the corresponding region of the isotherm to the zero surface pressure on the Am

axis. The extrapolation of the steep region (e.g. S phase in Fig.1.4) of the isotherm to

zero surface pressure is called limiting area per molecule (A0). This is the minimum

area to which the molecules can be compressed on the water surface without collapsing

the monolayer. The orientational state (tilt or untilt) of the molecules in a phase can

be estimated qualitatively by comparing the extrapolated area per molecule with that

of molecular cross–sectional area in the bulk single crystal. The isocycles of LM can be

obtained by repeated compression and expansion of the monolayer. Small hysteresis

and retraceable isocycles indicate stable and reversible phases of the LM. The shift

in the isocycle curves towards the lower or higher Am indicate unstable LM. The in-

stability may arise due to dissolution of the molecules or the formation of irreversible

aggregates on the water surface.

1.4 Formation of monolayer and multilayers at air–

solid interface by various techniques

1.4.1 Langmuir–Blodgett Technique

The LB technique was introduced by Irving Langmuir and extensively applied by

Katharine Blodgett for the deposition and characterization of thin films [33]. LB

technique can be employed to form monolayer or multilayer films at the air–solid (A/S)

interface. In this technique, the LM in a particular phase at the A/W interface can be
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Figure 1.5: A schematic diagram showing the experimental setup for depositing
LB films. The parts are as follows; (1) teflon trough with a well in the center, (2)

subphase, (3) barriers, (4) substrate, (5) dipper, (6) control unit, (7) computer.

transferred layer by layer onto a solid substrate by vertically moving the substrate in

and out of the subphase. During deposition, the surface pressure is fixed at some target

value is called as target surface pressure (πt). The schematic of experimental setup

for LB deposition is shown in Fig 1.5. The setup is similar to that of the Langmuir

trough except it possesses a well in the teflon trough and a dipper. For the LB film

transfer, the trough has a motorized dipper which holds the substrate and it can be

moved up and down very precisely. Such a motion makes the substrate to dip in and

out of the subphase with a monolayer at the interface. During deposition, the surface

pressure is fixed at πt by a feedback mechanism [21, 34]. The barriers compress the

monolayer until the πt is attained. Any increase or decrease in surface pressure is fed

back to the computer which in turn moves the barrier to maintain the required value

of πt. The efficiency of transfer of the monolayer on the solid substrate is estimated

by measuring the transfer ratio (TR) [35]. The TR is defined as

TR =
area of monolayer transferred from the A/W interface

area of the substrate to be deposited
(1.3)

The value of TR = 1 indicate defectless LB film. There are different types of LB

deposition. The deposition of the monolayer on the solid substrate can occur during

emersion from (up stroke) or immersion into (down stroke) the water subphase, de-

pending on the hydrophilic or hydrophobic character of the solid support [36–38]. If
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the substrate has a hydrophilic surface, the transfer of the monolayer will occur dur-

ing the emersion. Then, the hydrophilic head groups are attached to the hydrophilic

surface of the substrate, leading to a hydrophobic surface of the LB film.

(a) (b) (c)

Figure 1.6: The schematic illustration of types of LB films. (a) X–type, (b)
Y–type and (c) Z–type LB film.

On the other hand, if the substrate is hydrophobic, the deposition of the thin film will

occur during the immersion, and the hydrophobic alkyl chains get attracted towards the

surface, and the substrate becomes hydrophilic. With each additional layer transferred

from the A/W interface onto the solid support, the latter changes its character from

hydrophobic to hydrophilic. If the deposition starts with a hydrophilic substrate, the

substrate becomes hydrophobic after the first deposition and the second monolayer

will be transferred during the immersion. If the monolayer transfers during both the

upstroke and downstroke of the dipper, such deposition is known as Y–type of LB

deposition [33] (Fig.1.6b). On the other hand, if the deposition takes place only with

either downstrokes or upstrokes, they are termed as X (Fig.1.6a) or Z–type (Fig.1.6c)

of LB deposition, respectively. Sometimes a combination of these depositions are also

observed [35]. The negative values of TR indicate desorption of the already deposited

molecules [39]. The LB depositions are dependent on the nature of interaction between

the substrate and the molecules, dipper speed, target surface pressure, ion contents of

the subphase and temperature [17].

Since the LB film deposition technique allows for the preparation of highly ordered

monolayers with a dense packing and precisely controlled thickness, LB monolayers

have been used for immobilization of enzymes and other biomolecules in the develop-

ment of various types of biosensors [40–48]. A biosensor is an analytical device which

uses the specific interaction of the analyte with a biological molecule along with a

physicochemically incorporated transducer to convert a molecular recognition event

into an optical/electrochemical signal [49].
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1.4.2 Spin Coating Method

Spin coating is a fast and economically easy method to generate thin and homogeneous

organic films from solutions [50]. A known volume of a solution of material to be

deposited is placed on the substrate, which is then spinned at a controlled speed.

The fluid spreads due to centrifugal force. After evaporation of the solvent, a film

of the material will be obtained. The thickness of a spin coated film will depend

upon the concentration of solution and solvent evaporation rate which in turn depends

upon the solvent viscosity, vapour pressure, temperature and local humidity. The

more concentrated solution yield the thicker film. The schematic illustration of spin

Figure 1.7: The schematic illustration of spin coating deposition technique.

coating deposition technique is represented in Fig.1.7. In the spin coating process,

interactions between substrate and solution layer are stronger than the interactions

between solution surface and air. The advantage of spin coating is its ability to provide

thin films from a few nanometres to a few microns in thickness in a quick, easy, and

economical way.

1.4.3 Drop Casting Method

Drop casting is another technique for depositing a thin film of material from liquid

phase onto a solid substrate. Drop casting simply involves placing drops of the liquid

containing the desired material onto the surface of the substrate, and subsequently

allowing the solvent to evaporate. Drop casting can produce variable results from

nice, homogeneous organic films to poor organic films that show precipitation effects

during drying. Fig.1.8 represents a schematic illustration of drop casting method.

10



1.4. Formation of monolayer and multilayers at air–solid interface

Drop casting is a technique that allows for creating thick organic films; however, there

is minimal control over the thickness and non–uniformity of resulting organic films, is

a major disadvantage of this technique.

Figure 1.8: The schematic illustration of drop casting deposition technique.

The monolayer at the A/W interface can be transferred onto substrates by other

techniques. These techniques are dip coating method, horizontal transfer method and

Langmuir Schaefer’s (LS) method. Dip coating is the precision controlled immersion

and withdrawal of any substrate from a solution of material. In the horizontal transfer

method, a hydrophilic substrate is kept immersed horizontally in the subphase and

then the monolayer is formed at the A/W interface. The monolayer is compressed

to achieve a required target value of π. Then the aqueous subphase is siphoned out

very slowly from the other side of the barriers. The monolayer gets adsorbed onto the

substrate as the water drains out. In the Schaefer’s method, a hydrophobic substrate

is allowed to touch the monolayer on the water surface. The hydrophobic part of

the molecules gets adsorbed to the substrate. To facilitate the drainage of water, the

substrates in either cases can be tilted by a small angle prior to the adsorption.

1.4.4 Self–Assembled Monolayers

The self–assembled monolayer (SAM) formation is one of the low cost and highly re-

producible techniques to obtain a single layer of highly organized organic films at the

A/S interface. The properties of the surfaces can be tailored easily by self–assembly.

The concept was introduced by Zisman in 1946 and thereafter the field has grown

remarkably. Self assembly by surfactant molecules leading to various supramolecular
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assemblies is another field of great importance [51] where the supramolecular struc-

tures are controlled by tuning the molecular interactions. The ultrathin films obtained

through self–assembly possess numerous advantages as self assembly offers highly or-

dered and customizable surfaces in a very simple and low cost deposition process. SAM

provides a greater flexibility to alter the surface functionality by altering the functional

end of the film forming molecules. Therefore a variety of surfaces with different func-

tionality can be created. Such flexibility made it viable that SAM can be potentially

used for numerous industrial applications [52].

1.5 Experimental setup and sample preparation

1.5.1 Langmuir–Blodgett trough

A LB trough (LB2007DC, Apex Instruments Co.) is used for recording of π – Am

isotherm and fabrication of ultrathin LB films of different materials. The instrument

consists of a trough of dimension 60cm×20cm and two barriers made up of teflon.

Teflon is considered to be hydrophobic and oleophobic which assures no deposition of

material onto the trough and barriers. Proper cleaning of the trough before monolayer

spreading is very essential. The usual approach is to first fill the trough with dilute

sulphuric acid and leave it overnight. Then the dilute sulphuric acid is suctioned

out through a pump and the trough is rinsed throughly with ultrapure ion free water

followed by cleaning using organic solvents like chloroform and acetone. The LB trough

is enclosed in a glass box to avoid any thermal or air drift.

1.5.2 Subphase cleaning

The subphase used for the experiments is ultrapure ion free water. The ultrapure ion

free water (resistivity ≥ 18 MΩ–cm) is obtained by feeding RO water into Millipore

Milli–Q (DQ–5) filtering system. The trough is filled with the aqueous subphase

and the surface is cleaned by compressing the barriers to a minimum area followed

by suction of the macroscopic non–soluble impurities by means of a suction pump.

The quality of the surface is checked by monitoring the change in surface pressure

from uncompressed to fully compressed state of the barriers. The surface cleaning is

continued until a tolerance of surface pressure 0.05mN/m is achieved.

12
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1.5.3 Substrate cleaning

Various solid substrates like glass slides, coverslip, quartz plate, indium tin oxide (ITO)

coated glass plates, silicon wafer and mica are used for LB deposition. Prior to depo-

sition, substrates like coverslip, glass slide and silicon wafer are treated hydrophilically

by boiling them in freshly prepared hot piranha solution (mixture of concentrated

sulfuric acid and hydrogen peroxide in the ratio 3:1) for 10 minutes and then rinsed

successively with ion–free water, absolute alcohol and acetone solvents. The substrates

were then dried by blowing hot air at 70◦ C. The hydrophilicity is qualitatively checked

by placing a drop of ultrapure water and observing the wettability. If the water com-

pletely and uniformly wets the substrate with contact angle ∼zero, the substrate is

considered to be hydrophilic and very clean. The substrates like glass and Si wafers

are treated hydrophobically by immersing the hydrophilically treated substrates in

a solution (1:9, Hexamethyldisilazane (HMDS) : Chloroform) for ∼12 hours. Then

substrates are rinsed with chloroform thoroughly and stored in ultrapure water.

1.5.4 Solvents for dispersing molecules

The commonly used solvents for dispersing the amphiphilic molecules are chloro-

form, benzene, acetone, toluene, cyclohexane, ethanol, methanol, dimethylformamide

(DMF). The choice of the appropriate solvent for dispersing the molecules is such

that it should be volatile and evaporate faster from the surface of water, disperses

the amphiphilic molecules uniformly and immiscible with water. Chloroform is highly

polar and it can disperse most of the organic molecules. It is immiscible in water

and can evaporate rapidly from the surface (boiling point ∼61◦ C). Pristine carbon

nanotubes (CNTs) are purely hydrophobic in nature. Moreover, such CNTs do not

disperse easily in many organic solvents. CNTs can form a uniform dispersion in DMF

solvent. However, the boiling point of DMF is 153◦ C and it needs very long time for

its evaporation.
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1.6 Molecules forming Langmuir monolayer and

Langmuir–Blodgett films

There are numerous materials (shown in Table 1.2), which can form stable LM at A/W

interface and can be transferred onto solid substrates by LB technique. Conventionally,

amphiphilic molecules like long chain fatty acids, lipids, proteins, cholesterol and its

derivatives form LM at the A/W interface and have been widely studied. Carbon

based materials like CNTs as well as their functionalized form, quantum dots (QDs)

and graphene also form stable LM and can be transferred onto various solid substrates

by LB technique.

Table 1.2: Different materials forming stable LM

Materials Reference

Fatty acids [53–58]
Phospholipids [32, 42, 59]
Proteins [60–62]
Cholesterol and derivatives [63–66]
Quantum Dots (zinc oxide, cadmium sulfide) [67–69]
Carbon based nanomaterials (CNTs, graphene) [70–75]
Biological systems (DNA, biopolymers) [32, 42, 59–62, 76–80]

This thesis comprises the results of studies on thin films of carbon based nanomaterials.

Different types of carbon materials such as pristine CNTs, octadecylamine functional-

ized CNTs (ODA–CNTs) and polyethylene glycol functionalized CNTs (PEG–CNTs)

as well as carboxylic acid functionalized graphene are studied. Pristine CNTs as well

as functionalized CNTs are procured from Carbon Solutions Inc, USA in highly pu-

rified form. Functionalized graphene is obtained from Redex Technologies Pvt. Ltd.

These compounds are used as received, without further purifications.

1.6.1 Pristine CNTs

CNTs have attracted a great deal of attention due to their unique structural, electrical,

and mechanical properties. Recently, there has been an intense interest in exploring

some of their novel properties, such as superior mechanical strength, flexibility, electri-

cal conductivity, and availability of chemical functionalization [81, 82]. CNTs can be
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thought of as the seamless hollow tubes composed of rolling graphite sheet. According

to the layer number of graphite sheet, the CNTs can be divided into single–walled car-

bon nanotubes (SWCNTs) and multi–walled carbon nanotubes (MWCNTs). Several

synthesis schemes, such as arc discharge, laser ablation and CVD have been developed

for the preparation of CNTs [83]. Pristine CNTs are purely hydrophobic in nature.

There are several reports on stable LM exhibited by hydrophobic nanoparticles at the

A/W interface [84–88]. Such systems attain stability due to a balance between the

attractive van der Waals interaction and steric repulsion between the particles. Pure

CNTs can form stable LM at A/W interface. LM can be transferred onto different

solid substrates and these LB films can be characterized using different techniques.

Figure 1.9: The chemical structure of pure CNTs.

1.6.2 Functionalized CNTs

Solubility and dispersibility of CNTs in solvent can greatly be enhanced by chemical

functionalization of the CNTs. Polyethylene glycol (PEG) is a hydrophilic nonionic

polymer used in many biochemical and pharmaceutical applications. PEG is used to

functionalize CNTs to improve its dispersion in solvents [89, 90]. PEG functionalized

SWCNTs (PEG–SWCNTs) are highly hydrophilic in nature. Some stabilizer like poly-

mers and surfactants can be added to the monolayers to form a stable LB film and to

study the intermolecular interaction. Long–chain octadecylamine (ODA), is also used

to disperse the CNTs in organic solvents [81]. CNTs grafted with ODA were found

well dispersed in organic solvent without aggregation at relatively high solubility [82].

ODA functionalized SWCNTs (ODA–SWCNTs) possess good spreading properties at

A/W interface. Highly ordered LM of ODA–SWCNTs can be formed using LB tech-

nique and sensing applications of functionalized CNTs can be explored using quartz

crystal microbalance (QCM) measurements.
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(a) (b)

Figure 1.10: The chemical structure of (a) ODA–SWCNTs and (b)
PEG–SWCNTs.

1.6.3 Functionalized Graphene

The unique electrical, optical and mechanical properties of graphene have led to

enormous possibilities of innovative applications including light emitting diodes, so-

lar cells, optoelectronics, sensors etc [91–94]. Surface functionalization can improve

the solubility of graphene in organic solvents. Carboxylic acid functionalized graphene

(G–COOH) is easily dispersible in various polar solvents. The edge–modified functional

groups tend to repel each other to effectively open up the edges of the G–COOH, lead-

ing to self–exfoliation in solvent [95]. The presence of carboxylic acid groups at the

periphery of graphene sheets provides hydrophilicity while the basal graphene plane re-

mains largely hydrophobic. G–COOH monolayers thus possess an overall amphiphilic

character, which makes it possible to spread them and form stable LM at A/W in-

terface, such LM can be transferred onto solid substrate to form LB monolayers and

multilayers. Because of its interesting properties, a thin film of carboxylated graphene

has found its way into a wide variety of applications [96].

1.6.4 Biological system

Amphiphilic molecules are ubiquitous in biological systems. The lipids are the basic

constituents of the cell membrane and are amphiphilic in nature. There are extensive

studies on the LM and LB films of lipid molecules [32, 42, 53–59]. Biopolymers,

proteins and deoxyribonucleic acid (DNA) are well known to assemble on water surface

and form a stable LM [60–62, 76–80]. Mixed monolayers are of considerable interest

in many systems like biological membranes. They have been extensively studied. It

provides useful information regarding the interaction and orientation of the component

molecules.
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Figure 1.11: The chemical structure of G–COOH.

1.7 Characterization Techniques

There are numerous techniques to characterize the thin films deposited on solid sub-

strates. Atomic force microscope (AFM), scanning electron microscope (SEM), Fourier

Transform Infrared (FTIR) Spectroscopy, X–Ray diffraction (XRD) and Raman spec-

troscopy are used for thin film characterization [97–99].

The formation and characterization of thin films are prepared using the techniques

listed in the Table 1.3.

1.7.1 Scanning Probe Microscopy (SPM)

In scanning probe microscopy, a physical interaction is established between a sharp

probe and the sample under investigation. With a precise control of the motion of

the probe in lateral and vertical direction, the various properties related to the sample

film can be extracted. Some of the important types of SPM are STM and AFM. Since

the invention of the STM in 1981 by Binnig and Rohrer [100] and AFM in 1986 by

Binnig and Gerber [101], these instruments have established themselves as the most

important techniques in surface investigations. Furthermore, they have been used to

manipulate surface structures ranging from ∼100 nm down to the atomic dimensions.
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Table 1.3: Experimental techniques for the formation and characterization of thin
films.

Instrument
Model,
Company

Purpose

LB Technique
LB2007DC, Apex
Instrument Co.

Obtaining surface pressure–area per molecule
isotherm and fabrication of LB films on solid
substrates

Spin Coating
Unit

SCU2007, Apex
Instrument Co.

Deposition of thin films on solid substrates

AFM
NTMDT, Solver
Pro.

Obtaining topography and related spectroscopy

FESEM ZEISS, Sigma
Surface texture and surface morphology of thin
films

FTIR Perkin Elmer Functional groups in LB films

Raman
Spectroscopy

Renishaw inVIA
reflex micro
Raman
Spectrometer,
STR250 Laser
Raman
Spectrometer

Structural information, chemical composition

XRD
PANalytical
XPERT–PRO
powder

Phase identification and grain size of a
crystalline material

Conductance
Measurement

Keithley
sourcemeter 2400

Charge transport mechanism in thin films

Quartz Crystal
Measurement

QCM200–stanford
research system

Sensing applications

Scanning Tunneling Microscope (STM)

The basic components of a STM are shown schematically in Fig.1.12. In STM, a very

sharp metal tip is brought very close (< 10Å) to a conducting surface. When a low bias

voltage is applied across the tip–sample junction, electrons tunnel across the gap and

produce a measurable tunneling current. The tunnelling current is amplified by the

current amplifier. The position of the tip is accurately controlled by the piezoelectric

tube scanner. The resulting tunneling current has an exponential dependence on the

tip–sample separation, and therefore an atomic resolution of surface features is possible

to obtain using STM.
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Figure 1.12: The schematic diagram of working principle of STM.

STM works in two modes i.e. constant current (CC) mode and constant height (CH)

mode. While scanning the surface in CC mode, the tunneling current between the

tip and the sample is kept constant. In this mode, the height of the tip is adjusted

automatically using a feedback circuit to achieve the constant tunneling current. The

variation in tip height as a function of lateral coordinates (x,y) gives the topographic

information of the sample. In CH mode, the height of the tip is kept constant and

the tunneling current is recorded as a function of (x,y). The CH mode provides the

electronic information of the sample [1]. The resulting tunneling current varies with

tip–to–sample spacing, and both the sample and the tip must be conductors or semi-

conductors. Thus, STM cannot image insulating materials.

Atomic Force Microscope (AFM)

In STM, both the sample and the tip must be conductors or semiconductors. Thus,

STM cannot image insulating materials. STM signal interface with air molecules

if scanned in ambient. In order to overcome these disadvantages of STM, another

microscope in SPM family has been invented i.e. AFM. Unlike STM, AFM can be

used to examine both conducting and non–conducting surfaces. AFM can be applied

in a broad range of environments (ultra high vacuum, air, liquid, gases, etc).
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AFM gives the topographic images by sensing the atomic forces between a sharp tip

and the sample. A schematic diagram of an AFM is shown in Fig.1.13. Here, the tip

is mounted on a cantilever. The head of the tip is coated with a reflecting material

like gold and it is illuminated by a laser light. The reflected light is collected on a

quadrant photodiode. Any deflection in the tip due to its interaction with the sample

is monitored by measuring a distribution of light intensity in the photodiode.

Figure 1.13: The schematic diagram of working principle of AFM.

Since the imaging process uses the force of interaction of the tip to that of the sample,

AFM is used for imaging even the non–conducting samples. AFM measurements can

be performed primarily in contact and tapping or non–contact modes. In contact

mode, the tip is brought into direct contact with sample and the surface is scanned.

The force of interaction between the tip and the sample lies in the repulsive regime

in the intermolecular force curve. The force between the tip and the sample is kept

constant and by monitoring the bending of the cantilever as a function of (x,y), a

topographic image can be obtained. In tapping mode, the tip is allowed to oscillate

nearly to its resonant frequency on the sample at a given amplitude and frequency. Due

to interaction between the tip and the sample, the amplitude and phase of oscillation

of the tip change. The change in amplitude can be used to obtain a topographic

map of the sample. The phase change gives an insight about the chemical nature

of the sample. In the non–contact mode, the tip is oscillated at a distance from the

sample so that the two are no longer in contact. Besides its better–quality resolution,

the AFM provides extraordinary topographic contrast, direct height measurements.
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3D AFM images can be achieved without expensive sample preparation and yield far

more complete information than the 2D profiles available from cross sectioned samples

[1, 101].

In this thesis, SPM (Solver Pro, NTMDT) is used to scan the thin films of carbon

materials deposited on solid substrates. The LB films are scanned in spreading resis-

tance imaging (SRI) mode using diamond coated conducting tips (DCP series) having

spring constant ∼ 8 N/m. In the SRI mode [102], the tip scans the sample while

in contact with the surface maintaining a constant force between tip and sample. In

our study, the bias voltage applied between tip and sample was 0.5 V. The SRI mode

provides valuable information on the height map and tunneling current map of the

film simultaneously. AFM has been used in contact mode to study the topography

of thin films of carbon based nanomaterials as a function of target surface pressure

of LB film deposition. Besides, AFM has also been used to see the change in mor-

phology due to interaction of carbon nanomaterials with different organic compounds

and biomolecules in order to ascertain the sensing application of thin films of carbon

materials.

1.7.2 Field Emission Scanning Electron Microscope (FESEM)

Electron microscopes use a beam of highly energetic electrons to probe objects on a very

small length scale. In standard electron microscopes, electrons are mostly generated by

heating a tungsten filament (electron gun). In a FESEM, on the other hand, the probe

electrons are generated by the application of high electric field. Schematic diagram of

working principle of FESEM is shown in Fig.1.14. Field emission (FE) is the emission

of electrons from the surface of a conductor caused by a strong electric field. An

extremely thin and sharp tungsten needle (tip diameter 10–100 nm) is employed as a

cathode. The acceleration voltage between cathode and anode is commonly ∼0.5 kV

to 30 kV. The apparatus requires an extreme vacuum (∼10–9 Torr) in the column of

the microscope. Because the size of electron beam produced by the FE source is about

1000 times smaller than that in a standard microscope with a thermal electron gun,

the image quality will be markedly improved. FESEM is a very useful tool for high

resolution imaging of surfaces [103].

FESEM from ZEISS, Sigma (RRI, Bengaluru) was used to determine the surface mor-

phology of thin films deposited on solid substrates using different deposition techniques.
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Figure 1.14: The schematic diagram of working principle of FESEM.

1.7.3 Fourier Transform Infrared (FTIR) Spectroscopy

In this thesis, FTIR spectroscopy [104] has been used to study the functional groups in

carbon materials as well as their composites. The FTIR characterization of the films is

carried out using a Perkin Elmer FTIR system in attenuated total reflectance (ATR)

mode. The ATR crystal consists of an IR transparent material with a high refractive

index and has polished surfaces. The infrared beam enters the ATR crystal at an angle

of typically 45◦ (relative to the crystal surface) and is totally reflected at the crystal

to sample interface. The fraction of the light wave that reaches into the sample is

called the evanescent wave. In those spectral regions where the sample absorbs energy,

the evanescent wave will be attenuated. After one or several internal reflections, the

IR beam exits the ATR crystal and is directed to the IR–detector. The spectra are

recorded from 400 to 4000 cm–1. The films are deposited on Si/SiO2 wafers, which are

chemically very stable and do not have strong lattice absorption bands corresponding

to the infrared region. FTIR spectroscopy was used to characterize the ultrathin LB

films of functionalized graphene using Perkin Elmer Frontier FTIR (Dept. of chemical

engineering, BITS Pilani).
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1.7.4 Raman Spectroscopy

Raman spectroscopy is a form of molecular spectroscopy that involves the scatter-

ing of electromagnetic radiation by atom or molecules. It probes the vibrational,

rotational and other low frequency modes of molecules. Raman spectra arise due to

inelastic collision between incident monochromatic radiation and molecules of sample

[105, 106]. Raman spectroscopy can be used to characterize the chemical composi-

tion and structure of a sample. Raman characterization of ultrathin LB films as well

as bulk carbon materials is carried out using Renishaw inVIA reflex micro–Raman

spectrometer (CEERI, Pilani) and STR250 Laser Raman Spectrometer (MRC, MNIT

Jaipur).

1.7.5 X–Ray Diffraction

The X–ray diffraction (XRD) is a useful tool to study the structures and crystalline

size of the material [107–109]. XRD from PANalytical XPERT–PRO (MRC, MNIT

Jaipur) was used to analyze the crystallinity of the films of G–COOH. The diffrac-

tion data was acquired by exposing the samples to Cu–Kα X–Ray radiation, which

has a characteristic wavelength (λ) of 1.54 Å with an operating voltage and current

maintained at 40kV and 40mA. The data was collected between scattering angles (2θ)

5–60◦ at a scanning rate of 2◦ min–1.

1.7.6 Current–Voltage (I– V) Characterization

For current–voltage (I–V) characterization of SWCNTs and graphene, a single layer

of LB film was deposited onto interdigitated electrodes (IDE). A composite layer of

titanium (30 nm) and gold (200 nm) was deposited onto Si/SiO2 substrate for the

formation of IDE using e–beam evaporation method in the ultra high vacuum ∼10–8

Torr. An optical photolithography was carried out for delineation of electrode struc-

ture. The fabricated IDE exhibited 10 µm line width and 10 µm gap between two

electrodes. Voltage is applied across the gold pads of the IDE, and the corresponding

current is measured using a source meter (Keithley, model No. 2400).
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1.7.7 Quartz Crystal Microbalance Measurement

The QCM is a simple, cost effective, high–resolution mass sensing device, based upon

the piezoelectric effect [110]. The measuring principle of QCM technique is based on

the precise oscillation of the gold coated quartz crystal at their resonant frequency when

an alternating voltage is applied. The resonance frequency is shifted by the addition

or removal of a small mass due to oxide growth/decay or film deposition at the surface

of the crystal resonator. The change in frequency (4f) is directly proportional to the

change in the mass per unit area (4m). The mass per unit area on the surface of

quartz crystal is estimated using the Sauerbrey equation (Eq.1.4).

∆f = –Cf∆m (1.4)

where cf is constant [111]. The AT–cut gold–coated quartz crystals exhibiting a res-

onance frequency of 5 MHz can be functionalized using different techniques i.e. LB

technique, spin coating and SAM. Sensing of biomolecules can be investigated in static

and dynamic mode. In static mode, QCM is used to monitor mass changes by inject-

ing the solution of analytes onto crystal resonator. In dynamic mode, the solution of

molecules to be sensed in passed through the surface of functionalized quartz crys-

tal. As molecules bind to crystal surface the frequency of oscillation decreases, and as

molecules dissociate from the surface the frequency of oscillation increases. By mon-

itoring frequency change with time, adsorption parameters such as kinetic rates and

affinity can be determined.

The QCM device (QCM200, SRS, USA) is used to study a number of SAM and LB

films of surfactants and carbon based nanomaterials.

1.8 Literature review

The thin films of nanomaterials on solid substrates exhibit remarkable properties. Such

properties can potentially be employed for device fabrication. Due to strong van der

Waals interaction, the CNTs generally exist as the cluster of random network. In order

to improve the device performance, CNTs should be aligned onto the active area of

the device. The alignment can be achieved from a solution of CNTs in a dispersing
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medium. It is difficult to disperse CNTs in solvent. Therefore, a rather extensive effort

has been devoted to achieving good dispersion of pristine CNTs through chemical

functionalization and physical interactions. The fabrication of well organized thin film

of CNTs through solution route relies on their dispersion in solvent. Nguyen et al. [112]

have studied the dispersion of CNTs in various solvents. The most common technique

applied to disperse CNTs is the ultrasonication of the material in DMF solvent. The

dispersion of the CNTs in the solution has been studied using spectroscopic techniques.

Though denatured MWCNTs has the best dispersibility in DMF solution, the pristine

single–walled CNTs can also have good dispersibility in DMF.

For higher sensitivity and better device performance, the nanomaterials can be aligned

on active area of the device. The aligned CNTs may have better performance than

the network of random CNTs. There are two main categories for the alignment of

CNTs: the post synthesis assembly and the in situ growth approaches. The post syn-

thesis assembly approach mainly involves dispersing CNTs in solutions and aligning

CNTs using spin coating, LB technique, mechanical shearing and blown bubble film

techniques [113, 114]. The LB method of film deposition provides possibilities for

preparing highly ordered, densely packed, and defect–free molecular films. There are

some studies on the Langmuir film (LF) of CNTs at the A/W interface. Since pristine

CNTs are insoluble in many solvents, it is difficult to form LM and hence LB films.

Kristic et al. [71] have prepared LB film of CNTs by dispersing them in a surfactant

(lithium dodecyl sulfate) solution and spread on a subphase of aqueous solution of

poly(allylaminehydrochloride). LF consisting of CNTs and surfactant molecules were

deposited on substrates possessing lithographically created electrode arrays. Electrical

transport measurements were performed on individual thin bundles at room tempera-

ture and 4.2 K. At the room temperature, the I–V characteristic show a linear behavior

and at low temperatures, the I–V characteristics show a non–linear dependence with

step–like features.

It has been found that the solubility and dispersibility of CNTs in solvent can greatly

be enhanced by chemical functionalization of the CNTs. The functionalized CNTs

can form stable solution in organic solvents without aggregation indicating relatively

high solubility. In addition, the surface modification may lead to the weakening of

the mutual attractive force between CNTs, causing exfoliation of the bundles of CNTs

into individual nanotubes [81]. Functionalized CNTs may form a stable LM at an

A/W interface, and it can be transferred to various solid substrates by traditional
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LB technique. Jia et al. [73] have done the SEM study of LB films of functionalized

CNTs, and have found highly ordered in–plane orientation of CNTs films deposited

at different values of πt. It was found that the distance between the aligned CNTs

decreased with increasing value of πt of LB film deposition. The phase behavior of the

spreading monolayer was studied by π – A isotherms at different temperatures and

different compression speeds. The π – A isotherm curves indicated that the monolayer

of chemically functionalized CNTs has good surface spreading properties at lower tem-

perature and at lower compression speed [115]. Guo et al. [116] have reported a study

on multilayer LB films of functionalized CNTs. Functionalized CNTs dispersed in an

amphiphilic polymer matrix were spread on water surface and LB films were deposited

on hydrophobic quartz plate. It has been reported that functionalized tube orienta-

tion can be controlled to some extent. In another study, Guo et al. [70] has reported

the formation of uniform multilayers of octadecylamine functionalized CNTs deposited

on hydrophilic substrates using LB technique. AFM imaging and Raman spectra in-

dicated that chemically modified CNTs oriented almost along the dipping direction

on hydrophilic substrate. Thin films containing SWCNTs mixed with arachidic acid

have been fabricated using LB deposition. The morphologies of the films were stud-

ied using AFM. Single layer of pure SWCNTs exhibited relatively high, approximately

ohmic conductivity for low applied voltages, while mixed LB films exhibited non–linear

current versus voltage behavior [117].

Gas sensors have attracted intensive research interest due to the demand of sensitive,

fast response, and stable sensors for industry, environmental monitoring, biomedicine

and pharmaceutical applications. The development of nanotechnology has created

huge potential to build highly sensitive, low cost, portable sensors with low power

consumption. The extremely high surface–to–volume ratio with possibility of chem-

ical modification, the nanomaterials are ideal for the adsorption of gas molecules.

Recently, applications of carbon nanotubes as oxygen [118] and methane [119] gas sen-

sors have been reported. Ong et al. [120] have described the possibility of obtaining

a gas responsive multiwall CNTs–SiO2 composite for monitoring CO2, O2 and NH3.

Absorption of different gases in the above composite layers changed the permittivity

and conductivity of the material. Kong et al. [118] have demonstrated the use of CNTs

for detecting NO2 and NH3. They found that exposure to NH3 caused 100–fold deple-

tion in conductance while exposure to NO2 increased the conductance by almost three

orders of magnitude. In terms of application, LB films of CNTs may contribute to
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developments in design and fabrication of chemical sensors, biosensors, optical devices

and other molecular and nanoscopic structures.

Graphene is another form of carbon based nanomaterials. The unique 2D structure

of graphene, combined with outstanding electrical conductivity and thermal conduc-

tivity, high optical transmittance, exceptional mechanical flexibility and durability,

makes them an ideal candidate for a wide range of potential applications, including

flat display, optoelectronics, sensors, energy conversion and storage systems, capaci-

tive deionisation etc. LB assembly presents an effective approach for arranging 2D

nanosheets into high–quality film architectures via controlled compression at the A/W

interface. These LB films of graphene are capable of adsorbing analytes, providing

the largest sensing area per unit volume. Graphene layer offers enormous gain in sur-

face–to–volume ratio and therefore making it capable of interacting even with a single

molecule of the target gas or vapor species, which eventually results in the ultrasensitive

sensor response. Rumyantsev et al. [121] recently have reported graphene field–effect

transistor (FET) based selective gas/vapor sensors. They demonstrated that vapors of

different chemicals (e.g., methanol, ethanol, tetrahydrofuran, chloroform, acetonitrile,

toluene, and methylene chloride) show distinctly different effects that can be easily

distinguished from the low–frequency noise spectra of graphene. Fowler et al. [122]

have deposited single layer graphene by spin coating method on interdigitated elec-

trode arrays where the operating temperature was monitored by a suitably designed

micro hot plate. Four point resistance measurements are done by using two serpen-

tine electrodes between the interdigitated electrodes. The device was tested for the

detection of NO2, NH3, and 2,4–dinitrotoluene. Current versus voltage characteristics

were found to be linear and ohmic in all cases, independent of the metal electrodes or

presence of analyte. Single–layer graphene flakes presented a higher baseline resistance

and superior sensitivity. Recently, in a study Yao et al. [123] have demonstrated the

chemically derived graphene oxide (GO) thin film as a sensitive coating on electrodes

of QCM for humidity detection in the range of 6.4–93.5% at room temperature. Thin

film of GO exhibits an excellent humidity sensing performance. It is further concluded

that the frequency response of the QCM is dependent on adsorbed/desorbed masses

of water molecules on GO thin film in the large relative humidity range.
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1.9 Gap in research

Many experimental and theoretical studies have revealed the outstanding properties of

carbon nanomaterials. These studies enable us to understand various interactions and

mechanisms involved in fabrication of devices based on thin films of carbon nanomateri-

als. CNTs based thin films offer potential applications as conducting and semiconduct-

ing layer in various types of electronic, optoelectronic and sensor systems. However,

challenges still exist in understanding different aspects of thin films of carbon materi-

als. Some of the research gaps which are addressed in this thesis, are discussed in this

section.

There are some practical limitations regarding the solubility of CNTs in many organic

solvents. Due to such limitations, there are not many studies on thin films of pristine

CNTs. In some reports, CNTs are dispersed in polymer matrix before deposition.

The electrical and magnetic properties of such thin films are greatly influenced by

the polymer matrix. Therefore, it is desirable to fabricate the thin films of pristine

CNTs on surface. For some device fabrication, it is essential to control the alignment

of CNTs onto the surfaces so that the properties of the fabricated device can be

optimized for their best performance. The CNTs can be aligned onto the surfaces by

various techniques. LB is the most promising one as it provides a control over the

ordering of the CNTs during the deposition, the thickness of the film, and a control

over tuning the functionality of the films.

In chapter 2, we report the formation of a stable and reversible LF of bundles of

SWCNTs at the A/W interface. We transferred the LB films on conducting ITO

substrates at different values of πt and characterized the films using an AFM in SRI

mode. We found a significant effect of πt of deposition on the morphology of the

SWCNTs in the LB films. We obtained a supramolecular assembly of the SWCNTs

in the LB films deposited onto ITO substrate in the liquid like phase of the LF.

Development of sensors for detecting various chemical species in many industrial,

medicinal, environmental pollution control and commercial applications is in great

need. In this regard, carbon materials are emerging as a promising candidate for sens-

ing application because of the large change in physicochemical properties due to small

perturbation on adsorption of analytes. Unlike semiconducting based sensors, CNTs

based sensor can work even in room temperature.
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For some of CNTs based devices, it will be interesting to align the CNTs on IDE

with a proper orientation. When electron–withdrawing molecules or electron–donating

molecules interact with the semiconducting CNTs, they will change the density of

the main charge carriers, which changes the conductance of CNTs. The electrical

properties of such organized LB films can be measured and the electrical behavior of

LB films can be compared with those of bulk CNTs. This behavior forms the basis for

applications of CNTs as gas sensors.

In chapter 3, we have demonstrated a control on the alignment of SWCNTs on the

Si/SiO2 substrate during the ultrathin film fabrication by LB technique. We have

demonstrated the methane (CH4) gas sensing capability of the aligned SWCNTs in

the LB film at the room temperature. The sensing capability of the aligned SWCNTs

in single layer of LB film of SWCNTs is compared with that of randomly oriented

SWCNTs in the film grown by drop cast method. We found that the gas sensing

capability of the LB film of SWCNTs is more efficient than that of the drop cast film.

The CNTs are functionalized for dual purpose: Firstly, it can be easily dispersed in

organic solvent which can facilitate the function of thin film devices and secondly, such

functionalization can be employed for establishing molecular specific interaction during

sensing. There are some studies on LB films of chemically functionalized CNTs. The

electrochemical and spectroscopic studies of those functionalized CNTs are reported.

It will be interesting to study the role of some ionic surfactants and biomolecules with

functionalized CNTs at A/W interface. To understand the interaction between ions

and functionalized CNTs, different microscopy and spectroscopy can be used. Using

QCM, sensing applications of such LB films can also be investigated.

In chapter 4, We report a stable LF of ODA–SWCNTs. The LB films of ODA–SWCNTs

are fabricated onto the quartz crystal wafers of a QCM and are employed for sensing

the biological analytes viz. L–aspartic (L–asp) acid and bovine serum albumin (BSA)

protein. The sensing performance of the LB films of ODA–SWCNTs is compared with

that of thin film of randomly oriented ODA–SWCNTs obtained through spin coating

technique. The sensitivity of the analytes using LB film is found to be far better than

that of spin coated film of ODA–SWCNTs. The highly oriented CNTs in the LB films

may create large surface density of adsorption sites which support the further growth

of the nucleates sites into bigger domains. This in turn yield better performance and

high sensitivity of the analytes by the LB films.
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In chapter 5, we studied the LM and LB films of the cationic surfactants. We formed

the LB films of dioctadecyl ammonium bromide (DOAB) and studied the DNA sens-

ing application. The lowest detectable concentration of DNA in the liquid is found

to be 20 fM. We have demonstrated the interaction of cationic surfactant with func-

tionalized SWCNTs. PEG–SWCNTs is immobilized with the monolayer of cationic

dioctadecylamine (DODA) by electrostatic interaction at A/W interface. Ultrathin

films of PEG–SWCNTs/DODA have been deposited onto gold deposited quartz crys-

tal. The interaction of DNA and PEG–SWCNTs/DODA mixed LF is studied using

QCM, whose morphological features are visualized by AFM. The DNA sensing studies

of LB films of DODA/PEG– SWCNTs indicate that the lowest detectable concentra-

tion of DNA in aqueous medium is ∼3 fM which is far lower than that of the LB film

of DOAB.

The unique physicochemical properties of graphene has made it an attractive candidate

for sensor applications. Graphene can be functionalized by covalent, non covalent and

also other methods, which meet the specific requirments of different kind of sensors.

There are some studies on carboxylic acid functionalized graphene as biosensor for

simultaneous determination of Adenine and Guanine in DNA [124]. In a report, thin

films of GO are studied using QCM [123]. GO thin film exhibits an excellent humidity

sensing performance.

It will be interesting to study the sensing applications of LB films of G–COOH using

QCM and sensing performance can be compared with spin coated films of G–COOH.

Ultrathin films of functionalized graphene can be utilized in fabrication of different

kind of chemical and biological sensors.

In chapter 6, we discuss the formation and characterization of LF and LB films of

G–COOH. The LF of G–COOH at the A/W interface is found to be very stable and

reversible. The functional layers of G–COOH were formed over the quartz crystal

wafers by LB and spin coating techniques, and employed for sensing urea in aqueous

medium. The response is found to be linear in the given concentration range. The

lowest detectable concentration of urea in water by LB film was found to be very low

(8.32 µM). The sensing performance of LB film of G–COOH is found to be better than

that of spin coated film of G–COOH. The detection of urea in milk sample using the

functional layers of G–COOH is also studied. The study on sensing of urea in milk

sample indicate that the LB film of G–COOH can be employed for sensing urea even

in the presence of different other species in the aqueous medium.
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In summary, we developed the protocols to control the nanostructure in the thin films

by fabricating LB films of CNTs and graphene with different functional groups on a va-

riety of substrates under extremely controlled experimental conditions. The developed

protocol for aligning CNTs and graphene will be useful for device applications.
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Chapter 2

Langmuir and Langmuir–Blodgett

Films of Single–Walled Carbon

Nanotubes

2.1 Introduction

The fields of nanoscience and nanotechnology have grown remarkably after the re-

alization of extraordinary electrical, mechanical, and thermal properties of carbon

nanotubes (CNTs). The CNTs are highly anisotropic materials which exhibit excep-

tionally high anisotropy in electrical and optical properties [83, 125–127]. CNTs need

preferential alignment onto solid surfaces for some device fabrication. Therefore, it is

essential to control the alignment of CNTs onto the surfaces so that the properties

of the fabricated device can be optimized for their best performance [128–131]. The

CNTs can be aligned onto the surfaces by various techniques. Langmuir–Blodgett (LB)

technique is the most promising one as it provides a control over the ordering of the

CNTs during the deposition, the thickness of the film, and a control over tuning the

functionality of the films [35]. In order to fabricate LB films, it is essential to obtain

a stable Langmuir film (LF) of the material [132]. The stability of the LF primarily

depends on the amphiphilic nature of the molecules, and it demands a proper balance

of hydrophobicity and hydrophilicity of the molecules [21]. Nonetheless, there are sev-

eral reports indicating a stable LF formed by pure hydrophobic materials [133–135].

Numerous reports also indicate stable LF of hydrophobic polymers [136, 137]. Such
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systems attain stability due to entropic reason. There are several reports on stable

LF exhibited by hydrophobic nanoparticles at the air–water (A/W) interface [84–88].

Such systems can attain stability due to a balance between the attractive van der

Waals interaction and steric repulsion between the particles. There are a few reports

on the studies of LF and LB films of chemically modified CNTs or CNTs mixed with

some stabilizer like polymers and surfactants [70, 72, 115, 138, 139]. There are few

attempts [117, 140] for the formation of LF and LB films of pure CNTs; however, the

stability of such films is hitherto unaddressed.

In this chapter, we report the formation of a stable and reversible LF of bundles of

single–walled carbon nanotubes (SWCNTs) at the A/W interface. We transferred the

LB films on conducting indium tin oxide deposited glass (ITO) substrates at different

target surface pressures (πt) and characterized the films using an atomic force micro-

scope (AFM) in spreading resistance imaging (SRI) mode. We found a significant

effect of target surface pressure of deposition on the morphology of the SWCNTs in

the LB films. We obtained a supramolecular assembly of the SWCNTs in the LB films

deposited in the liquid like phase of the LF.

2.2 Experimental methods

2.2.1 Langmuir and Langmuir–Blodgett Film

The SWCNTs are purchased from Carbon Solutions Inc, USA. The product is in

the pristine state and is used as procured. We have characterized the material using

Fourier transform infrared (FTIR) spectroscopy and found the material to be free from

any other organic functional groups like carboxylic and amide groups. As the CNTs

can be dispersed easily in dimethylformamide (DMF) solvent [112, 141], a solution

of concentration 8800 µg/ml of the SWCNTs is formed in high performance liquid

chromatography (HPLC) grade DMF. A solution of uniformly dispersed SWCNTs

is obtained by ultrasonicating the SWCNTs–DMF solution for about an hour. The

photograph of the solution of dispersion of SWCNTs is shown in Fig.2.1. The image

clearly shows a homogeneous dispersion of SWCNTs.

The LF of SWCNTs is formed in a LB trough by spreading 2,650 µl of the solution

very slowly using a microsyringe onto ultrapure ion free water subphase. About one
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Figure 2.1: Soultion (concentration of ∼0.3 mg/ml) of SWCNTs uniformly dis-
persed in HPLC grade DMF.

hour is allowed for the solvent to evaporate from the water subphase leaving behind

the dispersed SWCNTs. The surface pressure (π) – area per µg (Aw) isotherm of

SWCNTs is recorded by compressing the film of SWCNTs symmetrically using the

two barriers of the LB trough and recording the surface pressure simultaneously using

an integrated balance. We spread the pure DMF solvent onto the water subphase and

recorded the isotherms after one hour. The isotherm indicated negligible change in the

π value. Such measurement ensures negligible effect of DMF solvent on the isotherm

of the SWCNTs [142]. The stability of the LF of the SWCNTs is studied by recording

isocycles during repeated compression and expansion of the film. The isocycles of LF

can be obtained by repeated compression and expansion of the monolayer. Negligible

hysteresis and retraceable isocycles indicate stable and reversible phases of the LF.

The shift in the isocycle curves towards the lower or higher Aw indicate unstable

LF. The instability may arise due to dissolution of the molecules or the formation of

irreversible aggregates on the water surface. The LF of SWCNTs is transferred onto

ITO substrates by LB technique. The ITO substrates were procured commercially and

used after cleaning them thoroughly by ultrapure ion–free water, absolute alcohol, and

HPLC grade chloroform, successively. The substrates were dried by blowing hot air at

about 60◦ C. Prior to the LB deposition, the LF of SWCNTs is compressed to a πt,

and a time of 20 min is allowed to equilibrate the film. The single layers of LB films

are deposited at different values of πt by a single upstroke motion of the dipper at a

speed of 5 mm/min. The transfer ratio for LB deposition on ITO substrates was found
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to be 1±0.2. The thickness of the LB films were measured using an ellipsometer (Laser

Pro) equipped with 535 nm laser at a fixed angle of incidence, 70◦. The thickness was

measured at several places of the films, and the average thickness was calculated. The

average thickness of the LB films deposited at πt = 0.5 and 6 mN/m was obtained as

30 and 110 nm, respectively.

2.2.2 Atomic Force Microscopy

The LB films deposited onto ITO substrate were transferred to the scanning stage of the

AFM, and the films were scanned in the SRI mode [102]. The films were scanned using

diamond–coated conducting tips (DCP series, NTMDT) having the spring constant

∼8 N/m. A bias voltage of 0.5 V was applied between the tip and the sample. The

topographic and tunneling current maps were obtained simultaneously. The localized

current–voltage (I–V) measurement is performed by positioning the conducting AFM

tip at the desired part of the nanostructures and applying voltage between the tip and

sample. The tip is positioned by choosing a constant force and retaining the feedback

on so as to maintain a constant tip–sample separation for all the I–V measurements.

All the experiments were carried out in ambient at room temperature ∼22◦C.

2.3 Results and discussion

2.3.1 Surface Manometry

The surface pressure (π) – area per µg (Aw) isotherm of the LF of SWCNTs at the

A/W interface is shown in Fig.2.2. The isotherm indicates zero surface pressure at very

large Aw. This is a gas–like phase of the LF of the SWCNTs. On reducing the Aw by

compressing the film, the surface pressure started rising sharply at around 24 cm2/µg.

This is the onset of a liquid–like phase. On further compression of the monolayer of

SWCNTs, a change in slope is observed at 15 cm2/µg. The surface pressure keeps

rising till the film is compressed completely in the trough. The change in the slope at

15 cm2/µg can be considered as a collapse of the LF of SWCNTs. The collapse surface

pressure is obtained as 11 mN/m. Unlike the case of sharp collapse of stearic acid [143]

or plateau type collapse of octyl cyanobiphenyl [1], here the collapse is indicated by

a slow change in the slope. The surface pressure increases monotonically thereafter.
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Figure 2.2: Surface pressure (π) – area per µg (Aw) isotherm of the LF of SWCNTs
at the A/W interface. The isothermal in–plane elastic modulus (E) is shown by the

dashed line.

The slow collapse may arise due to a transformation of 2–dimensional (2D) film to

3–dimensional (3D) structure with random entanglement of the SWCNTs.

The isothermal in–plane elastic modulus (E) is an appropriate quantity not only for

distinguishing weak phase transition but also for quantification of the elasticity in a

particular phase of LF [144]. The E of the LF can be calculated employing the Eq.2.1,

E = –Aw
dπ

dAw
(2.1)

The E versus Aw of the LF of SWCNTs is shown in Fig.2.2. The E values remain very

low for the larger value of Aw (i.e., gas–like phase) whereas it increases rapidly at the

onset of the liquid like phase. The maximum value of E (Ep) in the liquid–like phase

is obtained as 27 mN/m. Such Ep value lies within the range of the liquid phase of

LF of some reported hydrophobic polymers [136].

The stability of the LF of SWCNTs is studied by compressing and expanding the film

repeatedly and recording the corresponding surface pressure. The isocycle measure-

ment of the SWCNTs system indicates negligible hysteresis (Fig.2.3). In the isocycle

measurement, the expansion curve almost follows the compression curve. During ex-

pansion, the zero surface pressure is attained at very large Aw. This indicates that
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Figure 2.3: The isocycles of the SWCNTs at A/W interface. For visual clarity,
the curve for 2nd and 3rd cycles are shifted toward right by an amount 4.3 and 8.6

cm2/µg, respectively with respect to the curve representing 1st cycle.

though the liquid–like phase is completely reversible, the gas phase appears at very

large Aw during the expansion of the film of SWCNTs. The isocycle measurement

indicates not only a reversible but also a stable LF of the SWCNTs at the A/W inter-

face. The SWCNTs chosen for our studies are pristine in nature and do not possess

any polar functional group. There are numerous reports where a non–polar and purely

hydrophobic nanomaterials form a stable LF at the A/W interface [84–88]. Such film

stabilizes due to a balance between the attractive van der Waals interaction and steric

repulsion between the hydrophobic units. Similarly, the stability of LF of SWCNTs at

the A/W interface might be due to the balance between van der Waals attraction and

steric repulsion between the SWCNTs.

2.3.2 AFM Characterization

The morphology of such LB films of SWCNTs was studied using AFM. The LB films

of SWCNTs are deposited on ITO substrates at different value of πt and scanned using

AFM in SRI mode. The working principle of SRI mode in AFM is shown in Fig.2.4.

In SRI mode, a conductive AFM probe scans the sample while in contact with the

surface maintaining a constant force between tip and sample. A bias voltage is applied

to the conductive AFM probe and recording of current flow between the tip and the
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sample are perfomed as a function of tip position on the surface. Therefore, SRI mode

provides an insight of not only the topographic information of the sample but also

local conducting nature of the films, simultaneously [102].

Figure 2.4: The schematic diagram of working principle of SRI mode in AFM.

ITO surface have its own characteristic and specific features. The topographic images

of the ITO substrate obtained using AFM in contact mode is shown in Fig.2.5. The

image shows granular texture. The image indicates the size of the ITO domain to be in

the range of 150–250nm. The average height of ITO domains was found to be around

16 nm.

(a) (b)

Figure 2.5: Topographic image of ITO substrate (a) 2D and (b) 3D representation.

The SRI mode image of the ITO substrate is shown in Fig.2.6. The topographic image

of the ITO substrate (Fig.2.6(a)) shows large domains. However, the tunneling current

image (Fig.2.6(b)) is featureless, and it shows predominantly bright region with a little

variation in the grayscale values. The LB films of the SWCNTs are deposited onto the
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(a) (b)

Figure 2.6: SRI mode images of the ITO substrate. (a) Topographic image and
(b) Tunneling current image. The bias voltage maintained during the scanning was
0.5 V. The blue dot in the image (b) represents the position where current– voltage

(I–V) measurement has been carried out.

ITO substrates at the πt = 0.5, 2, and 6 mN/m. The SRI mode images of such LB

films of SWCNTs are shown in Fig.2.7 and Fig.2.8.

(a) (b)

Figure 2.7: (a) Topographic image and (b) Tunneling current image of the LB
film of SWCNTs deposited on ITO substrate at a πt = 0.5 mN/m. The images are
scanned in SRI mode of the AFM. The bias voltage was maintained at 0.5 V. During
LB deposition, the dipping direction of the ITO substrate is indicated by the black
arrow in image (b). The blue dot in the image (b) represents the position where I–V

measurement has been carried out.

The topographic image (Fig.2.7(a)) of the LB film of SWCNTs deposited at the πt

= 0.5 mN/m shows featureless texture. The hump in the image may be due to the

underlying feature of the ITO domains. The tunneling current image (Fig.2.7(b))

shows long–oriented rod–like feature. The width of the rods varies from 20 to 35 nm.

These are the bundles of SWCNTs which are oriented with their long axis parallel to

the substrate dipping direction during LB film fabrication.
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The LB films deposited at πt = 2 and 6 mN/m are shown in Fig.2.8. The topographic

images (Fig.2.8(a) and (c)) of the LB films of SWCNTs deposited at 2 and 6 mN/m

indicate blob–like texture. Interestingly, the corresponding tunneling current images

(a) (b)

(c) (d)

Figure 2.8: (a) and (b) are the topographic and the corresponding tunneling
current image of the LB film of the SWCNTs deposited at surface pressure 2 mN/m,
respectively. (c) and (d) are the same obtained for LB film deposited at the πt =
6 mN/m. The images are scanned in SRI mode of the AFM. The bias voltage was
maintained at 0.5 V. The blue dots in the image (d) represent the positions where

I–V measurements have been carried out.

(Fig.2.8(b) and (d)) reveal the SWCNTs which are coiled to form donut structures.

The hole in the donut can be considered as nanopore. This supramolecular assembly

of the SWCNTs is observed in the LB films deposited in the liquid–like phase of the LF

onto the ITO substrates. This assembly of the SWCNTs is independent of πt provided

the LB deposition is done in the regime of liquid–like phase of LF of the SWCNTs.

The topographic images could not able to resolve the bundles of SWCNTs because of

the long range van der Waals interaction of the tip and the sample. The tunneling

images reveal the presence of SWCNTs as the tunneling current is very sensitive to
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small perturbation due to change in local curvature and hence the local electronic state

of the sample. A careful observation of the topographic images (Fig.2.8(a) and (c))

shows very low resolving edges of the blob structures. A 5x5 µm2 tunneling current

image (Fig.2.9) of the LB films deposited at πt = 4 mN/m shows the presence of

large number of donuts and nanopores distributed over the entire area. In an earlier

report, Martel et al. [145] have found that SWCNTs can coil up and form rings. Using

a simplest model, they have suggested that coiling involves significant strain energy

due to the increased curvature, but the van der Waals interaction alone stabilizes the

coil–structure.

Figure 2.9: Tunneling current image of LB film of SWCNTs deposited at πt = 4
mN/m obtained in SRI of AFM.

When the film of SWCNTs at the A/W interface is compressed, the possibility of

interaction sites for van der Waals attraction increases. Therefore, a large number

of SWCNTs can coil up to form donut structure all over the region of the LB film.

A high resolution image revealing the internal features of the SWCNTs is shown in

Fig.2.10(a). The figure clearly indicates that each of the SWCNTs is composed of thin

tubes which wind themselves to form the bundle. A black line is drawn on a bundle,

and the corresponding profile is shown Fig.2.10(b). The average width of the thin

tubes is ∼3 nm which is similar to the width of a SWCNTs. Therefore, these thin

tubes are the individual nanotubes which wind to form the bundles. These bundles

form supramolecular assembly in the LB films deposited in the liquid–like phase of the

LF. The supramolecular assembly of SWCNTs was found only on the ITO substrate.

The surface morphology and the roughness of the ITO substrate may have role in such
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assembly. The morphology of the SWCNTs in the LB film deposited onto smooth

substrates viz. silicon wafer and mica was found to be aligned bundle of SWCNTs.

(a) (b)

Figure 2.10: (a) A high resolution current image of the LB film of SWCNTs
deposited at πt = 2 mN/m. (b) Line profile corresponding to the black line drawn

across a SWCNTs bundle as shown in (a).

2.3.3 Tunneling Spectroscopy

Tunneling spectroscopy as a function of the bias voltage, i.e., I–V curves, provides

very important information about the surface electronic structure, such as the local

density of states of the sample. In tunneling spectroscopy, for a given tip–sample

separation, the tunneling current (I) is continuously recorded by varying bias voltage

(V), generating a tunneling conductance or I–V curve. Tunneling spectroscopy (I–V

curve) focuses on the differential tunneling conductance which gives information about

the conduction phenomena of the material [146].

The differential conductance (dI/dV) curves of the ITO substrate and the various lo-

cal nanostructures obtained in the LB films of the SWCNTs are shown in Fig.2.11.

The corresponding I–V curves are shown in the inset of Fig.2.11. The I–V curve cor-

responding to the ITO (A) shows the normal metallic behavior. The current rises

sharply with the application of the voltage. It shows a non–zero differential conduc-

tance of about 110 nA/V at zero applied voltage. The I–V curve corresponding to the

LB film deposited at πt = 0.5 mN/m (B) shows a semi–metallic nature. The slope

of the curve decreased drastically as compared to that of the ITO. However, there is

non–zero differential conductance (∼15 nA/V) at zero applied voltage.
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Figure 2.11: The differential conductance (dI/dV) vs applied voltage (V) curves.
The corresponding I–V curves are shown in the inset. The curves A to D correspond
to the reference points as shown by blue dots in the images of Fig.2.6b, Fig.2.7b and

Fig.2.8d, respectively.

The I–V curve corresponding to the hole in the donut (nanopore) (C) exhibits similar

behavior as compared to that of ITO. The differential conductance at zero applied

voltage of the nanopore is about 150 nA/V. The donut structure shows an I–V curve

(D) with a smaller slope. The differential conductance at zero applied voltage is 8

nA/V. Thus, the SWCNTs in the donut form exhibit semi–metallic nature. The LB

films at the surface pressure higher than 0.5 mN/m exhibit the nanostructures possess-

ing both the metallic (hole–region in the donut) and semi–metallic (donut) properties.

Such supramolecular assembly composed of both metallic pores with semi–metallic

boundaries can potentially be employed for various technological applications like fuel

cells, photochemical cells, batteries, supercapacitors, and gas and biosensors.

2.4 Conclusion

Alignments of SWCNTs on solid surfaces are essential for some technological applica-

tions. Here, we have attempted to control the assembly of SWCNTs on solid substrate

through LB deposition technique. We formed a stable and reversible LF of SWCNTs.
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The LF exhibits gas like and liquid–like phase, and it collapses at πt = 11 mN/m. The

film is transferred to solid substrates by LB technique. The films are characterized

using SRI mode of AFM. The film deposited at πt = 0.5 mN/m shows the SWCNTs

oriented along the preferential direction of deposition. The films deposited at surface

pressures ≥2 mN/m shows SWCNTs forming a supramolecular donut structure. A

high resolution image of the bundles shows a winding of the individual SWCNTs. Our

studies indicate a dependence of SWCNTs alignment on solid support on the πt during

LB deposition. The I–V characteristic of LB films of SWCNTs deposited in liquid–like

phase reveals metallic nanopores inside the semi–metallic donut. Such surface pres-

sure–induced assemblies of SWCNTs on substrates have not been observed earlier. It

will be very interesting to study the effect of alignment of SWCNTs on the performance

of devices. In the next chapter we are presenting the effect of alignment of SWCNTs

on the methane gas sensing and compared the results with that of random network of

the SWCNTs in the thin film obtained using drop–casting method.
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Chapter 3

Ultrathin Films of Single–Walled

Carbon Nanotubes: A Potential

Methane Gas Sensor

3.1 Introduction

In previous chapter, we have demonstrated that single–walled carbon nanotubes (SWC-

NTs) can form interesting mophologies onto solid substrates as a function of target

surface pressure (πt) of Langmuir–Blodgett (LB) film deposition. It will be interest-

ing to study the role of alignment of SWCNTs in the ultrathin film on some physical

properties. In this chapter, we proposed a methodology to align SWCNTs onto inter-

digitated electrodes. We describe our study on methane gas sensing application of LB

films of SWCNTs and compared the result with that of random network of SWCNTs

film obtained through drop cast method.

Due to extraordinary electrical and mechanical properties of carbon nanotubes (CNTs),

it is a potential material for numerous device applications. The CNTs can be used

to fabricate functional thin films which can be employed for various industrial appli-

cations [147–151]. In general, the CNTs are chemically inactive [152]. However, the

electronic properties of the CNTs can be altered significantly even by physisorption

of the chemical species. Such unique properties of the CNTs made it viable for the

sensing application. It is believed that the sensor technology based on CNTs will have

high sensitivity, high selectivity, consume low power, be largely miniaturized and will
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be of low cost [153]. Sensors based on CNTs as the functional material has numerous

advantages over the other inorganic materials like metal oxide semiconductors. The

sensing capability of CNTs even at the room temperature is found to be significantly

high, and therefore it is a promising candidate for employing as functional material

for building room temperature sensor. Gas sensors based on carbon nanotubes field

effect transistor (CNTFET) show remarkable sensing capability. However, the CNT-

FET based device normally requires longer times (in seconds) for the detection of the

gas molecules [154]. The sensitivity of a device can be increased by increasing sur-

face–to–volume ratio of the functional material and the number of interaction sites

[155]. In the previous chapter, we have demonstrated that SWCNTs can form a stable

Langmuir film (LF) at the air–water (A/W) interface. We transferred the LB film

and obtained surface pressure depended interesting assemblies of the SWCNTs. Our

studies further provide avenue to manipulate the assemblies by altering the experi-

mental parameters. For some technological applications, it may be essential to align

the SWCNTs on the active area of the device.

In this chapter, we demonstrate a control on the alignment of SWCNTs on the solid

substrate during the ultrathin film fabrication by LB technique. Using a very sim-

ple mechanism during the LB deposition (Fig.3.1), the orientation of SWCNTs can

be manipulated either parallel or perpendicular to the dipping direction. During the

Figure 3.1: Mechanism for orienting SWCNTs during LB film deposition.

compression of LF of the SWCNTs on the surface of water, the SWCNTs can align
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with their long axis perpendicular to the compression direction. Therefore, during LB

deposition if the substrate plane is made parallel or perpendicular to the compression

direction, the SWCNTs on the solid substrates will align with their long axis parallel or

perpendicular to the dipping direction, respectively. The LB films with different orien-

tation of SWCNTs are characterized by atomic force microscopy and current–voltage

(I–V) measurements.

We have demonstrated the methane (CH4) gas sensing capability of the aligned SWC-

NTs in the LB film at the room temperature. The sensing capability of the aligned

SWCNTs in single layer of LB film of SWCNTs is compared with that of randomly

oriented SWCNTs in the film grown by drop cast method. We found that the gas

sensing capability of the LB film of SWCNTs is more efficient than that of the drop

cast film. Furthermore, the sensitivity of the LB film is higher in humid condition

as compared to that of dry environment. In this work, the lowest concentration (10

ppm) of the methane gas detected using the LB film of SWCNTs is much lower than

its lowest explosive limit (i.e., 50 ppm) [156–158].

3.2 Experimental methods

3.2.1 Langmuir and Langmuir–Blodgett Film

A solution of concentration 8.8 µg/ml of the SWCNTs (Carbon Solutions Inc, USA.) is

formed in high performance liquid chromatography (HPLC) grade dimethylformamide

(DMF) [112] and uniformly dispersed by ultrasonicating the SWCNTs–DMF solution

for about an hour. The LF of SWCNTs was formed by spreading 2650 µl of the fil-

tered solution very slowly using a microsyringe onto ultrapure ion–free water subphase.

About one hour is allowed for the solvent to evaporate from the surface of the water

leaving behind the dispersed SWCNTs. The surface pressure (π)–area (A) isotherm

is recorded by compressing the monolayer of SWCNTs symmetrically using the two

barriers of a LB trough and recording the surface pressure simultaneously using an

integrated balance. Here, the A refers to area of the film at the A/W interface en-

closed between the two barriers of the LB trough. The LF of SWCNTs is transferred

onto different solid substrates by the vertically dipping mechanism of LB technique. A

single layer of LB film was deposited onto interdigitated electrodes (IDE) for electrical

characterization and oxidized silicon (Si/SiO2) substrates for CH4 gas sensing. The
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LB films were deposited at a target surface pressure (πt) of 6 mN/m corresponding

to liquid–like phase of the LF. The drop cast films of SWCNTs were fabricated by

spreading 50 µl of the solution of SWCNTs (0.086 mg/ml) onto the Si/SiO2 substrate

(area ∼1 cm2) and allowing the solvent to evaporate completely from the surface. The

thickness of the LB and drop cast films were measured using an ellipsometer (Laser

Pro) equipped with 535 nm laser at a fixed angle of incidence, 70◦. The value of

thickness was measured at several places of the films and the average thickness was

calculated. The value of average thickness of the LB and drop cast films of the SWC-

NTs were obtained as 30 and 2200 nm, respectively. All the experiments were carried

out at room temperature ∼22◦ C.

3.2.2 Raman Spectroscopy

A single layer of LB film of SWCNTs transferred onto Si/SiO2 substrate are charac-

terized using Raman spectrometer equipped with 20 mW Ar+ Laser as the excitation

source. The Raman spectrum was also recorded for the bulk SWCNTs.

3.2.3 Atomic Force Microscopy

The surface topography of the LB films deposited onto Si/SiO2 substrate was obtained

by scanning the films using an atomic force microscope (AFM) in the contact mode.

The films were scanned using silicon tips (CSG series, NTMDT) having the spring

constant ∼0.1 N/m.

3.2.4 Field Emission Scanning Electron Microscopy

The surface morphology of the LB film and the dropcast film of SWCNTs deposited

onto Si/SiO2 substrate were obtained using a field emission scanning electron micro-

scope (FESEM). The extra–high tension (EHT) voltage was maintained at 1–2 kV.

3.2.5 Electrical Characterization

The LB films were deposited in the liquid–like phase of the LF of SWCNTs on the

IDE such that the long axis of the nanotubes is aligned parallel and perpendicular
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to the direction of the electric field applied to the IDE. The fabrication of IDE is

discussed in chapter 1. For I–V characterization of the LB films, the voltage is applied

across the gold pads of the IDE, and the corresponding current is measured using

a Keithley source meter (model No. 2400). The relative permittivity for LB films

with different orientational states of the SWCNTs was obtained using a model for

Poole–Frenkel (P–F) conductivity. P–F conductivity normally occurs at high values

of applied electric field and is related to a field–induced lowering of potential barriers

within a material.

3.2.6 Kelvin Probe Measurement

The gas sensing of films of SWCNTs was measured for CH4 using an Kelvin Probe

(KP) based gas sensor characterization setup in CEERI, Pilani as shown in Fig.3.2.

The KP technique measures the change in work function in terms of change in contact

potential between the oscillating gold grid and the sensing layer. The contact potential

difference between two metals is caused by their different work functions, which are

energies needed to remove an electron from the metal surface. If two metals with

different work functions are brought in contact, electron diffuses from the metal with

lower work function to that with higher one. The electron transfer process stops once

the electric field between them compensates for the work function difference. In this

equilibrium state, the potential associated with the electric field exactly equals the work

function difference, i.e. the contact potential difference (CPD), between the metals.

The gold grid is not sensitive to the gas used, so it can be concluded that the signal

represents the changes of the electronic structure of the sample under investigation.

V. Pentyala et al. [159] have investigated the gas sensing behavior of metal–organic

frameworks (MOFs) materials (Mg– and Co–MOF74) towards CO2, ethanol and ace-

tone in humid air by means of work function based KP setup. Both MOFs show similar

behavior for CO2 sensing. The changes in CPD of 5–8 eV in positive direction were

observed. Exposure to acetone exhibits nearly no changes in work function, whereas in

case of ethanol the work function changes in the opposite direction. P. Davydovskaya

et al. [160] have reported that copper 1,3,5–benzene–tricarboxylate (Cu–BTC) MOF

layers can be used in work function based gas sensing devices for selective aldehyde

sensing. Ethanal, propanal, pentanal and hexanal were used as target aldehyde gases.

Work function measurements were performed using a KP setup. The humidity level
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Figure 3.2: Kelvin Probe based gas sensor characterization setup.

has a strong influence on the sensing behavior. Increasing work function during ex-

posure to pentanal with increasing humidity level indicate that water molecules have

some role in the sensing layer–gas interaction.

In our study, the LB film deposited onto Si/SiO2 was employed for CH4 gas sensing

and compared the result with that of random network of SWCNTs film obtained by

drop cast method. The SWCNTs are p–type semiconducting material having the work

function 4.8 eV [161]. The KP system provides information about a change in work

function of sensing film upon exposure to ambient gas in process chamber. The system

has provision to dilute the gas by mixing hydrocarbon free dry air with the help of

mass flow controllers (MFCs). In addition, the ambient can also be made humid in a

very controlled manner by passing the dry air through bubbler followed by MFCs. The

complete characterization setup is interfaced with LabVIEW programme to acquire the

CPD values. The CPD provides the information about the change in work function

with respect to reference electrode. The change in CPD upon exposure to gas indicates

the sensitivity of film. Responses were acquired for different concentrations of the gas

(10 ppm, 30 ppm and 50 ppm) at the room temperature. An exposure time of 10

minutes was given to all experiments. The signals were recorded as CPD between gold

grid and the films of SWCNTs deposited onto Si/SiO2 substrate. The CPD values

for the Si/SiO2 substrate were found to be negligible under the exposure of CH4 and

water molecules.
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3.3 Results and discussion

3.3.1 Surface Manometry and AFM/FESEM Characteriza-

tion

In the previous chapter, we have found that the LF of SWCNTs at A/W interface to

be stable and reversible. The π–Aw isotherm of the LF of SWCNTs at A/W interface

is shown in Fig.2.2. The film exhibited gas–like phase, liquid–like phase and collapse.

The topographic images of the Si/SiO2 substrate is shown in Fig 3.3. Figure shows

the 2–dimensional (2D) and 3–dimensional (3D) representation of Si/SiO2 surface.

AFM images of Si/SiO2 substrates reveal that Si/SiO2 substrate exhibits smooth and

uniform surface. The average height of grain was found to be around 1.6 nm.

(a) (b)

Figure 3.3: Topographic image of Si/SiO2 substrate (a) 2D and (b) 3D represen-
tation.

A single layer of LB film of SWCNTs at πt = 6 mN/m is transferred on Si/SiO2

substrates. The surface topography of the LB films was obtained by scanning the film

using AFM in contact mode. Fig.3.4 shows the AFM images depicting the surface

topography of the single layer LB film of SWCNTs deposited in the liquid–like phase

onto the solid Si/SiO2 substrate. The AFM images show the bundles of SWCNTs

aligned along the dipping direction during the deposition of LB film on the substrate.

This indicates that the SWCNTs in a functional thin film can be aligned in a preferred

direction on the 2D surface by employing LB deposition technique. The width of the

bundles is found to be 20–30 nm.
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(a) (b)

Figure 3.4: AFM image of the LB film of SWCNTs deposited onto Si/SiO2 sub-
strate in liquid–like phase with (a) 2D (b) 3D representation. The dipping direction

is along the y–axis.

The FESEM images of the LB film and the drop cast film are shown in Fig.3.5. The

FESEM image (Fig.3.5(a)) of the drop cast film deposited onto Si/SiO2 substrate shows

the random network of the bundles of nanotubes. However, surface morphology of the

LB film of SWCNTs shows the aligned nanotubes which are aligned on an average to

a particular direction.

(a) (b)

Figure 3.5: FESEM images of (a) drop cast films and (b) LB film of SWCNTs
deposited onto Si/SiO2 substrates.
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3.3.2 Raman Spectroscopy

The Raman spectrographs of LB film of SWCNTs and bulk SWCNTs deposited on

Si/SiO2 substrates are shown in Fig.3.6. The Raman spectrum of the bulk sample of

SWCNTs shows the characteristics modes of SWCNTs, e.g., D, G, and radial breathing

mode (RBM) at 1,592, 1,350, and 164 cm–1, respectively. The Raman spectrum of the

single layer of LB film of SWCNTs exhibits all the characteristic Raman modes as

observed in the bulk sample. Apart from the characteristic modes, the spectrum

reveals strong peaks corresponding to the silicon substrate at 520 cm–1. The peak

corresponding to Si–O–Si is observed at 972 cm–1. The presence of the characteristic

Raman modes ensures the existence of SWCNTs in the single layer of LB film.

Figure 3.6: Raman spectrographs of the bulk sample of SWCNTs and LB film
of SWCNTs deposited onto Si/SiO2 surface at a πt = 6 mN/m. The characteristics
G, D, and radial breathing mode (RBM) frequencies of the SWCNTs are observed
at 1,592, 1,350, and 164 cm–1, respectively and are indicated by the vertical dashed

lines.

3.3.3 Electrical Characterization

The LB films with different orientational states of the SWCNTs are further character-

ized by I–V measurement. For such characterization, the LB films are deposited with

long axis of SWCNTs either parallel or perpendicular to the direction of the electric
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field applied by the IDE. The I–V measurements were performed at room temperature

to evaluate the electrical behavior of the LB films of SWCNTs. In this experiment,

the IDE gap was taken to be 10 µm, which is greater than the length of an individ-

ual SWCNTs. Conducting pathway between two electrodes must therefore consist of

several interconnected bundles of SWCNTs spanning the gold electrodes. When an

electric field is applied, the trapped charge can enter the quasi–conduction band of

SWCNTs by the P–F type of conduction mechanism, and flows from one electrode

into the other [140]. This is a bulk–limited process operating at high electric fields in

which the conduction is determined by charge traps. In the presence of an electric field,

E, the energy barrier associated with the trapping centers is lowered. The standard

quantitative equation for P–F conduction is given by

IPF = AEexp

[
βPF
√

E

kBT
–φ

]
(3.1)

where A is constant, φ is a constant related to the trap depth, T is temperature, kB is

the Boltzmann constant and βPF is P–F constant which can be defined as

βPF =

√
e3

πεrε0
(3.2)

Where e is the electronic charge, εr is the relative permittivity of the LB film of

SWCNTs, ε0 is the permittivity of the free space.

Fig.3.7 shows the I–V characteristic curves of the LB films with SWCNTs aligned par-

allel and perpendicular to the applied electric field. In the case of SWCNTs aligned

parallel to the electric field (Fig.3.7(a)), the interconnected network or bundle of SWC-

NTs over the surface of electrodes provides a sufficient path for possible charge conduc-

tion. As a result, the variation in the current value with respect to the applied voltage

for such type of orientation seems to be virtually linear. The corresponding I–V curve

is fit with the P–F equation, and the value of relative permittivity is obtained to be

around 39. If the long axis of the SWCNTs is aligned perpendicular to the electric

field, the charge carriers find limited pathways for their conduction through the SWC-

NTs network. Hence, the I–V characteristic of such film shows a flat curve and the

current rises only at higher applied voltages (Fig.3.7(b)). A fit to P–F equation yields

the value of the relative permittivity to be around 2.4.
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(a) (b)

Figure 3.7: Current–voltage (I–V) characteristics of LB films of SWCNTs where
long axis of the SWCNTs is aligned (a) parallel and (b) perpendicular to the di-
rection of electric field, respectively. The yellow rectangular regions depict the gold
electrodes of the IDE. The black rods between the electrodesrepresent the SWCNTs.

3.3.4 Methane Gas Sensing

It has been demonstrated by theoretical calculation and experimental observations

[118, 147] that individual semiconducting SWCNTs or a mixture of metallic and semi-

conducting nanotubes shows a global p–type semiconducting behavior. Therefore, the

charge conduction in such a system is guided by transport of holes through the mate-

rial. The electrical properties of CNTs are very much sensitive to any charge transfer

to it due to chemical/physical adsorption of molecular species. When the p–type semi-

conducting CNTs interact with the electron–donating molecules (e.g., NH3, water) or

electron withdrawing molecules (e.g. NO2, O2, CH4) a significant change in the density

of main charge carriers (i.e., holes) in the bulk of the nanotubes takes place, resulting

into the changes in the work function of CNTs [115, 153, 162]. This electrical behavior

is one of the basics for the development of CNTs based chemical gas sensors. The KP

measurements on the LB film and drop cast film of SWCNTs on Si/SiO2 are shown in

Fig.3.8 (a) and (b), respectively.

The CH4 gas is introduced in the chamber at the room temperature under the two

different conditions; dry and with relative humidity equal to 50%. In an electrical

transport measurement, it has been found that the conduction of the nanotubes is de-

creased on interaction with water molecules [163]. On interaction, the water molecules
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(a) (b)

Figure 3.8: KP measurements at the room temperature on (a) LB film (b) drop
cast film of the SWCNTs deposited on Si/SiO2 substrates. The CPD value for the
bare Si/SiO2 substrate was found to be zero for all the concentrations of CH4 in dry

and humid environment.

donate electronic charge (0.03 e−) to the nanotubes. This charge transfer due to wa-

ter adsorption depletes the hole concentrations in the nanotubes, thereby reducing

the conduction in the system [164]. Both the curves (curve (a) and (b) of Fig.3.8)

corresponding to 10 ppm in the humid environment show an initial drop (upto ∼2–3

minutes) and then rise. The initial drop in the CPD values due to the introduction

of water molecules in the process chamber is therefore, due to the depletion of hole

concentration in the SWCNTs [164].

On the other hand, due to the weak acidic nature of CH4, it can donate protons and in-

crease the concentration of holes in the nanotubes on adsorption and thereby increases

the CPD values. During the initial stage of insertion of water and CH4 molecules

in the chamber, the water molecules interact with SWCNTs rapidly. Therefore, the

charge transfer to the nanotubes is dominated by its interaction with water molecules.

This results in decrease in CPD values for the initial 2–3 minutes. However after 2–3

minutes, the charge transfer to the SWCNTs is dominated by its interaction with CH4

molecules leading to an increase in CPD values.

Interestingly, the CPD values for the LB film of SWCNTs in dry and humid ambient

indicate a systematic variation in data. The CPD value remains constant for a given

concentration of the gas molecules (ppm level) in the chamber. However, there is

an abrupt change (step like jump) in the CPD values on changing the ppm level of
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the gas molecules. Such response is an indicative for using LB films of SWCNTs as a

potential CH4 gas sensor. The discontinuity in the CPD values on the change of the gas

concentration can be potentially employed for sensing the change in the concentration

of the gas molecules in the ambient. It is noteworthy, that the jump in the CPD values

due to the change in the gas concentration in the humid environment is much higher

than that of the jump in the dry environment. Therefore, the CH4 gas sensor based

on the LB film of SWCNTs will be more sensitive in humid environment. The CPD

values for the drop cast film in the dry environment indicate a small rise in the overall

values even for the change in the gas concentration from 10 to 50 ppm. However, the

variation does not indicate any systematic change in the values. Whereas, the CPD

values rises monotonically with time (except the initial drop due to depletion of hole

concentration by the adsorbing water molecules) on the insertion and increasing the

ppm level of the gas molecules in the chamber in humid condition. The surface mass

density of the LB film and the drop cast films were 5.64x10–5 mg/cm2 and 4.33x10–3

mg/cm2, respectively. If the CPD values are normalized with respect to the surface

mass density of each of the respective films, the response of the drop cast films should

be approximately 130 times greater than that of LB films. However, the raw CPD data

variation (from Fig.3.8) indicates an increase in the CPD values of drop cast film is

about 1.5 to 2 times greater than that of LB films. Therefore, the normalized response

of the LB film of SWCNTs is much higher than that of drop cast film. In an earlier

work, the random network of SWCNTs and carbon nanofibres were employed for the

CH4 gas detection [165]. The sensitivity of such sensor was reported to be varying with

time. The sensor had attained maximum sensitivity for the detection of 3000 ppm of

the gas very slowly (80 seconds).

Here, the response of the LB film of SWCNTs is rapid due to any change in the ppm

level, and it remains invariant with time for the given concentration of the gas. The

SWCNTs in the LB films are well aligned thereby the adsorption of CH4 molecules on

the preferential sites of the SWCNTs may also follow some alignment. Any change

in the concentration of the gas molecules in the ambient increases the density of the

adsorbed CH4 molecules on the aligned SWCNTs giving rise to an abrupt change in

the CPD values. On the other hand, the alignment of SWCNTs in the drop cast

film is completely random, thereby creating random adsorption sites for the CH4 gas

molecules. The random adsorption of the gas molecules gives rise to increase in the

overall CPD values, though step–like change in the values are not being observed on

increasing the concentration of the gas molecules. These findings make the LB films
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of SWCNTs to be a potential CH4 gas sensor whose sensitivity is larger in the humid

environment.

3.4 Conclusion

In this chapter, we demonstrate a control on the alignment of SWCNTs on Si/SiO2

substrate during ultrathin film fabrication by employing LB technique. The SWCNTs

are aligned parallel and perpendicular to applied electric fields between the interdigi-

tated electrodes, and the corresponding I–V curves are studied. The CNTs can be used

for gas sensing and storage [166, 167]. We have studied the CH4 gas sensing capability

of LB films of SWCNTs at the room temperature, and it is compared with that of the

film fabricated by the drop cast method. We found the LB films are very sensitive to a

change in the concentration of the CH4 molecules in the environment. We observed the

sensitivity of the LB films to be significantly high in the humid environment than com-

pared to dry environment. Such a behavior makes LB films of SWCNTs more viable

for CH4 gas sensing in the normal atmospheric condition which in general possesses

finite humidity. The functionality of the CNTs based devices can be altered by the

suitable chemical modification of the CNTs. Such chemical functionalization can not

only facilitate film processibility but also provides specificity to a target analyte during

sensing. In the next chapter we present our studies on the thin films of functionalized

SWCNTs.
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Chapter 4

Biosensing Properties of

Langmuir–Blodgett Film of

Octadecylamine Functionalized

Single–Walled Carbon Nanotubes

4.1 Introduction

Carbon nanotubes (CNTs) are playing an increasingly important role in the devel-

opment of numerous devices including sensors [168, 169]. The sensitivity and perfor-

mance of the sensors are being improved by using organically functionalized CNTs.

The high surface–to–volume ratio of the CNTs renders them as a useful candidate for

the rapid detection of chemical or biological species even at very low concentrations.

Thus, CNTs based biosensors are recognized to be a next generation building block for

ultra–sensitive biosensing systems [170]. Many biological species, such as deoxyribonu-

cleic acid (DNA), proteins and enzymes, have been immobilized onto CNTs either on

their sidewalls or at the end–caps [171]. While the CNTs bioconjugates are functional

materials essential for the development of advanced nanotube biosensors, the device

fabrication process also plays an important role in regulating their biosensing perfor-

mance [172]. Functionalized CNTs have many improved characteristics, such as large

edge plane, high surface activity, high catalytic efficiency and better dispersibility in

a host. Functionalized CNTs can improve the fixed efficiency of biological recognition
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of molecules (e.g. enzymes, DNA, antigen/antibody, etc.) in biosensors [173]. Many

biological species such as nucleic acids, peptides, and proteins, can be non–covalently

adsorbed on the CNTs surfaces through hydrophobic, π–π stacking, and electrostatic

interactions [171].

Recently, Zhang et al. [174] have designed a sensitive DNA biosensor based on a

glassy carbon electrode modified with multi–walled CNTs (MWCNTs), polydopamine

(PDA), and gold nanoparticles (Au–NPs), for a sequence–specific DNA detection. The

interface of Au–NPs/PDA/MWCNTs film sensor significantly enhances the perfor-

mance of the electrochemical DNA biosensor. Proteins are the commonly used mate-

rial for dispersing CNTs efficiently in aqueous medium. Iancu et al. [175] have utilized

functionalized MWCNTs with serum albumin to detect liver carcinoma cells.

The immobilization of ligands during the development of a biosensor plays a crucial

role for the stability, reproducibility and efficiency of the sensor. The stability of immo-

bilized species onto a surface depends primarily on the molecule–substrate interaction.

Such interaction can be studied systematically using a quartz crystal microbalance

(QCM). In recent years, there has been a rapid growth in the number of scientific

reports on sensing application using QCM. QCM is an analytical technique that pro-

vides in–situ analysis of interactions during the sensing process. The main advantages

of sensing through QCM are high sensitivity, high stability, fast response and low cost.

The widespread use of QCMs began when they were found to be applicable in liquid

environments in around 1980 [176, 177]. Liquid phase application of QCM technology

expanded the number of potential applications dramatically including biotechnology

applications and in particular biosensing applications [178]. Nowadays, quartz res-

onators can be regarded as typical mechanical transducers for chemical and biological

sensing devices that transform the change in mass due to the adsorption of the analytes

into an electrical signal [179]. Detection of proteins and other biomolecules in liquid

phase is the essence for the design of a biosensor. The sensitivity of a sensor can be

enhanced by the appropriate functionalization of the sensing area so as to establish the

molecular specific interaction. In an interesting work, Kaufman et al. [180] have de-

scribed the adsorption characteristics of three proteins [bovine serum albumin (BSA),

myoglobin (Mb), and cytochrome c (CytC)] onto self–assembled monolayer (SAM)

of 11–mercaptoundecanoic acid (MUA) on both gold nanoparticles (AuNP) and gold

surfaces (Au). BSA showed the highest affinity for the SAM of MUA on Au, forming

an irreversibly adsorbed rigid monolayer.
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Su et al. [181] have fabricated novel low–humidity sensors by in situ photopolymer-

ization of polypyrrole /Ag/TiO2 nanoparticles (PPy/Ag/TiO2 NPs) composite thin

films deposited on quartz crystal of a QCM. The sensitivity increased with the doping

amount of TiO2 NPs. Because of its high reliability, high stability, ease of surface

coating, and nanogram scale sensivity, the QCM technique has increased interest both

in liquid and gas phase applications.

(a) (b)

Figure 4.1: Structure of (a) BSA (Appendix A) and (b) L–aspartic acid.

In the previous chapter, we found that the Langmuir–Blodgett (LB) thin film of pris-

tine SWCNTs can be employed for methane gas sensing. The sensing capability of

the LB film of SWCNTs was found to be remarkably enhanced as compared to that

of drop casted film. The LB film offers a higher degree of ordering in the film ar-

chitecture as compared to that of drop casted film. Such ordering in the LB films

may have role in providing the enhanced performance of the sensing device. In or-

der to employ the extraordinary physicochemical properties of SWCNTs for sensing

applications, it is preferred to functionalize them organically. Such chemical function-

alization is required for different reasons. Functionalization of the SWCNTs provide

not only better dispersibility in a host but also creates avenues for establishing molec-

ular–specific interaction which are essential for the development and performance of a

sensor. In this chapter, we discuss our studies on the Langmuir film (LF) and LB films

of octadecylamine functionalized single–walled carbon nanotubes (ODA–SWCNTs) at

different interfaces. We also discuss our studies on the LB films of ODA–SWCNTs

towards its sensing capabilities of biologically relevant species e.g. aspartic acid and

BSA protein. Amino acids (AAs) are the building blocks of protein. The interac-

tion between SWCNTs and AA is very important for understanding the interaction

mechanism between SWCNTs and biomolecules [182, 183]. The molecular structure
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of BSA and L–aspartic (L–asp) acid are shown in Fig.4.1. The average size of L–asp

acid is ∼0.7 nm and BSA protein is ∼8nm [184]. In order to understand the sensing of

the BSA using QCM by a standard functional layer, the gold–coated quartz crystals

were functionalized by forming SAM of MUA. The adsorption characteristics of BSA

onto SAM of MUA on quartz crystal are studied. BSA showed the large affinity for

surface treated with SAM of MUA as compared to pure gold surface. Thin films of the

functional material exhibiting amine groups are of great interest for many applications

because they are known to influence protein adsorption and provides sites for physi-

cal/covalent immobilization of biomolecules. The amine group of ODA–SWCNTs can

provide molecular–specificity for attracting suitable analytes. Here, sensing layers of

ODA–SWCNTs are fabricated using LB technique and spin coating method on QCM

gold deposited quartz wafers. The LB film deposited onto quartz crystal was em-

ployed for detection of L–asp acid and BSA protein and compared the result with that

of random network of ODA–SWCNTs film obtained by spin coating method. Our ex-

perimental results show that sensing capability of LB films of ODA–SWCNTs is more

enhanced as compared to spin coated film.

4.2 Experimental methods

4.2.1 Lanmuir and Langmuir–Blodgett Films

The ODA–SWCNTs are purchased from Carbon Solutions Inc, USA. The MUA and

L–asp acid were purchased from Sigma Aldrich and BSA was purchased from Merck.

A solution of concentration 0.03 mg/ml of ODA–SWCNTs is formed in high perfor-

mance liquid chromatography (HPLC) grade chloroform. Uniformly dispersed solution

of ODA–SWCNTs is obtained by ultrasonicating the solution for ∼30 minutes. The

LF of ODA–SWCNTs was formed by spreading 700 µl of the solution very slowly us-

ing a micropipette (Tarsons) onto ion–free water subphase in a LB trough. About 30

minutes were allowed for the solvent to evaporate from the surface of the water leaving

behind the dispersed ODA–SWCNTs. The surface pressure (π) – area (A) isotherm

was recorded by compressing the monolayer of ODA–SWCNTs symmetrically using

the two barriers of the LB trough and recording the surface pressure simultaneously

using an integrated balance. Here, the area refers to area of the film at the air–water

(A/W) interface enclosed between the two barriers of the LB trough. The LF of
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ODA–SWCNTs is transferred after three isocycles onto quartz crystal wafers by the

vertical dipping mechanism of LB technique. The LB films were deposited at tar-

get surface pressure (πt) = 8 mN/m corresponding to liquid–like phase of the LF of

ODA–SWCNTs. The spin coating was done by spreading 150 µl of ODA–SWCNTs so-

lution in the HPLC grade chloroform solvent onto MUA functionalized quartz crystal.

Deposition was done at a spinning rate of 2500 rotations per minute. The experiments

were carried out at room temperature (∼22o C)

4.2.2 QCM Measurememts

The AT–cut gold–coated quartz crystals (SRS, USA) exhibiting a resonance frequency

of 5 MHz were employed as the sensing element. The quartz wafer was cleaned in cold

piranha solution (conc. H2SO4 : H2O2 as 3:1) and rinsed successively with plenty of

ion–free water, alcohol and acetone. The quartz crystals were deposited with SAM

by immersing them for 10 hours in freshly prepared 1mM pure ethanol solution of

MUA. The modified crystals were removed from the solution and rinsed with ethanol

to remove any unbound MUA molecules. BSA is a globular protein (∼66,000 Da)

Figure 4.2: Quartz crystal microbalance sensing setup.

typically around 583 AAs in length. The sensing of BSA in aqueous medium was

studied by recording a change in piezoresponse using QCM (QCM200, SRS, USA).

The sensing setup is shown in Fig.4.2. The functionalized quartz wafer is mounted in

the QCM holder. The holder was vertically dipped into the beaker filled with 200 ml of

aqueous medium. The ultrapure ion–free water having the resistivity greater than 18
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MΩ–cm was obtained from a Millipore (DQ–5) unit. Stock solution of BSA and L–asp

acid was prepared in ultrapure water with a concentration of 10 mg/ml and 8.5mg/ml,

respectively. The BSA solution was injected into the beaker through a micropipette

and the change in frequency (4f) is recorded as a function of concentration of BSA.

4.2.3 Atomic Force Microscopy

The morphology of the films deposited over the crystal before and after adsorption

of analytes were observed using an atomic force microscope (AFM) in contact mode

(SolverPro, NTMDT). The samples were scanned using the silicon tip having the spring

constant ∼0.2 N/m.

4.3 Results and discussion

4.3.1 Surface Manometry and Langmuir Blodgett Films

The surface pressure (π) – area (A) isotherm of LF of ODA–SWCNTs at A/W interface

is shown in Fig.4.3. The isotherm indicates zero surface pressure at very large area.

Figure 4.3: Surface pressure (π) – area (A) isotherms of Langmuir film of
ODA–SWCNTs at A/W interface. The isothermal in–plane elastic modulus (E)

is shown by the dashed line.
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This is a gas–like phase of the LF of the ODA–SWCNTs. On reducing the area

by compressing the film, the surface pressure started rising sharply at around 600

cm2. This is the onset of a liquid–like phase. On further compression of the film

of ODA–SWCNTs, a change in slope is observed at around 15 mN/m. The surface

pressure keeps rising till the film is compressed completely in the trough. The slow

change in the slope can be considered as a collapse of the LF of ODA–SWCNTs.

The isothermal in–plane elastic modulus (E) of LF can be calculated employing the

relation Eq.2.1. The E versus A of the LF of ODA–SWCNTs is shown in Fig.4.3

(dashed line). The E values remain very low for the large area (i.e., gas–like phase)

whereas it increases rapidly at the onset of liquid–like phase. The maximum value of

E in liquid–like phase is 19 mN/m. The LB film of ODA–SWCNTs is deposited onto

quartz crystal wafers in liquid–like phase at πt = 8 mN/m.

4.3.2 Sensing of BSA protein using SAM of MUA as the func-

tional layer

Using the QCM, the change in values of mass per unit area due to the adsorption of

analytes is estimated by measuring the change in resonance frequency of the quartz

crystal resonator. The change in frequency (4f) is directly proportional to the change

in mass per unit area (4m) [111] through the Sauerbrey relation, (Eq.1.4). The

concentration of BSA in ion–free ultrapure water was varied from 0.075 nM to 142.11

nM and the change in piezoresponse with respect to the ultrapure ion–free water is

measured. Fig.4.4 shows the variation of mass of BSA adsorbed per unit area on (i)

piranha treated quartz wafer (filled squares) and (ii) the SAM of MUA (open squares)

as a function of concentration of BSA in aqueous medium.

It can be noted (Fig.4.4) that the change in mass increases monotonically with the

increase in concentration of BSA. The rate of change in mass with respect to concen-

tration of BSA appears to be comparable at the lower concentrations of BSA in water

(i.e. < 40 nM) for both the cases of pure gold and carboxylated (MUA) treated gold

surfaces. Above the concentration ∼40 nM, there is a dramatic increase in the rate of

mass change on the carboxylated surface as compared to that of pure gold surface. At

the lower concentration, few BSA molecules adsorbed to the surface, act as nucleation

sites for the further adsorption of molecules with the increase in concentration of the

BSA in the medium. The SAM of MUA offers carboxylated surface which can attract
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Figure 4.4: Variation of mass of BSA adsorbed per unit area on (i) piranha treated
gold–coated quartz wafer (filled squares) and (ii) the SAM of MUA (open squares)

as a function of concentration of BSA in aqueous medium.

the compatible (cationic) part of the protein to get adsorbed onto the surface to form

the nucleation sites. Such nucleation sites on MUA can further attract other BSA

molecules to get adsorbed onto the surface of SAM leading to the growth of the BSA

domain.

In contrast, the gold surface offers only an area for normal physio–adsorption of the

BSA molecule. Hence, the adsorption curve obtained for pure gold surface shows a

constant slope indicating a constant rate of adsorption with increase in concentration of

BSA protein in aqueous medium. The normal physical adsorption onto the gold surface

is unstable due to weak BSA molecule–substrate interaction. It was also observed

during the measurement that the adsorption of BSA over the SAM of MUA was rapid

as compared to that onto the surface of pure gold.

The morphology of the functional layer (SAM of MUA) and adsorbed BSA on MUA

functionalized surface is studied using the AFM. Fig.4.5 shows the morphology of SAM

of MUA deposited on gold–coated quartz crystal and BSA adsorbed over the function-

alized gold–coated quartz crystal. The morphology of SAM of MUA (Fig.4.5(a)) shows

relatively smaller domain as compare to that of BSA adsorbed layer (Fig.4.5(b)). The

calculated average roughness of the SAM of MUA and BSA over the SAM are 3.5 and

2.7 nm, respectively. Due to adsorption of BSA over the SAM of MUA, the uniformity
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(a) (b)

Figure 4.5: AFM images of (a) SAM of MUA over gold coated crystal and (b)
BSA adsorbed over SAM of MUA. The size of each image is 2x2 µm2.

in the texture increases and the roughness of the film reduces to 2.7 nm . The image

(Fig.4.5(b)) shows spherical domains which can represent the domains of globular BSA

protein. The size of the spherical domains lies in range of 200 to 300 nm. Our studies

indicate a strong signature of BSA protein adsorption by the functional layer of MUA.

The sensing performance of BSA protein using a QCM can be enhanced with suitable

functionalization of the gold deposited quartz crystals.

Based on our study, a schematic diagram for BSA adsorption over gold coated quartz

crystal and SAM of MUA on the quartz crystal is shown in Fig.4.6.

4.3.3 Sensing of L–asp acid using LB and spin coated films of

ODA– SWCNTs as the functional layer

ODA–SWCNTs can provide opportunity to create not only the mesopororous film

but also cationic adsorption sites for the trapping of anionic analytes. Preserving the

fundamental properties of CNTs, the functionalized CNTs can be aligned onto the

active area of a device to yield its best performance. Here, we have studied the sens-

ing of biologically relevant chemical analytes e.g. L–asp acid and BSA protein using

the LB and spin coated films of ODA–SWCNTs. Sensing layer of ODA–SWCNTs

is fabricated over the SAM of MUA deposited onto the quartz crystal wafers using

LB technique and spin coating method. The LB technique provides highly organized

layer of ODA–SWCNTs, however the spin coating technique provide random netwok

of ODA–SWCNTs. The single layer of LB film of ODA–SWCNTs was deopisted on
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Figure 4.6: Schematic of adsorption of BSA over gold–coated quartz crystal and
SAM of MUA.

Figure 4.7: Variation of mass of L–asp acid adsorbed per unit area on (i) LB film
of ODA–SWCNTs (filled squares) and (ii) the spin coated film of ODA–SWCNTs

(filled circles) as a function of concentration of BSA in aqueous medium.

functionalized (SAM of MUA) quartz crystal and employed for the sensing of L–asp

acid using QCM. The change in mass due to adsorption of L–asp acid onto the spin

coated thin film of ODA–SWCNTs shows a linearly increasing trend with the increase

in concentration of L–asp acid in the ultrapure ion–free water (Fig.4.7 (filled circles)).
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The sensitivity of a sensor is proportional to slope of such curves [185]. The calcu-

lated slope value for mass adsorbed over spin coated film of ODA–SWCNTs is 83

ng/cm2/µM. Mass of L–asp acid adsorbed over LB film of ODA–SWCNTs vs concen-

tration of L–asp acid curve is shown in Fig.4.7 (filled squares). The change in mass

increases rapidly and linearly with the increase in concentration of L–asp acid dissolved

into the ultrapure ion–free water. The lowest detectable concentration of L–asp acid is

found to be around 0.2 µM. The calculated slope value for mass adsorbed over LB film

of ODA–SWCNTs is 300 ng/cm2/µM which is much higher than that of spin coated

film of ODA–SWCNTs. Thus, the sensitivity of the L–asp acid sensor fabricated using

LB films is much higher than that of spin coated films of ODA–SWCNTs.

The L–asp acid sensing characteristics of LB film of ODA–SWCNTs is comparatively

better than spin coated film. This may be due to the alignment in ODA–SWCNTs in

ultrathin LB films. The morphology of the surface after the adsorption of L–asp acid

(a) (b)

Figure 4.8: AFM images of L–asp acid adsorbed over (a) spin coated film of
ODA–SWCNTs and (b) LB film of ODA–SWCNTs. The size of each image is 2x2
µm2. The height profile along the black line is shown below the respective AFM

image.

adsorbed onto spin coated film and ultrathin LB film of ODA–SWCNTs is shown in

Figs. 4.8(a) and (b), respectively. Image (a) shows few large domains of maximum

thickness ∼7 nm whereas image (b) shows a large number of circular domains with

maximum thickness ∼20 nm. This indicates that the LB films of ODA–SWCNTs
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creates a large number of adsorption sites and faciliated the nucleation and growth of

the circular domains of L–asp acid. The random network of the ODA–SWCNTs in

the spin coated film may not facilitate the growth of nucleated sites into the larger

domains and hence image (a) (Fig.4.8) appears smoother as compared to that of image

(b) (Fig.4.8). The aligned bundles of ODA–SWCNTs in the LB films may support not

only the creation of larger number of nucleation sites for L–asp acid adsorption but

also further growth of the sites into larger domains. This result is in consistence with

the results obtained from the QCM which indicates the sensitivity of LB film is much

higher than that of the spin coated film of ODA–SWCNTs.

The schematic of adsorption of L–asp acid over ODA–SWCNTs is shown in Fig.4.9.

Figure 4.9: Schematic of adsorption of L–asp acid over ODA–SWCNTs.

4.3.4 Sensing of BSA protein using LB and spin coated films

of ODA– SWCNTs as the functional layer

The LB film of ODA–SWCNTs is found to be a promising candidate as the functional

layer for sensing the amino acid i.e. L–asp acid. We extended our investigation by

studying the sensing performance of LB films as compared to that of spin coated films

of ODA–SWCNTs towards BSA protein. Fig.4.10 shows the variation of change in

mass due to adsorption of BSA per unit area on (i) LB film of ODA–SWCNTs (filled

circle) and (ii) the spin coated film of ODA–SWCNTs (filled squares) as a function of

concentration of BSA in aqueous medium. The ODA–SWCNTs films are fabricated

onto the SAM of MUA over the quartz crystal wafers for QCM measurememts.

It can be noted that the piezoresponse on the adsorption of BSA over the spin coated

film of ODA–SWCNTs is relatively very small. Assuming the linear trend in the

variation of change in mass vs concentration of BSA in aqueous medium, the slope
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Figure 4.10: Variation of mass of BSA adsorbed per unit area over (i) LB film of
ODA–SWCNTs (filled circles) and (ii) the spin coated film of ODA–SWCNTs (filled

squares) as a function of concentration of BSA in aqueous medium.

is estimated to be ∼2.8×103 ng/cm2/nM. Interestingly, the piezoresponse from the

LB film of ODA–SWCNTs for the sensing of BSA protein is found to increase very

rapidly for the lower concentration range (< 60 nM) and then increase slowly for

the concentration > 60 nM of BSA in the aqueous medium. Similarly, assuming the

linear trend for these two different concentration range, the slopes are estimated to be

∼5.1×105 ng/cm2/nM for the concentration < 60 nM and 2.2×104 ng/cm2/nM. This

indicates that the sensitivity of the LB film of ODA–SWCNTs increases by orders of

magnitude as compared to that of spin coated film of ODA–SWCNTs. The enhanced

sensitivity of the LB film of ODA–SWCNTs can be related to the creation of large

number of adsorption sites for attracting BSA protein. The further adsorption of BSA

on the nucleated sites is facilitated by the ordering of the ODA–SWCNTs in the LB

film leading to the growth of BSA domains. The adsorption of BSA protein over

sensing layers is studied by obtaining the morphologies of the films before and after

BSA protein adsorption using AFM.

The surface morphology of thin film of ODA–SWCNTs deposited by spin coating

method and adsorbed BSA protein over such film of ODA–SWCNTs is studied us-

ing AFM. Fig.4.11(a) and (b) show the morphology of spin coated ODA–SWCNTs

deposited on SAM of MUA on the quartz crystal wafer and the adsorbed BSA over

the such functionalized quartz crystal. The image (Fig.4.11(a)) reveals the random
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(a) (b)

Figure 4.11: AFM images of (a) spin coated film of ODA–SWCNTs over SAM of
MUA and (b) BSA adsorbed over spin coated film of ODA–SWCNTs. The size of
each image is 2x2 µm2. The height profile along the black line is shown below the

respective AFM image.

features which arises due to the random network of ODA–SWCNTs. After the QCM

measurements on the same film, the features appears little smoother as compared to

Fig.4.11(a). The random network of the ODA–SWCNTs in the spin coated film may

not facilitate the growth of nucleated sites into the larger domains and therefore only

a few globular domains can be seen from the image (Fig.4.11(b)). The height profiles

shows that the average thickness of the film is not changed much after BSA adsorption

experiment. The average height increases only by a few nanometers. Therefore, the

adsorption of BSA protein is poor onto the spin coated film of ODA–SWCNTs.

The surface morphology of the LB film of ODA–SWCNTs on the SAM of MUA on the

quartz crystal wafers and the adsorbed BSA over such functionalized surface is shown

in Fig.4.12. Fig.4.12(a) reveals the organized elongated domains over the surface.

This may be the bundles of ODA–SWCNTs over the SAM of MUA. The width of the

elongated domains is around to be 50 – 60 nm which may correspond to the width of

the bundles of SWCNTs. After the QCM measurements using such LB films, the AFM

image (Fig.4.12(b)) shows large number of globular domains of size ranging between

100 – 250 nm. The height profiles below the respective images (Fig.4.12) show that the

average thickness of the film is increased due to BSA adsorption. This clearly indicates
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(a) (b)

Figure 4.12: AFM images of (a) LB film of ODA–SWCNTs over SAM of MUA.
The size of image is 300x300 nm2. (b) BSA adsorbed over LB film of ODA–SWCNTs.
The size of image is 500x500 nm2. The height profile along the black line is shown

below the respective AFM image.

that the adsorption of BSA protein over the LB film is favored more as compared to

that of spin coated film of ODA–SWCNTs.

The schematic of adsorption of BSA over ODA–SWCNTs is shown in Fig.4.13.

Figure 4.13: Schematic of adsorption of BSA over ODA–SWCNTs.

Estimation of slope values for change in mass per unit area of the different adsorbed

layer is shown in Table. 4.1
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Table 4.1: Summary of slope values for sensing L–asp acid and BSA using different
sensing layer.

Sensing Layer
Sensitivity for L–asp
acid, ng/cm2/µM

Sensitivity for
BSA, ng/cm2/nM

Gold surface – 6

SAM of MUA –
64 for ≥40nM,
10 for < 40nM

Spin coated film of
ODA–SWCNTs

83 2.8×103

LB film of
ODA–SWCNTs

300
2.2×104 for > 60nM,
5.1×105 for < 60nM

4.4 Conclusion

The functionalized SWCNTs offers not only the ease of device processability but

also functional layer for attracting specific analytes in the sensing application. In

this chapter, we report formation a stable LF of ODA–SWCNTs. The LB films of

ODA–SWCNTs are fabricated onto the quartz crystal wafers of a QCM and are em-

ployed for sensing the biological analytes viz. L–asp acid and BSA protein. The sensing

performance of the LB films of ODA–SWCNTs is compared with that of thin film of

randomly oriented ODA–SWCNTs obtained through spin coating technique. The sen-

sitivity towards the analytes using LB film is found to be far better than that of spin

coated film of ODA–SWCNTs. The highly oriented ODA–SWCNTs in the LB films

may create large surface density of adsorption sites which support the further growth

of the nucleates sites into bigger domains. This in turn yield better performance and

high sensitivity of the analytes by the LB films. The surface morphology study also

reveals large number of adsorbed domains of L–asp acid and BSA protein by the LB

film than that of spin coated film of ODA–SWCNTs.

It will be interesting to study the surface properties of more biologically compatible

CNTs viz. poly ethylene glycol functionalized SWCNTs (PEG–SWCNTs). In the next

chapter, we discuss the ultrathin film fabrication involving PEG–SWCNTs and their

sensing application.
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Chapter 5

Effect of PEG–SWCNTs in

Subphase on Langmuir Monolayer

and Langmuir–Blodgett Films of

Cationic Surfactants

5.1 Introduction

In the previous chapter, we have demonstrated that the octadecylamine functionalized

single–walled carbon nanotubes (ODA–SWCNTs) based quartz crystal microbalance

(QCM) sensors are very sensitive to bovine serum albumin (BSA) protein at room tem-

perature. The sensing capability of Langmuir–Blodgett (LB) films of ODA–SWCNTs

is more enhanced as compared to spin coated film due to the nucleation and growth

of domains of analytes on the aligned nanotubes in the ultrathin LB film.

It will be interesting to study the role of functionalized SWCNTs onto sensing of

biologically relevant analytes. In this chapter, we present our studies on the in-

teraction of cationic surfactant with deoxyribonucleic acid (DNA) using QCM. The

interaction of polyethylene glycol functionalized SWCNTs (PEG–SWCNTs) with a

cationic surfactant e.g. dioctadecylamine (DODA) at air – water (A/W) and air

– solid (A/S) interfaces are investigated. We have employed the LB films of DO-

DA/PEG–SWCNTs for DNA sensing and observed that DNA adsorption over LB film
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of DODA/PEG–SWCNTs is more enhanced as compared to dioctadecyl ammonium

bromide (DOAB).

For many industrial applications, a uniform and stable dispersion of SWCNTs plays

an important role. However, SWCNTs are highly hydrophobic and thus aggregate

in aqueous environment under physiological condition, a fact which limits their use

in biomedical applications. The dispersion of SWCNTs in water without its chemi-

cal modification is difficult. To maximize their versatility, the poor dispersibility of

SWCNTs in aqueous medium needs to be addressed [186, 187]. The dispersibility of

SWCNTs was significantly enhanced after their surface modification. SWCNTs have

been often modified with amphiphiles such as lipids, surfactants, proteins, and hy-

drophilic polymers [188–191]. Functionalization of SWCNTs with polymer molecules,

done either by noncovalent or covalent bonding, is one of the most common methods

for enhancing nanotube dispersibility [89, 192, 193]. In one of such simple method,

non–covalent SWCNTs functionalization uses single stranded DNA (ssDNA) to im-

prove its aqueous dispersion. Zheng et al. [194] have reported that through π–π

interactions, the DNA molecule was helically wrapped around the SWCNT surface.

Fernando et al. [195] have used poly (propionylethylenimin–co–ethylenimine) and poly

(vinyl alcohol), to increase SWCNTs dispersibility. The addition of polymer chains

to the surface of SWCNTs is very useful as these macromolecules not only help to

disperse the SWCNTs in solvent, but also provide functional groups for investigating

molecular specific interactions [196–199].

Among the water–soluble polymers used for chemical modification of SWCNTs, polyethy-

lene glycol (PEG) has received significant attention. PEG is a water–soluble, nontoxic,

and biocompatible polymer. Fuctionalization of SWCNTs with PEG has been shown

to render them soluble in physiological buffers, [200] and these systems have been

studied as molecular transporters inside mammalian cells [191], as agents for selective

probing and imaging of cells with fluorescence spectroscopy [201], and tumor targeting

agents [202]. In particular, PEG has been often attached to the SWCNTs by a pro-

cess called PEGylation [203, 204]. Such modification of SWCNTs increased solubility

significantly and reduced cytotoxicity [205–210]. The functionalization of SWCNTs

with PEG have resulted in SWCNTs graft copolymers with high dispersibility in wa-

ter [89, 211]. The covalent approach to the preparation of water soluble SWCNTs

provides materials with controlled composition and reproducible properties, which is

of significant importance for biomedical studies. [212–217].
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Understanding the molecular interactions of the biologically relevant molecules are es-

sential not only for the design of novel drugs, but also for devices probing the systems

rapidly and accurately. There are molecular specific interactions like antibody–antigen

which work on the principle of lock–key mechanism. Such molecular specific interac-

tions are potentially employed for the development of sensors [218, 219]. There are nu-

merous studies on the interaction of DNA with proteins, lipid membranes and cationic

surfactants [220–223].

In this chapter, we report our study on the interaction of DNA with the ultrathin

film of a cationic surfactant DOAB. The ultrathin film of DOAB is fabricated by LB

technique onto the hydrophobically treated quartz crystal wafers. The solution of DNA

in phosphate buffer saline (PBS) is injected through a flow cell in a QCM loaded with

the functional ultrathin film. The kinetic data indicates that the time constant (τ)

of the adsorption of DNA on DOAB layer is ∼162 seconds. The surface morphology

of the aggregation of DNA over the DOAB layer is investigated using atomic force

microscope (AFM). The AFM image indicates the trapping of DNA over the DOAB

layer. Such trapping of DNA can be potentially employed in the field of genomics.

(a) (b)

Figure 5.1: Molecular structure of (a) Dioctadecylammonium bromide (DOAB)
and (b) Dioctadecylamine (DODA).

The combination of DNA and SWCNTs has been intensively investigated by many

research groups. DNA–SWCNTs conjugates have been used as biosensors for the de-

tection of diverse species, including glucose [224, 225], proteins [226], pesticides [227],
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peroxide [228] among others. Hu et al. [229] reported the application of DNA–wrapped

SWCNTs for biosensing. DNA–wrapped CNTs deposited over glass substrates were

used as an electrochemical biosensor for the detection of dopamine. Their results

showed that the prepared dopamine biosensor possesses excellent selectivity and sen-

sitivity, even in the presence of interferences due to ascorbic acid.

The interaction of a cationic surfactant with PEG–SWCNTs has been studied. PEG–

SWCNTs is immobilized with the monolayer of cationic dioctadecylamine (DODA)

by electrostatic interaction at A/W interface. The molecular structure of DOAB and

DODA are shown in Fig.5.1. The surface behavior of DODA and DODA/PEG–SWCNTs

mixed Langmuir films (LF) has been characterized by surface pressure – area (π – A)

isotherms. The LB film of DODA/PEG–SWCNTs is deposited onto quartz wafers of

QCM and employed for sensing DNA. The lowest detectable concentration of DNA is

found to be 3 fM. The morphological study on the film before and after adsorption of

DNA also indicates the adsorption of DNA.

5.2 Experimental methods

5.2.1 Lanmuir and Langmuir–Blodgett Films

Dioctadecyl ammonium bromide (DOAB), dioctadecylamine (DODA) and octade-

canethiol (ODT) were purchased from Sigma Aldrich and used without any further

purification. PEG–SWCNTs was purchased from Carbon Solutions Inc, USA.

The DOAB and DODA solutions, each of concentration 1 mg/ml were prepared in high

performance liquid chromatography (HPLC) grade chloroform. A solution of concen-

tration 12 µg/ml of PEG–SWCNTs was prepared in absolute alcohol. 1ml solution

of PEG–SWCNTs was added to the ultrapure ion free water (Millipore; 18 MΩ–cm)

subphase maintained at a definite pH. The pH of the subphase is controlled by the

addition of H2SO4 (Merck) or NH4OH (Merck). The average pH value of pure water

is 5.7. The pH value of water subphase was maintained at 3 and 10 in this study.

The pH value reported is the average value recorded during the experiment. The

LF of DODA was formed by spreading 100 µl solution drop by drop onto the water

subphase using a Hamilton microsyringe. About 1 hour is allowed for the solvent to

evaporate from the surface of the water and for the interaction of amine group of
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DODA with PEG–SWCNTs dissolved into water. The π – A isotherms are recorded

by compressing the monolayer symmetrically using the two barriers of a LB trough.

The compression rate of the barriers is maintained at 10.47 (Å2/molecule)/sec. DODA

and DODA/PEG–SWCNTs layers are transferred onto hydrophobically treated quartz

crystal wafers and Si/SiO2 substrates by the vertical dipping mechanism of LB tech-

nique.

5.2.2 QCM Measurememts

The 5 MHz AT–cut quartz crystal wafers (SRS, USA) are used for DNA sensing appli-

cation using QCM. The piranha treated gold–coated quartz wafer is made hydrophobic

by depositing self assembled monolayer (SAM) of ODT. The wafers were dipped into

1 mM solution of ODT in absolute alcohol for about 24 hours. The treated wafers

were rinsed thoroughly by the absolute ethanol and stored in water for LB film de-

position. A single layer of LB films of the cationic surfactants were deposited onto

the SAM–deposited quartz wafers. The single LB film of DOAB was deposited at 20

mN/m such that the functional group, amine is exposed to the air. Such arrangement

of film is essential for establishing the cationic surfactant – DNA interaction. The

functionalized quartz wafer is mounted in the QCM and the change in frequency (4f)

due to deposition of DNA are recorded as a function of time. A flow cell and a peri-

staltic pump for injecting fluids in a highly controlled manner are used in conjunction

with the QCM (QCM200, SRS, USA). The escherichia coli (E. coli) bacterial DNA is

dispersed in PBS solution with a concentration of 0.032 pM. The DNA solution was

injected in the QCM at a rate of 75 µl/min. The lowest detectable concentration of

DNA in PBS using the LB film of DOAB was found to be 0.020 pM. Therefore, for

studying the kinetics of adsorption of DNA over LB film of DOAB, 0.032 pM solution

of DNA in PBS was used.

The single LB film of DODA/PEG–SWCNTs deopisted on functionalized quartz wafer

is mounted in the QCM holder. The holder was vertically dipped into the beaker filled

with 80 ml of PBS solution. A stock solution of E. coli DNA was prepared in PBS

with a concentration of 2.58 pM. The 100µl DNA solution from stock solution was

injected into the beaker through a micropipette and the change in frequency (4f) for

different concentration of DNA solution was recorded.
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5.2.3 Atomic Force Microscopy

The surface topography of the films are studied using an AFM in contact mode. The

images were obtained by scanning the films using silicon tips having the spring con-

stants ∼1 N/m. The images were analyzed using the proprietary software of NTMDT.

5.2.4 Field Emission Scanning Electron Microscopy

The surface morphology of the LB film was obtained using a field emission scanning

electron microscope (FESEM). The extra high tension (EHT) voltage was maintained

at 1–2 kV.

5.2.5 Raman Spectroscopy

The spin coated film of PEG–SWCNTs deposited onto Si/SiO2 substrate was scanned

using a Raman spectrometer equipped with 20 mW Ar+ laser as the excitation source.

Raman spectrum of spin coated film of PEG–SWCNTs is shown in Fig.5.2. It indi-

cates the presence of two strong peaks at about 1352 cm–1 and 1580 cm–1, commonly

known as the first–order D and G bands of SWCNTs. The peak at about 1580 cm–1

corresponds to G–band of SWCNTs, which is due to the sp2–bonded carbon atoms in

SWCNTs. The D band at about 1352 cm–1 is associated with the presence of defects

in structure of SWCNTs [230, 231].

Furthermore, the two–order D peak (G’–band) at about 2690 cm–1 is also observed.

The ratio of the intensity of the D and G bands is known to be correlated to the

quality of SWCNTs, which is used to estimate the degree of disorder in structure of

carbon nanotubes [230]. By calculation, the ID/IG ratio of sample is found to be 0.15.

However, the low D–to–G peak intensity ratio indicates the overall high structural

quality of the spin coated PEG–SWCNTs. The Raman spectrum of PEG–SWCNTs

shows the radial breathing mode (RBM) of SWCNTs at 164 cm–1. Tube diameters can

be easily estimated from RBM frequencies of Raman spectra and can be calculated

from [232]:

d =
234

ωr
(5.1)
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Figure 5.2: Raman spectrum of spin coated film of PEG–SWCNTs. The FESEM
image of the film is shown in the inset.

where d is the tube diameter in nm and ωr is the RBM frequency in cm–1. Figure

shows a clear RBM centered at 164 cm–1 and can be attributed to the strong presence

of SWCNTs having a mean diameter of 1.4 nm. The Raman spectrum contains the

prominent peaks at 1750 cm–1 corresponding to the well documented RBM+G band

[233]. The FESEM image of the spin coated film of PEG–SWCNTs deposited onto

Si/SiO2 substrates is shown as inset of Fig.5.2. The FESEM image in the inset shows

the random network of the bundles of PEG–SWCNTs.

5.3 Results and discussion

5.3.1 Surface Manometry of LM of DOAB

The surface pressure (π) – area (Am) isotherm of the Langmuir monolayer (LM) of

DOAB at A/W interface is shown in Fig.5.3(a). The isotherm shows zero value of

π at a very large Am. This is the gas phase of the monolayer. On compression, the

isotherm starts showing non–zero value of π at Am = 0.65 nm2 (a). This is the onset

of a liquid–expanded (LE) phase. The value of π rises slowly till a kink is ovserved at

π = 15mN/m (b). The π increases rapidly and monotonically thereafter on reducing

Am till the monolayer collapses at around 54 mN/m. The region of the isotherm from
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a to b corresponds to LE phase. The phase corresponding to the steep rise in π (b to

c) may corresponds to a liquid–condensed (LC) phase. The orientational state (tilt or

untilt) of the molecules in a phase can be estimated qualitatively by comparing the

extrapolated area per molecule with that of molecular cross–sectional area in the bulk

single crystal [143]. Theoretically, the cross–sectional area of the vertically aligned

DOAB molecule was calculated using chemsketch software and it is found to be ∼0.5

nm2. The estimated A0 value from the isotherm is found to be ∼0.53 nm2. Therefore,

the DOAB molecules are expected to be aligned vertically in the LC phase. The

(a) (b)

Figure 5.3: (a) Surface pressure (π) – area (Am) isotherm of Langmuir film of
DOAB and (b) the in–plane elastic modulus of Langmuir film of DOAB, as a function

of Am.

in–plane isothermal elastic modulus (E) as a function of Am is evaluated from a given

isotherm using the Eq.2.1. The E – Am for the LF of DOAB is shown in Fig.5.3(b).

The maximum value of E corresponding to LE and LC phases is found to be ∼70 and

∼185 mN/m, respectively. LC phase is more elastic and may possess high ordering as

compared to LE phase. Since the molecules are in more ordered state in the LC phase,

we have chosen the LB film deposition of DOAB on the quartz wafer of QCM in this

phase.

5.3.2 Sensing of DNA using LB film of DOAB

The LB film of DOAB is deposited onto the quartz crystal wafers and employed for

sensing DNA in the aqueous medium using the QCM. In order to enhance the adsorp-

tion of anionic DNA, the functional layer with cationic adsorption sites are created by
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depositing a single layer of LB film of DOAB such that cationic ammonium bromide

part is exposed to air and available for attracting DNA. This is achieved by the fol-

lowing procedure. A SAM of ODT is deposited onto the gold film of quartz wafers.

This yields hydrophobic surface. Such hydrophobic quartz wafer is used for depositing

one layer of LB film of DOAB. The LM is held at the target surface pressure and

the dipper holding the hydrophobic quartz wafer is dipped down from air to the wa-

ter subphase with the monolayer at the A/W interface. Due to such downstroke of

the dipper, one layer of cationic surfactant is deposited onto the quartz wafer. The

monolayer at the A/W interface is removed and the quartz wafer deposited with such

single layer of LB film is taken out. Such functionalized quartz wafer is employed for

sensing DNA using the QCM. The modified quartz crystal is mounted on the QCM

and the change in mass is recorded at every step. This is shown in Fig. 5.4. The curve

Figure 5.4: Quartz crystal microbalance measurements. The labels indicate
change in response due to: A→SAM of ODT, B→LB film of DOAB on SAM of

ODT, C→injection of PBS, D→injection of DNA in PBS.

showing change in mass due to adsorption of SAM (A), and LB film of DOAB (B)

remain constant with time as there is no change in mass with time. The pure PBS

solution is injected into the flow cell of QCM and a drastic drop in response is recorded

(C). The curve remains almost flat till a solution of DNA having a concentration of 32

fM in PBS is injected in the flowcell (D). The response drops and becomes saturated

after sometime. The drop in the response due to the injection of pure PBS (C) is due

to change in medium from air to PBS whereas the drop in response due to injection of
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PBS solution of DNA is due to interaction and adsorption of DNA over the cationic

layer of DOAB. The time constant (τ) for such adsorption is calculated by fitting the

experimental curve using an exponential curve: f(t) = A1 Exp(–t/τ), where A1 and

τ are the fitting parameters. The time constant (τ) is found to be ∼162 seconds (Fig.

5.5).

Figure 5.5: Kinetic curve showing the variation of frequency of the QCM with
time due to the adsorption of DNA in PBS solvent.

The change in mass per unit area of the adsorbed layer is tabulated in Table 5.1.

Table 5.1: Estimation of mass per unit area of the adsorbed layer at the different
levels of the QCM measurement. The change in frequency is measured with respect

to the frequency corresponding to the previous adsorbed layer.

Adsorbed
Layer

4f, Hz 4m, ng/cm2

SAM of ODT 27 477
DOAB 22 389
PBS 250 4417
DNA 600 10601

The surface morphology of the functional layers and the adsorbed DNA layer is studied

using the AFM. The images are shown in Fig.5.6. The AFM image of the SAM of ODT

reveal layer with few defects (image A and B of Fig.5.6). The presence of defects in the

height image is consistent with the phase imaging. The defects appear very small and

distributed uniformly over the entire scan range of 10×10 µm2. Due the deposition of

one layer of LB film of DOAB over the SAM of ODT, the uniformity in the texture is

increased. The AFM image of the DOAB reveals a uniform and homogeneous LB film
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Figure 5.6: AFM image of (A and B) SAM of ODT on gold deposited quartz
crystal, (C and D) one layer of LB film of DOAB deposited over the SAM of ODT
and (E and F) DNA adsorbed over DOAB after the QCM measurement. The images
were scanned in semicontact mode of the AFM. The upper row represents the height

images and bottom one is corresponding to phase image.

(image C and D of Fig.5.6). On injection of DNA solution over the DOAB layer, due

to the electrostatic charge–charge interaction of DNA and DOAB, the DNA strands

physio–adsorbed onto the surface of LB film of DOAB. Image E and F of Fig.5.6 clearly

shows the adsorbed DNA over the DOAB layer. The strands of DNA are clearly visible

in both the height and phase images. Our study indicates the trapping of DNA over

the highly ordered functional ultrathin layer of DOAB. Such trapped DNA may serve

as an useful tool in genomics.

The pH value of ultrapure water is found to be 5.7. This is due to the absorption of

atmospheric CO2 and the formation of weak carbonic acid in water. The isoelectric

point (IP) of DOAB is 5.5 which is similar to the pH value of ultrapure water subphase.

Therefore, DOAB can easily get dissociated in ultrapure water, becomes cationic and

hence the LM of DOAB becomes little less stable. The IP of DODA is 4.5 and it

become positively charged only at lower pH (below 4.5). Therefore, LM of DODA

can form a more stable monolayer on the ultrapure ion–free water. Furthermore, we
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have investigated surface manometry of LM of DODA at different pH values of water

subphase and studied the phase behavior of DODA and DODA/PEG–SWCNTs. We

have also investigated the interaction of DNA with LB film of DODA/PEG–SWCNTs

using QCM.

5.3.3 Surface Manometry of LM of DODA and DODA/PEG–

SWCNTs

The π – A isotherms of DODA monolayer at the A/W interface recorded on the surface

of ultrapure water and PEG–SWCNTs solution at various values of pH are shown

in Fig.5.7. The monolayer of DODA on the ultrapure water subphase (Fig.5.7(b))

Figure 5.7: Surface pressure (π) – area (A) isotherms of LF of DODA (curve a, b
and c) and DODA/PEG–SWCNTs (curve d, e and f) at different pH value of water
subphase. Here the PEG–SWCNTs are dispersed in the aqueous subphase having a

concentration of 12 µg/ml.

shows zero surface pressure at large Am. This is gas phase of the monolayer. On

compression, the surface pressure rises sharply. This may be LC phase of DODA at

the A/W interface. The extrapolated Am to the zero surface pressure of this phase
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is found to be ∼0.6 nm2. The collapse of the monolayer is observed as the change

in slope at ∼57 mN/m. On reducing the pH of the subphase (acidic medium), the

LM of DODA becomes unstable. The sharp kink at the startup surface pressure

vanishes and the surface pressure rises gradually on compression of the monolayer.

The collapse surface pressure appears at lower values i.e. 48 mN/m (Fig.5.7(b)). The

isotherm recoded on the basic medium (Fig.5.7(c)) shows very steep rise in surface

pressure. The collapse of the monolayer is not observed in this case. The presence

of PEG–SWCNTs in the aqueous subphase has its effect on the isotherms only for

ultrapure and acidic water subphase. This clearly indicates that PEG–SWCNTs do not

interact with the DODA in the basic medium (Fig.5.7(c) & (f)). The startup surface

pressure of the LM of DODA on ultrapure water with PEG–SWCNTs in subphase

is found to increased to 1.3 nm2 (Fig.5.7(e)) from 0.65 nm2 as compared to that

of LM on ultrapure water subphase (Fig.5.7(b)). It can also be noted that due to

interaction of PEG–SWCNTs in the subphase in ultrapure water (Fig.5.7(e)), the

isotherm shows an additional kink at ∼24 mN/m. This can be the collapse of LM of

DODA/PEG–SWCNTs. Since LM of DODA is little unstable on acidic subphase, and

its interaction with PEG–SWCNTs is almost negligible on the basic subphase, we have

formed the LB film of DODA/PEG–SWCNTs from ultrapure ion–free water subphase

at a target surface pressure of 10 mN/m and characterized them using FESEM.

5.3.3.1 FESEM Characterization

Different growth patterns such as dendritic domains [234], fractal–like domains [235]

and dense–branched domains [236] have been observed when LM undergoes a first–order

phase transition from LE to LC phase. The FESEM images of single layer of LB film

of DODA deposited on Si/SiO2 substrate at πt =10 mN/m from the ultrapure water

subphase is shown in Fig.5.8. The image shows small round bright domains along

with large bright domains with dendritic pattern. The small domains seems to be

nucleation sites. The further growth of the nucleation sites destabilizes yielding the

dendritic domains.

FESEM images of the LB film of DODA/PEG–SWCNTs deposited at πt = 10mN/m

from the ultrapure water subphase containing 12 µM PEG–SWCNTs is shown in

Fig.5.9. The characteristic morphological features of the LB film of DODA e.g. small

bright domains and big dendritic domains can be clearly seen from the image (Fig.5.9(a)).

In addition to these features, the zoomed image (Fig.5.9(b)) reveals long and thin
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(a) (b)

Figure 5.8: FESEM image of LB film of DODA deposited at πt = 10mN/m. The
size of the image is: (a) 425x425µm2 and (b) 150x150µm2.

(a) (b)

Figure 5.9: FESEM image of LB film of DODA/PEG–SWCNTs deposited at πt
= 10 mN/m. The size of the image is: (a) 780×780 µm2 and (b) 260×260 µm2.

wire–like strands. Such strands are due to the adsorption of PEG–SWCNTs on the

LB film of DODA from the liquid phase.

5.3.4 Sensing of DNA using LB films of DODA/PEG–SWCNTs

A single layer of LB film of DODA/PEG–SWCNTs was deopisted on the SAM of ODT

over quartz crystal and employed for DNA sensing using QCM. The value of change

in mass due to DNA adsorption per unit area is estimated by measuring the change in

resonance frequency of the quartz crystal resonator. The mass change vs concentration

of DNA in PBS solvent is shown in Fig.5.10.
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Figure 5.10: Mass change vs DNA concentration curve for LB film of DO-
DA/PEG–SWCNTs over gold–coated quartz crystal.

It can be noted that the change in mass increases monotonically with the increase in

concentration of DNA. The lowest detectable concentration of DNA is found to be

∼3 fM which is very low as compared to that of sensing using LB film of DOAB.

Assuming a linear trend, the slope of the curve is found to be 190 ng/cm2/fM. DNA

can easily bind to CNTs by non–covalent attachment [237]. The DNA strands spon-

taneously wrap around the CNTs [238, 239]. This occurs via π–stacking between the

aromatic rings of the DNA bases and the sidewall of CNTs [240]. Also, the presence of

PEG–SWCNTs over the LB film of DODA can create a semi–mesoporous structure (as

seen in the FESEM images) which can enhance the trapping of analytes when LB film

architecture of DODA/PEG–SWCNTs is employed for sensing application. It is there-

fore, expected that the LB film of cationic surfactant, DODA can interact with anionic

analytes and the PEG–SWCNTs can enhance the further adsorption of the analytes

by trapping them in their semi– mesoporous structure. The PEG–functionalization of

the SWCNTs can also facilitate the hydogen bonding with the analytes.

The surface topography of the LB films of DODA/PEG–SWCNTs before and after

the adsorption of DNA from the liquid phase is obtained by scanning the films us-

ing AFM in contact mode. The LB films of DODA/PEG–SWCNTs was transferred

on pre–treated (SAM of ODT) quartz crystal. LB Film of DODA/PEG–SWCNTs is

deposited in the liquid condensed phase of the LF from the ultrapure ion–free water
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subphase. The AFM images depicting the surface topography of LB film of DO-

DA/PEG–SWCNTs and DNA adsorption onto the LB film of DODA/PEG–SWCNTs

are shown in Fig.5.11.

(a) (b)

Figure 5.11: AFM image of LB film of (a) DODA/PEG–SWCNTs and (b) DNA
adsorbed over LB film of DODA/PEG–SWCNTs. The size of the image is 1x1µm2.

The AFM image of LB film of DODA/PEG–SWCNTs (Fig.5.11(a)) shows long strand–like

domains. The width of the strands are ∼50 to 60 nm. These strand–like domains may

represent the PEG–SWCNTs adsorbed over LB film of DODA. Fig.5.11(b) shows glob-

ular domains which are due to the adsorption of DNA on the functional layer.

5.4 Conclusion

The LM and LB films of cationic surfactants is very interesting not only for under-

standing the fundamental science involving the molecular interactions at the interfaces

but also its application for attracting and trapping of anionic analytes during sens-

ing process. Here, we studied the LM and LB films of the cationic surfactants. We

formed the LB films of DOAB and studied the DNA sensing application. The low-

est detectable concentration of DNA in the liquid is found to be 20 fM. The kinetic

study indicate the characteristic time for DNA adsorption over the LB film of DOAB

is ∼162 seconds. The effect of PEG–SWCNTs in the aqueous subphase on the LM of

DODA is studied as the function of pH of the subphase. We found that the associa-

tion of PEG–SWCNTs with LM of DODA is better at the ultrapure water subphase

than that compared with aqueous basic subphase. We formed the LB film of DODA

and DODA/PEG–SWCNTs at πt = 10 mN/m from the ultrapure water subphase and
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characterized using FESEM. The FESEM image clearly shows the formation of LC

domains in form of small domains and big dendritic domains. The LB film of DO-

DA/PEG–SWCNTs also reveals the presence of nanotubes on the monolayer matrix

of DODA. The DNA sensing studies of LB films of DODA/PEG–SWCNTs indicate

that the lowest detectable concentration of DNA in aqueous medium is ∼3 fM which

is far lower than that of the LB film of DOAB. The piezoresponse signal obtained from

CNTs incorporated film are much stable than that of pure organic surfactant layer.

The presence of SWCNTs in the functional layer for sensing may provide mechanical

strength to the film against any dissolution of the surfactant in the fluid medium.

Our studies indicate that presence of SWCNTs in the functional layer for sensing can

provide several advantages including sensitivity, stability and reproducibility.
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Chapter 6

Langmuir–Blodgett films of

carboxylated graphene and its

application as urea sensor

6.1 Introduction

In the previous chapters, we have discussed our studies on Langmuir monolayer and

Langmuir–Blodgett (LB) films of pristine and functionalized single–walled carbon nan-

otubes (SWCNTs). The LB films of such SWCNTs are fabricated and their sensing

properties are compared with that of spin coated/drop casted films. We found the

sensing characteristics of the highly organized SWCNTs in LB film is far better than

that of random network of the SWCNTs in spin coated/drop casted film. The im-

proved performance can be related to ordering in the LB film which may facilitate the

nucleation followed by the growth of domains of the analytes. Graphene is another

class of carbon nanomaterials which is gaining tremendous scientific attention due to

its unique physicochemical properties such as high surface area [241], excellent thermal

and electrical properties [242, 243], strong mechanical strength [244]. The honeycomb

structure can be used for trapping and holding the gas molecules [91]. Graphene as

well as their functionalized form have been utilized for various applications in optoelec-

tronics [92], sensors [93, 94], and electrochemistry [245, 246]. In addition to numerous

electrical, optical and mechanical devices, graphene can be employed for sensing appli-

cations. The delocalized π electrons of the graphene can attract and trap the molecules
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(analytes) through π–π interaction. The graphene can be functionlized organically so

as to establish molecular–specific interaction. This is the most important underlying

principle for the development of a sensor specific to a particular analyte. Graphene

can interact with wide variety of organic molecules by noncovalent forces (hydrogen

bonding, electrostatic force, van der Waals force and hydrophobic interaction) [247–

250]. Because of its interesting properties, a thin film of carboxylated graphene has

found its way into a wide variety of electrochemical biosensors [96]. In this chapter, we

discuss our studies on Langmuir film (LF) of functionalized (carboxylated) graphene

(G–COOH). The study on interaction of G–COOH with urea at the air–water (A/W)

interface suggests that the LB film of G–COOH can be a potential functional layer

for sensing urea in the liquid phase. Using quartz crystal microbalance (QCM), we

studied the urea sensing application of LB films of G–COOH. The sensing performance

of LB film is found to be better compared to that of spin coated film of G–COOH.

The sensing of urea in milk sample is also studied using the LB and spin coated film

of G–COOH.

The possible synthesis strategies of edge–carboxylated graphene (ECG) through a

high energy ball mill and ECG nanoflakes from nitric acid oxidized arc–discharge

material has been reported [251, 252]. Myung et al. [253] have reported the ECG

nanoplatelets as oxygen–rich metal–free cathodes for organic dye–sensitized solar cells.

Urea is an organic compound present in the urine of mammals and is synthesized from

the metabolism of nitrogen containing compounds like proteins, etc. Presence of a high

concentration of urea in the body is a major indicator of kidney failure. On the other

hand, urea is also one of the main adulterants found in synthetic milk [254, 255]. A cut

off limit for urea concentration in milk is normally accepted at 70 mg/dl (∼12 mM).

The presence of urea above this cut off limit in milk can cause severe health problems

for human beings, such as, indigestion, acidity, ulcers, cancer and malfunctioning of

kidneys [256, 257]. Exploiting new materials like graphene, which has been reported

as highly efficient for ballistic conductance and amperometeric sensing, can give a

unique platform for sensitive and specific sensors. Therefore, the development of a

urea sensing platform with better accuracy and precision is of utmost importance.

Various methods have been reported for the determination of urea. Amperometric

sensing of urea using edge activated graphene nanoplatelets has been proposed by

Kumar et al. [258] in 2015. On the other hand Verma et al. [259] have showed the

fabrication and characterization of SPR probes on a single optical fiber for the parallel

sensing of urea and glucose using wavelength interrogation method.
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(a) (b)

Figure 6.1: Molecular structure of (a) Urea and (b) Carboxylated graphene
(G–COOH).

In our studies, we obtained a stable and reversible LF of G–COOH at the A/W in-

terface. We fabricated a single layer of LB film of the G–COOH onto hydrophilically

treated silicon substrates at target surface pressure (πt) of 5mN/m and surface mor-

phology was studied using field emission scanning electron microscope (FESEM). The

charge–transfer mechanism in the LB film was found to be of the Arrhenius type where

the current flows due to hopping of charges between the nearest–neighbor sites. The

presence of urea in aqueous subphase affect the LF of G–COOH at the A/W inter-

face. This indicates that the functional layer of G–COOH can be employed for sensing

urea in a liquid phase. Recently, in a study Yao et al. [123] have demonstrated the

chemically derived graphene oxide thin film as humidity sensitive coating deposited

on quartz crystal electrodes for humidity detection in the range of 6.4–93.5%. In this

chapter, we present studies on LB film of G–COOH employed for urea sensing and the

sensing performance of LB film is compared to that of spin coated film of G–COOH.

6.2 Experimental methods

6.2.1 Langmuir and Langmuir–Blodgett Film

The carboxylated graphene (G–COOH) and urea were purchased commercially from

Redex Technologies Pvt. Ltd. and S D Fine–Chem Ltd., respectively and were used

without any further purification. Fig.6.1 represents the chemical structure of urea
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and G–COOH. A solution of concentration of 0.05 mg/ml of G–COOH is formed in

high–performance liquid chromatography (HPLC) grade chloroform. Uniformly dis-

persed solution of G–COOH is obtained by ultrasonicating the G–COOH solution for

30 minutes. The solution is then filtered using a filter paper. The water used in experi-

ments was ultrapure ion–free having the resistivity greater than 18 MΩ–cm (Millipore,

DQ–5). The concentration of the urea solution was 9.5 µM in water subphase. The

pH of the subphase was altered by the addition of ammonia solution. The pH of the

subphase was monitored continuously using a pH meter. The average pH value was

8.2. The average pH value of ultrapure water was 5.7. This is due to the absorption

of atmospheric CO2 by the ultrapure water and the formation of weak carbonic acid.

The LF of G–COOH was formed by spreading 4 ml of the filtered solution very slowly

using a micropipette (Tarsons) onto ion–free water subphase between the two barriers

of the LB trough. About 30 minutes time was allowed for the solvent to evaporate

from the surface of the water leaving behind the dispersed G–COOH. The surface pres-

Figure 6.2: Schematic diagram for the formation of LB of G–COOH on
gold–coated quartz crystal, Si/SiO2 and glass substrates.

sure (π) – area (A) isotherm is recorded by compressing the monolayer of G–COOH

symmetrically using the two barriers of the LB trough and recording the surface pres-

sure simultaneously using an integrated balance. Here, the area refers to area of the

film at the A/W interface enclosed between the two barriers of the LB trough. The

LF of G–COOH is transferred onto different solid substrates by the vertically dipping

mechanism of LB technique. The LB films were deposited at target surface pressure
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(πt) = 5 mN/m corresponding to liquid–like phase of the LF of G–COOH. The spin

coating was done by spreading 200 µl of filtered G–COOH solution in the HPLC grade

chloroform solvent onto Si substrate. Deposition was done at spinning rate of 2500

rotations per minute. The experiments were carried out at room temperature (∼22o

C). Fig.6.2 represents a schematic diagram for the formation of LF of G–COOH on

gold–coated quartz crystal and other solid substrates.

6.2.2 Atomic Force Microscopy

The surface topography of the LB films of G–COOH deposited on substrates was

obtained by scanning the films using an atomic force microscope (AFM) in the contact

mode. The films were scanned using silicon tips having the spring constant 0.1 N/m.

6.2.3 Field Emission Scanning Electron Microscopy

The surface morphology of the LB film was obtained using a field emission scanning

electron microscope (FESEM). The extra high tension (EHT) voltage was maintained

at 1–2 kV.

6.2.4 Raman Spectroscopy

The LB film of G–COOH deposited onto glass substrate at πt = 5 mN/m was scanned

using a Laser Raman Spectrometer (STR250). The sample was excited with a 532 nm

diode–pumped solid–state (DPSS) laser.

6.2.5 Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectra of LB film of G–COOH/urea deposited onto Si/SiO2 substrate at

πt = 5 mN/m were recorded using FTIR system (Perkin Elmer).
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6.2.6 X–Ray Diffraction

The X–ray diffraction (XRD) technique was used to study the crystallinity of the LB

films of G–COOH. The thin film of the G–COOH deposited onto Si/SiO2 substrate was

placed in powder X–ray diffractometer (PANalytical XPERT– PRO). The diffraction

data was acquired by exposing samples to Cu–Kα X–Ray radiation, which has a char-

acteristic wavelength (λ) of 1.54Å, with an operating voltage and current maintained

at 40kV and 40mA. The data was collected between scattering angles (2θ) 5–60o at a

scanning rate of 2o min–1.

6.2.7 Current–Voltage Measurement

The in–plane charge–transport mechanism in the LB film and spin coated film of

G–COOH was studied by recording current – voltage (I–V) curves at different temper-

atures using a source meter (Keithley, model No. 2400). For the I–V measurements,

the films were deposited onto interdigitated electrodes (IDE) fabricated by a process

as discussed in chapter 1. The temperature was regulated using a home–built propor-

tional integral derivative (PID) controlled heater with an accuracy of 0.01oC.

6.2.8 Quartz Crystal Microbalance Measurements

We have investigated the interaction of urea with a highly ordered ultrathin LB film

and spin coated film of G–COOH using quartz crystal microbalance (QCM200, SRS,

USA). The AT–cut gold–coated quartz crystals exhibiting a resonance frequency of

5 MHz were employed as the sensing element. The quartz crystals were deposited

with G–COOH film by LB and spin coating techniques. Prior to deposition the quartz

wafers were cleaned in cold piranha solution (conc. H2SO4:H2O2 as 3:1) and rinsed suc-

cessively with plenty of ion–free water, alcohol and acetone thoroughly. The function-

alized quartz wafer was immersed into the beaker filled with 200 ml aqueous medium.

A 166.5 mM concentration of stock solution of urea was prepared in ultrapure water.

The urea solution was injected into the beaker through a micropipette and the change

in frequency (∆f) due to the adsorption of urea was recorded as a function of concen-

tration of urea in the aqueous medium. We have successfully sensed variable ranges of

urea concentrations from 8.32 µM to 249.72 µM.
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6.3 Results and discussion

6.3.1 Surface Manometry

The surface manometry on the G–COOH was performed by forming its LF at A/W

interface. The π – A isotherms of LF of G–COOH at A/W water interface with and

without urea at various pH values in the aqueous subphase are shown in Fig.6.3. The

Figure 6.3: Surface pressure (π) – area (A) isotherms of LF of G–COOH (a and
b) and G–COOH/urea (c and d) at different pH value of water subphase.

isotherm of the LF of G–COOH on the ultrapure water subphase (Fig.6.3(a)) shows

negligible π at large A until the film is compressed at 400 cm2 . This is the gas

phase of LF of G–COOH. The surface pressure rises sharply thereafter until the film

is compressed completely in the trough. The sharp rise in π indicates the onset of

a liquid–like phase of the G–COOH. The isotherm indicates a maximum π of about

17mN/m. The signature of collapse is not evident from the isotherm. On increasing

the pH of the subphase to 8.2, the film expanded and the isotherm (Fig.6.3(b)) shifts
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towards higher value of A. The lift off area of the isotherm is increased to 500cm2

with increase in pH value of water subphase by 8.2. The –COOH group of graphene

tend to ionize in the basic medium. The monolayer is expanded due to electrostatic

repulsion between such ionized –COOH group of the graphene.

To study the interaction of urea dispersed in the aqueous subphase with the LF of

G–COOH, 9.51 µM concentration of urea was added to the ultrapure water subphase

(Fig.6.3(c)) and to the aqueous subphase with pH 8.2 (Fig.6.3(d)). The trend of the

isotherms appear similar to that of subphase without urea. However, the lift–off area

increases to higher values due to the incorporation of urea in the subphase. The lift–off

areas estimated from the isotherms are found to be 520 cm2 and 630 cm2 in the case of

urea in ultrapure water subphase and urea in water subphase with pH 8.2, respectively.

The enhanced values of lift–off area indicate a strong interaction of urea with that of

LF of G–COOH. The amine group (NH2) of urea may interact with –COOH group

of the G–COOH to form a complex. This leads to shifting of the isotherms towards

higher values of A. The shifting of the isotherm of LF of G–COOH on urea containing

aqueous subphase of pH 8.2 is largest. This is due to ionization of carboxylic group of

the G–COOH leading to a enhanced interaction between urea and the graphene.

The variation of the in–plane elastic modulus (E) of LF as a function of A of the LF

of G–COOH and G–COOH/urea at different pH values are shown in Fig.6.4. The

variation of E as the function of A shows a peak corrpesponding to the liquid–like

phase of the LF of G–COOH over the aqueous subphases with and without urea. The

maximum value of E in the liquid–like phase lies in the range of 21 to 25 mN/m which

is comparable to the liquid–like phase of LF of some reported hydrophobic polymers

[136]. This indicates that the elasticity of the LF of G–COOH does not vary much due

its interaction with urea even in the basic pH. The liquid like phase destabilizes upon

further compression, leading to a decrease in the value of E. Such a destabilization of

E is an indication of the initiation of the collapse of the film. Though the collapse of

the LF of G–COOH was not evident from the isotherm, the indication of the collapse

can be seen from the elastic modulus curves.

The stability of the LF of G–COOH is studied by compressing and expanding the

film repeatedly and recording corresponding surface pressure (known as isocycles).

Fig.6.5 shows the isocycles of the LF of G–COOH at the A/W interface. The isocycle

measurement shows negligible hysteresis in the compression and expansion curves. In

the isocycle measurement, the expansion curve almost follows the compression curve.
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Figure 6.4: The isothermal in–plane elastic modulus (E) as a function of A of (a
and b) LF of G–COOH and (c and d) G–COOH/urea at different pH value of water

subphase.

Figure 6.5: Isocycles of LF of filtered graphene at the A/W interface. The film
was compressed to maximum surface pressure of 8 mN/m. The curves for second
and third cycles are shifted vertically by 5 mN/m relative to each other for visual

clarity.
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This indicates that the liquid–like phase is completely reversible. The isocycle curves

indicate that the film of G–COOH at the A/W interface is stable and reversible. The

stability of LF of G–COOH at the A/W interface might be due to amphiphilic nature

of G–COOH. The presence of –COOH group provides sufficient hydrophilicity to the

hydrophobic graphene sheet.

6.3.2 FESEM and AFM Characterization

The surface morphology of LB film and spin coated film of G–COOH was studied using

FESEM. The LB films of G–COOH are deposited in the liquid–like phase at πt = 5

mN/m onto Si/SiO2 substrates. The surface morphology of LB film and spin coated

film of G–COOH is shown in Fig.6.6. Functionalized graphene is found to aggregate

in spin coated sample as shown in Fig.6.6(a).

(a) (b)

Figure 6.6: FESEM images of (a) spin coated film (b) LB film of filtered G–COOH
deposited πt = 5mN/m onto Si/SiO2 substrate. The size of each image is 10x10 µm2.

In the LB film of G–COOH, the graphene sheets are mostly lying flat over the Si/SiO2

substrate without any aggregation as can be clearly seen in Fig.6.6(b). The flat

graphene flakes over the entire area of substrate help to improve the interaction be-

tween functional group of graphene and urea.

In order to study the morphology at lower length scale, the surface topography of the

LB films of G–COOH was obtained by scanning the films using AFM in contact mode.

The LB films of G–COOH are deposited at πt = 5 mN/m onto Si/SiO2 substrates.

Fig.6.7 shows the AFM image depicting the surface topography of the single layer
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Figure 6.7: AFM images of LB film of G–COOH deposited onto Si/SiO2 substrate
in the liquid–like phase at πt = 5mN/m. The size of image is 2x2 µm2.

LB film of G–COOH deposited onto Si/SiO2 substrate. The AFM images reveal the

stacking of the graphene flakes onto solid substrates. In addition, small domains of

graphene sheets (∼20–30nm) are observed all over the Si/SiO2 substrate. Fig.6.8

shows the surface topography of the single layer LB film of G–COOH with different

concentration of urea in the ultrapure water subphase deposited onto the Si/SiO2

substrate.

(a) (b) (c)

Figure 6.8: AFM images of LB film of G–COOH with (a) 4.75 µM urea (b) 9.51
µM urea and (c) 95.14 µM urea in ultrapure water subphase deposited onto Si/SiO2

substrate. The size of each image is 1x1 µm2.

The AFM images reveal the circular patches of small domains distributed over the sub-

strate. These circular patches are representing the stacking of graphene sheets. The

brightness of some domains are significantly large due to adsorption of urea over the

G–COOH. Density of such domains as a function of concentration of urea increases.

At lower concentration of urea, a few domains are observed in Fig.6.8(a). Further
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increase in concentration of urea enhances the number of bright domains over stacked

domains of G–COOH (image b and c of Fig.6.8). The images were obtained in 8–bit

grayscale having the dimension 256×256 pixels. The images were thresholded to seg-

ment the brighter domains representing the urea adsorbed domains. Such domains are

counted for a set of images of different concentrations of urea to plot a bar diagram as

shown in Fig.6.9. The bar diagram shows a dependence of number of bright domains

Figure 6.9: Average number of bright domains as a function of urea concentration.

representing the urea domains with concentration of urea. It can be seen that average

number of bright domains increases by increasing concentration of urea from 4.75 –

95.14 µM.

6.3.3 Fourier Transform Infrared Spectroscopy

FTIR is used to further investigate the interaction of urea with G–COOH. The FTIR

spectra of urea powder and LB films of G–COOH with 9.5 µM concentration of urea

in water subphase deposited onto Si/SiO2 substrates at πt= 5mN/m are shown in

Fig.6.10. In urea powder (Fig.6.10(a)) the absorbance band corresponding to N–H

stretching (γ(N–H)) and N–H rocking (ρ(N–H)) are observed at 3430 and 1146 cm–1.

In Fig.6.10(b), the absorbance band corresponding to O–H stretching (γ(O–H)) and

O–H bending(δ(O–H)) vibrations in G–COOH are observed at 2930 and 1382 cm–1

respectively. Due to the binding of amine groups of urea and carboxylic groups of
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Figure 6.10: FTIR spectrum for (a) urea powder and (b) LB film of
G–COOH/urea deposited at πt = 5 mN/m. Concentration of urea in water sub-

phase is 9.51µM.

G–COOH, the high wavenumbers γ (N–H) and ρ (N–H) absorption band in urea 3430

cm–1 and 1146 cm–1 are shifted to lower wavenumbers 3387 and 1113 cm–1 in the LB

film of G–COOH/urea. The FTIR peak at 1592 cm–1 (γ(C=O)) clearly indicates the

presence of carboxylic group in graphene. FTIR spectra thus indicate a strong binding

of amine group from urea to carboxylic groups of the G–COOH.

6.3.4 Raman Spectroscopy

Raman spectroscopy is a powerful technique for obtaining an indication of the structure

and quality of carbon nanomaterials. Therefore, Raman spectroscopy was utilized

to examine the structure of the LB film of G–COOH. Fig.6.11 shows the Raman

spectrum for LB film of single layer of G–COOH deposited onto glass substrate at πt

= 5 mN/m. The Raman spectrum contains the prominent peaks at 1590 and 1356

cm–1 corresponding to the well documented G and D bands. It is well known that

the G band is a primary in–plane vibrational mode [251]. G–band arises from the

stretching of the C–C bond in graphitic materials, and is common to all sp2 carbon

systems. The D–band in carbon materials is generally associated with the presence of

disorder such as defects [252]. The calculated intensity ratio of D to G (ID/IG) for LB

film of G–COOH is approximately 0.55, suggesting significant edge functionalization.
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Figure 6.11: Raman spectrum of LB film of G–COOH deposited on glass substrate
at πt = 5mN/m.

The frequency peak at 2926 cm–1 corresponding to D+G band can be observed in

Raman spectrum of LB film of G–COOH. The D+G band is a defect activated process

of the D–band.

6.3.5 X–Ray Diffraction

The crystalline property of the LB film of G–COOH was studied using X–ray diffrac-

tion. Fig.6.12 shows the XRD profile of the films of G–COOH grown by the LB

technique and spin coating method. The intense peak position at the 24.8◦ (002) is

characteristic of the LB film of G–COOH [260]. The sharp peaks indicate the highly

crystalline nature of the LB film of G–COOH. The crystallite size is calculated from

full width at half maximum of the peaks using the Scherrer equation [261].

D =
Kλ

β cos θ
(6.1)

The intense peak position at the 28.4◦ (100) is characteristic of the urea, (Fig.6.12

(b)). The average crystallite size of graphene sheets was calculated using Eq.6.1 and

found to be around 10.7 nm for spin coated and LB film of G–COOH. The average

crystallite size for LB film of G–COOH/urea was found to be about 8.1 nm. The (311)

peak around 56◦ is corresponding to the silicon substrate.
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Figure 6.12: The XRD patterns for the (a) LB films of G–COOH, (b)
G–COOH/urea and (c) spin coated film of G–COOH.

6.3.6 I–V Measurement

The charge–transport mechanism in the LB film of G–COOH was investigated by cur-

rent–voltage (I–V) measurement in current–in–plane (CIP) geometry. The LB and

spin coated films were deposited onto the IDEs with an interelectrode separation of

100 µm. The I–V curves of LB film and spin coated film of G–COOH (Fig.6.13a and

6.13b) show the nonlinear behavior of the current as a function of applied voltage. The

trend remains the same, however the slope increases with increasing temperature (T).

The differential conductance (G = dI/dV) was calculated at different temperatures,

and ln(G) versus 1/T is plotted in Fig.6.14. We found a linear fit to the data corre-

sponding to the both films indicating the Arrhenius behavior of the charge transport,

i.e., classical hopping of individual charges between nearest neighbor sites. The acti-

vation energy is found to be 1.23 eV and 0.78 eV for LB film and spin coated film of

G–COOH. Due to ultrathin nature, the perforation and hence the number of defects

in LB film of G–COOH are expected to be more. Therefore, hopping phenomena is

predominant in LB film compared to that of spin coated film of G–COOH.
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(a) (b)

Figure 6.13: Current – voltage (I–V) curves of the (a) LB films of G–COOH and
(b) spin coated film of G–COOH at different temperature.

Figure 6.14: Arrhenius plot for spin coated film and LB film of G–COOH.

6.3.7 Quartz Crystal Microbalance Measurements

In order to study the sensing application of the films of G–COOH using a QCM, the

LB and spin coated films of G–COOH were deposited onto the quartz crystal wafers.

Any change in the mass in the liquid phase due to adsorption of molecules on the

surface of crystal is sensed as the change in the resonance frequency (∆f) relative to

the pure aqueous medium. The change in mass per unit area on the surface of crys-

tal is calculated using the Sauerbrey relation (Eq.1.4). The G–COOH functionalized
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gold–coated quartz wafer was immersed into the urea solution of known concentra-

tion and the change in mass due to adsorption of urea is recorded. The variation in

change is mass of adsorbed urea onto the LB film (Fig.6.15(a)) and spin coated film

(Fig.6.15(b)) as a function of concentration of urea in the ultrapure water medium

is studied. Both the curves (Fig.6.15) show a linear trend in the concetration range

of 8.325 µM to 249.72 µM which is a good indication for the development of a urea

sensor. The lowest detectable concentration of urea by the LB film and spin coated

film of G–COOH is around 8.32 µM and 41.62 µM, respectively. Assuming linear de-

pendency of the mass adsorbed vs concentration of urea, the calculated slope values of

the data for LB film and spin coated film of G–COOH are 42.5 and 12.9 ng/cm2/µM,

respectively. The sensitivity of a sensor towards an analyte is proportional to the slope

of such curves [185]. Therefore, the sensitivity of LB film of G–COOH towards urea

sensing is more than 3 times as compared to that of spin coated film of G–COOH.

This study clearly highlights the potential of LB film of G–COOH as a sensitive and

low concentration detectable urea sensor.

(a) (b)

Figure 6.15: Adsorption of urea onto gold–coated quartz crystal deposited with
(a) LB film of G–COOH at πt = 5mN/m and (b) spin coated film of G–COOH.

In order to study the sensing of urea in milk sample using the films G–COOH as the

functional layer on the gold–coated quartz crystal wafer, the milk samples with urea

as additive were investigated. The milk sample was prepared by adding 500 µl volume

of less concentrated milk into 200 ml ion–free ultrapure water. The concentration of

urea in such diluted milk is varied systematically and the change in mass is recorded.
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Figure 6.16: Mass change vs urea concentration curves for LB film and spin coated
film of G–COOH over gold–coated quartz crystal. 500µl milk was added to 200ml

ion–free Millipore water.

Fig.6.16 shows the mass adsorption of urea onto ultrathin LB film and spin coated film

of G–COOH when exposed to the urea containing diluted milk sample. The lowest

detectable concentration of urea by the LB film and spin coated film of G–COOH is

around 8.32 µM. The calculated slope values for mass adsorption curves of LB film

and spin coated film of G–COOH are 14.08 and 2.73 ng/cm2/µM, respectively. Our

studies indicate the functional layer of G–COOH deposited through LB technique can

be employed for the detection of urea of very low concentration. We have demonstrated

that even in the presence of other species (e.g. milk proteins and minerals), the

presence of urea can be detected.

6.4 Conclusion

Graphene is one of the extraordinary carbon based nanomaterials which can be em-

ployed for numerous device applications. Graphene can be oraganically functionalized

for ease of device processability and dispersion in a host. The G–COOH is one of the

important chemically modified graphene which has a potential for chemical and bio-

logical sensing. The –COOH group of the graphene can form complex with different

proteins and biologically relevant molecules. In this chapter, we discuss the formation

and characterization of LF and LB films of G–COOH. The LF of G–COOH at the A/W

interface is found to be very stable and reversible. The urea in aqueous subphase is
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found to interact strongly with LF of G–COOH at the A/W interface indicating that

the LB film of G–COOH can be employed as functional layer for urea sensing. The

functional layers of G–COOH were formed over the quartz crystal wafers by LB and

spin coating techniques, and employed for sensing urea in aqueous medium. The re-

sponse is found to be linear in the given concentration range. The lowest detectable

concentration of urea in water by LB film was found to be very low (8.32 µM). The

sensing performance of LB film of G–COOH is found to be better than that of spin

coated film of G–COOH. The detection of urea in milk sample using the functional

layers of G–COOH is also studied. The study on sensing of urea in milk sample in-

dicate that the LB film of G–COOH can be employed for sensing urea even in the

presence of differnt other species in the aqueous medium.
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Chapter 7

Conclusions and Future Scope of

Our Studies

7.1 Conclusions

Thin films science and technology is one of the important fields of research and devel-

opment. The reduction in the dimension of bulk material and approaching to a limit

of two–dimensional (2D) system by fabricating ultrathin films of the material provides

a remarkable increase in surface–to–volume ratio as compared to the bulk material.

Such huge increase in surface–to–volume ratio increases the activities of the material

enormously and thereby the material properties like catalysis, reactivity, adhesion, etc

enhances remarkably. Such changes in the material properties in the state of ultrathin

films promises a wide range of applications starting from the basic science research to

various device fabrication. The ultrathin films can be fabricated either top–down or

bottom–up mechanism. In this thesis, we discuss bottom–up mechanism for the fab-

rication of the ultrathin films. In the bottom–up mechanism, the films are fabricated

by arranging the molecules in the defined molecular states in a single layer onto some

substrates. It has been realized that the field of ultrathin films has a close associa-

tion with nanoscience and nanotechnology, and therefore due to such multidimensional

application, the field is strengthening everyday. This thesis discusses the studies on

ultrathin films of carbon based nanomaterials e.g. single–walled carbon nanotubes

and graphene. The films were formed at different interfaces viz. air–water (A/W)

and air–solid (A/S) and characterized by different techniques. The ultrathin film of
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the nanomaterials were fabricated using Langmuir–Blodgett (LB) technique and the

sensing application of the LB film was compared with that of spin coated/drop casted

thin films. We report that the sensing performance of LB films of the nanomaterials

is better than that of spin coated/drop casted thin films.

The introduction to the systems like Langmiur monolayer (LM) and LB films and their

characterization techniques are discussed. The materials forming LM and LB films are

illustrated. The recent development in the field and the identified research gap are

also discussed. This is discussed in chapter 1.

In chapter 2, we report the formation of a stable and reversible LM of bundles of

single–walled carbon nanotubes (SWCNTs) at the A/W interface. LB film of single

layer of SWCNTs deposited onto chemically treated silicon (Si/SiO2 ) substrates is

characterized by Raman spectroscopy. We transferred the LB films on conducting

indium tin oxide deposited glass (ITO) substrates at different target surface pressures

and characterized the films using an atomic force microscope (AFM) in spreading

resistance imaging (SRI) mode. The films deposited at target surface pressure ≥2

mN/m shows SWCNTs forming a supramolecular donut structure. We obtained a

supramolecular assembly of the SWCNTs in the LB films deposited in the liquid–like

phase of the LM. The current–voltage (I–V) characteristic reveals metallic nanopores

inside the semi–metallic donut. Such surface pressure–induced assemblies of SWCNTs

on substrates have not been observed earlier. We have demonstrated that SWCNTs

can form interesting mophologies onto solid substrates as a function of target surface

pressure of LB deposition.

In chapter 3, we demonstrated a control on the alignment of SWCNTs on the solid

substrate during the ultrathin film fabrication by LB technique. During LB deposition

if the substrate plane is made parallel or perpendicular to the compression direction,

the SWCNTs on the Si/SiO2 substrates will align with their long axis parallel or

perpendicular to the dipping direction, respectively. The LB films with different ori-

entation of SWCNTs are characterized by AFM and I–V measurements. Assuming

Poole–Frenkel (P–F) type of conduction, we estimated the relative permittivity for the

two different orientations of SWCNTs with respect to the applied electric field. In

the case of SWCNTs aligned parallel and perpendicular to the electric field, the value

of relative permittivity is obtained to be around 39 and 2.4, respectively. We have

demonstrated the methane (CH4) gas sensing capability of the aligned SWCNTs in
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the LB film using an in–house assembled Kelvin Probe (KP) based gas sensor charac-

terization setup. The KP technique measures the change in work function in terms of

change in contact potential difference between the oscillating gold grid and the sensing

layer. The sensing capability of the aligned SWCNTs in single layer of LB film of

SWCNTs is compared with that of randomly oriented SWCNTs in the film grown by

drop cast method. We found that the gas sensing capability of the LB film of SWCNTs

is more efficient than that of the drop cast film. Furthermore, the sensitivity of the

LB film is higher in humid condition as compared to that of dry environment. Such a

behavior makes LB films of SWCNTs more viable for CH4 gas sensing in the normal

atmospheric condition which in general possesses finite humidity.

The functionalized SWCNTs offers not only the ease of device processability but also

functional layer for attracting specific analytes in the sensing application. In chapter 4,

we report formation of a stable Langmiur film (LF) of octadecylamine functionalized

SWCNTs (ODA–SWCNTs). The LB films of ODA–SWCNTs are fabricated onto the

quartz crystal wafers of a quartz crystal microbalance and are employed for sensing

the biological analytes viz. L-aspartic (L–asp) acid and bovine serum albumin (BSA)

protein. The sensing performance of the LB films of ODA–SWCNTs is compared with

that of thin film of randomly oriented ODA–SWCNTs obtained through spin coating

technique. The sensitivity towards the analytes using LB film is found to be far better

than that of spin coated film of ODA–SWCNTs. The highly oriented ODA–SWCNTs

in the LB films may create large surface density of adsorption sites which support

the further growth of the nucleation sites into bigger domains. This in turn yield

better performance and high sensitivity of the analytes by the LB films. The surface

morphology study also reveals large number of adsorbed domains of L–asp acid and

BSA protein by the LB film than that of spin coated film of ODA–SWCNTs.

The LM and LB films of cationic surfactants is very interesting not only for under-

standing the fundamental science involving the molecular interactions at the interfaces

but also its application for attracting and trapping of anionic analytes during sensing

process. In chapter 5, we report our studies on the LM and LB films of the cationic

surfactants. We formed the LB films of dioctadecyl ammonium bromide (DOAB) and

studied the DNA sensing application. The lowest detectable concentration of DNA in

the liquid is found to be 20 fM. The kinetic study indicate the characteristic time for

DNA adsorption over the LB film of DOAB is ∼ 162 seconds. The effect of polyethy-

lene glycol functionalized SWCNTs (PEG–SWCNTs) in the aqueous subphase on the
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LM of dioctadecylamine (DODA) is studied as the function of pH of the subphase. We

found that the association of PEG–SWCNTs with LM of DODA is better at the ul-

trapure water subphase than that compared with aqueous basic subphase. We formed

the LB film of DODA and DODA/PEG–SWCNTs at πt = 10 mN/m from the ultra-

pure water subphase and characterize it using field emission scanning electron micro-

scope (FESEM). The FESEM image clearly shows the formation of liquid condensed

domains in form of small domains and big dendritic domains. The LB film of DO-

DA/PEG–SWCNTs also reveals the presence of nanotubes on the monolayer matrix

of DODA. The DNA sensing studies of LB films of DODA/PEG–SWCNTs indicate

that the lowest detectable concentration of DNA in aqueous medium is ∼3 fM which

is far lower than that of the LB film of DOAB. The piezoresponse signal obtained from

CNTs incorporated film are much stable than that of pure organic surfactant layer.

The presence of SWCNTs in the functional layer for sensing may provide mechanical

strength to the film against any dissolution of the surfactant in the fluid medium.

Our studies indicate that presence of SWCNTs in the functional layer for sensing can

provide several advantages including sensitivity, stability and reproducibility.

Graphene is one of the extraordinary carbon based nanomaterials which can be em-

ployed for numerous device applications. Graphene can be oraganically functionalized

for ease of device processability and dispersion in a host. The carboxylic group func-

tionalized graphene (G–COOH) is one of the important chemically modified graphene

which has a potential for chemical and biological sensing. The –COOH group of the

graphene can form complex with different proteins and biologically relevant molecules.

In chapter 6, we discuss the formation and characterization of LF and LB films of

G–COOH. The LF of G–COOH at the A/W interface is found to be very stable and

reversible. The urea in aqueous subphase is found to interact strongly with LF of

G–COOH at the A/W interface indicating that the LB film of G–COOH can be em-

ployed as functional layer for urea sensing. The functional layers of G–COOH were

formed over the quartz crystal wafers by LB and spin coating techniques, and employed

for sensing of urea in aqueous medium. The response is found to be linear in the given

concentration range. The lowest detectable concentration of urea in water by LB film

was found to be very low (8.32 µM). The sensing performance of LB film of G–COOH

is found to be better than that of spin coated film of G–COOH. The detection of urea

in milk sample using the functional layers of G–COOH is also studied. The study on

sensing of urea in milk sample indicate that the LB film of G–COOH can be employed

for sensing urea even in the presence of differnt other species in the aqueous medium.
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7.2 Future Scope

In our studies, we found that SWCNTs can form interesting morphologies onto solid

substrates as a function of target surface pressure (πt) of LB deposition. Future works

will deal with studying the role of external parameters like temperature, nature of sub-

strates and role of functional groups on CNTs for controlling the assembly of SWCNTs

and functionalized CNTs on the substrates. The formation of donut structure of SWC-

NTs onto ITO substrate can be employed for the development of selective trapping of

analytes. It can also be used for the fabrication of array of nanoelectrodes. We have

demonstrated the methane (CH4) gas sensing capability of the ultrathin films of SWC-

NTs deposited by LB technique. Interestingly, the sensing performance improves in

the presence of humidity even in the room temperature. This study can be conceived

for the development of professional methane gas sensor. The LF of octadecylamine

functionalized SWCNTs (ODA–SWCNTs) at the A/W interface is found to be stable

and therefore, it was possible to form a well organized LB films onto solid substrates.

It will be interesting to study the morphology of the LB film of ODA–SWCNTs onto

different substrates. The LB films of ODA–SWCNTs showed a strong affinity towards

the biologically relevant molecules e.g L–asp acid and BSA protein. The LB film

of ODA–SWCNTs can be employed for the development of specific biosensors which

may find large biomedical application. We studied the surface behavior of a unique

nanocomposite comprised of cationic surfactant and PEG–SWCNTs. The LB film of

such nanocomposites can be employed for the DNA sensing and the performance of

the device can be studied under the influence of various physical parameters. The

sensing of other analytes can be studied using the LB film of nanocomposites of the

surfactant and PEG–SWCNTs. The the LF of functionalized graphene (G–COOH) at

the A/W interface is found to be stable. The surface behavior of G–COOH can be

studied as a function of temperature, pH and ion contents in the subphase. The urea

sensing of LB film of G–COOH indicates that such functional layers can be employed

for immobilization of ligands for a specific biosensing. The sensors developed using LB

film of carbon nanomaterials may be easily processable, room temperature operatable,

stable and of low cost.
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Appendix A

Dimensions of BSA protein

Figure A.1: Dimensions of BSA protein [184].
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