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SYNOPSIS
Colloidal dispersion is a heterogeneous dispersion of one medium in another
medium. Application of colloids such as detergent, paint, pharmaceutical product, food
etc prevails in everyday human life. Emulsions are class of colloidal liquid-liquid
dispersion, thermodynamically unstable but can be made kinetically stable due to surface
active moieties at interface. Ferrofluid emulsions are class of colloids, which are
dispersions of magnetically polarizable oil droplets (droplets containing ferro or
ferrimagnetic particle in the size range of 5 – 10 nm) in base fluid. They undergo field
driven self assembly when magnetic dipole attraction balances repulsive force, property
that finds numerous applications in heat transfer, sensor, drug delivery, seals, cell
separation etc.
The shelf life of colloidal formulation, including emulsion is determined by the
effective interaction or the net forces acting between dispersed particles. If the net
interaction force between the dispersed particles is repulsive then the formulation has an
extended life. To achieve net repulsive interaction throughout its storage and use, various
stabilization approaches such as electrostatic, steric, electro-steric or hard-sphere are
attempted using functional groups such as neutral or charged surfactant molecules or
nanoparticles. Though the formulations with a superior stability are made by industries
using various stabilizing entities and their combinations, the know-how is secretly
guarded due to commercial interest. As a result very little details are available in open
literature. This is one of the motivations to undertake this work.
The behavior of polyelectrolyte (polymer carrying ionizable group on its
backbone) under various environmental conditions is important to fundamentally
understand the natural processes such as protein folding, DNA condensation etc.

i

Interestingly, the adsorption of polyelectrolyte at liquid-liquid interface mimics in vivo
condition of charged macromolecule at cell-fluid interface and hence is very important to
understand biological phenomenon such as protein aggregation. They are technologically
important because of numerous applications in areas such as microcapsule, drug
delivery, lubrication, pH gated ionic channel, sensors etc. Therefore, understanding the
behavior of polyelectrolyte adsorbed onto a surface or interface is not only important for
stabilization of emulsion based products but also useful in understanding biological
phenomenon.
Though systematic studies on the behavior of polyelectrolyte under various
physicochemical conditions in solution and at surface were carried out, the fundamental
understanding of polyelectrolyte behavior at liquid-liquid interface is lacking, though
very important for improving the shelf life of colloidal products. Contrary to the
interaction forces between solid surfaces in the traditional force measurement techniques,
the interaction forces between molecules adsorbed over tiny oil droplets suspended in a
fluid are measured using the in-house developed magnetic chaining technique (MCT).
The salient feature of MCT is the capability in measuring weak repulsive forces (0.1 pN)
between nanodroplets, within 0.2 nm spatial resolution. This technique has been
successfully used to study the intermolecular interactions such as electro-static, steric,
polymer bridging etc.
The main objective of the present work is to understand the interaction force and
the conformational change of neutral and charged macromolecules at oil-water interface
under various physio-chemical conditions and its effect on colloidal stability. Another
objective of the present work is to develop a simple and cost effective approach for
sensing urea, temperature and pH of the body fluid by using suitable nanoemulsions.
Thesis consists of eight chapters which are organized as follows:
ii

Chapter 1 deals with a brief introduction to soft materials, magnetic colloids and
the interaction forces operating between them. Chapter 2 explains the preparation of
material and the techniques used to characterize them. Chapter 3 concerns
intermolecular

interaction

due

to

thermoresponsive

polymer,

Poly

(N-

isopropylacrylamide) - (PNIPAM) adsorbed at the oil-water interface under different
temperatures and anionic surfactant concentrations. Chapter 4 deals with a study on the
conformational change of adsorbed weak anionic polyelectrolyte, poly(acrylic acid) (PAA), at oil-in-water interface under different environmental changes such as pH, salt
of various concentration and valance and molecular weight. Chapter 5 deals with the
study on a strong polyelectrolyte, poly(diallyldimethylammonium chloride) - PDDA,
under different environmental conditions and comparing its behavior with that of a weak
polyelectrolyte in the same physiological conditions. Chapter 6 concerns with the study
on the role of low molecular weight protein, Bovine serum albumin - BSA in selective
displacement of adsorbed polyelectrolytes at emulsion interface at different solution pH
conditions. Chapter 7 deals with some interesting applications of functionalized
magnetic nanoemulsion for sensitive and selective detection of urea of wide
concentration range as well as sensing physio-chemical parameters, temperature and pH.
Chapter 8 summarizes the results of this thesis and suggests the future perspectives. The
key findings of the thesis are: For PNIPAM stabilized emulsion the decay length (λ)
decreased from 12.6 to 7 nm, as the temperature is increased from 5 to 34 °C (below
LCST). In the presence of 2 mM of SDS, LCST is increased by 3 ºC and λ decreased
from 16.6 to 12.7 nm as the temperature increased from 5 to 38 ºC. pH tunable long
range electro-steric interaction is observed for PAA stabilized emulsion where  was
found to be 6.6 nm at pH 3.0 but increases to 28 nm at a pH 11.8. At low salt
concentrations, the λ scales with concentration of salt as ~

iii

, where the exponent x

was found to be 0.068, 0.049 and 0.072 for Na+,

Ca2+

and

Fe3+, respectively.

However, at high salt concentrations the λ scales as ~

where the y values were 0.3,

Na+, Ca2+ and Fe3+, respectively.

 was found to be ~ 17 nm for

0.26 and 0.17 for

PDDA stabilized emulsion between the solution pH 2.5 and 10.0 but decreased to 4 nm
at a pH of 12.5 due to enhanced adsorption of OH-. At low concentration of Na+, Ca2+,
and Fe3+ the λ remains constant for PDDA emulsion whereas at high salt concentration
of Na+, Ca2+ and Fe3+, λ decreases as

,

and

, respectively. In the

absence of BSA, the λ and ζ of PDDA emulsion was found to be 19 nm and + 56 mV,
respectively that changes to 6 nm and + 5 mV at pH 5.2 and 6 nm and -10 mV at pH 7.0
in the presence of BSA. Similarly, in the absence of BSA, λ and ζ of PAA emulsion at
pH 3.5 was 15 nm and – 10 mV, respectively but changes to 5 nm and + 38 mV when
BSA was present at interface. SDS stabilized emulsion shows a change in Bragg peak
wavelength (Δλpeak) of 142 nm that detects urea in the concentration range of 0.003-0.6
g/L. In the case of PAA and F108 stabilized emulsions, the Δλpeak was 224 and 178 nm
that detects urea level of 0.18-33.3 g/L and 2.4-334 g/L, respectively. PAA stabilized
emulsion showed a linear detection of normal urea level even in the presence of 130 mM
NaCl and 2 mM CaCl2. Similarly, PVA-Vac emulsion showed a linear response in the
temperature range 5 to 75 °C. In the presence of 10 mM borax, the temperature range
was 5 to 90 °C. Using emulsion stabilized with PAA of 250 and 450 K, pH monitoring in
the range of 3 - 11.5 is achieved.
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and R = 0.81) and (f) Fe (λ ~
and
R2 = 0.82).

Figure 4.8

(a) Zeta potential and pH for EPAA450 emulsion in the presence of Fe3+ 108
of 3.2 x 10– 8 to 1.2 x 10– 6 M and (b) Variation of decay length (~brush
height) as a function of αb/1-αb. The best fit on the experimental data is
given by λ ~(

)

and R2 = 0.95.

Figure 4.9

(a) Variation of pH and zeta potential for EPAA450 emulsion for different 109
trivalent ion concentrations (salted brush regime) (b) Decay length vs.
αb2/ φs in the same regime. The theoretical fit is shown by the solid line.

Figure 4.10

Intermolecular force as a function of distance for (a) EPAA15 emulsion 112
(b) EPAA250 emulsion and (c) EPAA450 emulsion in the pH range from 3 to
11. (d) Decay length of EPAA15, EPAA250 and EPAA450 emulsion as a
function of pH.

Figure 4.11

(a & b) First interaction distance and force magnitude as a function of 114
pH for EPAA15, EPAA250 and EPAA450 emulsion.

Figure 4.12

(a & b) Hydrodynamic diameter and zeta potential as a function of pH 116
for EPAA15, EPAA250 and EPAA450 emulsion.

Figure 5.1

(a) Hydrodynamic diameter (Hd) and (b) zeta potential (ζ) for EPDDA and 121
EPAA450 emulsion. The ζ potentials values were + 58 mV and - 55 mV,
for EPDDA and EPAA450 emulsion respectively.

Figure 5.2

(a) Intermolecular force vs. distance for EPDDA emulsion at various 123
solution pH. (b) Decay length, (c) first interaction distance and (d) Zeta
potential as a function of pH for EPDDA and EPAA450 emulsion,
respectively.
Force-distance profile for emulsion stabilized with (a & b) PDDA at low 127
and high concentration of Fe3+ ion and (c & d) PAA at low and high
concentration of Fe3+ ion. The best fits are shown by the solid line.

Figure 5.3

Figure 5.4

λ of emulsion stabilized with PDDA and PAA in the presence of (a) low 128
concentration of Fe 3+ (b) high concentration of Fe3+. The best fits are
shown by the solid line. At low concentration, λ remains constant for
EPDDA emulsion whereas it increases with increase in Fe3+ concentration
for EPAA450 emulsion, where λ ~
(R2 = 0.95). At high Fe3+
concentration, λ decreases for both EPDDA and EPAA450 emulsions
whereas, λ scales with concentration of Fe3+ as ~
(R2 = 0.91) and
~
(R2 = 0.82), for PDDA and PAA, respectively.

Figure 5.5

Variation of λ for EPDDA and EPAA450 emulsion in the presence of low 135
and high concentration of (a & b) Na + (c & d) Ca 2+, respectively. The
best fits are shown by the solid line. At low concentration of Na+, λ
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remains constant for EPDDA emulsion whereas it increases with Na+ for
EPAA450 emulsion as, λ ~
(R2 = 0.89). At high salt concentration, λ
decreases with increase in of Na+ as, λ ~
(R2 = 0.9) for EPDDA
emulsion and λ ~
(R2 = 0.94) for EPAA450 emulsion. At low
2+
concentration of Ca , λ remains constant for EPDDA emulsion whereas it
increases with increase in Ca2+ for EPAA450 emulsion as, λ ~
(R2 =
2+
0.95). λ decreases with further increase in Ca for EPDDA and EPAA450
emulsion as, λ ~
(R2 = 0.99) and λ ~
(R2 = 0.88),
respectively.
Figure 5.6

(a & b): Zeta potential of EPDDA and EPAA450 emulsion, respectively as a 137
function of salt concentration. The best fits are shown by the solid line.
The zeta potential for emulsion stabilized with PDDA decay as φs-0.37,
φs-0.20 and φs-0.16 for mono, di and trivalent salt, respectively. The decay
of zeta potential as a function of salt for EPDDA emulsion was φs-0.36, φs0.25
and φs-0.11 for mono, di and trivalent ions, respectively.

Figure 5.7

(a) Force-distance curves for EPAA450 emulsion at different NaCl 140
concentration and washed again with lower salt (NaCl) concentration.
(b) Decay length and zeta potential for the same.

Figure 5.8

(a & c) Force-distance profile for EPAA450 emulsion at different Ca2+ and 141
Fe3+ concentration and after washing with lower salt concentration of
NaCl (b &d) Decay length and zeta potential for the same.

Figure 6.1

(a) Intermolecular force vs. distance for EPDDA emulsion at various 151
concentration of BSA at pH 5.2. (b) Decay length, λ and zeta potential, ζ
for EPDDA emulsion at different concentration of BSA (c & d) first
interaction distance, 2L0 and force magnitude, K for EPDDA emulsion at
different concentration of BSA.
(a) Intermolecular force vs. distance for EPDDA emulsion at various 154
concentration of BSA at pH 7.0. (b) Decay length, λ and zeta potential, ζ
for the same.
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Figure 6.3

Figure 6.4

(a & c) Intermolecular force vs. distance for EPAA emulsion at various 155
concentration of BSA at pH 3.5 and 5.2 (b & d) λ and ζ as a function
of concentration of BSA at pH 3.5 and 5.2.
(a) Zeta potential of EBSA emulsion as a function of pH. (b) Zeta 159
potential of EPAA and EPDDA emulsion in the presence of 0.5 wt. % BSA
at pH 3.5, 5.2 and 7.0. Addition of BSA results in complete
displacement of the adsorbed PAA and PDDA where the zeta potential
of EPAA and EPDDA emulsion in the presence of BSA was found to be the
same as that of EBSA emulsion.

Figure 6.5

(a) Comparison study of zeta potential measurement for (a) EPAA, EBSA 160
and EPAA + BSA emulsion (b) EPDDA, EBSA and EPDDA + BSA emulsion
at different solution pH.

Figure 6.6

Schematic representation of the competitive adsorption of BSA at the 162
oil-water interface covered with PAA (left) and PDDA (Right) at
solution pH ~ 5.4. Low to high concentration of BSA is shown by the
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arrow from top to bottom. (top-left) Emulsion droplets covered with
PAA possessing negative charge over PE backbone and counter-ions
(H+) in the aqueous phase. (middle-left) EPAA emulsion with protein
molecule partially displaces the adsorbed PAA (bottom-left) complete
displacement of adsorbed PAA upon increased concentration of BSA.
(top-right) emulsion droplets covered with PDDA with positive charge
over PE backbone and counter-ions (Cl¯) in the aqueous phase. (middleright) EPDDA emulsion with BSA where partial displacement of adsorbed
PDDA with BSA is shown (bottom-right) and complete displacement of
adsorbed PDDA upon addition of high concentration of BSA.
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CHAPTER 1
Introduction
1.1 Soft Matter
Soft matter or complex fluid is a class of material that can be easily deformed by
thermal fluctuations or external forces. They are macroscopically soft and their properties
lies in between that of a simple liquid and crystalline solid 1. Pierre-Gilles de Gennes coined
the word soft matter, is credited as the father of soft matter. The application of soft matter
prevails in everyday of human life. E.g. Detergents, paints, plastics, pharmaceutical
products, liquid crystal display, food etc. Human body itself composed of soft materials such
as biological macromolecules of DNA, polysaccrides, protein etc. Other examples of soft
matter are colloids, hydrogel, polymer, surfactant, liquid crystal.
Since the size of fundamental entities of soft matter is in the range of nm to μm,
which is ~ 3 – 4 orders of magnitude greater than the atomic system, the number density of
soft matter is several orders of magnitude lower that of atomic system (1013 cm-3 against
1022 cm-3 for atomic system). This along with the very weak interaction, of the order of
thermal energy ~ kbT, between their fundamental entities gives rise to a very low elastic
moduli to soft materials. Besides they lack a long range ordering. Soft matter is nondissipative, disordered, non-equilibrium, non-linear, thermal and entropic system in nature.
Owing to their large relaxation time (10-2 s) as compare to atomic material (10-11 s) and
larger length scale, soft matter system are being used as a model system to study the
fundamental phenomenon like glass transition, crystallization etc. One of the interesting

1

Chapter 1
properties of soft matter is that their microscopic entities self-assemble or aggregates to form
various structures.
1.2 Colloidal dispersion
The term colloid, means glue, was coined by British physicist Thomas Graham in
1861. Colloidal dispersion is a heterogeneous mixture of one materials (dispersed phase)
suspended in another (dispersion medium) 2. Both dispersed phase and dispersion medium
can be solid, liquid or gas. The typical length scale of the dispersed phase ranges from a few
nm to μm. Some common examples are paints, inks, food products such as mayonnaise, icecream and biological fluids such as blood and milk. Depending on the interaction between
the dispersed phase and dispersion medium, it is classified as lyophilic or solvent loving
and lyophobic or solvent repelling 3. The effective interaction between colloids can be
tailored by changing the environmental conditions such as temperature, pH or salt. One of
the major a difference between atomic and colloidal system is size distribution or
polydispersity in the latter.
1.3 Emulsion
Emulsion is a thermodynamically unstable biphasic system, usually kinetically
stabilized using surface active agents (surfactant) or macromolecules. They are an important
class of colloidal dispersion from commercial point of view as well as from scientific point
of view due to their ease of preparation, low toxicity, biodegradability, biocompatibility etc
4, 5

. They are metastable colloidal dispersion, formed by mixing two immiscible liquids in

the presence of surface active molecules that impart stability at the interface 6. In general,
surfactants are used to provide sufficient stability to emulsions but macromolecules such as
2
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polymer, protein 7, lipid or even nanoparticle 8 are also be used to attain long term stability.
The role of the stabilizing moiety is to cover the interface and prevent the emulsion from
destabilizing, by forming a monolayer of adsorbed molecules, thereby reducing the
interfacial tension. The adsorbed surface active moieties impart stability through
electrostatic or steric interaction. Natural macromolecules, such as polysaccharides, are also
being used to enhance the stability of the emulsion due to their abundant presence, edibility,
low toxicity and cost. Recently, stabilization by nanoparticle gained much attention due to
strong interfacial stability, ecofriendly, and non-toxic behavior9. Double emulsion or
multiple emulsion where small droplets are dispersed within the large droplets, are widely
used in industrial products such as syrups, taste making, drugs etc.
1.3.1 Preparation of emulsion
Emulsification process can be broadly classified into two categories: high energy and
low energy emulsification 6. High energy emulsification uses significant energy (108 to 1010
W/Kg) to produce smaller droplet diameter whereas low energy emulsification uses less
amount of energy (103 to 105 W/Kg) to produce smaller droplets by exploiting phase
inversion property of the system, without consuming excess energy to produce emulsion 4.
High energy emulsification includes high energy stirring, ultrasonic emulsification, high
pressure homogenization microfluidization and membrane emulsification. The first step in
preparing emulsion using this technique is to prepare oil-in-water (O/W) macroemulsion by
mixing oil, water and surfactant in a simple batch stirrer for sufficient period of time and
then passing into a homogenizer where sufficient high energy is applied for a long period of
time to convert larger macroemulsion droplets into smaller sized nanoemulsion. This
process is repeated for several times, till a uniforms size distribution is attained.
3
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In contrast to high energy homogenization, low energy emulsification begins with
W/O macroemulsion which is then converted to an O/W nanoemulsion either by changing
the composition or temperature of the system. The most widely used low energy
homogenization techniques are emulsion inversion point (EIP) and phase inversion
temperature (PIT). In EIP method, the obtained W/O macroemulsion is then phase inverted
either by diluting the obtained emulsion with water to converts into O/W nanoemulsion at
the inversion point. Similarly in PIT method, W/O macroemulsion is prepared at high
temperature and the system is then allowed to cool 10. Below the PIT, W/O macroemulsion
is converted to an O/W nanoemulsion. In both processes at the point of phase inversion, the
interfacial energy becomes very low that results in the formation of lower size droplets
without much energy penalty.
1.3.2 Mechanism of emulsion destabilization
Emulsions are thermodynamically unstable system and the change in Gibb’s free
energy (

) is greater than 1 where γ is the interfacial tension, Ainter is the

interfacial area, T is the temperature and ΔS is the entropy of mixing. The droplet size and
interfacial charge play an important role in determining the stability of the emulsion

11

.

Emulsion degradation happens through various mechanisms, shown in the Figure 1, that
depends on droplet size distribution and density difference between dispersed phase and
dispersion medium. The mechanisms of emulsion degradation are broadly classified into
primary and secondary and the physical phenomenon involved in each process is complex in
nature. Primary emulsion degradation involves increase in size of the emulsion droplets
whereas secondary emulsion degradation results in spatial rearrangement of the droplet with
respect to each other. Mechanisms such as coalescence, Ostwald ripening, inversion comes
4
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under primary whereas the mechanisms such as aggregation, sedimentation categorized
under secondary.
1.3.2.1 Sedimentation
Sedimentation arises from gravitational interaction on the dispersed phase and
happens when the density of the dispersed phase is greater than the density of continuous
phase. In this process, gravity plays an important role which attracts the particle but the
viscous force opposes the movement of particle. The rate of settling of particle is calculated
by balancing the hydrodynamic and gravitation force, as described by stokes equation which
is given by 11

(1.1)
where Vs, is the strokes velocity, g is the gravitational acceleration, Δρ is the difference in
density of particle and solvent, d is the diameter of the particle and η is the viscosity of the
solvent. Making emulsion with lower sedimentation rates is possible by: (1) Matching the
density difference between dispersed and continuous phase. (2) Reducing the droplet size.
This is the principle used in formation of nanoemulsion where the droplet size lies between
20 and 200 nm. (3) Use of thickening agents such as high molecular weight polymer to
increase the viscosity of the emulsion.
1.3.2.2 Creaming
Creaming is similar to sedimentation but happens in opposite direction where
droplets are moving towards the top of the container12. It is not breaking of emulsion but a
phase separation which is prestage of coalescence. It arises due to density difference
5
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between the continuous and dispersed phase, particularly when the density of the dispersed
phase is smaller than the density of continuous phase. Creaming can be either problematic or
advantageous. Though it is one of the factors that reduce the shelf life of the formulation, yet
this phenomenon is exploited in industries for separation process. The mechanisms that are
proposed to avoid the sedimentation can also be used to prevent creaming.

Phase separation

Creaming

Stable dispersion

Flocculation

Ostwald
ripening

Figure 1.1: Different types of emulsion destabilization process: phase separation, creaming,
flocculation and Ostwald ripening.
1.3.2.3 Flocculation
Flocculation, aggregation of droplets into a larger unit without change in primary
droplet size, arises when attractive interactions acting within the emulsion (such as van der
Waals, hydrophobic) outweigh the repulsive interaction. It can be avoided by suitably using
an emulsifier that imparts sufficient stability to the emulsion by adsorbing at the colloidal
6
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interface. Surface active moieties such as surfactant or polymer or polyelectrolyte are used
as stabilizers that keep the dispersed media far apart through electrostatic or steric or electrosteric interactions, where contribution due to van der Waals and other structural forces such
as hydrophobic are negligible. Depending upon the strength of van der Waals force, the
emulsion flocculates weakly or strongly. The presence of large number of non-adsorbed
surface active species can also flocculate the emulsion via depletion interaction.
1.3.2.4 Ostwald ripening
Ostwald ripening is a degradation process where smaller droplets are diffused in the
bulk phase and deposit over larger droplets that results in an overall increase in size of the
emulsion droplets with time 13. It happens due to the difference in chemical potential of the
oil phase between different droplets size that has different radius of curvature. This process
results in increase in size of the droplets with time. The rate of Ostwald ripening can be
described as follows 14:

(1.2)
Here Rh, γ, Vm, R, T,

and D are the droplet radius, interfacial tension, molar volume of

oil phase, gas constant, absolute temperature, equilibrium solubility of oil phase in the
aqueous phase and translational diffusion co-efficient. Unlike coalescence, no rupture of thin
film of the droplets happens in Ostwald ripening. The rate of Ostwald ripening of the
droplets i.e. increase in size of the droplets with time can be calculated from the diffusion
co-efficient of the droplets, radius of the droplets and the concentration gradient using
equation 2. The process of Ostwald ripening in monodisperse nanoemulsion is very often
neglected due to extremely small and uniform droplet size but has a serious problem in
7
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macroemulsion where the dispersed phase has high aqueous solubility. Several methods
were put forwarded to reduce the rate of Ostwald ripening

11

. One of the important

parameter is the addition of second disperse phase that is insoluble in the continuous phase.
The second method relies on modification of interface film at oil-water interface that reduce
the interfacial tension. By suitably decorating the interface with surfactant or macromolecule
that does not desorbs during ripening, the rate of Ostwald ripening could be reduced
significantly.
1.3.2.5 Coalescence
This type of destabilization arises when droplets come in contact through
flocculation or creaming or Brownian motion and involves rupturing of thin interfacial layer
or film around the oil droplet. The formation of thin film results from the adsorption of
surfactant or macromolecules which prevents the phase separation. Due to repeated collision
between the droplets, thin films around the droplets could rupture that ultimately results in
the fusion of droplets which increase the droplets size. As the mechanism progresses with
time, complete phase separation of emulsion can occurs. Some mechanisms were proposed
to prevent droplet coalescence. Friberg et al15. proposed to use a combination of surfactants
to produce multilayer’s that wrap the droplets so that the rupturing of interfacial films and
hence the van der Waals attraction decreases. The adsorption of such multilayer improves
the Gibbs elasticity, surface viscosity and also hinders the diffusion of surfactant film from
the interface and therefore lifetime of the emulsion can be enhanced.
1.4 Importance of Interface
The characteristic features of any colloidal dispersion is the large surface to volume
ratio of the dispersed particle and the presence of interface between dispersed and
8
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continuous phase. The interface is the shared boundary between two immiscible phases and
interfacial tension is the force per unit length across the interface of two immiscible liquids
that is responsible for instability of the emulsion or colloidal dispersion. The adsorption of
surfactant or macromolecule at the interface of the colloidal dispersion can impart electric
double layer interaction 16, steric 17 or electro-steric interaction 18 that reduces the interfacial
tension and alters the overall behavior of the colloidal dispersion. The presence of a few
molecular layers at the interface within a few nanometers ultimately determines the bulk
properties of the colloids and the resultant product stability, by altering the particle-particle
and particle-solvent interaction, respectively.
1.5 Intermolecular interactions
The shelf life of any formulation, including emulsion, is ultimately determined by
the effective interaction or the net forces acting between suspended particles. If the net
interaction force between the dispersed particles is repulsive then the formulation has an
extended lifetime. To achieve a net repulsive interaction throughout its storage and use,
various stabilization approaches such as electrostatic, steric, electro-steric or hard-sphere are
attempted using stabilizing group such as surfactant, neutral and charged macromolecule or
nanoparticles. More recently, particle stabilization is also attempted widely because of their
effectiveness in achieving long term stability. Types of interaction forces that determine the
stability of colloidal dispersion are broadly classified into DLVO (Derjaguin-LandauVerwey-Overbeek) and non-DLVO. DLVO force is the sum of electrostatic and van der
Waals forces whereas non-DLVO forces includes steric, electro-steric, structural, hydration,
hydrophobic etc and the classification of interaction force is shown schematically in the
Figure 2.
9
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Steric

NonDLVO
Molecular
interaction

DLVO

Electro-steric
Structural
Hydration
Hydrophobic

Electric double layer +
van der Waals

Figure 1.2: Classification of molecular interactions
1.5.1 DLVO theory
It has been known for several decades that aqueous colloidal dispersion coagulate or
precipitate upon addition of salt and the process of coagulation progress rapidly with
increasing the valence of salt. This process was first explained theoretically by Derjaguin
and then Vervew

12

, Landau and Overbeek

20

19

by combining the repulsive electrostatic and

attractive van der Waals interaction. This theory is known as DLVO theory that explains the
stability of colloidal dispersion and aggregation behavior.
1.5.1.1 Electrostatic stabilization
Electrostatic interaction in an aqueous colloidal system arises due to the existence of
charged group on the surface of the particle 21. Charging of surface takes place either due to
dissociation of surface groups or adsorption of charged moieties over a surface. The
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adsorbed charged moieties give rise to an electric field which attracts the counter-ions that
are balanced with the equal number of surface co-ions, as shown in the Figure 3.

Droplet with negative charge

Potential (mV)

Stern layer
Diffuse layer

Electric double layer

Surface potential (ψ0)

κ -1

Zeta potential (ζ)

Figure 1.3: Schematic representation of electric double layer and the variation of potential
from droplet surface.
The simplest model of electric double layer was proposed by Hermann von
Helmholtz who considers the counter-ions are strongly bound to the surface co-ions. Though
this model could explain the basic features of charged surface, it failed to explain the
capacitance of electric double layer. The theory was modified by Guoy and Chapman

22, 23

who proposed that the thermal fluctuation drive the counter-ions away from the surface and
the resultant structure was called diffuse layer and the corresponding potential and iondistribution was calculated by Debye and Huckel 24. Otto Stern 25 combined Helmholtz and
Guoy-Chapman model and proposed the double layer theory where the counter-ions are
11
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strongly bound to the surface is called Stern or Helmholtz layer and ions that are scattered or
diffused around the surface is called diffused layer. This layer of surface charge that
composed of Stern or Helmholtz and diffuse layer around the surface or particle is called
electric double layer.
The counter-ion distribution between the surfaces that carry charges in a pure solvent
like water is discussed. Consider a planar charged surface immersed in a solvent like water.
In general, the relation between the local charge density (ρ) and potential (ψ) of the surface
is expressed as

(1.3)

Here, the local charge density is expressed as
(1.4)
where

and

are local cation and anions concentrations. In addition, the solvent

contains monovalent salt that exceeds the background ion concentrations, which are related
to the local potential via Boltzmann relation as
⁄

where

(1.5)

is the work required to bring the ion from infinite distance to the surface,

is the bulk concentration of salt and kbT is the thermal energy.
Therefore, the total local charge density that includes the contribution due to cations and
anion is expressed as
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[

(

⁄

)

(

)]

⁄

(1.6)

Therefore, the potential can be expressed as

[

⁄

(

)

⁄

(

)]

(1.7)

For a simple case of infinitely extended planar surface, the Poisson-Boltzmann equation can
be written as

[

(

⁄

)

(

⁄

)]

(1.8)

Since the potential change in y and z direction is zero, their contribution is omitted.
For lower surface potential (|eψ| < kbT), it is reduced to

(1.9)
where ε and ε0 are dielectric permittivity in medium and free space.
With appropriate boundary conditions, the solution to the linearized Poisson-Boltzmann
equation is expressed as follows
(1.10)
Here, κ-1 is the Debye length that quantifies the extension of double layer, which is
expressed as

√
13

(1.11)
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where, φs, kb, T, and e are concentration of electrolyte, Boltzmann constant, temperature and
charge of ions. When two charged surfaces approach each other the electric double layer
overlaps that result in development of electrostatic repulsive force which is important for
stabilizing colloidal dispersion. Using linear approximation and assume low surface
potential, the interaction free energy per unit area between identical parallel surfaces of
infinitely extended solids, Wplane can be expressed as

(1.12)

Using Derjaguin approximation, the force between two spheres of radius R can be
obtained using the following relation as
(1.13)
For lower surface potential, the force between two spheres is expressed as follows
(1.14)
The above equation shows that the double layer interaction energy decay exponentially with
distance with a characteristics decay length equals to the Debye length of the double layer.
1.5.1.2 Van der Waals interaction
Van der Waals interaction plays a critical role in intermolecular force and has a
universal relevance as it present in any combination of surfaces or molecules and exhibit
both long and short range interaction. It arises due to dipolar interaction and named after the
great theoretician Johannes Diderik van der Waals. The interactions between molecules in
vacuum are of three different types: Ion-dipole (Debye), dipole– dipole (Keesom)
14
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interactions, induced dipole – induced dipole (London) interaction. The last interaction is
also known as dispersion force or charge fluctuation force. The contribution to the Van der
Waal interaction (Cvdw) is the sum of interaction of Debye, Keesom and London which is
expressed as:

where

(1.15)

where CDebye, CKeesom and CLondon are the contribution to the van der Waals interaction due to
Debye, Keesom and London. Minus sign arises due to attractive nature of van der Waals
interaction. The contribution of dispersion force dominates among all the van der Waals
interaction between atoms and molecules that determines the properties such as adhesion,
surface tension, wetting, physical adsorption as well as properties of gas, liquids, thin films,
strength of solids and flocculation of particle in dispersion, behavior of macromolecules
such as polymer, DNA, proteins etc. All three types of interaction contain the same distance
dependence and the potential decreases as 1/D6.
1.5.1.2.1 Van der Waals interaction between macroscopic bodies
Theoretical description of van der Waals interaction between macroscopic bodies
was developed by London, who proposed that dispersion interaction was responsible for the
attractive interaction between macroscopic bodies. This idea led Hamaker to develop a
microscopic approach that used pair wise addition of force between molecules in an object
immersed in a solvent that is not influence by the presence of third molecules.
To calculate the net interaction between object immersed in a solvent, the van der
Waals interaction between molecule A and molecule B in an object is expressed as
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∭

(1.16)

Here, CAB, and ρB are material specific constant and molecular density of surface B. By
using cylindrical polar co-ordinates and assuming that the density of the molecule is
constant in the object, the net interaction is expressed as

(1.17)

Similarly, the energy of interaction between the two extended solid surfaces of
molecular density ρA and ρB immersed in a solvent is given by
(1.18)

By introducing Hamaker constant

, the net interaction energy can be

expressed as

(1.19)

It is to be noted here that the van der Waals interaction between surfaces decreases less
steeply than the same force operate between the molecules.
1.5.1.2.2 Lifshiftz theory of van der Waals interaction
The problem with Hamaker approach to estimate the net van der Waals interaction
between surfaces was based on pair wise additivity which ignores the role of neighboring
atoms that affect the net interaction. But in general, the effective polarizability of any pair of
atoms or molecules is affected due to neighboring atom or molecule. Furthermore, additivity
cannot hold between the extended bodies interacting in a medium. By taking this into
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consideration, Lifshitz formulated a theory that ignored the atomic structure and the forces
between the large bodies are treated as a continuous media.
The main finding of the Lifshiftz theory was the equation derived as per Hamaker
approach remains same as follows:

(1.20)

Here,

is the non-retarded Hamaker constant which is expressed in McLachlan’s equation

as
(

)(

)

∫ (

)(

)

(1.21)

where ε1, ε2 and ε3 are static dielectric constant of three media and ε iν is th valu of ε at
imaginary frequency.
1.5.1.3 Limitations of electric double layer theory
Though electric double layer theory could explain the observed behavior of colloids
under various conditions, yet it suffers several demerits which are as follows:
1. Ion-correlation effect is not included in the mean field theory of Poisson-Boltzmann
double layer expression.
2. Specific ion effect is not included.
3. Finite size of the ions was neglected.
4. The theory holds only for small range concentration of salt (< 0.05 M) which limit
the application of DLVO theory to a biological medium.

17

Chapter 1
1.5.2 Non-DLVO interaction
While DLVO theory is simple in nature and able to explain the observed stability of
colloids, yet the theory was not sufficient to describe the stability of uncharged particle at
high salt concentration 26. Also, it could not explain the behavior of particles or surfaces at
very short distance where continuum theories breaks down and interactions such as
structural, hydration27,

28

and hydrophobic force operates which could be oscillatory,

repulsive or attractive that are sensitive to the nature of solvent molecules such as size,
shape etc. Therefore, depending upon the nature of surface, solvent and moieties adsorbed
on the surface, several non-DLVO interactions arise which are described below:
1.5.2.1 Steric interaction
It arises due to adsorption of neutral surfactant or macromolecule such as polymer
that can dramatically influence the stability of dispersion. It is the only way of ensuring
stability to the dispersion in a non-polar media where electrostatic interaction is absent or
extremely weak and van der Waals interaction dominates. The presence of polymer or
simple neutral molecule ensures the particle to feel sufficient repulsive force at small
interparticle distance such that the outer segments of the polymer overlap. Therefore, the
particles covered with polymer maintain sufficient distance between them that give rise to an
enhanced stability to the colloidal dispersion.
The assembly of polymer chains end-tethered its one end onto the particle or
substrate and the other end float freely is called polymer brush. The polymer can adsorbs on
a surface and attains saturation level at very low concentration. In general, the adsorption of
polymer can be physical or chemical where in the former case physical force drives the
18
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polymer to adsorb at the interface whose energy of detachment is of the order of thermal
energy (kbT) whereas in the latter case, chemical bonding between the molecules and
surface is ensured to chemically graft the molecules over a surface whose energy of
detachment is very large.
The behavior of polymer under confinement was different from its counter-part in
the continuous media that exhibit random walk behavior. Depending upon the number of
polymers at the surface the conformation and hence the behavior of the colloidal dispersion
changes. When the density of polymer at the surface is very low such that the distance
between the tethering groups is greater than the dimension of the adsorbed polymer, it
exhibit mushroom conformation. But, when the crowding of polymer at the surface is so
dense, the polymers are stretched along the direction normal to the grafting surface so as to
avoid overlapping which is called polymer brush.
The theory of steric interaction was quite complex as it depends on various
parameters such as reversible or irreversible adsorption of polymer, coverage of the polymer
and quality of the solvent

29-31

. To understand the steric interaction, consider polymer

brushes grafted at the surface with a grafting density

⁄

where bgra is the distance

between the grafting groups on the surface. To find out the thickness of the polymer brush in
a good solvent condition it is necessary to consider the contributions due to two forces:
repulsive interaction between the polymer segment that force the polymer to stretch away
from the surface and the chain elasticity that oppose the polymer stretching. The total force
experienced by the chain is given by

(1.22)
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Here, ls, ν are Kuhn length and excluded volume parameter. The first term represents
the repulsive interaction of polymer segment and second term corresponds to the chains
elasticity. At equilibrium and in the absence of external force, the brush thickness is given
by

(

)

(1.23)

The free energy of surface coated with polymer was calculated by studying the force
per unit area (Fs) between two parallel flat surfaces with polymer solution between them
which is given by

(1.24)

where H is the Hamiltonian of the system, Ω is the grand canonical potential and h pla is the
separation between the plates. The theory of steric interaction was studied extensively where
Milner 29 used self consistent field theory to describe the behavior of polymer at the surface
who showed that the concentration profile of the polymer exhibit parabolic profile and the
brush height gradually falls to zero from the maximum at the surface whereas de Gennes 30
used a step function i.e. a flat density profile where the brush height falls abruptly to zero
over a narrow region.
When two polymer coated surfaces are bring together such that at distance where
polymer brush overlap, the local density of the polymer increases that give rise to a
repulsive interaction. Using scaling theory for a homogenous segment concentration profile,
the interaction energy per unit area between two parallel plates as obtained by de-Gennes is
given by
20
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)

(

)]

(1.25)

The interaction potential is obtained by integrating the above equation as

(

)

[ (

)

(

)

]

(1.26)

When the parameter hpla/2L is in the range of 0.2 to 0.9, the above expression is simply
expressed as follows

(

⁄

)

(1.27)

Therefore, the steric interaction due to polymer decay exponentially with distance with
characteristics decay length equals to the extension of the polymer.
1.5.2.2 Electro-steric stabilization
It arises due to adsorption of charged macromolecules that contains ionizable group,
thereby dissociates and leaves the charged group over polymer backbone with counter-ions
in the solution. Presence of charged macromolecules over a surface gives rise to an electrosteric interaction which contains electrostatic interactions due to dissociated charged
moieties and steric interaction due to chain excluded volume interaction. Unlike neutral
polymer, the interaction force due to adsorbed polyelectrolyte is highly complicated due to
ionized group with associated counter-ions. In general, polyelectrolytes are classified as
strong and weak where the former is pH independent and latter is pH dependent.
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The interaction force due to polyelectrolyte arises due to combination of
electrostatic, conformational entropy of polymer chain, excluded volume interaction,
entropy of counter-ions as well as quality of the solvent

32

. In addition to these, other

parameters such as pH, temperature, grafting density, electric field 33 etc are also involved in
altering the net interaction force due to polyelectrolyte and hence the associated
conformational changes. The polyelectrolyte mediated interactions are altered due to
variation in charge density of the ionizable group on the polyelectrolyte backbone when they
are exposed to different environment conditions. At low or zero salt level, the behavior of
polyelectrolyte is controlled by long range electrostatic interaction. However, under
complete

screening of charge at high salt concentration, short range excluded volume

interaction dominates over long range electrostatic force. In addition, counter-ions (CI’s)
play an important role in swelling and collapse of the charged macromolecules

34, 35

. The

adsorption of CI’s over the polyelectrolyte can modulate the strength of electrostatic
interaction which dictates the chain conformation. The strength of electrostatic interaction of
polyelectrolyte is expressed in terms of reduced Bjerrum length as ̅
where ε is the dielectric constant, amon is the monomer size and β = 1/ kbT. In a good solvent
conditions, the CI’s are dispersed away from the polyelectrolyte chain but increasing ̅
leads to attractive interaction between the CI’s and polyelectrolyte that favors condensation
of CI’s on polyelectrolyte backbone

36

, which reduces the effective charge density of the

polyelectrolyte and hence collapses. By switching over the solvent condition to a poor
region, the attractive interaction between the monomer increases, which further collapses the
polyelectrolyte. Systematic studies in the past showed the extended to collapse transition of
polyelectrolyte under different solvent condition
22

36-38

. Moreover, the characteristics of the
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polymer such as molecular weight

39

, polydispersity

40

also affect the coil to globule

transition of a polyelectrolyte.
1.5.2.2.1 pH mediated polyelectrolyte interaction
Depending upon the nature of polyelectrolyte, the interaction mechanism differs. The
rate of dissociation of weak polyelectrolyte varies at different solution pH level. For
instance, dissociation of carboxylic acid (C6H5COOH
only at

C6H5COO¯ + H+) happens

pH > pKa. Below pKa, it is highly neutral but dissociates at pH > pKa due to

deprotonation of the carboxyl groups. The fraction of charged monomer or degree of
dissociation ( ) of the polyelectrolyte depends on the pH of the medium which is calculated
lo (

as

) where pKa was 4.54 41 for acrylic acid. This shows

that fraction of charged monomer increases with increase in pH of the medium > pKa.
Though it was believed that at pH > pKa + 1, weak acid dissociate completely, it is
applicable only to monomer whereas polyelectrolyte barely reaches only 50 % ionization at
this pH. Therefore, enhanced fraction of deprotonated group is observed when the solution
pH increases above pKa. When pH < pKa only 10% of the surface groups are ionized
whereas around 90 % of the surface group are ionized when pH > pKa. The adsorbed
polymer exhibit loop, tail and train structure

42

and the adsorbed layer of the pH responsive

polyelectrolyte at interface varies with varying the solution pH 43. At low pH, the loops and
train dominates and the length of the tail segment increases with increasing pH 44.
The interaction force due to adsorbed strong polyelectrolyte is entirely different as it
is considered

to be pH independent

45, 46

. As the strong polyelectrolyte dissociated

completely at all pH range, the brush height of strong polyelectrolyte does not vary with
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solution pH. But, a recent study showed
adhesion, lubricity, protein adsorption
dependent

that the conformation, stiffness, hydration,

of strong polyelectrolyte

brush

can be

pH

because of the formation of inter chain hydrogen bonded network between

grafted chains and the rearrangement of chain conformation, resulting from pH mediated
adsorption of OH– within the polyelectrolyte brush. The formation of such interchain
hydrogen bonds between the grafted brushes leads to cross-linking, making them physically
stiffer that leads to weakening of electrostatic interaction. Moreover, it was also shown that
the mole fraction of adsorbed OH− on the strong polyelectrolyte brush varying with solution
pH

47

. In the pH range of 2-7, only few OH- groups were adsorbed on the brush but with

increase in pH from 7-12 a strong adsorption of OH- was noticed, particularly between pH
10 and 12.
1.5.2.2.2 Salt mediated polyelectrolyte interaction
The theory of polyelectrolyte conformation in the presence of electrolyte was studied
extensively

48-57

. Various models were proposed to explain the conformational change of

polyelectrolyte under different environmental conditions. The scaling analysis ignores the
details of internal brush structure whereas the brush structure was centre of attention in
numerical calculations, which consider the spatial variations within the brush. Analytical
self consistent field model deals both the internal brush structure and the average
characteristics.
Several theoretical models were used to understand the behavior of polyelectrolyte
brush under various physio-chemical conditions. According to mean field model developed
by Zhulina et al.

50

the polyelectrolyte brush is assumed to be immersed in an infinite

reservoir of water containing fixed amount of monovalent ions, besides H+ and OH- . The
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dimensions of the mobile ions are ignored thereby only the electrostatic contribution is taken
into account and the steric interactions are ignored as dilute electrolyte solutions are
considered. The equilibrium values of polymer molar concentration, brush height etc, are
obtained by balancing various forces acting within the brush immersed in a salt-water
solution as
(1.28)
where

is the elastic force arising due to stretching of polymer,

electrostatic volume interaction and

is the non-

is the force due to electrostatic interactions between

charged units which are given by is given by

(1.29)

(

{[(

Here

, amon,

and

)

)

(

)

]

(1.30)

}

(1.31)

is the fraction of charged group, polymer volume fraction, size of

the monomer, Solution of H+ and OH- at pH = 7

and concentration of salt. The excluded

volume interaction for polyelectrolyte is neglected in the theory (i.e.

is ignored), such

that at equilibrium
(1.32)
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By equating the force due to electrostatic and elastic (depending upon the amount of
salt in the bulk solution), the equilibrium brush height at different concentration of salt is
obtained as
when

(1.33)

when

(1.34)

Here, N and αb are the number of monomers and dissociation constant in the bulk. Equation
(1.33) corresponds to the brush height in osmotic brush regime (OsB) where concentration
of salt is smaller than immobilized charge density of polyelectrolyte whereas equation
(1.34) corresponds to salted brush (SB) regime where the salt concentration in the bulk is
greater than polyelectrolyte charge density. The brush height in OsB and SB regime is valid
for both strong and weak polyelectrolyte. But, in case of weak polyelectrolyte the problem
becomes more complicated due to the dependence of dissociation constant (
volume fraction (

on polymer

and hence, the brush height in this case was predicted to follow

accordingly,

(

)

[

]

(1.35)

where N is the number of monomers in the brush chain, σ is the graft density,
of dissociation in the bulk, H+ is the concentration of proton and

is the degree

is the concentration of

salt. The anomalous behavior of annealed polyelectrolyte brush at low salt concentration is
attributed to the increased degree of ionization of brush with increase in salt concentration as
given as
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(

[

])

(1.36)

The scaling relation gives new features on the strong and weak polyelectrolyte brush
behavior. At low salt concentration i.e. in osmotic brush regime the brush thickness of weak
polyelectrolyte increases with σ and
independent of σ and

s.

s

whereas thickness of strong polyelectrolyte brush is

When salt concentration is increased the brush enters salted brush

regime where the difference between annealed and quenched regime disappear and the
thickness of the brush decreases with addition of salt.
Israel’s et al.

58

used self consistent mean field theory to describe behavior of

anchored weak polyacid where the brush segment was assumed to be a function of local
environment and pH of the solutions. Since the degree of dissociation of brush (α) is a
function of local pH, there exist a potential difference between the brush and the bulk
solution, where the degree of dissociation is αb. The relation between them, based on two
state approximations in a self-consistent mean field theory, was expressed as
(1.37)

where

is the potential difference between brush and bulk solution. As the amount of

salt increases in the bulk, the difference in proton concentration between the bulk and brush
decreases and it vanishes (i.e.

) at a particular salt concentration termed as

.

Consequently, the brush structure expands with the addition of salt till it attains a maximum.
Once the concentration of ions inside and outside the brush balances then the polyelectrolyte
enters SB regime where

. With further addition of salt, the brush thickness

decreases with increasing salt concentration due to screening of surface group on the
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polyelectrolyte backbone. A maximum in the brush thickness is observed during the
transition from OsB to SB regimeas given by

and the concentrations of

salt at which the transition takes place (i.e.
dissociation constant

) is a function of grafting density and bulk

as

. Thus, a weak polyelectrolyte shows a non-

monotonic behavior in brush thickness with varying salt concentration (φs), due to the
potential difference between the bulk and brush which is not fixed but varies with electrolyte
concentration in the surrounding medium 59, 60.
Such an anomalous behavior of increasing brush height with increasing ion
concentration in OsB regime is a distinct property of a weak polyelectrolyte that arises due
to varying degree of dissociation in the presence of salt. Such a response is not observed in
strong polyelectrolyte as it dissociates at all pH ranges. Mean field

50

and self consistent

field theory 58 predicts that the brush height of a strong polyelectrolyte does not change until
the concentration of external ions is equal to the number of CI’s inside the brush whereas the
anomalous behavior (i.e. increase in polyelectrolyte brush height at low salt concentration)
is a characteristics of weak polyelectrolyte

50, 58

. At very low salt concentration, the brush

height of the strong polyelectrolyte does not vary with addition of salt and the
polyelectrolyte

conformation

remains

unaltered

where

only slight

variation

in

polyelectrolyte charge distribution was noticed. However, at high salt concentration, the
brush enters salted brush (SB) regime where both quenched and annealed polyelectrolyte
brush height collapse with increasing salt content. The collapse continues due to decrease in
osmotic pressure of the CI’s and polyelectrolyte brush neutralizes completely and it enters
quenched neutral brush (QNB) regime where it behaves like a neutral polymer brush.
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1.5.2.2.3 Polyzwitterion mediated interaction
Polyzwitterion is a special class of polyampholyte which carries equal number of
cationic and anionic group on the polymer backbone

61

. In general, the charged groups in

polyampholyte are distributed heterogeneously along the polymer backbone where one
group outweigh the contribution of others at a particular physiological condition, so that the
net charge could be either positive or negative which varies with solution pH and ionic
strength. But, in polyzwitterion both charges are present with equal contributions. They are
special type of polymer with low amount of production but increased attention were paid
when researcher found they are analogous to a biological macromolecules, polyphospolipds
that are major constituent of cell membrane.
Due to simultaneous presence of both charges, they exhibit unique behavior in the
presence of salt. They adopt collapsed conformation in water but in the presence of salt
extended conformation is noticed which is opposite of the polyelectrolyte behavior,
therefore termed as “anti-polyelectrolyte effect”. Various models were put forwarded to
explain the anti polyelectrolyte effect. This behavior is exploited for various applications,
enabling many on/off applications for protein transport, membranes separation, self-cleaning
surfaces, controlled release, and lubricant surfaces. The consequence of such effect leads to
poor solubility of this polyelectrolyte in water but enhanced solubility can be obtained in salt
solution. They are less soluble in water due to strong attractive electrostatic interactions
(including

charge-charge,

charge-dipole,

and

dipole-dipole

interactions)

zwitterionic polymer chains, which causes the collapse of polymer chains

62

between
. But the

solubility increases in salt solution, where the addition of counter ions will screen out such
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attractive electrostatic interactions that leads to increasing the solubilization of zwitterionic
polymers in salt solution 63.
1.5.2.3 Solvation forces
At large distance the force of interaction are governed by continuum DLVO or other
non-DLVO interactions such as steric or electro-steric interaction where the intrinsic
property of the solvent molecules such as size, shape and chemical nature is not taken into
account

21, 64

. But, when two surfaces approach very close distance (~ 1 nm) the continuum

theories breaks down and other non-DLVO theory emerges where the interaction force
could be either attractive or repulsive or oscillatory which are very sensitive to the shape of
the solvent molecules. It also depends on the nature of the surface such as hyrophilicity or
hydrophobicity, smooth or rough, amorphous or crystalline etc.
1.5.2.3.1 Oscillatory interaction
DLVO theory of van der Waals and electric double-layer interaction are continuum
theories which are described in terms of the bulk properties of the intervening medium such
as density ρ, refractive index n, and dielectric permittivity. The oscillatory force was
proposed by Derjaguin and Kussakov 65 who assumed that the liquid layer at the interface is
different from the bulk. When distance between two surfaces is below a few molecular
diameters, the interface experiences a force that arises due to adsorption of solvent
molecules on the surface. At very short separation, the layered structure of solvent
molecules is influenced by the other surface as a result number density of solvent molecules
changes at the interface which gives rise to a force that varies periodically with distance
whose periodic length equals to the thickness of the solvent layer. The magnitude of
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periodically varying force decreases with increasing distance which was calculated using
contact value theorem. The force between two similar parallel walls is expressed as
os
where

⁄

(1.38)

(x) is the solvation force per unit area at a distance x, decay exponentially with a

characteristic decay length (λ). The cosine part ensures the force oscillates with distance and
exponential part ensures that the force decay rapidly and happens only at short distance.
In addition to the simple molecules, the oscillatory force also occurs in complex liquids such
as micelle, lamelle etc whose structures are observed at different length scale. In case of
surfactant or lipid solution two different scales are observed: One is due to structure of
solvent molecules and other is due to structure and thickness of complex macromolecule.
The confinement of such complex macromolecular structures gives rise to oscillatory force
that depends on the length scale of the macro structure instead of solvent molecules. The
decay length and period of oscillation of such force gives information about the
supramolecular structure.
1.5.2.3.2 Hydration interaction
It is a short range force that operate between surfaces or colloids at very small
distance that could explain the unexpected stability of particle in high salt media

26

, soap

films, swelling of clay, interaction of biological membrane etc. Hydration force was
proposed based on the experimental observation of swelling of clay and enhanced stability
of silica and other dispersion at high salt concentration where the surfaces or particle are
supposed to aggregates or coagulate in highly adhesive form according to DLVO theory.
The hydration force, in general, can be described by a function as
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(1.39)

where D is the distance between the surface and

ranges from 0.2 - 10 nm and W0 depends

on the hydration of the surface that usually lies between 10-3 – 10 N m-1.
Numerous theories were proposed to explain the observed hydration phenomenon.
They were based on the assumption that the structure of water molecule at the surface is
different from the bulk. Marcejia and Radic

66

assumed that water molecules are in direct

contact with the surfaces are fixed and oriented preferentially which is coupled to the
adjacent water molecules. But, later on Cevec et al.

28

used a different approach based on

effective orientation field which could change the ordering of water molecules when
surfaces comes very close distance rather than fixing the order of water molecules. Such
change in the orientation and immobilization of water molecules due to an electric field was
observed experimentally and computed using simulation. The

force per unit area of the

surface was given by

(1.40)
In the limit of large distance x >>

, the force profile follows exponentially decaying

function.
1.5.2.3.3 Hydrophobic interaction
The concept of hydrophobic interaction was put forwarded to explain the low
solubility and strong attraction that is followed by formation of aggregates between
hydrophobic moieties such as hydrocarbon or fluorocarbon chain in aqueous phase. At
microscopic level, it plays an important role in determining the protein folding, formation of
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lipid bilayer and micelle due to surfactant and polymers etc whereas in macroscopic level,
the effect can be visualized when mixing oil and water that always results in phase
separation due to very large interfacial tension and sudden attraction of hydrophobic
surfaces in water.
Evidence for hydrophobic interaction was first given by Israelachvili and Pashley
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who showed exponentially decaying nature of strong attraction between hydrophobic
surfaces in water. Two component of hydrophobic interactions were observed which are
described by an exponential function as
⁄

⁄

(1.41)

where the first exponential function is short ranged (1- 2 nm) and the second exponential
function is long ranged (100 nm) and the constants (Cl and C2) are depends on the
preparation of surfaces and experimental conditions. Similar to hydration force, different
theories were put forwarded to explain the observed hydrophobic behavior. The structure of
water molecules at the hydrophobic surfaces is different from bulk and when two surfaces
approach closer together, the surface layer overlap and attract each other at very short
distance which could explain the short range attraction.
1.6 Magnetic Colloids
Magnetic colloids are suspension of ferro or ferrimagnetic particle, such as Fe2O3 or
γ - Fe2O3, in the size range of 5 – 20 nm that exhibit both liquid and solid property

67

. To

prevent aggregation they are functionalized with a surfactant or polymer. They are capable
of undergoing reversible phase transformation from fluid to visco-elastic solid by
aggregating or self-assembling in the presence of external magnetic field due to dipole-
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dipole interaction among the magnetic particle. The field driven structure of the magnetic
fluid enable one to manipulate their optical, rheological and thermal properties

68, 69

.

Besides, it can also be tailored by suitably functionalizing them with stimuli responsive
moieties for real time applications and hence they are classified as smart nanofluids

70

. The

dipolar interaction of the ferrofluid results in the formation of linear one dimensional chain
like structures in the direction of magnetic field. At higher field strength, lateral coalescence
of the chain leads to zippering effect

71

thermal properties of the ferrofluids

73, 74

where a strong modification in rheological

72

and

are observed. Because of their tunable optical

properties they are exploited for various applications such as magneto-optical wavelength
filter 75, sensing 76, 77, device cooling 78, 79, bio-medicine 80, 81, tunable grating 70 etc.
1.6.1 Theoretical background of magnetic colloids
The dispersed magnetic nanoparticles are under Brownian motion with a zero net
magnetic moment in the absence of a magnetic field. But, in the presence of magnetic field,
where Rh is the radius of the particle, χ is

they acquire magnetic moment

the susceptibility and H0 is the magnitude of external magnetic field that causes the particle
to align along the direction of the field with increased anisotropy interaction between two
particle as

(

)

. The field induced structure evolves when

magnetic energy between the particles exceeds that of thermal energy which is expressed in
terms of coupling constant

. Only when Λ > 1, magnetic particle self

assemble to form various structure.
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1.7 Magnetic nanoemulsion
Magnetic nanoemulsion is a class of magnetic colloids, which is a dispersion of
magnetically polarizable oil droplets (droplets containing magnetic particle) in water.
Similar to ferrofluid they undergo field driven self assembly when dipole attraction due to
magnetic particle inside the oil droplets balances with repulsive force due to adsorbed
surface moieties over the droplets that results in significant change in optical properties,
which were exploited for real time applications such as cation sensors 82, defect detection 76,
glucose sensor 83, urea sensor 84, alcohol sensor 85 etc.
1.8 Motivation of the current work
Though various stabilization techniques are used to obtain colloidal dispersions with
an extendable shelf life, each method has its own advantages and disadvantages.
Electrostatic stabilization is very sensitive to ionic strength and solvent conditions. In
general, polymer or polyelectrolyte based stabilization is widely used in many products to
achieve the effective steric or electro-steric repulsive forces. In addition, these
macromolecules also act as rheological modifiers to achieve the desired viscosity and flow
behavior. Though the above approaches are adopted by industries, a proper scientific
understanding of the interaction mechanism of macromolecules especially polyelectrolyte’s
at interface is still lacking. Such an understanding is absolutely essential to produce durable
product formulations with an extended shelf life. Though the formulations with a superior
stability are made by industries by using various stabilizing entities and their combination,
the know-how is secretly guarded by them due to commercial interest. As a result there are
little details available in open literature.
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In addition to this, the behavior of polyelectrolyte under various environmental
condition is fundamentally important to understand the natural process such as protein
folding, DNA condensation, etc. Interestingly, the adsorption of polyelectrolyte at liquidliquid interface mimics in vivo condition of charged macromolecule at cell-fluid interface
and hence is very important to understand the biological phenomenon. They are
technologically important because of numerous applications in areas such as microcapsule
86

, drug delivery

87

, lubrication

88

, pH gated ionic channel

89

etc.

Therefore, an

understanding the behavior of polyelectrolyte adsorbed to a surface or interface is important
for stabilization of emulsion based products as well as fundamental understanding of
biological macromolecules.
Though systematic studies on the behavior of polyelectrolyte under various
physicochemical conditions in solution and at surface were carried out, using surface force
apparatus

88, 90

, quartz crystal microbalance

reflection microscopy

94, 95

91, 92

, atomic force microscopy 93, total internal

, the fundamental understanding of polyelectrolyte behavior at

the liquid-liquid interface at various physio-chemical condition is not explored, though very
important for improving the shelf life of colloidal products and surface functionalization.
The characteristics of the polyelectrolytes at interfaces are least understood as compared to
their behavior in the bulk. The direct force measurement techniques were used to study the
conformational transition of the adsorbed functional moieties at solid surfaces, other indirect
techniques such as nuclear magnetic resonance
angle neutron scattering

99, 100

96

, vibrational sum frequency

97, 98

small

were also used to get insight into the molecular properties of

the adsorbed polymer under various physio-chemical conditions. The interaction forces
measured in the above force measurement techniques are between solid surfaces whereas the
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present study focus on magnetic chaining technique (MCT)

17, 101, 102

which is capable of

measuring interaction forces between molecules adsorbed over tiny emulsion droplets
suspended in a fluid as a function of interdroplet distance. The capability of the present
approach in measuring weak repulsive forces between nanodroplets < pN, within 0.2 nm
spatial resolution (i.e. inter particle distance) is exploited to probe polyelectrolyte driven
repulsive interaction and conformation changes 103.
1.9 Objective
The objectives of the present work are:
 To study the effect of temperatures and surfactant concentration on the neutral
thermo-responsive polymer at the oil-water interface and the resultant colloidal
stability.
 To understand intermolecular interaction due to weak polyelectrolyte at different
environmental conditions (such as pH, ionic strength) and molecular weight.
 To understand intermolecular interaction due to strong polyelectrolyte at different
environmental conditions (such as pH, ionic strength) and compare its behavior with
that of weak polyelectrolyte.
 To understand the role of protein into emulsion stabilized with a weak and strong
polyelectrolyte at different solution pH.
 To develop a new simple strategy to detect biological analyte, urea and physiochemical

parameter

pH

and

temperature

using

magnetic

nanoemulsions

functionalized with different surface active molecules and explore the interaction
mechanisms involved.
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1.10 Thesis Overview
Thesis consists of eight chapters. Chapter 1 concerns the introduction to soft matter,
classification and preparation methods of specific soft matter systems. The
importance of interaction force and the theory of intermolecular interaction are
detailed briefly. Chapter 2 deals about the material and characterization tools used
in the present work. Preparation of ferrofluid, ferrofluid emulsion and techniques
used to characterize the materials are discussed in detail. Chapter 3 deals with
multi-stimuli responsive nanofluid using thermo-responsive polymer, Poly(Nisopropylacrylamide) – PNIPAM and superparamagnetic nanoparticle. The role of
temperature and anionic surfactant of different concentration over intermolecular
interaction due to PNIPAM is studied. The change in Bragg spectra at different
temperature and anionic surfactant concentrations for PNIPAM stabilized emulsion
is studied and the results are compared with intermolecular force measurement and
phase contrast optical microscopy image. Chapter 4 deals with understanding the
conformational change of adsorbed weak anionic polyelectrolyte, poly(acrylic acid) PAA under different environmental changes. The Bragg peak variation and
intermolecular force are measured at various pH and salt of various concentration,
valance and molecular weight. The swelling and collapse of the adsorbed weak
polyelectrolyte under various conditions is compared with the theoretical models.
The study shows that the coil to extended transition cannot be observed for PAA of
molecular weight < 16.5 kg/mol. Chapter 5 deals with the studies on a strong
polyelectrolyte, poly(diallyldimethylammonium chloride) - PDDA under different
environmental conditions and comparison of its behavior with that of weak
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polyelectrolyte, PAA in the same physiological conditions. Light scattering
measurement confirms the presence of a strong and weak polyelectrolyte at emulsion
droplets. The change in Bragg peak shift from emulsion stabilized with strong and
weak polyelectrolyte was found to affect the conformational change of adsorbed
polyelectrolyte and the results are compared with intermolecular force measurement.
Chapter 6 study the role of protein, Bovine serum albumin (BSA) in the selective
replacement of adsorbed polyelectrolyte at emulsion interface by BSA. Further, this
study shows that protein induces competitive displacement of the adsorbed weak
polyelectrolyte at the oil-water interface at different solution pH conditions. A
similar competitive displacement was noticed when the interface was decorated with
a strong polyelectrolyte (PDDA) followed by competitive adsorption of protein at the
oil-water interface. The study shows that irrespective of the nature of polyelectrolyte,
whether the adsorbed polyelectrolyte is anionic or cationic, strong or weak with low
or high charge density, the added protein molecules displaces the adsorbed
polyelectrolyte and occupy the interface. Chapter 7 deals with some interesting
applications of nanoemulsion stabilized with macromolecules. Two different
applications were developed using magnetic nanoemulsion by changing the
functional groups. First application deals with a urea sensor, using functionalized
magnetic nanoemulsion. A highly sensitive and selective detection of urea was
exposed by using emulsions decorated with the charged surfactant, neutral and
charged macromolecules. The response of the magnetic nanoemulsion to urea is
studied by looking at the Bragg peak wavelength changes. The result shows the
possibility of selective urea sensing for a wide range of concentrations. Second
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application concerns the development of temperature and pH sensor using magnetic
nanoemulsion that was stabilized with a neutral di-block copolymer and weak
polyelectrolyte, independently. The change in Bragg peak shift showed a linear
response for temperature even at different pH level, when emulsion is stabilized with
a neutral macromolecule and a linear response to pH when emulsion is stabilized
with an annealed polyelectrolyte at various temperatures. This study showed a new
platform for rapid sensing of temperature and pH, using magnetic nanoemulsion,
with appropriate macromolecular functional groups. Chapter 8 concludes the results
of this work and highlights the important findings from all the chapters and suggests
the possible future work.
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CHAPTER 2
Materials and Experimental Methods

2.1 Materials
2.1.1 Polymers and polyelectrolytes
The neutral polymers used in this study are thermo-responsive polymer, poly(Nisopropylacrylamide) - PNIPAM of average molecular weight 23 kg/mol, di-block
copolymer, poly(vinyl alcohol-co-vinyl acetate) - (PVA-vac) of average molecular weight
155 kg/mol and triblock copolymer, poly(ethylene oxide)-poly(propylene oxide)poly(ethylene oxide) - (PEO-PPO-PEO) of average molecular weight 14.6 kg/mol. The
polyelectrolytes used in this study are poly(acrylic acid) - PAA of average molecular weight
15, 250 and 450 kg/mol, poly(diallyldimethylammonium chloride) – (PDDA) of average
molecular weight < 100 kg/mol and bovine serum albumin - (BSA) of average molecular
weight 66.7 kg/mol. All polymers and polyelectrolytes were obtained from Sigma-Aldrich
and used without purification. The molecular structure of the polymers and polyelectrolytes
are shown in the Figure 2.1.
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Figure 2.1: Molecular structure of neutral polymers (a) PNIPAM (b) PVA-vac (c) PEOPPO-PEO and charged polymers (d) PAA and (e) PDDA
2.1.2 Surfactants
Surfactants used in the present study are sodium do-decyl sulphate (SDS), nonyl
phenol ethoxylate (NP-9) and oleic acid. They were obtained from sigma-aldrich and used
without further purifications. The molecular structure of the surfactants are shown in the
Figure 2.2
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Figure 2.2: Molecular structure of (a) SDS (b) NP-9 and (c) oleic acid.
2.1.3 Salts
Salts used in the present study, sodium chloride (NaCl), calcium chloride (CaCl 2),
ferric chloride (FeCl3·6H2O) and ferrous sulphate (FeSO4·7H2O), are GR grade with 99 %
purity. Sodium borate or borax (Na2B4O7.10H2O) was obtained from Agros Organics. The
salts were used as such without further purification.
2.1.4 Urea
Urea of average molecular weight 60.06 g/mol was obtained from Merck and also
used without further purifications.
2.2 Ferrofluid preparation
Non-aqueous ferrofluid i.e. oleic acid stabilized magnetic nanoparticle dispersed in
octane, is prepared through co-precipitation technique 104. In the present study, the magnetite
nanoparticles are prepared by precipitating iron salts (0.8 M FeCl3.6H2O and 0.4 M
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FeSO4.7H2O) in acidic medium 104-106. The iron salt solution were mixed in 1:1 ratio under a
constant stirring rate and the solution pH was increased rapidly to 10 by adding ammonium
hydroxide till the resultant solution turns black (indicating the formation of magnetite
particle). The resultant mixture is digested for 30 minutes, followed by the addition of oleic
acid. In order to coat the magnetite particle completely, the solution pH, stirring rate and
temperature are maintained constant for another 30 minutes. The vigorous stirring is done to
prevent the coagulation of particle. The obtained particles were separated from the
dispersion by adding dilute hydrochloric acid. The oleic acid coated particles is collected
and washed with water repeatedly till pH of the dispersion reaches 7. After removing the
excess ionic salt impurities, the sample is vacuum dried. The resultant oleic acid coated
magnetite nanoparticle is dispersed in octane.
2.3 Characterization techniques
2.3.1 Powder X-ray diffraction (XRD)
XRD is a powerful technique, used to obtain the crystal structure, unit cell dimension
etc. As the wavelength of X-ray (λXR) is comparable to the dimension of the atoms, arranged
orderly in the crystal, this technique is used to explore the structure of crystalline materials
107

. The basic system comprised of X-ray source, a sample stage, detector and a method to

vary θ. The fundamental working principle of XRD is based on the constructive interference
between monochromatic X-rays scattered from periodic array of the crystal structure that
results in the formation of Bragg peak where the crystalline lattices acts as a three dimension
diffraction grating. Cathode ray tubes are used to generate X-rays, which are filtered to
obtain monochromatic radiation, collimated and directed to the sample. The interaction of
X-ray with the sample results in constructive interference that gives rise to a Bragg spectra,
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when it meets Bragg’s diffractive condition, which relates the interplanar spacing (dint) in a
crystalline powder to wavelength (λXR) of X-ray and angle of diffraction (θ)
through

. The strength of the diffraction is quantified through intensity of

diffraction maximum. The average crystallite size of the crystal is obtained from peak
broadening of the diffraction pattern using Scherer’s equation,

,

where Ksf is the crystallite shape factor (whose value is 0.9 for spherical particle) and
FWMH is the full width at half maxima of the maximum intensity peak. By analyzing the
diffracted X-ray, at all possible angle by rotating the sample, the information of the crystal
structure of the material is obtained. In the present study, powder XRD pattern is obtained
by using a Rigaku Ultima IV that uses Cu-Kα radiation (λXR = 1.5416 Å) and record the
diffraction pattern in the 2θ range between 20 and 800 by varying θ but keeping λXR fixed.
Data acquisition was obtained using PDXL software.
2.3.2 Fourier transforms infrared spectroscopy (FTIR)
FTIR is a non-destructive technique for characterization of materials where the
intensity of infrared wavelength of the light absorbed by the molecule as a function of its
frequency that is used for determining organic and inorganic materials

108

. The absorbance

of IR radiation by a substance happens only when the frequency of the light matches with
the vibration or rotation frequency of the molecule. High signal-to-noise ratio, wavenumber
precision and multiplex (many scans accomplished in a short period of time) are some of the
advantage of FTIR over infrared spectrometers. It is an extension of IR spectroscopy where
the additional part includes interferometer which was developed to overcome limitations
such as slow scanning process.
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The major optical component of FTIR is the interferometer, IR radiation source and
a detector. The most commonly used interferometer in any FTIR instruments is Michelson
interferometer which consists of beam splitter and mirror. The broad spectrum of IR
radiation is collimated and passed into the interferometer and the resultant interferogram
signal is passed to the sample which absorbs radiation of certain wavenumber that is
measured using a suitable IR detector. The interferogram signal from the sample is decoded
into individual frequencies via a well-known mathematical technique called the Fourier
transform and then presents the user with the desired spectral information for analysis.
FTIR can be analyzed only for heteronuclear molecules that posses a permanent
dipole moment, unlike homonuclear diatomic molecules such as H2, O2 where there is no
permanent dipole moment change and therefore no absorption of IR radiation. Since no two
compounds give the same infrared spectrum, this technique is a finger print of a material. An
important advantage of FTIR spectroscopy is that samples of any form such as solid, liquid,
air, paste, and film can be studied. Since FTIR is a single beam instrument that measures the
background spectrum comprised of water vapor and CO2 and therefore the spectrum of the
sample is obtained by subtracting the obtained spectrum with the contribution due to
background spectrum. In the present study, ABB Bomem MB 3000 FTIR spectrometer that
produces wavenumber in the range of 400-4000 cm-1 with a spectral resolution of 4 cm-1 is
used.
2.3.3 Thermogravimetric analysis (TGA)
TGA is primarily used to measure change in mass of the substance as a result of
decomposition, oxidation or structural transitions as a function of temperature or time under
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definite and controlled atmosphere of argon or oxygen or nitrogen etc. It can also be used to
determine the compositional, thermal and oxidative stabilities of the materials. The basic
instrumentation part consists of a sample pan that resides inside a furnace which is
programmed to increase temperature linearly with time, where mass of the substance is
measured using precision balance under heating or cooling. In the present study, Mettler
Toledo TGA-DSC-1, 1100 LF system that operates in the temperature range of 30-1000 0C
with a heating rate of 10 °C/min is used. It gives information about the concentration of
nanoparticle from the weight loss profile with temperature.
2.3.4 Vibrating sample magnetometer (VSM)
VSM operates on the principle of Faraday law of induction (i.e. changing magnetic
field generates an electric field), in order to measure the magnetic property of the material
such as magnetic moment, blocking temperature, susceptibility etc. The instrumentation part
comprised of water cooled electromagnet, sample vibrator, sensor (pick-up coil), hall probe
and amplifier.
The measurement is carried out by keeping the sample in between the pole pieces of
the magnet that produce a constant magnetic field that align the dipole moments or spins of
the sample in the direction of magnetic field. Larger magnetic field produces higher
magnetic moment in the sample which creates a stray magnetic field around it. As the
sample connects to the vibrating exciter that oscillates up and down periodically with
relative to a pick-up coil at a definite frequency, the oscillation of the sample changes the
magnetic stray field. The change in magnetic field gives rise to an induced electric current
that is sensed and collected by the pick-up coils. The magnitude of the induced current is
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proportional to the magnetization of the sample which is amplified by the trans-impedance
amplifier. Lock-in amplifier is employed to collect the signal that is oscillating at the
vibrating frequency of the sample and ignore all other stray noises from the environment. In
the present study cryo-free VSM (Cryogenics Ltd.), that operate in the field range of ± 2.0
T, is used for magnetic measurements.
2.3.5 Transmission electron microscopy (TEM)
It is one of the important microscopy technique used to probe the structural features
of specimen in nano range, posses very high resolution than conventional optical
microscope. Unlike optical microscopy, TEM uses high energetic electrons to image the
specimen under a high vacuum condition. Since the wavelength of electron is much shorter
than the wavelength of visible light, the electron microscopy allows one to investigate the
smaller structural features in nano region such as particle size, morphology, crystal structure,
chemical composition etc.
The basic features of a TEM consist of source (electron emitter) that could be a
tungsten or lanthanum boroxide, three stages of lenses (condenser, objective and projector)
and detector. In TEM, high energetic electron beam is accelerated and collimated into small,
thin and coherent beam that are projected onto the specimen via condenser lenses. The
objective lenses focus the transmitted beam of electron comes from the sample to form an
image and the projector lenses expand the beam onto the imaging screen.
When highly energetic electron beam strikes a thin specimen, scattering (elastic,
inelastic) and unscattering (transmittance) of electron occurs. The image is formed through
the transmitted beam of electrons and the intensity of transmitted electrons is inversely
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proportional to the thickness of the specimen under investigation. For thicker specimen,
lesser electrons are transmitted, therefore the image appear darker and vice-versa. Elastically
scattered electrons are collimated (using magnetic lenses) to form the diffraction pattern that
contains the crystal structure details of the specimen such as atomic arrangements and
phases. In the present study, TEM investigation is carried out using JEOL 2100 high
resolution TEM with an acceleration voltage of 200 kV. The sample preparation is carried
out by placing a drop of the magnetite dispersion on a carbon coated copper grid (0.3 cm
diameter, mesh size of 200 holes/cm) and left it to dry overnight at room temperature.
2.4 Preparation of ferrofluid emulsion
Oil-in-water nanoemulsions were prepared by classical inversion method where
water containing anionic surfactant (SDS) and octane containing oleic acid coated Fe3O4
nanoparticles of diameter ~10 nm were sheared at the rate of 1500 rpm using IKA
homogenizer for 5 minutes 101, 102, 109. The typical particle loading in the emulsion was about
10 wt%. After this process a polydisperse emulsion, containing droplet size in the range 0.1
to 1 µm, was obtained. By using fractionation approach110 combined with magnetic
separation, highly monodisperse emulsion with polydispersity less than 0.07 was obtained.
Here, excess surfactant is added into the continuous medium to induce an attractive
interaction between droplets to phase separate the smaller droplets from the larger droplets.
The dilute phase is removed and the dense phase is diluted with surfactant solution further
and the process is repeated several times to obtain a highly monodisperse emulsion. In the
present study, emulsion with an average droplet size of 200 nm, stabilized with SDS, is
obtained and schematic representation is shown in the Figure 2.3.
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Figure 2.3: Schematic representation of ferrofluid emulsion in the absence of magnetic field

2.4.1 Polymer stabilized ferrofluid emulsion
To functionalize the emulsion with neutral polymers such as PVA-vac, PEO-PPOPEO and PNIPAM, the concentration of SDS in the SDS stabilized emulsion is reduced by
washing it with diluted SDS solution. A strong magnetic field is applied to phase separate
the aqueous and organic phase. Every time, the aqueous phase containing excess surfactant
was removed and replaced with polymer solution. This process was repeated 3 to 4 times to
completely replace the surfactant molecules with polymer. Later, the emulsion was left for 3
days to equilibrate 43, 101, 102, 109, 111, 112.
2.4.2 Polyelectrolyte stabilized ferrofluid emulsion
To stabilize the emulsion with polyelectrolytes (PAA, PDDA and BSA), the SDS
stabilized emulsion was initially washed with a lower concentration of SDS (CMC/10), and
then with a non-ionic surfactant, nonyl phenol ethoxylate (NP-9). The pH of the emulsion
was decreased to neutralize the residual surface charge that is followed by adding
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polyelectrolyte of required concentration to the emulsion. In the present study, PAA, PDDA
and BSA of 0.5 wt. % is added independently and the resultant mixture are left it for 3 days
to equilibrate 18, 113, 114.
2.5 Characterization of ferrofluid emulsion
2.5.1 Dynamic light scattering (DLS)
DLS is also known as quasi elastic light scattering or photon correlation
spectroscopy, which is a non-destructive technique used to measure the hydrodynamic size
of molecules and particles dispersed in a base fluid

115

. It is a homodyne approach that

measures the similarity between scattered light intensity from the Brownian motion of the
particle at a very short period of time using an autocorrelator. The intensity of the scattered
light is completely in phase with each other in the beginning where the autocorrelation
function is maximum but later on the scattered light intensity becomes out of phase, which
reduces the autocorrelation function.
The measured intensity normalized time correlation function is given by

,

(2.1)

where, I(t) is the scattered intensity at a time t and I (t+δt) is the scattered intensity recorded
after a small time interval δt which is related to the normalized electric field correlation
function,

via Siegert’s relation,
(2.2)
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where,

is (a constant) characteristic of the instrument, approximately close to one. For

monodisperse particles,

is a single exponential function given by
,

where

⁄

is the relaxation time (

(2.3)

), q is the wave vector of the laser light and

is

the diffusion coefficient of the dispersed phase. The homodyne correlation function is an
exponentially decaying function of time with a time constant τ, from which

is obtained.

of the particle is related to viscosity of the solvent (η)

According to Einstein relation,
through stokes approximation (ζ) as

⁄

which is expressed as

(2.4)

, where HD is the hydrodynamic diameter of the particle.

2.5.2 Electrophoretic measurement
Zeta potential is a measure of potential at the shear plane of electric double layer for
a colloidal dispersion, which is widely used to access the stability of colloidal dispersion 116.
The measurement is a heterodyne approach where the intensity of scattered and unscatterd
light is combined to measure the particle electrophoretic mobility - UE (the ratio of
migration of velocity component of the particle to the electric field in a given medium).
The measurement was carried out by applying an electric field to liquid medium
containing suspended charged particles, such that they are attracted towards the electrode of
opposite charge which is opposed by the viscous forces of the dispersing medium. When
viscous and electric force on the charged particle are balanced, the particle attains a constant
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velocity UE which is related to zeta potential of the suspended particle via Henry equation
as,

, where,

is the zeta potential,

is the dielectric constant,

viscosity, κ is inverse Debye length, Rh is the radius of the particle and

is the
is the

Henry’s function. In the present case, emulsion droplets are dispersed in aqueous water
medium, therefore Smoluchowski approximation is used to obtain the zeta potential for
which f(κ

) takes the value of 1.5 whereas for particles in non-aqueous media, Huckel

approximation is used where

becomes 1. Particles with zeta potential of greater

than |30 mV| are considered to be a stable dispersion.
In the present study, zeta potential is measured using Malvern’s Zetasizer-Nano
where electrophoretic mobility of the particle is measured using combination of laser
Doppler velocimetry and phase analysis light scattering (PALS) which allow one to get the
zeta potential for particle with lower mobility with high precision.
2.5.3 Intermolecular force measurement
The intermolecular force measurement is carried out using a custom made force
apparatus 102, 109. It is used to measures weak forces in the range of 10-13 to 10-11 N, between
nanodroplets as a function of distance. The setup comprised of solenoid controlled by a
programmable power supply (Agilent Technologies—N5770A), fiber optic based
spectrometer (Avaspec, Netherlands), a white light source and a program to compute the net
force by taking into consideration of van der Waals and magnetic attraction due to dipolar
interactions under a magnetic field. The measurement is performed by keeping the
cylindrical glass cuvette containing small quantity (200 uL) of magnetically polarizable
monodisperse emulsion inside a solenoid. The sample is illuminated with a white light
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through optical fibers and the resultant backscattered light is collected and send it to
spectrometer which is processed through software AVA-SOFT. Detailed experimental setup
and the functioning of intermolecular force measurement were discussed elsewhere

6, 102

.

The schematic representation of the force setup is shown in the Figure 2.4.
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Figure 2.4: Schematic representation of intermolecular force measurement setup.
The interaction force measurement using Magnetic Chaining Technique (MCT) is
quite different from the other force measurement techniques such as surface force apparatus,
atomic force microscopy, optical tweezer, total internal reflection microscopy where the
interaction forces are measured between solid surfaces or between solid and mesoscopic
(colloid) surface. In the present force measurement technique, the interaction between
molecules adsorbed over magnetically polarizable nanoemulsion droplets is measured as a
function of droplet distance. This approach allows measurement of weak repulsive forces
(less than a pN) between the nanosized droplets. Due to extremely smaller size of the
emulsion droplets, they exhibit a large Laplace pressure and hence are non-deformable. By
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varying the magnetic field strength, the distance between the droplets are precisely
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Figure 2.5: Schematic representation of ferrofluid emulsion, the corresponding phase
contrast optical microscopy image and Bragg spectra under (a) Zero magnetic energy (b)
Magnetic energy (B1) > thermal energy and (c) At high magnetic energy (B1 > B2).
The principle of force measurement using MCT is briefly discussed here. The
magnetic nanoemulsion is a dispersion of oil droplets, containing superparamagnetic
nanoparticle in an aqueous phase. The oil droplets are covered with suitable molecules to
prevent aggregation. The droplets are under Brownian motion with zero net magnetic
moment, in the absence of magnetic field as shown in the Figure 2.5 a. When subjected to a
magnetic field, they acquire magnetic moment and undergo disorder to order transition,
leading to linear one dimensional (1-D) chains in the direction of applied magnetic field as
shown in the Figure 2.5 b. With increasing magnetic field, the moment experienced by the
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droplet increases and hence the spacing between them decreases as shown in the Figure 2.5
c. The interdroplet distance (d) within the chain (1-D structures) is measured by shining the
emulsion with a white light that results in the formation of Bragg peak spectra (in the visible
wavelength ranges) due to diffraction of white light from the ordered structure. The distance
between the droplets, with an accuracy of ± 0.2 nm, is obtained from the diffraction
⁄

condition that is reduced to the first order limit, (

), where λvis and n are the

wavelength of light and refractive index of the medium, respectively.
The formation of 1-D structure is due to the balance between attractive (due to
magnetic nanoparticle and van der Waals) and repulsive forces (due to adsorbed moieties
over oil droplets). The attractive force due to magnetic nanoparticle within the chain is given
by 117:

Fchain =

∑

=

,

(2.5)

where m is the magnetic moment, d is the interdroplet distance, μ0 is the magnetic
permeability of free space. The magnetic moment of the particle is expressed as
(2.6)
Here, μ0 is the magnetic permeability of free space, Rh is the droplet radius and HT is the
total magnetic field acting on each drop which is sum of external (Hext) and field induced
from the magnetic moment of all neighboring droplets in the chain (Hint) i.e,.
. Here, the internal field, Hint, is expressed as
∑

(2.7)
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The attractive van der Waals forces for spherical particles of diameter 2a is given by

(2.8)

where AH is Hamaker constant. By making use of the magnetic and van der Waals attractive
force equations, the repulsive force between the emulsion droplets for every interparticle
spacing is computed. From the attractive component of the forces, the repulsive force
component for every interparticle spacing is calculated, by balancing the force equation.
2.5.4 Phase contrast optical microscopy
It is an important light microscopy technique, invented by Frits Zernike in 1932,
which allows one to view the transparent and biological specimens by enhancing the
contrast of the object by making use of phase shifts in the light passing through the
specimen which is converted into amplitude or contrast changes in the image. It helps to see
the living object which is difficult to observe in any ordinary light microscope.
The partially coherent beam of light from tungsten-halogen lamp is collimated and
collected via collector lens that is passed through the specimen where some light diffracted
with a phase difference of λ/4 and others go undeviated. The undeviated and diffracted light
is collected and passed into phase plate (a circular plate, containing a groove which is filled
with phase advancing or retarding substance) which further induce phase shift of λ/4.
Therefore, the image formation through a lens is actually a two stage process where the
undiffracted (zero order beam) and diffracted light is collected by the objective which is
mixed at the rear focal plane by a phase plate where an extra phase difference is introduced
that enhances the brightness of the image. The obtained image is further processed in the
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intermediate image plane, in order to obtain the phase contrast image that is viewed through
an eyepiece. In the present study, the phase contrast optical microscopy is used to observe
the order and disorder structures of magnetic nanoemulsion under varying magnetic field
and temperature, using Leica DM IRM with a digital camera (JVC) and frame grabber card.
The obtained images are processed using Leica Win software.
2.5.5 Capillary viscometer
It is used to determine the viscosity (resistance of the fluid) and hence the radius of
gyration of the polymer (Rg) in a base fluid by measuring the time taken by a polymer
solution to flow in a capillary of definite diameter and length. From the flow time of
solution and solvent in the capillary, the relative viscosity is obtained as given by
(2.9)
Here t, and t0, are the flow time for solution and solvent and ρ and ρ0 are density of solution
and solvent. The Rg of the polymer in a solution is obtained by first calculating the intrinsic
viscosity of the solution which is obtained from the relative viscosity (ηr) and specific
viscosity (ηsp) of the solution as given
[ ]

li

li

(2.10)

where the relative velocity is the ratio of solution viscosity (ηs) to solvent viscosity (η) as
⁄

.

The interpolation of ηsp/c at zero concentration gives intrinsic viscosity of

polymer solution. The Rg of the polymer in a base fluid is obtained by calculating the
intrinsic viscosity of the solution which is related to molecular weight and Avogadro’s
number through Einstein-Simha equation 118 as
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[ ]

(2.11)

Here, MW, [η], Na are molecular weight, intrinsic viscosity and Avogadro number.
2.5.6 Transmittance of polymer solution
The transmittance study is carried out to estimate the lower critical solution
temperature (LCST) of polymer solution. With varying temperature, the polymer solution
changes from transparent to opaque due to aggregation of polymer. Here, the LCST is
determined at the temperature which the transmittance decreases to 50 % during heating or
cooling. The measurement is carried out by keeping the polymer solution in a rectangular
cuvette which is irradiated with a beam of white light. At first, the transmittance of the
reference solvent (water) is measured and then the measurement is carried out for polymer
solution so that amount of light transmitted or absorbed by the polymer is obtained. Here,
the transmittance is defined as the ratio of amount of light passes through the sample (I) to
the original amount of light (I0) which estimates the relative percentage of light passes
through or absorbed by the sample. In the present case, the transmittance study was carried
out using a fiber optic spectrometer (Avaspec, Netherlands) with a visible and near infrared
light source that measures the fraction of incident light transmitted through the solution. The
temperature was varied using a temperature controlled sample compartment (qpod TC 125,
Quantum technologies) with a peltier base.
2.6 Characterization of oleic acid stabilized ferrofluid
The characteristics features of oleic acid coated magnetite nanoparticle (Fe3O4) dispersed in
octane are shown in the Figure 2.6. X-ray diffraction (XRD) pattern of ferrite shows the
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presence of diffraction peak of (220), (311), (400), (422), (511), and (440) that are indexed
to an inverse cubic spinel structure of Fe3O4 that consists of 1/3 tetrahedral and 2/3 of
octahedral interstices (JCPDS file no. 19-0629) as shown in the Figure 2.6a. The average
crystallite size was ~ 10 nm, obtained from the highest peak intensity of (311) plane 104. The
magnetization study at room temperature shows saturation magnetization of 53 emu/g
(Figure 2.6b)

104

. The M-H profile shows superparamagnetism of Fe3O4 nanoparticle with

zero coercivity and remanance. The adsorption of oleic acid on the Fe3O4 was confirmed
from fourier transform- infrared spectroscopy (FT-IR) study. The formation of peak at 2921
and 2858 cm-1 are attributed to the asymmetric and symmetric stretching of methylene group
of adsorbed oleic acid whereas the peak at 1458 cm-1 is due to asymmetric stretching of
carboxylate group of adsorbed oleic acid. The presence of free oleic acid is confirmed
through the formation of peak at 1728 cm-1. The stretching of Fe-O bonds of Fe3O4 between
octahedral and tetrahedral site is confirmed from the peak at 570 cm-1. Figure 2.6d shows
the weight loss as a function of temperature for oleic acid coated Fe3O4 in the range of 30650 °C, where the weight loss of 25 % is attributed to the removal of functionalized oleic
acid on the particle surface. The hydrodynamic diameter of oleic acid capped magnetic
nanoparticle was obtained from dynamic light scattering (DLS) is 11 nm as shown in the
Figure 2.6e, which is quite higher than the crystallite size obtained through XRD as the
hydrodynamic size includes the particle size with functional molecules and hydration layers.
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Figure 2.6: (a-d) XRD, VSM, FT-IR and TGA of oleic acid coated magnetic nanoparticle
(e) hydrodynamic diameter of magnetic nanoparticle in octane (f) TEM image of magnetic
nanoparticle.
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The charged carboxylic group of the oleic acid is adsorbed on the magnetite surface through
covalent bond whereas the hydro-carbon chain extends into the non-aqueous phase (oil) that
gives stability to the fluid through steric interactions thereby preventing the aggregation of
the particle through strong van der Waals interaction at lower particle spacing. TEM image
of the ferrite is shown in the Figure 2.6f.
2.7 Characterization of ferrofluid emulsion through DLS and electrophoretic
measurement
Emulsions stabilized with different functional groups were prepared by magnetic
decantation process whose hydrodynamic size and zeta potential were measured using
Zetasizer nano ZS (Malvern, UK). The obtained values are listed in Table 2.1.
Table 2.1: Details of sample with code and their hydrodynamic size, polydispersity and zeta
potential as measured through light scattering and electrophoretic measurement.

Sample

Sample details

code
ESDS

Hydrodynamic

Polydispersity

Zeta potential

diameter (nm)

Index

at pH 7 (mV)

Emulsion stabilized with

200

0.06

-50

255

0.07

-2

255

0.07

-5

0.8 mM SDS
EPNI

Emulsion stabilized with
1 wt.% PNIPAM

EPNI-SDS

Emulsion stabilized with
1 wt.% PNIPAM +

2

mM SDS
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EPLURO

Emulsion stabilized with
3.5

wt.%

242

0.09

-1

255

0.1

-2

275

0.2

-58

260

0.15

-55

230

0.08

-52

255

0.1

+60

230

0.09

-10

PEO-PPO-

PEO
EPVA

Emulsion stabilized with
0.66 wt.% PVA-vac

EPAA450

Emulsion stabilized with
0.5 wt.% PAA (450 K)

EPAA250

Emulsion stabilized with
0.5 wt.% PAA (250 K)

EPAA15

Emulsion stabilized with
0.5 wt.% PAA (15 K)

EPDDA

Emulsion stabilized with
0.5 wt.% PDDA

EBSA

Emulsion stabilized with
0.5 wt.% BSA

2.8 Conclusion
The details of the preparation of ferrofluid and ferrofluid emulsion through co-precipitation
and high energy emulsification is discussed, respectively. The characterization techniques
used such as X-ray diffraction, fourier transform infrared spectroscopy, thermo-gravimetric
analysis, vibrating sample magnetometer, transmission electron microscopy, dynamic light
scattering, electrophoretic mobility, phase contrast optical microscopy, capillary viscometer
and transmittance study is presented. Results of the characterization of iron oxide
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nanoparticle are presented briefly. The details of magnetic chaining technique are also
presented.
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CHAPTER 3
Behavior of thermo-responsive polymers at the oil-water interface: Effect of
temperature and surfactant concentration

3.1 Introduction
Responsive stimuli materials have been an area of interest in recent years due to their
potential applications in smart valve or membrane, tunable optical properties of
nanoparticle, metal ion sorption etc 119-124. For most of these applications, the response of the
material to a particular stimulus is achieved using suitable organic moieties. By introducing
molecules or materials which respond to more than one stimulus, it is possible to fine tune
the behavior of the material with multiple stimuli. Magnetic nanoemulsions are one such
response-stimulus materials that has shown to have several interesting applications 76, 125.
The neutral polymers are widely used in the stabilization of dispersions as
compared to charged molecules, due to its immunity to pH or ionic strength changes126.
Poly(N-isopropylacrylamide), PNIPAM is one of the most widely studied systems owing to
its thermo responsive behavior close to human body temperature, insensitivity to physiochemical condition (e.g. pH) and resemblance to biological phenomena, especially protein
denaturation. Further, they have a wide range of applications in analyte sensors

127

,

protein sensor 128, drug delivery 129, 130 and catalysis 131. The ability of thermo-responsive
polymer brushes to tune protein adsorption and cellular adhesion has been exploited in
protein separations and

tissue engineering 132.
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PNIPAM is a water soluble temperature sensitive polymer with an amphiphilic
nature due to hydrophilic amide group, hydrophobic carbon backbone and iso-propyl group.
It undergoes a coil to globule transition above lower critical solution temperature (LCST)
between 32 and 34 ºC due to large conformational changes

133-136

. Below LCST, the

polymer coil is highly hydrated and swells due to repulsive interaction between the
segments. However, above LCST polymer coils are dehydrated leading to a collapsed state
due to inter and intra segmental attractive interactions

137

. Studies showed that as the

solvency condition changes from good to poor, the polymer chain length is decreased from
138

. A significantly reduced hydrogen bonding with the PNIPAM

observed above the LCST, resulting in a collapsed polymer conformation
that the thermo-responsive nature of PNIPAM can be tuned with salt
and other biological molecules

143, 144

139

was

. It was shown

140

, surfactant

141, 142

. In general, charged surfactants increase LCST due to

its favorable interactions with the PNIPAM that favors swelling of the polymers due to
increased electrostatic repulsion and inhibit LCST of the polymer-surfactant complex 145-147.
It is also observed that the incorporation of salts can lower the volume phase transition
temperature.
Even though

there are several studies on

temperature induced transition of

PNIPAM in aqueous solution using dynamic light scattering (DLS)
spectroscopy

134, 149

136, 148

, fluorescence

and in solid/water interface using surface force apparatus (SFA)

atomic force microscopy (AFM)
PNIPAM at liquid-liquid

150-152

90

,

very few studies have reported on the behavior of

interfaces upon application of temperature stimulus. As the

conformation of macromolecules adsorbed at interfaces is altered
environmental conditions that affects

under various

the product quality, an understanding the
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conformational changes of polymer is important from both the fundamental and practical
point of view

153

. Although there are several molecular dynamics simulations studies exist,

the experimental studies on the conformational changes of polymers adsorbed on to the
colloidal surface are scarce. Therefore, the aim of the present study is (1) to tailor a multistimuli emulsion that can respond to both temperature and magnetic stimulus and (2) to
study the conformational changes of adsorbed thermo-responsive polymers at the oil-water
interfaces by looking at the Bragg peak changes under a constant magnetic force. Further,
the manifestation of temperature induced conformational changes of adsorbed PNIPAM
chains at the oil-water interfaces is investigated using a simple spectroscopic experimental
approach. The interdroplet interactions were successfully tuned using both temperature and
magnetic stimuli. This study also gave new insights into the conformational changes of
adsorbed polymers.
3.2 Experimental methods and materials
Magnetic nanoemulsions, ESDS (SDS stabilized emulsion) and EPNI (PNIPAM
stabilized emulsion) are used in this study. Material preparation and experimental setup are
discussed in Chapter II of section 2.4 and 2.5. Intermolecular interactions for ESDS and EPNI
at different temperature and SDS concentrations were measured using magnetic chaining
technique.
3.3 Results and discussion
3.3.1 Hydrodynamic size and zeta potential of ESDS and EPNI emulsion
The hydrodynamic size distributions of ESDS and EPNI emulsion is shown in the
Figure 3.1a and the zeta potential distribution of ESDS emulsions is shown in the Figure
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3.1b. The polydispersity index (PDI) of ESDS emulsion was found to be 0.07, which
indicates that the emulsion is fairly monodisperse. The average hydrodynamic diameters of
ESDS and EPNI emulsion droplets were 200 and 255 nm, respectively. The average zeta
potential was found to be - 46 mV for ESDS emulsion, due to the presence of charged
surfactant molecule, SDS (sodium do-decyl sulphate) at the oil-water (O/W) interface. The
zeta potential was zero mV for the EPNI emulsion. The increase in hydrodynamic diameter
and zero zeta potential of EPNI emulsion confirms the complete coverage of PNIPAM at the
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Figure 3.1: (a) Hydrodynamic diameter of ESDS and EPNI emulsion (b) zeta potential of ESDS
emulsion.
3.3.2 Tuning lower critical solution temperature (LCST) of PNIPAM solution
Before probing the temperature response of EPNI emulsion, the temperature response
and LCST of pure PNIPAM solution is studied. The transmittance of pure PNIPAM solution
without and with 2 mM SDS in the temperature range of 25 to 45 °C is shown in Figure 3.2
a & b. In the wavelength range of 500-1000 nm and in the temperature range of 5 to 34
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°C, the solution was nearly 100% transparent for both cases because of the presence of
PNIPAM molecules in the solution whose dimensions are very small as compared to the
wavelength of light used154. Above LCST the transmittance is nearly 0 % at the lower
wavelengths, but the transmittance was slightly more at higher wavelengths (> 600 nm)
due to the formation of

polymer aggregates, whose size becomes comparable to the

wavelength of light used154. This observation is in agreement with the decrease in the
refractive index with temperature up to LCST and

increases above LCST, due to the

formation of aggregates155.
The transmittance of pure PNIPAM solution as a function of temperature, at a
wavelength of 550 nm is shown in the Figure 3.2 c. For pure PNIPAM solution, the LCST
was found to be 35 °C. Below LCST, PNIPAM solution showed nearly 100%
transmittances. As the solution temperature was raised above LCST, the polymer started to
aggregate and becames a globular structure. Chi Wu et al.156 showed from FTIR study that
below LCST, the carbonyl group (>C=O) is bound to water and no intra-chain bonding
exists within amide group (>C=O and H-N). A similar findings on the formation of
intramolecular C=O···H-N hydrogen bond
PNIPAM

in

a good solvent by the amide groups of

was reported by Yukiteru Katsumoto et al.137 from the infrared spectroscopy

combined with quantum chemical calculations. As the solution temperature increases, the
dehydration followed by the formation of new bonding between carbonyl group and heavy
water (>C=O···D-O-D) occurs

156

, which

results in

the collapse of polymer and

precipitation. This explains the decrease in the light transmittance at higher temperature.
Figure 3.2d shows LCST as a function of SDS concentrations. It can be seen that the
LCST is influenced by the SDS monomers in the solution. The inset of Figure 3.2d (e & f)
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shows the photograph of pure PNIPAM solution at 34 and 35 °C, respectively and (g-h)
shows the photograph of 1 wt. % PNIPAM+ 2.2 mM SDS solution at 36 and 38 °C,
respectively.
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Figure 3.2 : Transmittance from (a) 1 wt % PNIPAM and (b) 1 wt % PNIPAM + 2 mM
SDS solution at different temperatures (c) Transmittance from 1 wt % PNIPAM solution
at

550 nm for various SDS concentrations

and (d) LCST

as a function of SDS

concentrations at 25 °C. The inset of Figure 3.2d shows the photograph of (e) pure PNIPAM
solution at 34 °C (below LCST) (f) at 35 °C (above LCST) (g) 1 wt % PNIPAM+ 2.2 mM
SDS solution at 36 °C (below LCST) and (h) at 38 °C (above LCST).
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In the presence of SDS (0.95 to 5 mM), LCST increases from 35 to 42 ˚C which is
attributed to the hydrophobic interaction between SDS alkyl chain and iso-propyl group of
PNIPAM. This results in a polyelectrolyte like structure that increase both the intrinsic
viscosity and hydrodynamic size

157

. Therefore, the presence of charged group on the

backbone of the PNIPAM inhibits the collapse of the polymer at 35 °C and increases the
phase transition temperature. Figure 3.2d shows that the LCST increase is almost linear
with SDS concentration in the range of 0.95 to 5 mM. Above 5 mM, the exact identification
of LCST was difficult due to the sluggish variation in the transmittance. Earlier study
showed that below 0.8 mM,

there exist a very feeble interaction

due to incomplete

coverage of SDS molecules on PNIPAM, but above 7 mM no further increase in LSCT is
observed, due to the complete coverage of PNIPAM with SDS 157, 158.
3.3.3 Reversible tuning of interdroplet spacing with magnetic field and temperature
stimuli.
Figure 3.3a shows that the Bragg spectra for EPNI emulsion are blue-shifted as the
temperature increased from 5 to 35 °C. In the above temperature range, the Bragg peak
wavelength is shifted from 744 to 714 nm, with a total wavelength shift of 30 nm. The
corresponding interdroplet spacing (h=d-2a) variation was 9 nm. Above LCST, the Bragg
peak was fully collapsed and the reason for this collapse is discussed later. In the presence
of 2 mM SDS, the Bragg spectra collapsed only at 38 °C (Figure 3.3b), due to SDSPNIPAM complexes adsorbed at the oil-water interface. The shift in the Bragg peak
wavelength, in the temperature range of 5 and 38 °C was drastic as compared to the EPNI
emulsion (130 nm against 30 nm).
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Figure 3.3: The variation of Bragg spectra with temperatures for (a) EPNI (b) EPNI-SDS
emulsion. (c) The change in the Bragg peak wavelength (with reference to the Bragg peak
at 5 °C) as a function of temperatures for the above two cases and (d-g) Photographs of EPNI
and EPNI-SDS emulsion, below and above the LCST.
The interdroplet spacing changes in the above temperature range was 23 nm. Instead
of a sharp drop in the case of EPNI emulsion, an increase in the Bragg peak position prior to
the complete collapse is observed in the presence of SDS molecules. A fit on the Bragg peak
shift data (initial part) of the EPNI and EPNI-SDS emulsion was linear Δλ = mx+c, with slope
(m) varying between 1.56 and 4. This showed a better tunability of the inter droplet grating
spacing (d spacing) in the presence of SDS molecules in the solution. Figure 3.3 (d-g)
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shows the

photographs of EPNI and EPNI-SDS emulsion below and above the LCST, without

the magnetic stimulus.
3.3.4 Temperature dependant interactions without PNIPAM
The details of the force measurement experimental technique are discussed in
chapter 2. The intermolecular force profiles for ESDS emulsion as a function of interdroplet
spacing for different SDS concentrations is shown in the Figure 3.4. In all cases, the pH
was maintained at 7. Due to electric double layer at the interface, the force profiles were
repulsive and exponentially decaying with interdroplet spacing, in perfect agreement with
theory

159, 160

.

When the double layer is thin (κRh > 5), the force profile follows the

electrostatic double layer equation

(d) = 4 εψ02

[

]

[

] , where

Rh is the droplet radius, κ is the inverse Debye length, ε is the dielectric permittivity and ψ0
is the surface potential. When double layer is highly extended (κRh < 5), the electrostatic
double layer equation is given by20
[

(d) = 2 εψ02

[

]
[

]

(3.1)

In the SDS concentration range of 0.2 to 8 mM, the κRh values were > 5. As
expected, the range of repulsion reduces significantly due to screening effect, as the amount
of anionic surfactant concentration is increased. As the surfactant concentration is increased
from 0.2 to 8mM, the onset of repulsion changes from 78 to 15 nm, respectively and the
corresponding Debye length changes from 20.6 to 3 nm.

73

Chapter 3
10

-9
100

0.2 mM SDS

Theory
Expt

3.5 mM

10



2 mM



Force (N)

10

nm)

0.7 mM

-10

8 mM

-11

10

1
0.1

1
SDS (mM)

10

-12

10

-13

10

0

20 40 60 80 100 120
Interdroplet spacing (nm)

Figure 3.4: Force profile as a function of interdroplet spacing for ESDS emulsion. The inset
of the figure shows the Debye length obtained from the fit on the experimental data points
(filled circle) and the calculated values (solid line) from the concentration of the surfactant.
The force profiles were fitted with the electrostatic double layer equation and from
the slopes

of the force profile, Debye length values were evaluated. The Debye length

obtained from the slope of the force profiles and the computed values for different
surfactant concentrations are shown in the inset of the graph. The solid line shows the best
fit. The excellent agreement between the experimental and theoretical Debye length values
shows the accuracy and robustness of this approach in probing the electrostatic forces
between Brownian colloidal particles.
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Figure 3.5:

Variation of force profile of ESDS emulsion (0.8 mM SDS) at different

temperatures. Inset shows the Debye length obtained from the fit on the experimental data
points

and the calculated values at different temperatures.
Figure 3.5 shows the intermolecular force profiles of ESDS emulsion at 0.8 mM SDS

under different temperatures. Only a slight change in the force profiles is observed in the
temperature range of 5 to 75 °C. In the above temperature range,

varies only from

10.24 to 11.62 nm. The Debye length obtained from the best fit on force data points and the
theoretical values are plotted and shown in the inset of Figure 3.5. Again, excellent
agreement between the theory and experimental values are seen.
3.3.5

Interactions between PNIPAM covered surfaces below and above LCST
The intermolecular force profile of EPNI emulsion during heating and cooling cycle

and the force parameters obtained from the force profiles are shown in the Figure 3.6 (a –
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d). In all cases, the force profiles were repulsive and decaying exponentially with distance.
The zeta potential was nearly zero.

The interdroplet separation and the decay length

decreased from 82 to 52 nm and 12.6 to 7 nm, respectively as the temperature is increased
from 5 to 30 °C. Between 30 and 35 °C, there was a slight increase in both 2Lo and decay
length. A complete collapse of Bragg peak is observed above 35 °C. The force profiles were
reversible during the cooling cycle with a small hysteresis due to conformation changes in
the adsorbed polymers at the O/W interface, above the volume phase transition. Such
hysteresis was also observed by others 161.
In general, the interaction forces for polymer or
surface follows the equation

(

weak polyelectrolyte covered

), where the pre-exponential factor,

is the

force constant, h is the inter droplet spacing and λ is the decay length of the polymer which
is comparable to radius of gyration of polymer in solution

162

. Earlier studies revealed that

force profiles follows the theoretical prediction of the mean field and scaling approach

162

,

which involves three scales; the adsorbed layer thickness λabs, an adsorption length Z* and
the microscopic length “bmic” that is inversely proportional to adsorption strength. In the
region of strong adsorption (λabs/bmic>>1), the expression for adsorbed layer thickness,
Rg

corresponding to the largest loop and tail is
[

(

, where v is the flory
)]

excluded volume parameter and φ0 is the bulk polymer volume fraction. The above formula
indicates that the adsorption thickness is proportional to radius of gyration and is weakly
dependent on polymer concentration and adsorption strength. For distance larger than λ, the
concentration depends only on the tail section of the polymer and force is always repulsive
and decay exponentially with distance. Earlier studies using di-block polymers also confirm
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that the decay length of the polymer at the O/W interface is comparable to the radius of
gyration (Rg) in solution 102.
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Figure 3.6: Force profiles as a function of interdroplet separation at different temperatures
and the force parameters (decay length and 2L0) for EPNI emulsion during heating (a & b)
and cooling (c & d).

The hydrodynamic radius Rh of the polymer118 is given by

[

[ ]

]

where Na is the Avogadro number, [] is the intrinsic viscosity and Mw is the weight
average molecular weight of the polymer, respectively. Here, the intrinsic viscosity [ ]
where

is the viscosity average molecular weight. The Rg of the
77

Chapter 3
polymer solution is related to hydrodynamic radius Rh as
study, the value of

118

. In the present

for PNIPAM of molecular weight 2.3 x 104 was 6.8 nm at room

temperature, which was in good agreement with the decay length obtained from the best fit
on the force profile of 7 nm.
Earlier studies carried out with PNIPAM of larger molecular weight showed higher
radius of gyration (Rg) values. e.g. 58 nm for MW ~ 1.6 x 106 by Napper et al.161; 60 nm
for MW~2.35 x 106 by Guangzhao Zhang et al. 163 and 127 nm for a MW ~ 107 by Whi
Chu et al.

136

. Studies also showed that PNIPAM exhibits both repulsive and attractive

interactions depending on the quality of solvent

142, 149

. Below the LCST, they exhibit

repulsive interaction due to excluded volume interactions, which becomes attractive above
the LCST

135

. For polymer covered surface, the attractive interactions arise due to

intersegment attraction, bridging or depletion. In good solvent conditions, intersegment
attraction is negligible. Bridging can occur when the surface is not fully covered by the
polymer. In the present case, the polymer is in good solvent below 35 ºC and hence the
coverage at the interface is almost complete.

Therefore, both intersegment and bridging

should not be significant. Further, as the polymer and droplet concentrations are low, the
depletion is unlikely to happen

90

. Then the question is why the Bragg peak disappears

above the LCST? It can happen due to two reasons; (1) attractive bridging of the polymer
segments of neighboring surfaces, resulting in a huge attractive force and (2) the complete
destruction of the droplet ordering. The later possibility is unlikely because the magnetic
interaction force is still very significant under the present experimental condition. Therefore,
the most likely situation here is the bridging of droplets through adsorbed polymer
segments.
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The temperature dependent behavior of PNIPAM layers adsorbed to a solid surface
from the aqueous solution, studied using surface force apparatus, showed that below LCST,
the coverage is low and the PNIPAM adsorbed layer has an open structure with a high
content of loops and tails that are highly compressible 90. Above LCST, polymer segments
attract each other, thereby increasing the adsorption strength, leading to a collapse of
adsorbed PNIPAM on the surface and to an attraction between the two surfaces

90

. Our

observations are consistent with the surface force measurement results, though the interfaces
in the two cases are entirely different (i.e. oil-water and solid-water) in these two cases. A
molecular dynamics simulation

139

study showed that below LCST, the water molecules

form hydrogen bonds with PNIPAM by arranging themselves in an ordered manner around
the first hydration layer, resulting in a dominant hydrophilic interactions rather than
hydrophobic interactions. However, above LCST the hydrophobic interactions become
dominant, resulting in a collapse of PNIPAM. The above study also showed that below and
above the LCST, water forms cage-like structures
PNIPAM, though

around the hydrophobic groups of

the cage structures are significantly different below and above the

LCST. Simulation studies also showed

that the number of water molecules per monomer

decreases with an increase in temperature due to an increased entropy of water molecules,
that disrupts the cage-like structure. With increase in chain length of PNIPAM, water
molecules per monomer decrease due to the slower fluctuation in the mean value of the
PNIPAM of higher number of monomers. The simulation studies conclude that solvation
dynamics and local structure of water dictates the LCST, as they influence the hydrophilic
and hydrophobic interactions significantly. The observed changes in the interdroplet spacing
and force parameters are in good agreement with the above simulation results.
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To confirm the reversible bridging of polymer covered droplets, phase contrast
optical microscopy experiments are performed at different temperatures at a constant
magnetic field of 140 Gauss (Figure 3.7). The magnetic field induces magnetic dipolar
attraction that leads to the formation of 1D chain along the field direction. Below LCST,
after the removal of magnetic field, the 1D chains disappears due to the re-dispersion of
droplets having high thermal energy (kbT > Magnetic force). On the contrary above LCST,
even after the removal of magnetic field the 1D chain remain because of

the bridging of

polymers at O/W interfaces. At zero magnetic fields, the chains are flexible without definite
alignments which unambiguously confirm the bridging attraction between PNIPAM covered
droplets. On lowering temperature below LCST, these flexible chains disappeared due to
breaking of bridged polymer segments, which confirms the reversibility of bridging.
From the results of temperature dependent Bragg peak shift, decay length, 2L0
change, phase contrast optical microscope image, the confirmation of the adsorbed polymer
at the oil interface at different temperatures are schematically shown in Figure 3.7 (a-d).
The large Bragg peak shift and 2L0 values below LCST (at

5 °C), suggests a highly

stretched confirmation of the tail region of the hydrated PNIPAM. At this temperature, the
interdroplet separation was ~ 90 nm for a magnetic field of 140 G. As the temperature is
increased to 25 ˚C, the interdroplet spacing is reduced to 70 nm for the same magnetic field,
indicating a collapse of the tail region due to dehydration of PNIPAM. Further the increase
in temperature to 35 °C results in a reduction in the interdroplet separation to 50 nm due to
enhanced dehydration, resulting in a further collapse of the adsorbed PNIPAM.
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25 ˚C

5 ˚C

(a)

(b)
~ 90 nm

~ 70 nm

35 ˚C

> 35 ˚C

(d)

(c)

~ 50 nm

(e)

(f)

2 μm

2 μm

Figure 3.7: Schematics representation of EPNI emulsion at (a) 5 °C (b) 25 °C (c) 35 °C and
(d) above 35 °C. (e-f) Phase contrast optical microscopy images of emulsion at (e) T= 25
°C at H = 140 Gauss (f) T= 50 °C after switching off the field.
When temperature is above LCST, PNIPAM becomes more hydrophobic where
intersegment as well as intrasegment attraction becomes dominant, resulting in the bridging
flocculation. This should be the reason for the disappearance of the Bragg peak. The
analytical self-consistent field (SCF) theory calculations by Halperin and Kroger 132 revealed
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that the brush collapse above LCST favors adsorption because of lowering of the osmotic
pressure. Our observation of bridging of the polymer covered surfaces is consistent with
the above predictions

132

. Also, the experimental evidence for such brush-to-mushroom

transition of PNIPAM layer grafted on a silica surface was provided from AFM imaging by
Ishida and Biggs151 and Satoru Kidoaki et al. 152
3.3.6 Interactions due to PNIPAM + SDS complex covered surfaces
Figure 3.8 a & b shows the intermolecular force and force parameter for EPNI-SDS
emulsion at different temperatures. The force profile shows that in the presence of 2 mM
SDS, the onset of interaction is increased throughout the temperature range as compared to
EPNI emulsion. Decay length is decreased from 16.6 to 12.7 nm and the first interaction
distance is reduced from 115 to 70 nm as the temperature increased from 5 to 38 ºC.
Furthermore, the LCST is increased by 3 ºC, in the presence of 2 mM SDS.
When SDS is added to EPNI emulsion, two possibilities can occur: (a) SDS molecules
can replace the adsorbed PNIPAM molecules at the oil/water interface. Such preferential
adsorptions are noted in dispersions

164

. (b) SDS can complex with the adsorbed PNIPAM

and change their conformation at O/W interface. If we consider the first possibility (i.e. SDS
molecule displaces the PNIPAM molecule completely), the zeta potential would have
increased to -40 mV and the decay length should have reduced to 7 nm (which is the
expected Debye length for the emulsion stabilized with 2 mM SDS concentration). But the
measured zeta potential and decay length

values were

-5 mV and 13.5 nm at room

temperature, respectively. This observation clearly ruled out the possibility of complete
replacement of PNIPAM by SDS at oil-water interface.
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Figure 3.8: (a) Force-distance profiles of EPNI-SDS emulsion at different temperature and (b)
force parameters (decay length and 2L0) as a function of temperature.
The next possibility is the complexation of SDS molecule with PNIPAM, leading to
a polyelectrolyte like structure. For PNIPAM solution of 0.025 wt %, 165 the concentration
of surfactant (CSDS) used in this study is higher than the critical aggregation concentration
(CCAC). Therefore, SDS modifies the intra and intermolecular interactions of the adsorbed
PNIPAM, which significantly change the onset of interaction. The force profiles in Figure
3.8a shows that 2L0 and λ increased from 72 to 112 nm and 13 to 16.5 nm, respectively
when 2 mM SDS is introduced in EPNI emulsion. The increase in the 2L0 and λ
unambiguously confirm the extended polyelectrolyte like structure of adsorbed PNIPAM
due to complexation with SDS molecules. Here, the repulsion between the bound SDS
molecules on the backbone of PNIPAM gives rise to an extended conformation. Such
complexation in polymers are predicted theoretically
102

.
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and also observed experimentally
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The proposed necklace model

166

of PNIPAM-SDS complex, was based on the

assumption that bound SDS molecules are wrapped around by PNIPAM chains. The fraction
of adsorbed segment (or degree of surfactant coverage)

is given by

, where

is the number of micelle per chain whose value depends on the concentration of SDS. When
CSDS < CCAC

is < 1 and

for CSDS > CCAC,

is > 1. Nad is the number of PNIPAM

monomers associated with individual SDS micelles and N is the molecular weight of
tethered PNIPAM. According to the binding isotherm equation, as SDS concentration
increases the binding isotherm value also increases

147

. The observed increase in the 2L0

and λ is a consequence of the increase in the biding isotherm that affects the conformation of
the polymer.
Previous studies show that SDS-PNIPAM association prevents interchain
aggregation

102, 109, 157

. A similar behavior was observed in EPVA (PVA-vac stabilized)

emulsion in the presence of SDS where SDS molecule bound to the PVA group favors a
stretched tail like conformation at the oil-water interface

102

.

Depending on the

concentration of SDS in PNIPAM solutions, three distinct scenario were observed

157

.

When SDS concentration was below its critical aggregation concentration (0.86 mM), the
addition of SDS do not perturb the PNIPAM and hence very feeble interaction between
them is noted. When SDS concentration was between 0.86 and 7 mM, it aggregates on the
backbone of PNIPAM, leading to a polyelectrolyte like complex, which results in increased
hydrodynamic size of the polymer due to the enhanced intermolecular electrostatic repulsion
of the charged complex. When SDS concentration is very high, it saturates the PNIPAM
backbone. With increase in temperature from 5 to 40 ºC, the spatially extended polymers at
O/W interfaces collapses (evident from the reduction in the 2L0) because of dehydration of
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water molecules which eventually increases the adsorption

167

. A similar increase in surface

graft density of cationic polyelectrolyte Poly-(L-Lysine)-graft-Polyethylene glycol (PLL-gPEG) on TiO2 surface is observed by Ryosuke Ogaki et al.

168

when temperature was

increased to 80 °C.
3.4 CONCLUSIONS
A novel multi-stimuli (Thermo-magneto) responsive nanoemulsion is developed and
studied the behavior of PNIPAM at the oil-water interface and hence their optical properties
under varying temperature and magnetic field. The multi- stimuli thermo-magneto sensitive
nanoemulsion

are

prepared

using

poly(N-isopropylacrylamide)

(PNIPAM),

superparamagnetic nanoparticles and oil-in-water emulsion. Below the coil to globule
volume phase transition, the interparticle separation of droplets within the self assembled
linear array is tuned from 82 to 52 nm by varying the temperature. A small amount of
anionic surfactant monomers in EPNI emulsion is found dramatically augment the LCST, the
repulsive interaction forces and the interparticle spacing due to strong association of
PNIPAM and SDS. These results suggest that by using a combination of PNIPAM and an
anionic surfactant the interparticle interactions, volume phase transitions and thermal
stability of emulsion can be reversibly tuned. Further, the temperature induced
conformational changes of adsorbed PNIPAM chains at the oil-water interface are
manifested through a simple spectroscopic experimental approach. The interdroplet
interactions are successfully tuned using both the temperature and magnetic stimuli and
obtained new insight into the conformational changes of adsorbed polymers. The thermomagnetic multi-stimuli nanoemulsions should open up many new applications in optical
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devices (2D and 3D photonic crystals, gratings, body temperature measurement), ion sensors
and drug delivery systems.
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CHAPTER 4
Electro-steric interaction due to weak polyelectrolyte at the oil-water interface under
different environmental condition

4.1 Introduction
Grafting one end of a polyelectrolyte (PE) on a substrate or particle to form a
polyelectrolyte brush, has been a topic of intense scientific reserach in the past few decades
owing to its potential applications in a wide range of scientific disciplines because of their
long range interaction 56, 169. Recently, responsive switchable surfaces (surface anchored or
adsorbed with stimuli responsive polymer) have been shown to have applications in
sensors

3, 70

, lubrication

applications of

88

, developing antifouling surfaces

PE, the

170

etc. In addition to the broad

behavior of PE under various environmental condition is

fundamentally important to understand the process such as protein folding

171

, DNA

condensation 172 etc. Interestingly, the adsorption of PE at the liquid-liquid interface mimics
in vivo condition of charged macromolecule at cell-fluid interface and hence is very
important to understand biological phenomenon 173.
PE’s are unique class of materials, available naturally in the forms of protein, DNA,
enzyme, polysaccharides etc. They are broadly classified into two categories: weak or
quenched and strong or annealed PE, where the former is highly sensitive to pH due to
protonation or deprotonation of surface groups and hence are known as pH responsive
polymers whereas the latter is insensitive to pH. The conformational change of a weak PE is
entirely different from a strong PE under the same physio-chemical conditions due to the
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dependence of dissociation constant (α) of weak PE with salt, pH and grafting density.
Theoretical 32, 49, 50, 58, 174, simulation 175-178 and experimental 59, 60, 179-181 studies were carried
out to understand the conformational changes of PE’s at an interface.
In addition to that, the properties of weak PE adsorbed at an interface is different
from its properties in bulk (such as the conformation, degree of ionization, wettability etc)
solution.

The conformational behavior of PE also depends on various conditions like

grafting density, salt content, pH, nature of solvent medium, temperature

54, 182-185

etc. For

example, the charge density of a grafted PE increases with distance from the substrate level
to the end

186

. The physically adsorbed PE undergoes a reversible conformational change

(globule to extended transition) under varying pH and ionic strength due to ionization and
neutralization of surface carboxyl group (COOH) on the polymer backbone

187, 188

. Recent

studies show that a weak polyelectrolyte undergoes a reversible conformational change only
above certain molar mass

39

and also exhibits a hysteresis in pH response at certain

polydispersity levels of the chains

189

. The present study attempts to gain new insights into

the behavior of PE’s at interfaces under different environmental conditions.
Here, the behavior of a weak polyelectrolyte, Polyacrylic acid (PAA) adsorbed at the
oil-water emulsion interfaces in aqueous media is studied. PAA is a water soluble anionic
PE that undergoes

reversible conformational transitions under varying pH and ionic

strength. At low pH, it is neutral in nature and adopts a compact globule structure but at
relatively high pH, they are charged and thus swell because of the ionization of carboxyl
group at the backbone of the PE. However, at very low molecular weight, PAA exhibit a pH
independent behavior 39.
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The main objective of this work is to (1) study the conformational changes of an
adsorbed weak PAA at liquid-liquid interface under varying salt and pH (2) compare the
scaling exponents with the theoretical prediction and (3) study the effect of salt valence on
the conformational change of adsorbed PAA and (4) study the effect of different molecular
weight of PAA on the interaction force. To realize the above, we have used a nanoemulsion
adsorbed with PAA and studied its behavior under different physiochemical conditions by
probing

the interdroplet spacing under a given magnetic force and looking at

intermolecular force

using magnetic chaining technique

102

.

These measurements are

complemented by light scattering and phase constrast microscospy measurements and
finally the results are compared with various established theoreitcal models.
4.2. Materials and methods
Magnetic nanoemulsions, EPAA450, EPAA250 and EPAA15 (PAA of 450, 250 and 15 K
stabilized emulsion) are used in this study. Material preparation and experimental setup are
explained in Chapter II, section 2.4.2. Intermolecular interaction for EPAA450, EPAA250 and
EPAA15 emulsion at different pH, salts of various concentrations and valance and PAA of
different molecular weight were measured using magnetic chaining technique.
4.3. Results and discussion
4.3.1 Hydrodynamic size and zeta potential of EPAA450 emulsion
The hydrodynamic size distribution and zeta potential of EPAA450 emulsion at pH of 7
is shown in Figure 4.1 (a & b). The PDI of the emulsion without and with adsorbed PAA is
0.07 and 0.2, respectively. After the stabilization with PAA, the size distribution increased
considerably because of larger size and polydispersity of PAA. The average hydrodynamic
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diameter and zeta potential of the EPAA450 emulsion was 260 nm and -47 mV, respectively at
this pH. The hydrodynamic diameter and zeta potential for bare emulsion at pH 3.5 (without
PAA) was found to be 200 nm and -2 mV, respectively. The increase of hydrodynamic
diameter and zeta potential with increasing pH confirms the adsorption of PAA at the oilwater interface. The Hd of the emulsion droplet at the lowest pH (3.0) was found to be 220
nm, which increases to 290 nm as the pH reaches 11.8.
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Figure 4.1: (a & b) Hydrodynamic diameter and zeta potential of EPAA450 emulsion at pH 7
(c) Variation of hydrodynamic diameter and adsorbed layer (adlayer) thickness for EPAA450
emulsion at different pH (d) Variation in fraction of charged monomer on the PAA
backbone at different pH and variation in zeta potential for EPAA450 emulsion.
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[

The effective adlayer thickness was calculated as
where

]

,

is the apparent adlayer thickness and R is the particle radius. The Hd and adlayer

thickness measurements were performed at different pH values and the results are shown in
the Figure 4.1c. The effective adlayer thickness increased from 11 to 68 nm as pH of the
medium is increased from 3 to 11.8. Similarly, the zeta potential was increased from -2 mV
at pH 3.0 to -70 mV at pH 11.8, due to enhanced dissociation of the carboxyl group of the
PAA as shown in the Figure 4.1d. The fraction of charged monomer or degree of
lo (

dissociation ( ) is calculated via

)

41

where

was

4.54 for acrylic acid 190. The fraction of charged monomer increases with increase in pH of
the medium. Figure 4.1d shows the variation of number of ionized group on their backbone
with pH. As expected, the fraction of charged monomer and zeta potential increases with
increase in pH above pKa. This shows that PAA adopts a coiled structure at very low charge
density (at low pH), where only very few monomers were charged, but it stretches out at
higher pH due to enhanced dissociation of carboxyl group on the backbone.
4.3.2 Change in the interdroplet spacing between PAA covered droplets

under

varying pH
In order to manifest the conformational changes of adsorbed PE under different
environmental conditions, the magnetically polarizable emulsion droplets are made to form
a stable 1D array by a constant magnetic force, where the equilibrium distance between the
droplet depends on the balance between the attractive and repulsive contributions

102, 109

.

When the sample is illuminated with a white light, a Bragg peak is observed in the visible
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wavelength range and the peak position depends on the interdroplet spacing

82, 191

. At pH

3.0 the Bragg peak formed at 645 nm, corresponds to an interparticle spacing of 40 nm.
The competition between the magnetic and surface energy determines the
eccentricity (Eecc) of the magnetic nanoemulsion, given as

. Here,

M are droplet radius, surface density and magnetization, respectively

117

,

and

. For a droplet of

radius 200 nm in the presence of magnetic field (250 Oe), the eccentricity (

was

calculated as 0.0013. This means it is almost impossible to deform the droplets even at very
strong magnetic field, owing to their smaller size, which was also evident in microscopic
measurements.
Figure 4.2a shows the Bragg spectra of EPAA450 emulsion at a constant magnetic
field of 200 G under different pH conditions. At pH 3.5, the Bragg peak is formed at 650
nm, which is red- shifted to 1000 nm as the pH of the medium is increased to 11.8. The
change in the Bragg peak under this condition can only be due to the change in the
conformation of

the adsorbed PAA as a function of pH, as all other conditions (ionic

strength, temperature, and applied magnetic force) remains exactly the same. It should be
noted that the interdroplet spacing remains constant without any time dependant effect at
constant magnetic force and pH. The emulsion was found to be stable against coalescence
up to an alkaline pH of 11.8, above which

bridged network like structures are observed.

The bridged structure is found to be irreversible, unlike the network structure observed in
case of EPNI emulsion

43

. It is known that the brush height and fraction of segments in

trains, loops, and tails varies with pH. At low pH, the loops and train dominates and the
length of the tail segment increases with increasing pH

92
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conformational changes of the adsorbed PAA was found to be highly reversible between pH
3.0 and 11.8, where the Bragg spectra red-shift with increase in pH of the medium and blueshifts with decrease in pH. The variation in the interdroplet spacing (Δh = 143 nm) between
pH of 3.0 and 11.8 (Bragg peak at pH 3.0 is taken as the reference) is shown in the Figure
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Figure 4.2: (a) Bragg spectra from EPAA450 emulsion at various pH. (b) The change in
interdroplet spacing (h) as a function of pH from 3 to 11.8.
The increase was steep in the pH range of 3.0 to 6 and from 6 to 9 because of
enhanced dissociation of COOH group, whereas the change between 9 and 11.8 was less due
to the lower rate of dissociation of backbone functional group (almost dissociates
completely at a pH range of ~10).
4.3.3 Forces between PAA covered surfaces under different pH
The swelling and collapse of the adsorbed PE at the oil-water interface is also
studied by analyzing the intermolecular forces as a function of pH. The intermolecular

93

Chapter 4
forces due to electro-steric interactions follow an exponential decay F= A exp (-h/) as
shown in the Figure 4.3a where the h is the interdroplet spacing and  is the decay length.
The decay length and force magnitude of EPAA450 emulsion at different pH are shown in the
Figure 4.3b. The force profiles were repulsive in nature and decaying exponentially with
distance. At pH 3.0 the onset of interaction starts at a lower interdroplet spacing and
increases with pH. The  was found to be 6.6 nm at pH 3.0 but reaches 28 nm at a pH 11.8,
with a total variation of 21.4 nm. Almost one order magnitude change in the force
magnitude is observed when pH is increased between 3.0 and 11.8, which indicates the pH
dependent adsorption strength.
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Figure 4.3: (a) Force-distance profile for EPAA450 emulsion at different pH values

(b)

Decay length and force magnitude for the same.
The forces in presence of PE arise from two sources: electrostatic and steric
interaction. In the case of anionic PE, at low salt concentration and high pH, long range
electrostatic force dominates whereas at high salt concentration and at low pH, short range
steric interaction dominates due to

screening and protonation of surface charges
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backbone of the PAA carries a carboxylate anion (COOH) group, ionizes into COO- and H+
at high pH. At low pH, the PE exhibits a coiled conformation (behaves like a neutral
polymer) whereas at high pH, deprotonation of the carboxyl groups of PAA leads to an
extended conformation. With increasing pH the degree of ionization increases and the
surface of PAA become negative. An earlier study showed that more than 50% of the
carboxyl groups on the PAA (Mw = 50,000 g/mol) are negatively charged at pH 7, whereas
full ionization occurs at a pH of 11

193

. Thus the degree of dissociation of COOH on PAA

backbone increases with increase in pH of the medium and attains a maximum at pH 11 due
to complete dissociation

193

. The force profile starts at lower interdroplet distance at lower

pH. The λ of the adsorbed PAA was 6.6 nm, indicating a collapsed conformation at pH=3.0.
As the pH increases, the onset of interaction increases, indicating a swelling of the adsorbed
PAA. It is well established that polymer exhibits a train, loop and train like conformation
at interfaces 21. At pH 11.8, λ increased to 28 nm, indicating an

extended conformation of

PAA at the interface. When the polymer is in swollen state, it is expressed in terms of Flory
radius

, whereas in a collapsed state it is

. According to the above

calculation, theoretical value of Rf should be 47.3 and 3.3 nm for PAA (where a = 0.25 nm
and N = 6250) whereas the observed experimental values are 28 and 6.6 nm at pH 11.8 and
3, respectively. The experiments carried out using SFA with an end-tethered PAA on mica
showed a better agreement between the theory and experiments

194

. The reason for the

deviation in our experiment is probably because of physic-sorption of PAA at the oil-water
interface. A study by Sparks et al.

180

showed that when PAA adopts an extended

conformation at a calcite interface, it displaces twice the water molecules than when it
adopts a coiled conformation. The above study also showed that the average number of
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carboxylic acid (COOH) groups interacting with a surface is ~ 25% of the total number of
functional groups in an extended conformation of the polymer but only 14% for a coiled
conformation.
The force profile obtained for PAA at low pH (where the electrostatic interaction is
negligible), is compared with the Alexander-de-Gennes theory of polymer,
where s is the distance between the two grafted points and L is the brush
thickness. Using the above equation, the obtained value of s and L for EPAA450 are 13.8 and
6.6 nm, respectively. Similar, measurements carried out on PEG-PEI grafted films using
AFM colloidal probe technique, in the presence of 50 mM NaCl, showed a complete
screening of electrostatic force 195. The value of s and L obtained in their experiment were 3
and 8 nm, respectively. The force between the PE adsorbed surfaces becomes more complex
due to the presence of long range coulomb interaction and counter-ion. At low pH, the role
of excluded volume interaction becomes important but at high pH, the electrostatic
interaction

plays a major role. The increase in droplet distance (due to dissociation of

surface group) with increase in pH of the medium can be understood from the increase in
force magnitude. The force magnitude increases by almost an order of magnitude in the pH
range of 3 to 11.8, which shows an enhanced repulsion between the dissociated surface
groups. To understand the behavior of adsorbed PAA, the intermolecular forces between the
EPAA450 emulsion is compared with the theory of PE in a salt free dilute solution 196.
Figure 4.4a shows variation of first interaction distance as a function of pH. It is
found that the 2L0 increases from 60 to 175 nm as the pH is increased from 3.0 to 11.8.
This confirms the swelling or extension of adsorbed the PAA due to increased electrostatic
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repulsion. According to counter-ion fluctuation theory

197

, a weak PE in very dilution

limit, the functional backbone are deprotonated and the counter-ion (CI’s) occupy the whole
volume, resulting in a strong stretching of PE due to electrostatic repulsion. In good solvent
conditions and at low electrostatic strength, the PE undergoes stretching where CI’s are
distributed far away from PE but collapses at high electrostatic strength due to condensation
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Figure 4.4: (a) First interaction distance (2L0)

as a function of pH (b) Decay length Vs

reduced Bjerrum length for EPAA450 emulsion. The solid line represents the best fit on the
experimental data (λ = lb0.21 and R2 = 0.85).
The rate of stretching and collapse are understood in terms of radius of gyration (Rg)
of the free PE and the reduced Bjerrum length (lb as

, where N is the degree of

polymerization197 at low electrostatic interaction strength. At high electrostatic interaction
strength,

. A recent molecular dynamic simulation study was carried out to

probe the flexible PE in a good solvent condition where the collapse of the PE showed two
different sub-regime called weak and strong electrostatic regime
collapse rate follows as

35

. In the former case, the

which agree with the counter-ion fluctuation
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theory but in the latter case, the collapse rate follows

which was explained

by including the role of third virial co-efficient into the theory.
Earlier studies showed that for a polymer adsorbed at the oil-water interface, λ is
comparable with the Rg of the free polymer in solution 198. Figure 4.4b shows the variation
of decay length as a function of reduced Bjerrum length ( ̅ ). Here, ̅

, where β =

(kbT)-1 , kb is the Boltzmann constant, T is the temperature and ‘asp’ is the average spacing
between the charged groups (asp = amon /α), which is calculated as the ratio of monomer size
(amon) to the degree of dissociation (α). In the present case, ‘asp’ (at pH of 7) is found to be
0.56 nm. The exponent was found to be 0.21, against the theoretical prediction of 0.33. The
agreement here is remarkable, though the interface in the present case was very much
different (liquid-liquid).
4.3.4 Effect of salt on colloidal interaction between PAA covered interfaces
The swelling and collapse of PAA brush adsorbed at the oil-water interface as a
function of ionic strength is discussed in this section. The pH of EPAA450 emulsion was fixed
at 5.0 in all cases. Figure 4.5 a & c shows the intermolecular force measurement for PAA
covered interface as a function of distance at various concentration of Ca2+. There exist two
different regions: in the salt concentration from 0 to 0.1 mM, λ increases from 12 to 17 nm
(Figure 4.5b), above this salt concentration, λ decreases from 18 to 6 nm (Figure 4.5d).
The theory of PE conformation in the presence of electrolyte was studied extensively
48-51, 199-201

. The theoretical modeling of Zhulina and Israels

50, 58

is based on electro

neutrality in the brush layer and force balance in the brush. The brush is assumed to be
immersed in an infinite reservoir of water containing fixed amount of ions, whose
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dimensions are ignored. Therefore, only the electrostatic contribution is taken into account
and the steric interactions are ignored as dilute electrolyte solutions are considered.
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Figure 4.5: (a) Force as a function of distance for EPAA450 emulsion at lower

Ca2+

concentration ranging from 0 to 0.1 mM. (b) Decay length vs. Ca2+ concentration. The best
fit is shown by the solid line where λ ~

and R2 = 0.96 (c & d) Force as a function of

distance and decay length for EPAA450 emulsion at higher Ca2+ concentration ranging from
0.04 to 3.6 mM . The best fit is shown by the solid line where λ ~

and R2 = 0.88.

The equilibrium values of polymer molar concentration, brush height etc, are
obtained by balancing various forces acting on grafted chains. The brush height at low salt
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concentration

(Osmotic
(

graft density,
and

[

)
,

brush

51

regime)

]

and

was
at

predicted
high

salt

to

follow

as

concentration

where N is the number of monomers in the brush chain, σ is the

is the degree of dissociation in the bulk, H+ is the concentration of proton

is the concentration of salt. With increase in salt content, the difference in proton

concentration between the bulk and brush becomes less and it vanishes at a particular salt
concentration termed as

and the brush thickness during the transition (

) from

OsB to SB regime reaches a maximum 58.
Thus, a weak PE shows a non-monotonic behavior in brush thickness with varying
salt concentration (φs), due to the potential difference between the bulk and brush which is
not fixed but varies with electrolyte concentration in the surrounding medium

59, 60

. At very

low or no salt in the bulk, the number of protons inside the brush is sufficiently high as
compared to bulk, which develops an electrostatic potential between the bulk and brush.
Consequently, it responds to an unfavorable electrostatic interaction by dissociating
themselves with increase in salt concentration, resulting in an expansion of brush structure.
Such an anomalous behavior of increasing brush height with increasing ion concentration in
OsB regime is a distinct property of a weak PE, due to varying degree of dissociation. Such
a response is not seen in strong PE as it dissociates at all pH ranges.
Now, the theoretically predicted values of brush height are compared with the
experimentally obtained decay length values. Figure 4.5a shows the intermolecular force
measurement for PAA adsorbed at liquid interface at pH 5. The force profiles between the
PAA adsorbed surface decay exponentially with distance. In the salt concentration range
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from zero to 8 μM, though the interdroplet distance decrease with increase in salt
concentration, the force profile decay slowly due to swelling of the adsorbed PAA as shown
in the Figure 4.5a. In the above salt concentration, the PAA is in the OsB regime, where the
swelling of the PE with salt (decay length) scales as λ0.05 whereas theoretically predicted
exponent is 0.33 (Figure 4.5b). The very low exponent obtained in our experiment may be
due to steric interaction59. The swelling of PAA happens due to electrostatic interaction
between the dissociated monomer and steric interaction between monomer, where the latter
contribution is neglected in the scaling theory of Zhulina

50

. Such a lower value of the

brush thickness in the OsB regime was observed earlier, where the exponent was found to
be 0.1 59 . Zhang et al. 202 observed a slow expansion rate of the PMMA brush adsorbed on
a solid planar surface, which was attributed to the non-inclusion of hydrophobicity of
polymer backbone, polydispersity of the chains and three body interaction at higher grafting
density in the theory of Zhulina 50.
The force distance profile in the SB regime (at higher Ca2+ concentration) and the
corresponding decay length variations are shown in Figure 4.5 c & d, respectively, where
the decay length scales with salt concentration as λ ~

. The brush height reaches a

maximum value at 9 x 10-5 M. The observed exponent of -0.26 was in reasonably good
agreement with

the scaling law of Zhulina

50

. The force profile decays rapidly with

increasing salt content. Though the electrostatic interaction of the adsorbed PAA is screened
out in the presence of relatively high salt content, the brush remains stable due to short range
excluded volume interaction 203.

101

Chapter 4
4.3.5 Behavior of adsorbed PAA at different pH and trivalent salts concentrations
Figure 4.6a shows the intermolecular force measurement of EPAA450 emulsion (pH =
5) at different concentrations of Fe3+. The decay length obtained from the force profiles for
different salt concentration is plotted in the Figure 4.6b. In the absence of salt, the onset of
interaction begins at a higher interdroplet distance. As the salt concentration is increased
from 2.5 to 250 μM, the brush collapses with a decay length of
to the theoretically predicted collapse of brush height (

-0.14 199

)

, which is very close
. Force measurements were

also carried out at pH 6 and 8 and the decay length values are plotted as a function of salt
concentration and are shown in Figure 4.6 c & d, respectively. The decay length changes
at pH 6 and 8 followed as

-0.19

and

-0.17

, respectively. These results suggest that

irrespective of the medium pH, the collapse rate of the adsorbed PAA at liquid-liquid
interface is similar.
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Figure 4.6: (a & b) Force-distance curve of EPAA450 emulsion for various concentrations of
Fe3+ at pH 5 and the

corresponding decay length variation. The best fit is shown by the

solid line where λ ~

and R2 = 0.83. (c & d) Decay length of EPAA450 emulsion for

various concentration of Fe3+ at pH 6 and pH 8, respectively, where the decay length scales
with concentration of salt as λ ~

(R2 = 0.84) and λ ~
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4.3.6 Effect of salt of different valences on the conformation of adsorbed PAA at
interface
To understand the swelling and collapse of the adsorbed PE in the OsB and SB
regime for salt of different valences, force measurements (Figure 4.7) were performed for
EPAA450 emulsion at low and high concentrations of Na+, Ca2+ and Fe3+ at a fixed pH .
Figure 4.7 (a-c) and (d-f) show the decay length vs. Na+, Ca2+ and Fe3+ at low and
high concentrations for EPAA450 emulsion, respectively. Here, the increase and decrease in
the decay length indicate the swelling and collapse of the adsorbed PAA.
During the swelling of the PAA at low salt concentrations, the λ scales with
concentration of salt as ~

, where the exponent x was found to be 0.068, 0.049 and

0.072, respectively for Na+, Ca2+ and Fe3+, respectively. These exponents were ~ 20 % of
the theoretically predicted value. But, in the high salt concentrations the λ scales as ~
where y values were 0.3, 0.26 and 0.17 for Na+, Ca2+ and Fe3+, respectively. These values
are comparable with the theoretical predictions of mono, di and trivalent ions, respectively
199

. According to the scaling theory of Zhulina

199

the brush height variation in the

presence of multivalent co-ion and counter-ions become a function of the valence (q). In the
presence of low concentration of salt, brush height due to the effect of co-ions is given

by

where Kacid is the acid dissociation constant. At

high salt concentration,
increases with

. Therefore, at low salt concentration, the brush height

, attains a maximum and collapses as

at high salt concentration.

The effect of counter-ion to the brush height at low and high salt concentration consists of
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[

four different regimes where the brush height undergo collapse as
]

at high salt concentration again (SB regime where

).

In our

experiment, it was difficult to distinguish the different regimes due to co-ion and counter-ion
effects. However, the swelling rate of PAA remains the same at all valence of salts at low
concentration but collapses at high salt concentration where it showed different scaling
exponents. This observation was in agreement with the OsB regime but was different from
the predicted exponent in the SB regime of co-ion (~ -0.3 against the predicted exponent of
-1). In the SB regime of CI, according to theory, the brush height collapse with an exponent
of -0.33 for different salt valences.
and

We observed different decay lengths,

for mono-, di-, and tri-valent ions, respectively. Interestingly, the

predicted scaling for the collapse in OsB regime,

⁄

matches with our

experimental observations in the SB regime.
Langevin dynamic simulation of PE brush at various salt concentrations, valence
and grafting density, showed that the brush collapse rate was found to vary slowly in
monovalent salt solution as

, whereas in divalent and trivalent solutions, the brush

collapses initially but expands slightly at high concentration due to charge inversion

185

. A

neutron reflectivity and surface force measurement study on polystyrene sulfonate (PSS)
brush

showed a collapse of brush height in presence of monovalent ions in SB regime

whereas in the presence of multivalent ions,

an abrupt collapse of brush is observed at

very low salt concentrations and the effect was found to be reversible 204.
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Figure 4.7: The decay length vs. salt concentration for low salt region. The theoretical fit
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~
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and R2 = 0.93), (e) Ca2+ (λ ~

high salt concentrations (d) Na+ (λ

and R2 = 0.81) and (f) Fe3+ (λ ~

= 0.82).
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A study showed that the ion exchange and strong binding of trivalent ion to the end
tethered PE leads to lowering of the osmotic pressure in the brush layer when several
monovalent CI’s are replaced by a single multivalent ion

205

. For divalent (Ca2+) and

trivalent ions (Fe3+), the osmotic pressure reduction was twice and thrice, respectively.
Experiments were carried out by Farina et al. 55, using surface force apparatus for PE brush
immersed in a mixture of mono and trivalent ions (Ru3+) found that at low concentration,
the brush structure goes from an extended to a collapsed state without any hysteresis during
force measurement but at very high concentration of Ru3+, the PE brush collapse was
complete, with an adhesive force between the surfaces during retractions, which was
attributed to the uptake of Ru3+ ions inside the PE brush.
Though the earlier studies confirm the

collapse of

PE,

the

exact role of

multivalent ions on conformational changes especially on adhesion forces is still not clear
53, 179

. The theoretically predicted collapse rate of an end tethered PE in multivalent ion

solution was found to be very small as compared to the experimental results 54. According to
the predictions of Brettmann et al.

54

, the brush height

undergoes a first-order transition

from an extended state to a collapsed state at a critical multivalent CI concentration. A
recent study

showed that trivalent ion (spermidine3+) can provoke lateral microphase

segregation in DNA brushes, where the collapse of polymer brush was collapsed into
octopus-like surface micelles 201.
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)

and R2 = 0.95.

To understand the expansion and collapse of the brush height in the presence of Fe3+,
the pH and zeta potential values of EPAA450 emulsion at different ion (Fe3+) concentrations
were measured. Figure 4.8a shows the variation of zeta potential and pH in the OsB
regime, where pH of the medium changes from 5.7 to 6.26 and the zeta potential increases
from -42 to -50 mV, as the salt concentration is increased from 3.2 x 10– 8 to 1.2 x 10– 6 M.
The increase in pH of the medium in OsB regime and the corresponding increase in zeta
potential (and the first interaction distance) support the argument of expanded brush height.
The variation of

is plotted against decay length (Figure 4.8b), which shows that by

increasing the parameter
theoretical

scaling
(

, the brush height increases, which is in agreement with the

prediction,
)

[

]

where

the

brush

height

is

given

by

. Here, the dissociation constant is measured in

the bulk. The observed exponent was 0.54 against the theoretically predicted value of 0.33.
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Figure 4.9: (a) Variation of pH and zeta potential for EPAA450 emulsion for different trivalent
ion concentrations (salted brush regime) (b) Decay length vs. αb2/ φs in the same regime. The
theoretical fit is shown by the solid line.
This study was extended for higher salt (Fe3+) concentration to understand the
behavior of brush in SB regime. The variation of pH and zeta potential as a function of salt
concentration are shown in the Figure 4.9a. With increase in salt concentration, the pH of
the medium decreases from 6.2 to 5.8 and zeta potential decreases from -58 to -22 mV. This
is in agreement with the collapse of brush thickness and the observed decrease in 2L0 was
opposite to the observed change in OsB regime. The collapse of the brush height in the SB
regime is due to neutralization of the COO¯ group. We have also plotted the ratio of square
of bulk dissociation constant (αb2) to the ionic strength (φs) against the decay length,
proposed by Zhulina

50

and is shown in Figure 4.9b. The

exponent obtained from the best fit (0.52) was higher than the predicted value of 0.33. These
experimental results point the fact that the theoretical predictions are fairly accurate in
describing the behavior of PE’s in solutions under different environmental conditions. The
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theoretically predicted scaling exponents and the experimentally obtained values in different
environmental conditions are tabulated in Table 4.1.
Table 4.1: Theoretically predicted scaling exponents and the experimentally obtained values
in different environmental conditions.
S.No

Theory

Predicted value

1.
2.

Counter-ion fluctuation theory 197
Mean field theory (The equilibrium
brush height in the OsB regime is related
to the salt concentration and bulk
dissociation constant) 50

3.

Mean field theory (Equilibrium brush
height in the SB regime) 50

4.

Scaling theory for multivalent ion
solution 199:

(

)

Experimentally
obtained value

(

Monovalent

1. The contribution of co-ion to the
brush height

Divalent

Trivalent

⁄

2. The contribution of counter-ion
to the brush height
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Monovalent

Monovalent

Divalent

Divalent

Trivalent

Trivalent
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4.3.7 Effect of Molecular Weight on Polyelectrolyte Conformational changes
One of the universal properties of the responsive polymers was the coil to globule
transition (CGT), which was assumed to be independent of their molecular weight. PAA is
the one of the response stimuli polymers that undergoes a coil to globule transition (CGT)
with a change in pH of the medium. Even at lower molecular weight, PAA is expected to
undergo extended rod-like structure when it is in ionized state but exhibits a small globular
structure in the neutral state. But, a recent study using fluorescent measurement

39

showed

that the CGT of PAA is highly dependent on their molecular weight and only the polymer
of higher molecular weight exhibit measurable CGT. To confirm this, we study CGT of
PAA of three different molecular weights (15, 250 and 450 K) as a function of pH using the
equilibrium force measurement.
Figure 4.10 (a-c) shows the force-distance profile of EPAA15, EPAA250 and EPAA450 emulsion,
respectively as a function of pH. The corresponding decay length (λ) obtained from the
slope of the force-distance profile as a function of pH for all molecular weight is shown in
the Figure 4.10d. The force profiles in all three cases were repulsive in nature and decaying
exponentially with distance. For EPAA15 emulsion, at pH 3.0, the onset of interaction started
at a lower interdroplet spacing and does not show any abrupt variation with increase in pH.
The corresponding average λ obtained from the force profile was found to be 3.6 nm at pH
3.3 and remained almost the same even at high pH. Though, the onset of interaction changes
slightly with different pH, the slope of the force profile remains the same at all pH level.
But, for EPAA250 and EPAA450 emulsion, there was a dramatic change in force profile and the
onset of interaction is found to increase with increase in pH. The  was found to be 6.0 and
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6.6 nm at pH 3.0 but reaches 27 and 31 nm at a pH 11.8, with a total variation in λ of 21.0
and 23.4 nm for EPAA250 and EPAA450 emulsion, respectively.
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Figure 4.10: Intermolecular force as a function of distance for (a) EPAA15 (b) EPAA250 and (c)
EPAA450 emulsion in the pH range from 3 to 11. (d) Decay length of the same as a function of
pH.
The role of molecular weight of PAA on the force parameter at different pH value is
discussed. The λ value obtained for adsorbed PAA of molecular weight 250 and 450 K at pH
~ 3.0 were found to be 6 and 6.6 nm, respectively, indicating a collapsed conformation of
PAA at the O/W interface. As the pH increases, the onset of interaction increases
progressively due to swelling of the adsorbed PAA. At pH 11, the λ value increases from 27
to 31 nm, indicating an extended conformation of PAA at the interface. The typical λ where
a polymer is adsorbed at an interface is compared to the brush height (Lb) approximated as
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, where Rf is the Flory radius as per the Alexander’s scaling theory

206

.

Earlier studies showed that for a polymer adsorbed at the O/W interface, the extension of
the polymer (decay length) is comparable with the radius of gyration of the free polymer in
solution 109. By approximately considering the Flory radius and radius of gyration of PE to
be same in the present study, the brush height obtained using Alexander theory of polymer is
found to be 2.8 and 3.4 nm at low pH and 33 and 47 nm at high pH for PAA of 250 and 450
K, respectively which were quite comparable to the λ values observed in our experiment.
The deviation arises at high pH could be because of physisorption of PE at O/W interface.
However, for EPAA15 the λ variation at low (3.0) and high (11.0) pH were 2.6 and 3.4 nm,
respectively. The brush height in a collapsed and extended conformation according to
theoretical calculation was found to be 1.2 and 6.1 nm, respectively.
During the onset of globule to extended transition, the product of Bjerrum length
and the square of the number of ionized monomers is the same as the Flory radius (amonN1/2)
(where amon is the size of the monomer and N is the degree of polymerization)

39

, i.e,.

. The study showed that below the Flory radius, the excluded volume
controls the chain size and the chain adopts a self-avoiding walk. Based on the above
calculation, the value of N at which the coil to globule transition takes place was found to be
4.3. But, experimentally only above N = 230, the coil to globule transition was observed,
which is more than an order of magnitude greater than the theoretical prediction

39

. The

discrepancy was explained by considering the formation of hydrogen bond between the
PAA monomers and between the monomer and water. The effective energy of PAA
increases with degree of polymerization due to hydrogen bond of neighboring monomers,
which is very low for lower molecular weight PAA. It was also found that only above a
113
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critical molecular weight, PAA undergoes coil to globule transition whereas PAA chain
always exhibit random walk by displaying a swollen behavior at all pH below a critical
molecular weight. In the beginning of coil to globule transition, the thermal energy
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Figure 4.11: (a & b) First interaction distance and force magnitude as a function of pH for
EPAA15, EPAA250 and EPAA450 emulsion.

A study 207 showed a strong molecular weight dependence of fluorescence emission
from pyrene labeled PAA of low (2 Kg/mol) and high (450 Kg/mol) molecular weight in
aqueous solution due to different degree and level of intra molecular association

207

. We

observed almost no change in λ for EPAA15 emulsion but a huge change in λ for EPAA250 and
EPAA450 emulsion, which was quite consistent with the earlier works

39, 207

. This observation

was further supported by the other force parameters and light scattering measurement of
EPAA15, EPAA250 and EPAA450 emulsion.
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To understand the force profile and the adsorbed molecular behavior, first interaction
distance (2L0) and force magnitude (K) for EPAA15, EPAA250 and EPAA450 emulsion were
obtained at different pH. Figure 4.11a shows variation of 2L0 for EPAA15, EPAA250 and
EPAA450 emulsion, respectively as a function of pH. 2L0 was 44 nm at pH 3.0 and becomes
39 nm at pH 11.5 for EPAA15 emulsion but the values were 40 and 50 nm at pH 3.0 for
EPAA250 and EPAA450 emulsion, respectively and it increased to 140 and 175 nm at pH 11.5.
The huge variation in 2L0 for higher molecular weight PAA (250 and 450 K) reflects the
fact that PAA undergoes significant changes in globule to extended transformation with
increase in pH. The stretching of the high molecular weight PAA, as observed from earlier
measurement was clearly evident in the 2L0 variation also. The enhanced stretching of
adsorbed PAA with increase in pH was due to enhanced dissociation of the surface group of
PAA (COOH into COO– and H+). The swelling or extension of adsorbed PAA was evident
from the increase in Bragg peak position, λ and 2L0. As PAA exhibits globule structure with
no charge at low pH, excluded volume interaction plays an important role but at high pH the
electrostatic interaction dominates. The increase in droplet distance (due to dissociation of
surface group) with increase in pH of the medium can be understood from the increase in
force magnitude as shown in the Figure 4.11b. The increase in force magnitude by one
order of magnitude between pH 3 and 11.8 for EPAA250 and EPAA450 emulsion shows an
enhanced repulsion between the dissociated surface groups whereas for EPAA15 emulsion, the
force magnitude change was insignificant.
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Figure 4.12: (a & b) Hydrodynamic diameter and zeta potential as a function of pH for
EPAA15, EPAA250 and EPAA450 emulsion.
Figure 4.12 (a & b) shows the hydrodynamic diameter and zeta potential of EPAA15,
EPAA250 and EPAA450 emulsion as a function of pH. The average droplet size increases from
200 to 220 nm for EPAA15 and 200 to 230 nm for EPAA250 and EPAA450, at pH 3.0. The
polydispersity index of the EPAA250 and EPAA450 is 0.15 and 0.2, respectively whereas for
EPAA15, the PDI was 0.08. PAA adsorption at O/W interface leads to a significant growth in
emulsion droplet size and also the surface charge. The zeta potential was found to be
increasing with increasing pH of the medium above pKa due to ionization of PAA backbone.
At low pH (~ 3.0), for PAA of 450 K the zeta potential was -2 mV but increases to -70 mV
at pH 12, due to enhanced dissociation of the carboxyl group of the PAA as shown in the
Figure 4.12b. It was shown that PAA is highly neutral in nature at low pH but attains
charged at high pH due to ionization of surface group (COOH) at the polymer backbone
above

190

. The pKa of adsorbed PAA is found to be different at the end group from the

surface 170. It was shown that the pKa of the end group is 4.5-4.6 whereas the surface pKa is
6.4-6.5. In our case, the PAA becomes charged at pH > 4, as observed from zeta potential
measurement. It shows that the end groups protrude into the aqueous phase dissociates first.
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The results also shows that very low charge density enables a coiled structure (at low pH),
where monomers were neutral but stretches out at higher pH due to enhanced dissociation
of carboxyl group at the PAA backbone, with diffused counter-ion (H+) in the aqueous
phase. In this case, with increase in pH, the Hd of EPAA250 and EPAA450 emulsion increased
with increasing pH from 230 nm (at pH ~ 3) to 290 nm (at pH ~ 12), whereas EPAA15
emulsion, the size of the emulsion droplets remains constant at all pH. These results indicate
that only high molar mass PAA adsorbed at the oil-water interface exhibit measurable pH
dependent coil to globule transition.
4.4 Conclusions
The behavior of adsorbed weak polyelectrolyte (polyacrylic acid) at the oil-water
interfaces is systematically studied under different environmental conditions such as ions of
different valences, pH and molecular weight. The role of molecular weight and pH on the
conformational changes are studied using this approach and are compared with direct
intermolecular force, dynamic light scattering and zeta potential measurements. The results
show that, in the absence of salt, adsorbed PAA undergo a reversible conformational change
from compact globule at low pH to highly extended conformation at high pH due to
electrostatic repulsion of backbone functional group, between the pH range of 3.0 and 11.8.
The adsorbed PAA undergoes an extended conformation in the osmotic brush regime but
collapses in the salted brush regime. The rate of swelling and shrinking in the presence of
salt of different valence was found to be in good agreement with the theoretical predictions
under some conditions. In the case of multivalent ions, the adsorbed polymer not only
undergoes a sharp collapse at very low concentration of ions but also trigger irreversible
aggregation, possibly due to bridged network like structure. The intermolecular force
117

Chapter 4
measurement for PAA of different molecular weight also showed that globule to extended
transition is significant only for adsorbed PAA of molecular weight > 15 K. This study
provides a new insights into the adsorbed macromolecule at O/W interface that enable
improved stabilization of colloidal dispersion, enhanced oil recovery and targeting
drug/protein delivery. Also, the experimental results provide new directions to probe
macromolecular conformational changes at interfaces and provide novel ways of creating
stimuli responsive nanostructures (e.g. pH, temperature, ion etc), lubrication,
of colloids and drug delivery systems.
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CHAPTER 5
Electro-steric interaction due to strong polyelectrolyte, poly(diallyldimethylammonium
chloride) physisorbed at the oil-water interface under different environments: A
comparison with weak polyelectrolyte
5.1. Introduction
Stimuli responsive functional materials find many technological applications in nano
and micro level devices 86, 208-210. Certain polymer brushes grafted or adsorbed on surfaces
to control the overall behavior of the surface of interest
environmental stimulus such as pH, temperature

211

by simply varying

, ionic strength

204

, electric field

Controlling such surface behavior is important for applications in bio-medicine
lubrication

88, 216

an
212

etc.

213-215

,

etc. PE’s coated lipid based complex capsules were shown to exhibit

enhanced stability in organic solvent and proposed for controlled release applications

217

.

Though the behavior of neutral polymers in bulk and interface is fairly well studied, the
studies on the behavior of PE at interfaces are scarce

97

. It is known that the behavior of

adsorbed PE on colloidal interfaces dictate the long term stability and rheology 218. Natural
polymers such as DNA, RNA, protein, polysaccrides etc belong to the family of PE’s and
thus an understanding of their behavior in bulk and interfaces

38, 56

under different

environmental conditions not only enables to develop newer applications but also helps to
understand the biologically important phenomenon such as protein aggragation

219

, binding

of protein, adsorption of DNA, protein folding 171, DNA condensation 172 etc.
The characteristics of adsorbed weak PE is different from strong PE in bulk under
the same physio-chemical conditions such as pH, salt content, solvent medium, temperature
48, 50, 53, 56, 57

etc. For instance, the charge distribution and the fraction of charge over a weak
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PE

50, 58

(weak acid and base) are strongly dependant on solution pH and salt, thereby

exhibiting coil to globule transition whereas strong acid or strong base display pH and salt
insensitive behavior (up to particular salt concentration)

220

. Though it is known that PE

behavior changes with physio-chemical conditions, studies show that their conformational
changes can also
polydispersity

221

depends on the molecular properties such as molecular weight

39

,

etc for weak PE. A recent study shows that the behavior of a strong PE

can vary with solution pH 47, 222.
Though numerous studies have been carried out to understand the behavior of
chemically anchored PE theoretically 32, 50, 51, 53, 56, 58, 182, 223, 224 as well as experimentally, 59,
60, 179, 180

the studies on physisorbed PE at liquid-liquid interface are scarce. The prime

objective of the present study is to understand the behavior of a physisorbed strong PE at
an oil-water interface and compare the results with that of a weak PE. The conformational
changes of a physisorbed strong poly(diallyldimethylammonium chloride) - (PDDA) and
weak poly(acrylic acid) - (PAA) at a magnetically polarizable oil-water interface under
different pH, salt of concentrations and valences is studied here.
5.2. Materials
Magnetic nanoemulsions, EPAA450 and EPDDA (PAA of 450 and PDDA of < 100
kg/mol stabilized emulsion, respectively) are used in this study. Material preparation and
experimental setup are explained in Chapter II. Intermolecular interaction for EPAA450 and
EPDDA at different pH and salts of various concentrations and valances were measured using
magnetic chaining technique.
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5.3 Result and discussion
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Figure 5.1: (a) Hydrodynamic diameter (Hd) and (b) zeta potential (ζ) of EPDDA and EPAA450
emulsion. The average hydrodynamic diameter of EPDDA and EPAA450 emulsion at pH = 7
were 270 and 255 nm, respectively. The ζ potentials values were + 58 mV and - 55 mV at
pH = 7, for EPDDA and EPAA450 emulsion respectively.
The hydrodynamic size (Hd) distribution and zeta potential (ζ) of EPDDA and EPAA450
emulsion at pH 7 is shown in the Figure 5.1 a & b, respectively. The average Hd and ζ of
EPDDA emulsion at pH of 7 is found to be 250 nm and + 58 mV, respectively. The
polydispersity index (PDI) of the EPDDA emulsion is 0.1, indicating fairly good monodisperse
nature of the emulsion. Adsorption of PDDA at the liquid-liquid interface results in a
significant increase in emulsion droplet size to 250 nm and zeta potential to + 58 mV.
Similarly, adsorption of PAA at emulsion interface increased the droplet size to 270 nm and
the corresponding zeta potential changes to -55 mV at pH ~ 7. The polydispersity index of
the EPAA450 emulsion was 0.2, indicating a lower monodispersity than the EPDDA emulsion.
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5.3.2 Effect of pH on interaction forces for EPDDA and EPAA450 emulsion
The force profile of EPDDA emulsion at different pH is shown in the Figure 5.2a. The
force profiles in all cases were repulsive and decaying exponentially with distance, similar
to the EPAA450 emulsion
as

113

. The force profiles here is described by an exponential function

, where K is the pre-exponential factor, h is the interdroplet spacing

and λ is the decay length, respectively

109, 198

. From the force profiles,

decay length ()

and first interaction distance (2L0), are evaluated for EPDDA and EPAA450, as a function of pH
(Figure 5.2 b & c). Zeta potential of EPDDA and EPAA450 emulsion at different pH is shown in
the Figure 5.2d.
The PE mediated interactions arise from a combination of electrostatic,
conformational entropy of polymer chain and steric interaction. Here, the electrostatic
interactions are altered due to the variation in charge density over the PE backbone when
they are exposed to different pH or ionic strength. In the present case, at pH 2.0, the onset of
interaction in the force profile for EPDDA emulsion begins at a higher interdroplet spacing
and remains the same till the solution pH reaches 10.0 as shown in the Figure 5.2a. With
further increase in pH (> 10), the onset of interaction decreases to a lower interdroplet
spacing. But, the onset of interaction for EPAA450 emulsion begins at a lower interdroplet
spacing that increases to a higher value with increase in pH 113. To compare the behavior of
PDDA and PAA, the force parameter values for PDDA and PAA are compared. For EPDDA
emulsion, λ was found to be ~ 17 nm between the solution pH 2.5 and 10.0 but with further
increase in pH, λ decreases and reaches a value of 4 nm at a pH of 12.5, whereas for EPAA450
emulsion,  was found to be 6.6 nm at pH 3.0, but increases with increase in pH and finally
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reaches a value of 28 nm at a pH of 11.8, with a total increase of 21.4 nm. The 2L0 for EPDDA
emulsion remains almost the same (64 nm) between the pH 2 to 10 but with further increase
in pH, it decreases and reaches a value of 34 nm at pH 12.4. However, 2L0 increases from
60 to 175 nm as the pH increases from 3.0 to 11.8 for EPAA450 emulsion. The extended
conformation of PE in the pH range 2-10 for EPDDA emulsion was evident from the increased
2L0 (~ 64 nm) and λ (~ 18 nm) values of EPDDA emulsion.
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Figure 5.2: (a) Intermolecular force vs. distance for EPDDA emulsion at various solution pH.
(b) Decay length, (c) first interaction distance and (d) Zeta potential as a function of pH for
EPDDA and EPAA450 emulsion, respectively.
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The increase in λ and 2L0 with pH for EPAA450 emulsion shows a globule to an
extended conformation of the adsorbed PAA due to an increased electrostatic repulsion
between the dissociated surface groups (COOH). The zeta potential of EPDDA emulsion did
not change (+ 56 mV) in the pH range between 2 and 10 but decreased to + 25 mV on
increasing pH to 11.5 whereas for EPAA450 emulsion, zeta potential is found to increase with
increase in pH (-10 mV at pH 3.0 and -74 mV at pH 11.5) as shown in the Figure 5.2d. Zeta
potential measurement confirms the positively and negatively charged O/W interfaces due to
the adsorption of strong cationic and weak anionic PE’s, respectively (Figure 5.2d).
PDDA is water soluble cationic strong PE which dissociates by releasing Cl¯ as
counter ion while retaining quaternary ammonium group on the polymer backbone at all pH
range. The force measurement shows that with increase in pH, the onset of interaction and λ
remains the same for EPDDA emulsion in the pH range 2 - 10 as shown in the Figure 5.2 a &
b. With further increase in pH (between 10 and 12), the onset of interaction and extension of
adsorbed PDDA decreases drastically. Though the behavior of the strong PE is considered
as pH independent

45, 46

, a recent study showed that the conformation, stiffness, hydration,

adhesion, lubricity, protein adsorption of strong PE brush are pH dependent 222 because
of the formation of inter chain hydrogen bonded network between the grafted chains and
the rearrangement of chain conformation resulting from pH mediated adsorption of OH–
within the PE brush. The pH response of

a strong PE, poly[2-(methacryloyloxy)ethyl

trimethylammonium chloride], studied using quartz crystal microbalance showed that with
increase in pH, the adsorption of OH− on the outer part of strong PE is enhanced. The
formation of such interchain hydrogen bonds between grafted brushes leads to cross-linking
between the adsorbed brush structures and making them physically stiffer, resulting in a
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weakened electrostatic interaction. Moreover, it was also shown that the mole fraction of
adsorbed OH− on the strong PE brush vary with solution pH 47. In the pH range of 2-7, only
few OH- groups were adsorbed on the brush but with increase in pH from 7-12 a strong
adsorption of OH- was noticed, particularly between the pH 10 and 12.

The present

experimental results are (pH independent behavior up to a pH 10 and the collapse of λ, zeta
potential and 2L0 beyond pH 10) in very good agreement with the observations in poly[2(methacryloyloxy) ethyl trimethylammonium chloride]. Above pH 10, λ decreases from16
to 4 nm, whereas 2L0 and ζ decreases from 64 to 22 nm and +52 to + 22 mV, respectively.
All these results show that when pH > 10, a stronger adsorption of OH ˉ over the PDDA
backbone increases, leading to a drop in the effective charge of PDDA.
Contrary to PDDA, PAA is a water soluble anionic weak PE carrying carboxylate
anion group on the polymer backbone that ionizes into COO¯ and H+ at pH > pKa. At low
pH, it is highly neutral and exhibits a compact structure but adopts an extended
conformation

at high pH due to deprotonation of the carboxyl groups. Though it was

believed that at pH > pKa + 1, weak acid dissociate completely, it is applicable only to
monomers whereas polymer barely reaches 50 % ionization at this pH

225

. The fraction of

deprotonated group on the backbone of the weak PE varies with pH as
. Therefore, an enhanced fraction of deprotonated group occurs when the
solution pH is increased above pKa. When pH < pKa, only 10% of the surface groups are
ionized whereas around 90 % of the surface group are ionized when pH > pKa. The pKa of
acrylic acid was found to be 4.54 190.
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In the present case, between pH 3.0 and 4.5, the zeta potential was quite low due to a
fewer dissociated COOH group but in the pH range of 4.5 to 9, an enhanced dissociation of
COOH group results in a huge increase in the zeta potential. As dissociation of PAA was
almost complete at > pH 10, a little change in the zeta potential was observed between pH
10 and 12.
5.3.3 Influence of salt on the intermolecular forces for EPDDA and EPAA450 emulsion
5.3.3.1 Trivalent ions
In addition to the electrostatic and steric interaction, the osmotic pressure due to
counter-ion also plays an important role in swelling of the PE 50, 56, 58. Unlike the association
and dissociation of the surface groups of weak PE during pH change, the external salt plays
a dual role of charge regulation at low concentration and screening of the surface groups at
high concentration

50, 58, 60

. To understand the nature of conformational change of adsorbed

PDDA and PAA in presence of salt, the intermolecular force measurement was carried out
for EPDDA and EPAA450 emulsion at a fixed pH (~5) but with varying salt concentration. The
force-distance profiles, Figure 5.3 a-d, show that the intermolecular forces are repulsive in
nature and decay exponentially with distance for both PDDA and PAA at all concentrations
of trivalent ion. For EPDDA emulsion, no variation in the onset of interaction in the force
profile is observed at low concentration of Fe3+ (0.006 to 1.0 μM) but with further increase
in Fe3+ (1.6 to 45 μM of Fe3+), the onset of interaction decreases to a lower interdroplet
spacing as shown in the Figure 5.3 a & b. But, for EPAA450 emulsion at low concentrations
of Fe3+ (0.03 to 1.3 μM), the onset of interaction of the force profile increases to a higher
interdroplet spacing as shown in the Figure 5.3c but decreases to a lower interdroplet
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spacing with further increase in Fe3+ concentration (2.7 to 270 μM of Fe3+) as shown in the
Figure 5.3d.
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Figure 5.3: Force-distance profile for (a & b) EPDDA emulsion at different concentrations of
Fe3+ ion and (c & d) EPAA450 emulsion at different concentration of Fe3+ ion. The best fits are
shown by the solid line.
The swelling and collapse of the PE brush in the presence of external salt
concentration was theoretically predicted
60, 205, 227

.

49-51, 56, 58, 186, 226

and experimentally probed

55,

To compare the behavior of PDDA and PAA, λ of both PE’s at various

concentration of Fe3+ is studied and the results are shown in Figure 5.4 a & b. λ remains the
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same at low concentration of Fe3+ for EPDDA emulsion whereas for EPAA450 emulsion λ was
found to increase with Fe3+ as

λ+0.07 in the same electrolyte concentration range. But, at

high concentration of Fe3+ (2.7 to 270 μM) the corresponding λ variation is shown in the
Figure 5.4b for both EPDDA and EPAA450 emulsion, where λ scales with Fe3+ concentration
as λ-0.15 and λ-0.165, respectively. Therefore, at low concentration of Fe3+, extension of PDDA
remains the same but a swelling is observed in the case of PAA. At high concentration of Fe
3+

, both PDDA and PAA collapse.
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Figure 5.4: Decay length of EPDDA and EPAA450 emulsion in the presence of (a) low
concentration of Fe

3+

(b) high concentration of Fe3+. The best fits are shown by the solid

line. At low concentration, λ remains constant for EPDDA emulsion whereas it increases with
increase in Fe3+ concentration for EPAA450 emulsion, where λ ~

(R2 = 0.95). At high

Fe3+ concentration, λ decreases for both EPDDA and EPAA450 emulsions where λ scales with
concentration of Fe3+ as ~

(R2 = 0.91) and ~

Mean field and self consistent field theory

(R2 = 0.82), respectively.
50, 58

predicts that the brush height of a

strong PE does not change until the concentration of external ions is equal to the number of
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counter-ions inside the brush. The anomalous behavior (i.e. increase in PE brush height at
low salt concentration) is a characteristics of weak PE but in case of strong PE, such a
behavior was not observed

50, 58

where the brush height does not exhibit non-monotonic

behavior as a function of salt concentration due to lack of potential gradient of ions between
the surface and bulk. At very low salt concentration, the brush height of the quenched PE
does not vary with addition of salt and the PE conformation remains unaltered (only slight
variation in PE charge distribution was noticed) 45, 228. The cross-over from osmotic (low salt
concentration) to a salted brush regime (high salt concentration) was explained on the basis
of two parameters 228: Debye length (κ-1) and ξ (the length scale over which a test charge is
neutralized within the brush). When κ-1 x ξ <<1, the salt contribution is weak and the brush
height was unaltered whereas κ-1 x ξ >>1, the counter-ions in the brush is modified that
results in collapse of the brush height. Therefore, at high salt concentration, the brush enters
salted brush (SB) regime where the quenched PE brush height collapse with increased salt
content. The collapse continues due to decrease in osmotic pressure of the counter-ions and
PE brush neutralizes completely and enters a quenched neutral brush (QNB) regime where it
behaves like a neutral polymer brush. The observation of λ variation for EPDDA emulsion
with increasing Fe3+ was found to be quite similar to theoretically predicted variation for
strong PE, where the PE chain extension remains unaltered at low concentration of Fe3+
ions. Between 0.006 to 1 μM of Fe3+, λ is found to vary between 22 and 20 nm whereas
further increasing Fe3+ concentration leads to a collapse of PDDA extension with a decay
rate of λ ~

, which is quite comparable to the decay rate of EPAA450 emulsion.

The addition of higher concentration (> 0.1 mM) of divalent and trivalent salt in
EPDDA and EPAA450 emulsion is found to cause a rapid phase separation where the flocculated
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oil droplets are phase separated from the aqueous phase. But, no such flocculation was
observed in the presence of monovalent ions of high concentrations. A study showed that 229
at a lower concentration of trivalent ion (EuCl3), the spherical PE brush (polystyrene
sulfonate) adopts a more extended conformation whereas at higher trivalent concentrations a
collapse of PE brush was observed due to partial neutralization of surface charge. Similarly,
Farina et al.

230

studied structure and properties of the end-tethered anionic strong PE

(polysodium styrenesulfonate) brush using surface force apparatus and showed that in the
presence of trivalent ions (ruthenium hexamine - Ru(NH3)6 3+), the extended brush structure
completely collapsed due to replacement of sodium ions with trivalent ions as a result of
adhesion between the surfaces. A few

other studies also showed that the addition of

external ions can condense over PE backbone, thereby reducing the translational entropy of
counter-ions and osmotic pressure inside the brush leading to a reduction in the brush
height

205

. The addition of trivalent ions seems to replace the charges along PE backbone

by forming strong ion pairs that collapse the adsorbed PE, followed by bridging attraction
and flocculation of emulsion droplets. Though, the collapse of end-tethered PE was reported
with a formation of adhesive interaction

55, 179

in the presence of multivalent ion, yet a

proper understanding of such phenomenon is lacking. An earlier study showed that the
collapse of PE was due to lowering of osmotic pressure in the brush layer where several
monovalent counter-ions were replaced by a single multivalent ion and a strong multivalent
counter-ions condensation can induce an effective charge neutralization

205

. Though, the

osmotic pressure difference hypothesis is able to explain the collapse of PE in the presence
of multivalent ions, the formation of adhesive interaction between the surfaces remains
poorly understood. To account for this, new models were proposed to describe the collapse
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transition of PE followed by electrostatic attraction from bridging that gives rise to an
adhesive interaction

53, 54, 201

. Another important observation, in the present case, is that the

swelling and collapse of PE is seen at very low concentration of trivalent ion as compared to
the monovalent and divalent ions.
The decay length measurement (Figure 5.4b) suggest that, at low salt concentration
(i.e. osmotic brush regime), physically adsorbed PAA at oil-water interface swells with
increasing salt concentration due to penetration of counter-ions in the bulk solution into the
PE brush,

driven by Donnan potential

199, 231

, which

result in an increase in osmotic

pressure within the PE layer, a region called Osmotic brush (OsB) regime. This behavior
was predicted theoretically for end-tethered annealed PE 50 where brush height underwent a
swelling and collapse that depends on the amount of external salt content. This anomalous
behavior was attributed to the increase in ionization of
increase in salt content as

[

]

chains forming the brush with
, where σ and amon are the grafting

density of PE and the monomer size.
In our case, the rate of swelling of PAA was found to be λ0.07 (which is quite low) as
compared to the swelling of end-tethered brush height (H) with salt concentration that goes
as, H0.33. This discrepancy arises due to non-inclusion of some factors in the theory of PE
brush such as steric interaction

59

. Studies also showed that the discrepancy might have

originated from non-inclusion of hydrophobicity of polymer backbone, polydispersity of the
chains and three body interaction at higher grafting density

202

. The non-monotonic

dependence of brush height as a function of salt concentrations was also observed for
chemically grafted hydrogel comprised of weak acids whose thermodynamics was studied
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using molecular theory232. Such non-monotonic brush height variation with change in pH is
a characteristic of weak PE.
Once, the equilibrium between brush and bulk is established (when the concentration
of mobile ions inside and outside the PE chains becomes equal) the degree of dissociation of
the brush (α) attains the same value as that of the bulk αb i.e. α ≈ αb, then brush enters
another regime called salted brush (SB) regime where annealed PE brush height collapses
with increasing salt content due to screening of the charges on the chains. The collapse
continues till annealed PE neutralizes completely and finally entering a quenched neutral
brush (QNB) regime where they display a neutral polymer brush characteristic. Here, for
physically adsorbed PAA at oil-water interface, further addition of trivalent salt (> 1 μM)
resulted in a collapse of adsorbed PE as λ-0.15.
For EPDDA emulsion, the collapse of adsorbed PE in presence of trivalent ions
happens due to the exchange of monovalent ions with trivalent ions over the PE backbone
205

. This exchange and binding process results in the reduction of number of monovalent

ions on the PE backbone and screening of the surface group

229

. The swelling dynamics of

end-anchored PAA adsorbed on mica under varying salt concentration studied using AFM
194

showed that PAA undergoes a swelling at very low salt concentration due to dissociation

of surface group but collapses at higher salt concentrations

at a pH 9. Since the

brush structure was found to be highly protonated below pH 6, the brush height was found to
be independent of salt concentrations. Although PAA has a pKa of 4.2-5.5, the experimental
condition in the above study was carried out such that the surface anchored PAA dissociates
only above pH 6.
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5.3.3.2 Mono and divalent ions
In this section, the behavior of the adsorbed PDDA and PAA at oil-water interface as
a function of monovalent (Na+) and divalent (Ca

2+

) salt at a fixed pH (~ 5.0) is discussed.

The λ obtained from the intermolecular force measurement for EPDDA and EPAA450 emulsion
at low and high concentrations of salt are shown in the Figure 5.5 a & b. As observed in the
case of trivalent ions, at low monovalent salt concentration (between 0.04 to 10 mM), λ was
found to be nearly constant (between 18 and 16) for EPDDA emulsion, indicating that no
change in extension of PDDA occurs. However, for EPAA450 emulsion, λ increases from 13
to18 nm and varies with φs as λ ~

as shown in the Figure 5.5a. At high salt content,

λ decreases from 16 to 4 nm as λ ~

for EPDDA emulsion and 15 to 5.5 nm and decay as

λ ~

for EPAA450 emulsion as shown in the Figure 5.5b. Similarly, in the case of

divalent ions at low salt concentration, λ remains the same for EPDDA emulsion but it
increases from 15 to 19 nm as λ ~

for EPAA450 emulsion as shown in the Figure 5.5c.

At high divalent concentration, λ was found to decrease as λ ~
and λ ~

for EPDDA emulsion

for EPAA450 emulsion (Figure 5.5d).
As observed earlier, here also the extension of strong PE (PDDA) was found to be

unaltered at low salt content of mono and divalent salt but swelling of adsorbed PAA (due to
charge regulation) was observed in the same salt concentration range due to screening of
surface groups that was observed for both strong and weak PE. But, the rate of decay for
EPDDA emulsion (-0.42) is quite high as compare to the rate of decay of end-tethered PE
where the brush height fell as H ~

50

. In the case of strong PE , the collapse of the

adsorbed PDDA occurs due to condensation of electrolyte ions over backbone of PDDA 41,
thereby reducing electrostatic interaction. Though the surface group of the adsorbed PE
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neutralizes in the presence of high salt content, the brush height remains stable due to the
excluded volume interaction 203. The zeta potential of the EPDDA emulsion in the presence of
very high salt content (0.7 M NaCl) was found to be +8 mV, yet emulsion stability was
extremely good in the presence of monovalent salt environment. This showed that for EPDDA
emulsion, with increasing NaCl concentration, the extension of PDDA decreases due to
condensation of electrolyte ions followed by neutralization of surface group which was
evident from the decrease in ζ.
Tamashiro et al.230 derived an expression for the compressed normal force for
quenched PE brush under various concentration of monovalent salt and monitored the brush
height in the same salt environment. At high salt concentration, both experimental profile
and theoretical prediction were quite similar where the brush height collapse was found to
with salt concentration. A similar results of the collapse of a strong PE, poly([2(methacryloyloxy)-ethyl]trimethylammonium chloride), grafted on silica particle, in the
presence of monovalent salt was observed in an optical tweezer based study 233 where it was
found that the Debye length (κ-1) and surface potential (ψ0) decreases with increasing
monovalent salt concentrations due to screening of electrostatic interactions of the adsorbed
PE by NaCl.
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Figure 5.5: Variation of λ for EPDDA and EPAA450 emulsion in the presence of low and high
concentration of (a & b) Na + (c & d) Ca 2+, respectively. The best fits are shown by the solid
lines. At low concentration of Na+, λ remains constant for EPDDA emulsion whereas it
increases with Na+ for EPAA450 emulsion as, λ ~

(R2 = 0.89). At high salt

concentration, λ decreases with increase in of Na+ as λ ~

(R2 = 0.9) for EPDDA emulsion

(R2 = 0.94) for EPAA450 emulsion. At low concentration of Ca2+, λ remains

and as λ ~

constant for EPDDA emulsion whereas it increases with increase in Ca2+ for EPAA450 emulsion
as, λ ~

(R2 = 0.95). λ decreases with further increase in Ca2+ for EPDDA and EPAA450

emulsion as λ ~

(R2 = 0.99) and λ ~

(R2 = 0.88), respectively.
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Although an enhanced swelling of strong end-tethered brush structure before it
collapse at high salt concentration was reported

234

, the present study reveals that the

extension of the strong physisorbed PE remains almost the same before it begins to collapse
at a high salt concentration. Similarly, theory showed that the strong PE brush does not
undergo expansion at low salt concentration
al.

234

50, 58

at all pH level but a study by Xiao chu et

observed an enhanced swelling of strong PE brush before it begins to collapse from

ellipsometry, QCM-D and AFM measurements. The observed swelling of the PE at low salt
content was explained on the basis of penetration of counter-ion which breaks up the
multiplets already formed due to ion pairs and dipole-dipole interactions. According to the
above study, strong PE dissociates at all pH level with confinement of the counter-ions
inside the brush and the ion-pairs were formed due to dipole-dipole interaction in multiplets
that restrict the complete stretching of the strong PE brush. When external salt concentration
is increased, penetration of ions inside the brush and breaking of the existing multiplet
structures results in further stretching of the strong PE brush.
A study by Beaman et al.189 showed that the addition of divalent ion (Ca2+ and Mg2+)
to PAA adsorbed at oil-water interface enhances the screening of surface group much more
than the monovalent ion of the same concentrations. Their study also showed that the
presence of divalent ion can increase the adsorption of PAA at oil-water interface.
Interestingly, in our case the PE brush height collapse was observed at a very low
concentration of multivalent ions (0.1 mM for trivalent and 1 mM for divalent ion) as
compared to monovalent ion (10 mM). Surprisingly, irrespective of the salt concentrations
and valance, the swelling and collapse of physisorbed PE at the oil-water interface was
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remarkably similar to the theoretical predictions of end-tethered PE, though the nature of
interface is completely different in the present study.
5.3.4 Zeta potential measurement of EPDDA and EPAA450 emulsion as a function of salt
Figure 5.6a shows the ζ potential of EPDDA emulsion as a function of mono, di and
trivalent salt concentration. In the absence of electrolyte, the zeta potential was + 48 mV.
But, the addition of salt neutralizes the charges on the adsorbed PE and decrease in zeta
potential. As observed for EPAA450 emulsion, the addition of monovalent salt concentration
decreases the zeta potential with a rate of scales as φs-0.37 whereas for divalent and trivalent
ions the rate of decay was found follow, φs-0.20 and φs-0.16, respectively. Again, as the valence
of the salt increases even at lower concentration of salt, surface charge neutralization of
emulsion droplets occurs as compared to monovalent salts of very high salt concentrations.
This observation was consistent with our force measurement results.
100

(a)
Zeta potential (mV)

Zeta potential (mV)

100

Na⁺
Ca

10

2+

3+

Fe
-9

10

-7

10

-5

10 0.001
Salt (M)

_
(b)

Na⁺
Ca 2+
10

_

3+

Fe
-8

0.1

10

10

-6

10

0.0001 0.01
Salt (M)

1

Figure 5.6: Zeta potential of (a) EPDDA and (b) EPAA450 emulsion, as a function of salt
concentration. The best fits are shown by the solid lines. The zeta potential for EPDDA
emulsion decays as φs-0.37, φs-0.20 and φs-0.16 for mono, di and trivalent salt, respectively. The
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decay of zeta potential as a function of salt for EPDDA emulsion scales with concentration as
φs-0.36, φs-0.25 and φs-0.11 for mono, di and trivalent ions, respectively.
Figure 5.6b shows the zeta potential of EPAA450 emulsion with increasing salt
concentration of mono, di and trivalent ions. In the absence of electrolyte, the zeta potential
of EPAA450 emulsion was found to be -48 mV at a pH = 7. With the addition of salt decrease
in the zeta potential occurs due to neutralization of PAA backbone charge carrier (COO-). In
the presence of monovalent salt concentration of 0.004 - 0.2 M, the zeta potential decreases
as φs-0.36 whereas for divalent and trivalent ion concentration it decays as φs-0.25 and φs-0.11,
respectively. The rate of decay of surface charge for EPAA450 emulsion were found to follow
φs-0.36, φs-0.25 and φs-0.11 for mono, di and trivalent ions, respectively. It is clearly seen from
the profile that as the valence of the salt increases the neutralization of the charged moieties
happens at a lower concentration. Hoffman et al.

229

reported such collapse of PE brush at

high Eu3+ concentration due to partial neutralization of surface charge. Our observation on
the rate of collapse of adsorbed PAA with increasing valance of ion was consistent with
other reported results.
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Table 5.1: Comparisons of scaling relations of λ and ζ as a function of salt concentrations of
different valances for EPDDA and EPAA450 emulsion.
S. No.

EPDDA emulsion
length Zeta
(ζ)

EPAA450 emulsion
potential

Decay
(λ)

length Zeta potential (ζ)

Salt

Decay
(λ)

Monovalent
(NaCl)

λ~

ζ ~

−0.37
s

λ~

ζ ~

Divalent
(CaCl2)

λ~

ζ ~

−0.20
s

λ~

ζ ~

Trivalent
(Fe2(SO4)3

λ~

ζ ~

−0.16
s

λ~

ζ ~

−0.36
s

−0.25
s

−0.11
s

Table 5.1 shows the dependence of λ and ζ on different salt concentration for mono, di and
trivalent ions for EPDDA and EPAA450 emulsion. The scaling relation shows similar rate of
collapse for physisorbed PDDA and PAA.
5.3.5 Reversibility in adsorption and release of added ions on PE backbone
To quantify whether external electrolyte adsorbed on the PE backbone is reversible,
intermolecular force measurement is carried out for EPAA450 emulsion in the presence of
higher salt concentration and valance, till the adsorbed PAA collapse completely. Then
emulsion is further washed with lower concentration of NaCl (10 mM) and left it to
equilibrate for two days.
Figure 5.7 a & b shows force-distance curves and the corresponding λ of EPAA450
emulsion with increasing concentration of NaCl (0.2 M) and after washing it with 10 mM
NaCl. In the absence of NaCl, the force profile showed long range repulsion, arising due to
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electric double layer repulsion of dissociated carboxylate group where λ was found to be ~
20 nm. With addition of NaCl, the onset of interaction in the force profile decreases and a
complete collapse of adsorbed PAA were observed at 0.23 M NaCl, where the force profile
shifted to a lower interdroplet spacing with λ ~ 5 nm with a zeta potential of -15 mV,
indicating the collapse of PAA and neutralization of the surface groups. However, after
washing the emulsion with very low concentration of NaCl, the onset of force profile shifted
to a higher interdroplet spacing with a λ of 21 nm and the corresponding ζ of -54 mV,
indicating that the adsorbed PAA reverted to its original extended structure. These results
showed that the condensed ions on PAA backbone got desorbed on washing, thereby
enabling PAA to regain its original extended conformation.
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Figure 5.7: (a) Force-distance curves for EPAA450 emulsion at different NaCl concentration
and washed it again with a lower salt (NaCl) concentration (10 mM). (b) Decay length and
zeta potential for the same.
Similar results were reported earlier

235

with poly([2-(methacryloyloxy)ethyl]

trimethylammonium chloride) brushes on glass surface. The PE brush was highly swollen
with 0.05 mM NaCl a long range electrostatic repulsion was noted and the measured
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interaction and decay length were reduced on increasing the concentration of NaCl due to
screening of electrostatic interaction. On changing the brush environment with a lower
concentration of NaCl (0.05 mM), the brush height was restored to its original value,
indicating the reversible brush conformation.
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Figure 5.8: (a & c) Force-distance profile for EPAA450 emulsion at different Ca2+ and Fe3+
concentration and after washing it with a lower salt concentration of NaCl (b &d) Decay
length and zeta potential for the same.

141

Chapter 5
Figure 5.8 a-d shows force-distance curve and the corresponding λ variation for
EPAA450 emulsion with increasing concentration of Ca2+ (0.04 to 1 mM) and Fe3+ (0.0008 to
0.2 mM) and the emulsion was washed with lower concentration of NaCl (0.01 M). In the
presence of 1 mM Ca2+ and 0.2 mM Fe3+, the onset of interaction decreases dramatically due
to collapse of adsorbed PAA. The force profile shifted to a lower interdroplet spacing with a
λ value of ~ 5 − 6 nm and a ζ of -22 to -24 mV due to screening of surface group. However,
after emulsion was further washed with very low concentration of NaCl (10 mM), the onset
of interaction shifted to a higher interdroplet spacing and the corresponding λ increased to
28 and 18 nm and ζ increased to -48 and -52 mV for Ca2+ and Fe3+, respectively, indicating
that the adsorbed PAA resumes to its original extended conformation. These results show
that the condensed ions (Ca2+ and Fe3+) over the adsorbed PAA can be removed by simply
washing emulsion with a lower salt concentration.
Such a reversal of brush collapse and adhesion was also observed by Farina et al. 179,
230

in strong PE brush - (Poly(t-butyl styrene)20 – poly(styrene)420) on hydrophobically

modified mica. Here, the brush height was found to be highly extended in a dilute
concentration of trivalent ions (La3+ or Ru(NH3)63+) but collapsed at higher concentration.
Their result showed that 99 % of the adsorbed Ru(NH3)63+ over PSS brush were released
when collapsed and adhesive brush was remains monovalent salt solution. This showed that
the diffusion of monovalent ion to the PE backbone can replace the condensed divalent
trivalent ions. The present study confirms such reversible swelling of PAA at O/W interface.
Though, the reversible swelling and collapse is observed in presence of salt in other strong
PE’s

55, 179, 235

, such reversibility in PDDA system was not observed. In the case of strong
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PE, the emulsion was destabilized completely while washing with a lower concentration of
NaCl.
5.4 Conclusions
The behavior of strong polyelectrolyte, poly(diallyldimethylammonium chloride) PDDA adsorbed at oil-water interfaces is studied using intermolecular force measurement,
zeta potential and hydrodynamic measurement and the results are compared with the
behavior of weak polyelectrolyte, poly(acrylic acid) - PAA. The study showed that at low
salt concentration the adsorbed PDDA possess an extended conformation. In the presence of
very high salt content, a complete collapse of the PDDA was noticed due to enhanced
neutralization of the surface group. With multivalent salt, PDDA collapse occurred at lower
salt concentration and the rate of collapse was rapid with increasing valence of the
electrolyte. In the case of EPAA450 emulsion, in the absence of salt, PAA underwent a globule
to extended transition in the pH ranges of 3 − 11. But at constant pH, PAA displayed
extended conformation at lower salt concentration but collapsed at higher salt concentration.
Interestingly, the rate of swelling and collapse of PDDA and PAA was in good agreement
with the theoretical predictions of end grafted PE. The collapse of PDDA and PAA was in
agreement with electrophoretic measurement where increasing the salt concentration is
found to decrease in the ζ due to enhanced neutralization of surface groups. However,
irrespective of the nature of adsorbed ions over PAA, desorption of condensed ions is
observed on washing. Though the interface and adsorption mechanism is entirely different
with respect to end grafted PE, the rate of swelling and collapse of the adsorbed weak and
strong PE was found to be remarkably similar. Also, the rate of collapse of adsorbed PE in
both cases (PDDA and PAA) was found to be same as that of the rate of charge
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neutralization observed from electrophoretic measurement. These results are very useful to
obtain insights into the behavior of biological macromolecules adsorbed at cell membranefluid interface.
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CHAPTER 6
Competitive adsorption of bovine serum albumin at the oil-water interface in the
presence of polyelectrolyte

6.1 Introduction
The protein adsorption at an interface is a complex process that involves various
forces such as hydrophobic, van der Waals, electrostatic and hydrogen bond

236, 237

. The

adsorption of protein at interfaces has an important implications in drug delivery
selective binding239, biosensors

240

, colloidal assembly

241, 242

and food industry

243

, increase biocompatibility of substrates

244

,

. Protein

adsorption on nanoparticles or substrates 244 enhance stabilization of colloidal products
245

238

243,

and improving bioactivity of implanted

biomaterials.
Proteins are amphoteric polyelectrolyte (PE)

246

that are

extensively used in

industrial applications because of its low toxicity. The surface activity of protein enables
them to adsorb over surfaces or interfaces
protein and nature of substrate

62, 244

247

. The adsorption depends on the structure of

. For example, they act as emulsifiers

243, 245, 246

where

adsorption of protein reduces the interfacial tension and forms a thin viscoelastic film
through

non-covalent intermolecular interaction that impart stability to the oil droplet

against coalescence

248

. This aspect is exploited in pharmaceutical, personnel care and food

products. The organization of proteins at interfaces influence the stability of the emulsion
19

. Protein adsorption is also used to make biocompatible surfaces and artificial scaffolds 9.

However, in marine and biomedical implants, the adsorption of protein on substrates

145

249

or
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nanostructured materials

27

biofouling on the materials

is considered
250-252

as an undesirable effect

28

, as it results in

that reduces the functioning of the material (e.g. heat

transfer efficiency, reduced flow rates, bacterial influenced corrosion). Irrespective of the
importance of protein adsorption, a clear understanding on the mechanism behind this
process is still elusive.
Understanding the mechanism of interaction and the
macromolecule or protein adsorption

right condition for

at an interface is essential in fine tuning their

properties and stability of colloidal systems

253

. BSA is one of the most extensively studied

model globular proteins that belong to the class of serum albumin. It is synthesized in the
liver of mammals, having half life of 19 days. It is the most abundant protein in blood
plasma, responsible for maintaining osmotic pressure, blood pH as well as involves in the
transport of cations, fatty acid, therapeutic drug, steroid

254

etc. At pH 7.4, BSA exhibits

heart like shape, transforms to cigar like structure at pH 3.5 and denatures into fully
expanded (E) structure at solution pH less than 2.8. The isoelectric point of BSA lies
between pH 4.7 and 5.2 255. The secondary structure of BSA contains predominantly α-helix
(73 %) and β-sheet (2 %) that changes with the solution pH. It is widely believed that the
primary structure of protein is not changed when it is adsorbed at the air-water interface but
the secondary structure changes in the presence of denaturants such as urea. Moreover, when
BSA adsorbs at the oil-water interface, the percentage of secondary structure was found to
change significantly. The adsorption of protein was determined from the change in solution
pH 256 and studies showed that adsorption is maximum at the isoelectric point 7, 84. Physiochemical parameters such as pH, temperature, ionic strength etc alters the thermodynamic
properties of the protein

257

and affects its adsorption over a surface
146
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. Though it was
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believed that the protein adsorption at an interface was diffusion controlled

258, 259

, in

general the adsorption of protein at air-liquid and liquid-liquid interface depends on the
energetic of interaction of protein with an interface

260

. The co-adsorption of protein with

other PE’s and lipids at emulsion interface is also important in improving the shelf life and
performance of emulsion based products

63, 261

. Such interfacial engineering where

combination of many surface active moieties is used to improve the quality of emulsions
12, 247

8,

.
Since the behavior of adsorbed PE shows different behavior under different physio-

chemical conditions

49, 50, 113

, an understanding of interaction between the adsorbed PE and

protein at different charge density of PE at oil-water interface is important. Though the
macromolecular interactions at solid-liquid interfaces are studied extensively

262

, such

studies on liquid-liquid interface are scarce 263. Using a combination of intermolecular force
and electrophoretic measurements, we study the competitive adsorption of proteins at oilwater interface at different solution pH in the presence of a strong or weak PE. The
questions that are addressed in the present work are the following: (a) is it possible to
displace the adsorbed weak (annealed) or strong (quenched) PE over oil droplets by protein
molecules? (b) What is the resultant colloidal stability at different solution pH? (c) Does
competitive adsorption effective when surface charge density is high? To answer these
questions, magnetically polarizable oil-in-water nanoemulsion stabilized with strong PE,
PDDA (EPDDA emulsion) and weak PE, PAA (EPAA450 emulsion) is prepared and studied the
intermolecular interaction with BSA of different concentration at various solution pH. To
validate the force data, electrophoretic measurements are also done under the above
conditions.
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6.2 Materials
Magnetic nanoemulsions, EPAA450, EPDDA and EBSA (BSA stabilized emulsion) are
used in this study. Material preparation and experimental setup are explained in Chapter 2.
The average droplet size and nature of surface charge of the magnetically polarizable
nanoemulsion was characterized using a Malvern Nanosizer (Zetasizer Nano-S).
Intermolecular interactions for EPAA450 and EPDDA emulsion in the presence of BSA were
measured using magnetic chaining technique.
6.3 Results and discussion
6.3.1 Size and zeta potential of EBSA emulsion
The average hydrodynamic size and zeta potential of EPAA450 and EPDDA emulsion is
discussed in chapter 2. The average hydrodynamic size (Hd) of EBSA emulsion was 230 nm
and zeta potential was highly positive (+ 38 mV) at low pH, which is found to decrease with
increase in pH and reaches zero at pH ~ 5.2, where the net charge of various charged groups
of BSA balances. Above pH 5.2, zeta potential was negative and the magnitude increases as
solution pH approaches high alkaline condition, which confirms the amphoteric behavior of
BSA.
The charge and conformation of the BSA changes abruptly with change in solution
pH

264

. In the pH range of 4 to 7.5, it adopts F-form with a globular structure whereas

between 4.5 and 4.0, normal-fast structures are seen. On lowering the pH further (< 4.0)
results in an expanded structure. At high alkaline medium, basic structure with maximum
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extension and asymmetry occurs. The uneven distribution of charged patches across BSA is
found to vary with solution pH. In acidic medium, the net charge of the protein is highly
positive but in alkaline medium it is highly negative with isoelectric point between pH 4.7
and 5.2 254, 265-267.
6.3.2 PDDA-BSA interaction
To understand the complex interactions of PDDA covered droplets in the presence of
BSA, we performed the intermolecular force measurements. Force vs. distance curve for
EPDDA emulsion at various concentrations of BSA is shown in the Figure 6.1a. The force
profiles were repulsive in nature and decay exponentially with interdroplet spacing, h as
113

. From force-distance profiles, the force parameters such as force

constant - K, decay length - λ and first interaction distance - 2L0 are derived. In the absence
of BSA the λ and ζ of EPDDA emulsion at pH 5.4 was found to be 19 nm and + 56 mV,
respectively. With increasing concentration of protein, the force profiles were less repulsive
and the onset of force profile shifted to a lower h spacing at high concentration (0.5 wt %) of
BSA, where λ and ζ were 6 nm and + 5 mV, respectively in the same solution pH (Figure
6.1b). With increasing BSA concentration, the 2L0 decreases while K increases as shown in
the Figure 6.1 c & d, respectively.
The onset of interaction in the force profile and extension of adsorbed PDDA was
found to be independent of pH between 2 and 10 for EPDDA emulsion alone. This finding
was consistent with the previous work where the brush height of a strong PE was found to
be the same for a wide range of solution pH

149

220

. Since the pH of the BSA solution and
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EPDDA emulsion was maintained at the same value, the observed decrease in decay length
and first interaction distance is attributed to the adsorption of BSA at O/W interface.
Now the question is: Why force profiles change drastically on addition of BSA to
an EPDDA emulsion? The onset of interaction, decay length and zeta potential was found to
decrease with increase in BSA concentration. The drastic reduction in the onset of
interaction in the force profile and decay length suggests a collapse of the extended PDDA,
probably due to the complexation with BSA and the subsequent replacement of adsorbed
PDDA by BSA. The decrease in zeta potential suggests that the BSA-PDDA complexes are
desorbed from oil-water interface and remained in the continuous phase.
Earlier studies on interaction of end-anchored PE with BSA showed a strong
adsorption of protein over PE brush at low ionic strength and a protein inhibition at high
ionic strength due to steric repulsion of neutralized PE
high

268-270

. The protein adsorption was

when the charge of protein was opposite that of the PE

270

. In the former case, a

directed motion of protein into the PE layers was reported 271. If BSA is complexed with the
adsorbed PDDA the onset of interaction would have been increased significantly and the
zeta potential would not have decreased drastically. But, the observed decrease in decay
length and zeta potential suggests that the addition of BSA competitively displaced the
adsorbed PDDA at oil-water interface.
EPDDA emulsion was highly stable in the presence of BSA even at different
environmental pH condition. The zeta potential of EPDDA emulsion (without BSA) at pH 5.4
was + 58 mV but it decreases with increasing concentration of BSA and finally reaches + 5
mV at 0.5 wt % of BSA in the same physiological pH condition. The magnitude of zeta
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potential at this value was found to be similar to the zeta potential of EBSA emulsion. This
observation unambiguously confirms that the adsorbed PDDA is displaced from the oilwater interfaces and the droplet interface is covered with BSA. Interestingly, the addition of
BSA causes a five order increase in the force magnitude (K), which further confirms the
protein adsorption over emulsion droplets. The protein adsorption at an interface is a result
of three dynamic process: (a) diffusion of protein from the aqueous phase to the interface (b)
penetration and interfacial unfolding of protein (c) structural rearrangement of the adsorbed
protein at an interface and the formation of a viscoelastic monolayer 272.
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Figure 6.1: (a) Intermolecular force vs. distance for EPDDA emulsion at various concentration
of BSA at pH 5.2. (b) Decay length, λ and zeta potential, ζ for EPDDA emulsion at different
concentration of BSA (c & d) first interaction distance, 2L0 and force magnitude, K for
EPDDA emulsion at different concentration of BSA.

In bulk solution, conformation of BSA and hence its stability depends on the
solution pH

254, 265, 273, 274

and concentration

275

. Aggregation of BSA at the air-water

interface was noticed immediately at concentration > 8 ppm where unfolding of protein
happened with varying concentration. At neutral pH, it exhibit normal heart like structure
(N-isoform) but with decreasing pH it transforms to F-form and exhibits a cigar like
structure at pH 3.5. During this N – F transition, helical content decreases and carboxylate
group becomes titrable. It denatures into highly expanded structure (E-isoform) at pH 2.7
where no changes in helical structure occur. But, in alkaline condition it exhibits a basic
state at pH 8.0 and aged state at pH > 8.0

254

. During these transitions, the structure of BSA

was also found to alter completely where the α-helical structure was less while secondary
and tertiary structures were more. The transition of the proteins at various pH level
determines its stability where the reduction of pH unfolds the protein with increased βsheet that reduces the stability of BSA 276. The changes in structure of BSA were found to be
different than bulk solution. Reports showed that the structure of protein was found to be
altered upon adsorption 256, 277, 278 that depends on the nature of surface and types of protein
64

.
Meng et al.

279

reported from Raman spectroscopy that adsorption of protein at

mineral oil/water interface results in

alternation of tertiary structure and exposure of
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hydrophobic residues of protein but no changes in secondary structure (α-helix and β-sheet).
Jorgensen et al.

4

reported a significant change in secondary structure when BSA was

adsorbed at water/oil interface. The changes in secondary structure was found to vary with
the polarity of oil phase 5. The tertiary structure of BSA was also found to vary with
adsorption 5. Dickinson et al.

280

proposed that protein adopts a molten globular structure

based on the loss of tertiary structure with only fewer changes in secondary structure of
protein. Courthaudon et al. 281 showed that protein does not exhibit a single conformational
state upon adsorption at oil-water interface but depending upon the history of the protein
prepared, the conformation of the adsorbed protein changes. The denaturation of adsorbed
protein at the oil-water interface and the consequent destabilization of emulsion were
reported in the presence of salt due to electrostatic screening of surface charge.

282

Reports

showed that heat can denatures BSA due to loss of tertiary and secondary structure

283

.

Since, the measurements were performed at room temperature, no emulsion destabilization
was noticed.
The force vs. distance curve for EPDDA emulsion at pH 7.0 in the presence of BSA
(maintaining at same solution pH) is shown in the Figure 6.2a. It is observed that the
addition of BSA decreases the onset of interaction in the force profile and collapse in λ is
observed as shown in the Figure 6.2b. In the absence of BSA, the λ and ζ of EPDDA emulsion
were found to be 18 nm and + 58 mV, respectively. With increasing concentration of
protein, the force profiles were found to be less repulsive and the onset of force profile
shifted to lower interdroplet spacing at high concentration (0.5 wt %) of BSA where λ and ζ
were 6 nm and -10 mV, respectively in the same solution pH as shown in the Figure 6.2b.
As observed earlier, the zeta potential of EPDDA emulsion at pH 7.0 was found to be + 56 mV
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but with addition of BSA its magnitude decreased to -10 mV (at 0.5 wt % of BSA), which
was close to the zeta potential of EBSA emulsion (-16 mV). This suggests that the adsorbed
PDDA was fully displaced from the oil droplets and is replaced by BSA. The competitive
adsorption of BSA was also noticed when the solution pH was changed. In the presence of
BSA at physiological pH of 7.0, the magnitude of zeta potential decreased dramatically and
it was same as that of EBSA emulsion. The change in zeta potential of competitively adsorbed
BSA arise due to dissociation of carboxylate groups of BSA, which becomes highly
negative at high pH (> isoionic point).
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Figure 6.2: (a) Intermolecular force vs. distance for EPDDA emulsion at various concentration
of BSA at pH 7.0. (b) Decay length, λ and zeta potential, ζ for the same.
Though BSA is more hydrophilic in nature and its tendency to adsorb at oil phase at
neutral pH and above is less likely, yet we observed a complete displacement of the PDDA
followed by the

adsorption of BSA at oil–water interface. This observation show that the
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hydrophobicity of protein is not the only parameter that promotes the adsorption of protein
at an interface but a combination of various forces of interaction such as electrostatic, van
der Waals, etc as reported in literature

236, 237, 260

. Earlier study showed that the adsorption

of BSA onto the oil-water interface leads to an enhanced stability with increasing
concentration of BSA due to high surface coverage

272, 284

. Such adsorption also leads to

structural reorganization of the adsorbed proteins 283.
Studies have carried out in solid-liquid interface where BSA makes complexes with the endgrafted polyelectrolytes in which the ionic strength is found to play an important role in
determining the complexation of protein with grafted polyelectrolytes. However, a study by
Satulovsky et al.

248

showed that polymers on hydrophobic surfaces can be displaced by

proteins. It should be noted that in the present case the polyelectrolytes are adsorbed at
hydrophobic interface and our findings of the displacement of adsorbed PAA and PDDA by
BSA from oil-water interface is in good agreement with Satulovsky et al. The zeta potential
values of emulsion stabilized with BSA in presence of PAA and PDDA is also pointing the
fact that the polyelectrolytes are displaced from the interface (Figs. 6.4 and 6.5).
Furthermore one of the force parameters – force magnitude obtained from force vs. distance
curves shows a dramatic increase, which is possible only if the added moieties go to the
interface.

6.3.3 PAA-BSA interaction
The intermolecular force as a function of distance for EPAA450 emulsion at pH 3.5 for
different BSA concentration is shown in Figure 6.3a where the force profiles for EPAA450
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emulsion (without BSA), was repulsive and decay exponentially with distance

113

. The

force-distance profile was fitted with an exponential function as

,

where h is the interdroplet spacing.
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Figure 6.3: (a & c) Intermolecular force vs. distance for EPAA450 emulsion at various
concentration of BSA at pH 3.5 and 5.2 (b & d)

Decay length and zeta potential as a

function of concentration of BSA at pH 3.5 and 5.2.
In the absence of BSA, the decay length and zeta potential of EPAA450 emulsion at pH
3.5 was found to be 15 nm and –10 mV, respectively. In the presence of protein, the range
of intermolecular force was less and with increasing concentration of BSA, decay length
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decreases to 6 nm, whereas the zeta potential becomes + 38 mV (Figure 6.3b). Similarly,
the intermolecular force vs. distance for EPAA450 emulsion at various concentrations of BSA
at pH 5.2 is shown in the Figure 6.3c. The variation in the decay length and zeta potential
as a function of BSA concentration at pH 5.2 is shown in Figure 6.3d. In the absence of
BSA, the decay length and zeta potential of EPAA450 emulsion was found to be 20 nm and –
40 mV, respectively but reached 10 nm and -6 mV, respectively in the presence of 0.5 wt %
BSA.
Here, the addition of BSA results in reduction in the onset of interaction in the force
profile and collapse of the adsorbed PAA (as evident from the reduced decay length
variation) at pH 3.5 and 5.2. But, the zeta potential measurement showed that the sign of
EPAA450 emulsion is changed completely with 0.5 wt % BSA. In the absence of BSA, the zeta
potential of EPAA450 emulsion at pH 3.5 was – 10 mV, which was changed to + 40 mV in the
presence of 0.5 wt % of BSA. The sign change of emulsion in the presence of BSA points
the fact that adsorbed PAA was fully displaced from the oil droplets through competitive
adsorption of BSA. The variation of effective charge of BSA with solution pH originates
from the dissociation of various groups on the backbone of BSA 266. At low pH (pH < pKa)
the carboxylate groups are protonated but the amine groups are positively charged.
Therefore, the net charge of the protein is positive under high acidic condition 265, 267, 276.

The complete replacement of anionic PE by BSA from oil droplets at a very small
concentration (at low pH ~ 3.5) could be because of increased hydrophobicity of BSA with
decrease in pH

276

. Similarly, the magnitude of the zeta potential decreased drastically for

EPAA450 emulsion at pH 5.2 and reaches -6 mV in the presence of 0.5 wt % BSA at the same
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physiological pH. Previous report showed that BSA exhibit isoelectric point around pH 4.7
and 5.6

255, 276

. Depending upon the amount of salt content, the isoelectric point of BSA

varies. Since the ionic strength is zero in the present case, the isoelectric point is around pH
5.2 where zeta potential reaches nearly zero, which is consistent with the previous works
255

7,

.
Earlier study showed that the charge of BSA was found to be highly positive at pH

below isoionic point. But with increasing

solution pH, the charge contribution due to

carboxylate and amine group balances such that the total charge on the BSA was found to be
balanced at isoelectric point. The structure of protein at an interface was completely
different from its bulk counterpart

277

where the secondary structure was found to change

drastically when oil-water interface was adsorbed with a thick layer of protein.285, 286 The
adsorbed BSA was also found to denaturate upon adsorption on oil (hexane) phase 286. The
maximum in the adsorption of BSA was observed at isoelectric point due to reduced
electrostatic interaction, which allows large number of protein molecules to pack at an
interface.
6.3.4 Zeta potential of EPDDA and EPAA450 emulsion as a function of BSA
To confirm the competitive adsorption of BSA over emulsion droplets we have
compared the zeta potential measurement of EBSA emulsion (at zero salt concentration) and
competitively adsorbed BSA over emulsion droplets at different solution pH (3.5, 5.2 and
7.0). The net charge of BSA was found to vary with solution pH, which is determined from
the balance of various charged groups 266. The zeta potential of EBSA emulsion display an
isoelectric point at pH ~ 5.4, below which the zeta potential was positive due to dominance
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of amine groups whereas at pH > 5.4 negative charge develops due to dominance of
carboxylate group (Figure 6.4a). With increase in pH > pKa, the zeta potential of EPAA450
emulsion increase due to increased dissociation of surface carboxylate group of PAA where
the zeta potential was found to be -10, -40 and -65 mV at pH 3.5, 5.4 and 7.0, respectively
(Figure 6.4b). But the addition of BSA changes zeta potential to + 38, -2 and -20 mV at pH
3.5, 5.2 and 7.0, respectively (Figure 6.4b) which was quite same as that of the zeta
potential of EBSA emulsion and also consistent with the previous reports

276

. The zeta

potential of EPDDA emulsion was + 50 mV between pH 2 and 10 but changes to + 38, -1 and
– 10 mV in the presence of BSA at pH 3.5, 5.4 and 7.0, respectively, which was also
consistent with the previous measurements

276

. Therefore, the intermolecular force and

electrophoteic measurement showed that the addition of BSA to emulsion stabilized with a
weak anionic or strong cationic PE results in the competitive displacement of adsorbed PE
and adsorption of protein molecules. Although such competitive displacement and
adsorption was observed earlier

111, 261, 287, 288

in the presence of adsorbed neutral

macromolecule, the present study shows such competitive adsorption occur in the case of
PE’s too.
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Figure 6.4: (a) Zeta potential of EBSA emulsion as a function of pH. (b) Zeta potential of
EPAA450 and EPDDA emulsion in the presence of 0.5 wt. % BSA at pH 3.5, 5.2 and 7.0.
Addition of BSA results in complete displacement of the adsorbed PAA and PDDA where
the zeta potential of EPAA450 and EPDDA emulsion in the presence of BSA was found to be the
same as that of EBSA emulsion.
To further confirm the competitive adsorption of BSA, the zeta potential of EPAA450,
EBSA, EPAA450 + BSA and EPDDA + BSA emulsion at various pH levels are compared as
shown in the Figure 6.5 a & b. Due to fraction of deprotonated group on the backbone of
PAA, the zeta potential of EPAA450 emulsion varies with pH but was nearly zero under high
acidic condition (pH ~ 3.0). It increases with increase in pH due to an enhanced dissociation
of surface carboxyl group (-75 mV at pH 11.5) as shown in the Figure 6.5a. The fraction of
deprotonated group on the backbone is ~ 10% of the surface groups when pH < pKa but
increased dramatically when pH > pKa. The increase in PAA charge density was consistent
with the zeta potential measurement where it was found to be very low (~ 10 mV) between
pH 3.0 and 4.5 due to undissociated COOH group. As dissociation of PAA was complete
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above pH 10, no change in zeta potential was observed above pH 10. Similarly, the zeta
potential of EBSA emulsion shows an amphoteric behavior where under high acidic condition
the zeta potential was found to be positive (+ 40 mV at pH 3.0) and highly negative under
high alkaline condition (-34 mV at pH 12.0) with an isoelectric point of ~ pH 5.2. The zeta
potential of competitively adsorbed BSA over emulsion droplets at various pH shows that
under acidic condition it was + 25 mV, 0 mV at pH ~ 5.0 and finally reached -50 mVat
pH ~ 12.0. This observation confirms the competitive adsorption of BSA over emulsion
droplets

under varying pH. The observed increase

in zeta potential (-50 mV) might be

because of limited number of PAA molecules at interface.
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Figure 6.5: (a) Comparison study of zeta potential measurement for (a) EPAA450, EBSA and
EPAA450 + BSA emulsion (b) EPDDA, EBSA and EPDDA + BSA emulsion at different solution
pH.
Similarly, the zeta potential of the EPDDA emulsion is highly positive, which is
independent of pH in the range 2 to 10. When BSA (at pH 7.5) is added to the EPDDA
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emulsion in the same pH condition, it displaces PDDA and adsorbs over emulsion droplets
(zeta potential

-10 mV). The adsorbed BSA over emulsion droplets at various pH shows

that under acidic condition (pH ~ 3.0) the zeta potential was + 30 mV, 0 mV ~ pH 5.0 and
finally -34 mV under high alkaline medium (pH ~ 12.0). This observation further confirms
the competitive adsorption of BSA over emulsion droplets.
Based on the intermolecular force and zeta potential measurement, the possible
scenario of the interaction of adsorbed PAA and PDDA with BSA at pH 5.4 is schematically
represented in Figure 6.6. When the emulsion droplets are covered with PAA where the
solution pH > pKa (~ 5.4), a long range electro-steric repulsion was noticed due to
dissociated carboxylate group that makes the chain to adopt a highly extended structure. The
globule to extended transition of adsorbed PAA was reversible with solution pH. The
addition of a small amount of BSA competitively displaces the adsorbed PAA and hence the
interface is decorated with both PAA and BSA. With further increase in BSA content (0.5
wt %) the adsorbed PAA is completely displaced and the interface is fully covered with
BSA.
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PAA
BSA
PDDA

Figure 6.6: Schematic representation of the competitive adsorption of BSA at the oil-water
interface covered with PAA (left) and PDDA (Right) at solution pH ~ 5.4. Low to high
concentration of BSA is shown by the arrow from top to bottom. (top-left) Emulsion
droplets covered with PAA possessing negative charge over PE backbone and counter-ions
(H+) in the aqueous phase. (middle-left) EPAA450 emulsion with protein molecule partially
displaces the adsorbed PAA (bottom-left) complete displacement of adsorbed PAA upon
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increased concentration of BSA.

(top-right) emulsion droplets covered with PDDA with

positive charge over PE backbone and counter-ions (Cl¯) in the aqueous phase. (middleright) EPDDA emulsion with BSA where partial displacement of adsorbed PDDA with BSA is
shown (bottom-right) and complete displacement of adsorbed PDDA upon addition of high
concentration of BSA.
When the emulsion droplets are covered with PDDA, a long range pH independent
electro-steric repulsion was noticed due to dissociated quaternary ammonium groups that
make the chain to adopt a highly extended structure. But, the extension of PDDA was found
to be unaltered due to dissociation of surface groups at all solution pH. Though the adsorbed
PDDA was dissociated completely, addition of small amount of BSA leads to a partial
displacement of PDDA, where

the interface is decorated with

PDDA and BSA

complexes. But, with further increase in BSA concentration, the adsorbed PDDA was
displaced completely and the interface is fully covered with BSA.
The adsorption kinetics of protein at air-water and oil-water interface was studied
extensively 237, 260, 283, 289-291. Though earlier studies speculated that the adsorption of protein
to an interface was diffusion controlled

258, 259

, subsequent studies showed that the protein

adsorption to an interface is not just a simple function of concentration gradient of protein
between bulk and interface but rather it is the sum of interaction potential of the protein
and the interface
(

237, 260, 291

. The interaction arises from the contribution due to electrostatic

), van der Waals interaction (

), hydrophobic interaction (

) of the protein with

the force field generated at the interface. Therefore, the total chemical potential of protein at
any distance from the interface can be expressed as
. Here,

is the chemical potential due to concentration gradient,
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of coulomb interaction between the protein and its image charge in low dielectric media (oil
phase) as well as electric double layer due to protein and interface and

corresponds to

van der Waals interaction, which comprised of Debye-Keesom and London dispersion.
Also, the adsorption of protein depends on the nature of interface (air-water or oil-water)
and also the type and magnitude of interaction 237.
Though hydrophobic interaction is considered as one of the major driving forces for
the adsorption of protein at liquid-liquid interface (

), the uneven

distribution of hydrophilic and hydrophobic patches (where only 50 % of the globular
protein is hydrophobic) over protein backbone indicates that only half of the interaction
energy contributes to the adsorption of protein. At oil-water interface,

the London

dispersion and Debye-Keesom interaction were found to be attractive for protein molecule
(BSA, lysozyme and β-casein)

237

. As protein approaches the interface, the electric double

layer of protein and interface can overlap, that can result in a net attractive or repulsive
interaction, depending upon the sign of the charges of an interface and protein. When the
interface and protein backbone bears opposite charge the net interaction becomes attractive
whereas when the charge of interface and protein are similar the net electrostatic
contribution becomes attractive at short distances.
Studies on the adsorption of BSA showed that equilibrium concentrations of BSA
over oil-water interface were higher compared to their bulk diffusion coefficients, but the
adsorption and equilibrium concentration of the same at air-water interface was found to be
lower 260. The adsorption of protein over an oil-water interface depends on the energetics of
interaction of the various molecular forces of the proteins with the interfaces. The sum of
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interaction energy for the protein at oil-water interface was found to be attractive, which was
larger for BSA than other protein molecules such as lysozyme, β-casein etc 237.
Our study also showed that within a time scale of ~ 30 minutes, the adsorbed weak
anionic and strong cationic PE was quickly displaced by the added BSA which is consistent
with the earlier reports. Particularly, for EPAA450 emulsion at low pH (~ 3.5) when the
hydrophobicity of the BSA was quite high, immediate adsorption is noticed, which is
further confirmed from the zeta potential measurement where the sign of the zeta potential
changes to positive with addition of 0.02 % BSA and the magnitude of zeta potential
increases dramatically with further increase in BSA concentration. Though the nature and
the charge density of PEs are completely different in the present case, the displacement of
adsorbed PDDA and PAA by

BSA was noticed at all the pH values, which shows the

universal nature of competitive displacement of PE’s from oil-water interface.
6.4 Conclusion
The role of bovine serum albumin (BSA) with quenched polyelectrolyte (PE),
poly(diallyldimethylammonium chloride) – PDDA, and annealed PE, poly(acrylic acid) –
PAA, adsorbed at oil-water interfaces is studied using intermolecular force and
electrophoretic measurements. The competitive adsorption of protein at O/W interface
shows that irrespective of the nature of adsorbed PE, they are displaced by small molecules
of BSA at all solution pH. In the absence of BSA, emulsion droplets covered with PDDA
or PAA exhibits a long range electro-steric repulsive interaction, where the former exhibits a
pH independent and latter shows pH dependent behavior. The addition of BSA to EPDDA
emulsion at pH 5.2 results in a decrease in the onset of interaction in the force profile,
followed by the replacement of PDDA by BSA at oil-water interface. The sign of the zeta
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potential of EPDDA emulsion was found to change upon competitive adsorption of BSA.
Competitive adsorption of BSA over emulsion droplets was also observed at pH ~ 7.0 when
the surface was initially covered with PDDA. For the EPAA450 emulsion, addition of BSA
decreases the onset of interaction force profile, due to replacement of PAA by BSA
molecules in the pH range 3.5 and 5.2. The reversal of the sign and the change in the
magnitude of zeta potential indicates the displacement of PDDA and PAA by BSA
molecules at the oil-water (O/W) interface, which was in agreement with the findings of
Satulovsky et.al. [Proc. Natl. Acad. Sci. 97 (2000) 9037–9041] that polymers on
hydrophobic surfaces are not effective in preventing protein adsorption, indicate the
displacement of macromolecule of very large molecular weight and preferential adsorption
of small macromolecules at the O/W interfaces, irrespective of the nature of adsorbed PE’s
(strong or weak, anionic or cationic with high or low charge density). These results should
find interesting applications in industrial products (food and pharmaceutical) where different
types of stabilizing entities are used during storage and applications. Further, these results
are also useful

to understand the behavior of biologically important macromolecules

adsorbed at cell membrane-fluid interface as the oil-water interface covered with charged
polymer mimics cell membrane-fluid interface adsorbed with protein, polysaccrides etc.
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CHAPTER 7
Novel application of magnetic nanofluid stabilized with macromolecules

7.1 Non-enzymatic detection of urea using magnetic nanoemulsion
7.1.1 Importance of urea sensing
Urea[(NH2)2CO], is extensively used as a nitrogen-release fertilizer in agriculture
and animal feed additive and in consumer products such as detergents and
products

292

cleaning

. The estimated worldwide production of urea is 208 metric tons by 2020, of

which major chunk (~90%) will be used in fertilizers 293. The urea from the human body
is excreted into the urine, is a predominant metabolite of nitrogenous compounds 294. Urea
denatures proteins295 and also affects in vitro activity of enzymes 296. The carbonylation of
proteins in renal cell

297

leads to severe protein damage, that can cause diseases such as

diabetes, chronic renal failure, chronic lung disease and sepsis

298

. The presence of high

level of urea damages cellular DNA by developing oxidative stress and proteins of renal
inner medullary cells of mouse297. DNA damages include breaking of single strand and
alternation of bases. The normal level of urea in blood serum is in the range of 2.7–7.5 mM
(15-40 mg/dL)

299

. The amount of urea in serum of the patients suffering from renal

insufficiency is in the range of 30-80 mM. Patients suffering from heart failure and renal
dysfunction were found to have an abnormal urea level 300. Similarly, the urea concentration
in cow milk is used as an indicator of protein-feeding efficiency, assessing the quality of
ethyl carbamate (urethane) in wine, marine nitrogen cycle etc
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Chapter 7
urea concentration in body fluids is very important in diagnosing renal and liver diseases
and also for environmental monitoring and in food science.
Although there are several analytical approaches for the measurement of urea, no
single technique covers the large concentration range. This warrants the need to develop a
simple, fast, cost effective, reliable and robust approach for real time monitoring of urea.
There are several direct

39, 292, 294

and indirect

301-304

analytical techniques for the

measurement of urea. The indirect techniques rely on the enzymatic degradation of urea
before its detection whereas

direct techniques use absorbance or calorimetric. Though

much work were done on enzymatic degradation of urea, where immobilized urea on the
surface of the material (e.g. metal oxide)

often alters the structural conformation of the

urease that can encounter problems in the accurate detection of urea. Moreover, the
modification of electrode with an enzyme is a complicated immobilization procedure that
has poor stability besides complex operating procedure and high cost. In case of direct
technique such as calorimetric, pre-treatment of the sample is required which is considered
as one of the major disadvantages, besides having difficulties in field monitoring. Many
new nanomaterial based sensors have been attempted in recent years for quantifying the
level of urea 305-310.
In recent years, stimuli responsive magnetic materials are finding great interest
because of their applications in sensors 83, heat transfer 74, hyperthermia
312

311

optical devices

, bio implants 120 etc. Magnetic nanoemulsions are kinetically stable system, stabilized

with surface active molecules at the oil-water (O/W) interface. They respond to a magnetic
field and exhibit a significant change in their optical properties 313. Depending upon the type
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of adsorbed moieties and physio-chemical properties, their optical properties are tuned
314

43,

. Response stimuli smart polymers are shown to have applications in gas sensing 315.
In this work, a simple, easy to use and selective detection of urea sensor is developed

using magnetically responsive nanofluids. The response time of the present approach is very
fast (~ 100 times faster compared to 3D crystals), and is highly cost effective. By suitably
adjusting the concentration of the oil droplets, the nanoemulsion exhibits a color change in
the

presence of urea which enables visual naked eye detection of urea. Moreover, the

current method is non-enzymatic and detects a wide range of concentrations of urea.
7.1.2 Materials and methods
Magnetic nanoemulsions, ESDS, EPLURO, and EPAA450 are used in this study.
Intermolecular interactions for ESDS, EPLURO, and EPAA450 in the presence of various
concentrations of urea were measured using magnetic chaining technique. Material
preparation and experimental setup are explained in Chapter 2.
7.1.3. Results and discussion
7.1.3.1 Dependence of Bragg peak position on the concentration of urea
Bragg peak spectra for ESDS, EPAA450 and EPLURO at fixed magnetic field but at
different urea concentration is shown in the Figure 7.1 (a-c). A constant magnetic field of
110 G was used to create the grating with a ‘d’ spacing of 260 and 280 nm for ESDS and
EPLURO emulsion whereas 320 G was used to fix the grating distance of 340 nm for EPAA450
emulsion (without urea). In the absence of urea, the Bragg peak was formed at 760 & 780
nm for ESDS and EPLURO emulsion, respectively whereas for EPAA450 emulsion it formed at
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900 nm.

The Bragg peak was shifted to a lower wavelength as the concentration of urea

increases (shown by the arrow). The Bragg peak position for ESDS emulsion was shifted to
618 nm from 760 nm at a concentration of 0.6 g/L. For EPAA450 emulsion, the Bragg peak
position in the absence of urea was 880 nm, which is shifted

to 656 nm at a urea

concentration of 33.3 g/L. For EPLURO emulsion, the Bragg peak position in the absence of
urea was 776 nm, which was shifted to 598 nm for a urea concentration of 324 g/L. Even at
very high concentrations of urea, the Bragg peak has not collapsed, indicating the excellent
stability of the emulsion.
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Figure 7.1: Bragg peak spectra at different urea concentrations ranging from 0.007 g/L to
320 g/L for (a) ESDS (b) EPAA450 and (c) EPLURO emulsion.
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Figure 7.2 (a & b) shows the Bragg peak wavelength and the corresponding change
in wavelength for various concentration of urea for ESDS, EPAA450 and EPLURO emulsion. In
the urea concentration range of 0.003-0.6 g/L, the Bragg peak wavelength change in ESDS
emulsion was 760-618 nm, with a total Δλpeak change of 142 nm. In the case of EPAA450 and
EPLURO emulsions, for the urea level of 0.18-33.3 g/L and 2.4-334 g/L, the Bragg peak
wavelength change was 880-656 nm and

776-598 nm, respectively, corresponding to a

total Δλpeak change of 224 and 178 nm, respectively. These results show that the linear
detection range of urea can be extended dramatically by using macromolecular functional
groups of larger molecular weights.
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Figure 7.2: (a) Bragg peak wavelength (λpeak) Vs urea concentration for ESDS, EPAA450 and
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The normal urea level in serum is 0.14-0.4 g/L. For the lower to normal urea
detection range, ESDS emulsion is found to be suitable. The EPAA450 and EPLURO emulsion
are found to be ideal for the detection of higher concentrations of urea. Both ESDS and
EPAA450 emulsion shows a linear detection range for the normal urea level (0.14 to 0.4 g/L)
whereas for EPLURO emulsion, detection of very high concentration of urea (2-320 g/L) was
possible, with an excellent linear variation up to 120 g/L. Since, the response time of the
nanoemulsion is about a second, this method offers a rapid detection of urea.
7.1.3.2 Mechanism of interaction of urea with functional moieties
To understand the reason for the observed large shift in Bragg peak upon addition of
urea, the

molecular interactions between the emulsion droplet is studied. The details of the

force measurement technique is discussed in previous publications

101, 109

. Figure 7.3 (a-c)

shows the force-distance profile for ESDS, EPAA450 and EPLURO emulsions at various
concentrations of urea. Overall, the force profiles were found to be repulsive and decay
exponentially with distance. With increasing urea concentration, the range of repulsive force
is reduced in all the cases. For electrostatically stabilized colloidal systems, interaction
forces in the presence of electric double layer was repulsive and decay exponentially with
distance159,

160

. Similarly, the interaction force due to polymer or weak polyelectrolyte

covered surface also decay exponentially with distance which is expressed as
(

), where the pre-exponential factor,

spacing and λ is the decay length of the polymer.
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From the force profiles, the Debye- κ-1 or decay length -λ, first interaction distance
2L0 and the magnitiude of force K are obtained for different concentrations of urea. The κ-1
or λ for charged or polymer stabilized emulsion is obtained from the slope of the forcedistance profile. The force parameters obtained for the three cases at different urea
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Figure 7.4: Variation of force parameters (Debye or decay length and first interaction
distance 2L0) as a function of concentration of urea for (a) ESDS (b) EPAA450 and (c)
EPLURO emulsion and (d) force magnitiude, K as a function of concentration of urea for
ESDS, EPAA450 and EPLURO emulsions.

176

Chapter 7
The κ-1 of ESDS emulsion decreased from 9 to 2.8 nm as the concentration of urea is
increased from 0.003 to 0.6 g/L. In the same urea concentration, the 2L0 reduced from 71 to
35 nm, with an order of magnitude increase in K. For EPAA450 emulsion, the λ is reduced
from 22 to 6.5 nm as the concentration of urea is increased from 0.17 to 33 g/L. In the
above concentration range, the 2L0 changes from

131 to 52 nm and K increased by one

order of magnitude. For EPLURO emulsion, the λ and 2L0 is reduced from 17 to 2.5 nm and
64 to 24 nm as the concentration of urea is increased from 2.4 to 334 g/L. Surprisingly, K
increased by four orders of magnitude for EPLURO emulsion at high concentrations of urea.
7.1.3.3 Urea - sodium do-decyl sulphate (SDS) Interaction
It is well established that urea is an effective denaturants of proteins and modify the
hydrophobic-hydrophilic interactions of surfactants

316

. Therefore, it can affect micellar

properties by modifying the delicate hydrophobic-hydrophilic balance. Earlier studies on
the interaction of urea with ionic surfactant using electron spin resonance spectroscopy
showed that urea interacts with the polar headgroups of the ionic surfactant micelles,
penetrates below the surfactant polar headgroups by replacing some water molecules that
solvate the hydrophobic chain and the polar headgroup of the amphiphile, and strongly
increases

the microviscosity of the micelle interface

317

. Their study also confirms the

direct interaction between urea and probe molecules at concentrations below the CMC of
SDS. Therefore, SDS - urea interaction is expected to screen micellar surface charge and
weaken the hydrophobic interactions.

In another study by Carnero Ruiz et al.

318

also

confirmed the direct interaction of urea with SDS where a decrease in SDS micellar size
with increase in urea concentration is reported. Aswal et al.

319

showed that the addition of

urea can cause an increase in CMC of SDS due to enhanced solubilization of alkyl chain.
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Further, their study also confirms that the repulsion between the head group of the Gemini
surfactant decreases with increasing concentrations of urea. This finding of the reduction in
the κ-1 and 2L0 of ESDS emulsion in the presence of urea is in good agreement with the
previous findings on direct interaction of urea with the polar head groups of the SDS
micelles. The penetration of urea to the surfactant polar head groups and the strong increase
in the micro viscosity of the micelle interface leads to a reduced electrostatic repulsion
between the head groups and reduce the spatial extension of the double layer.
7.1.3.4 Urea - poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (F-108)
interaction
As the concentration of F-108 polymer in the present study is well above CMC (7
g/l)

320

, it is expected that the triblock micelles are adsorbed at the liquid interface. The

observed λ of EPLURO emulsion (17 nm) is comparable to the hydrodynamic size of F108
micelle ~17 ± 2.5 nm obtained by Kabonov et al.321. An earlier study showed that the
presence of urea affect the formation of polymeric micelle by altering the balance between
hydrophilic and hydrophobic block of triblock polymers

322

. A similar study also showed

that urea is known to interact directly with PEO as well as PPO

323

. The two plausible

mechanisms of action of urea in aqueous solutions are: hydration of non-polar solutes by
behaving as a structure-breaker and replacement of some of the water molecules in the
hydration shell of the solute and its final self association 324. There is also a report that urea
does not behave as a water “structure breaker” 302. In a recent study, Uttam Anand et al. 323
showed from red edge excitation shift (REES) experiments that both PPO and PEO regions
are hydrated heavily by urea, and the PPO region is easily dehydrated. They also observed
that

the temperature counteracts the effect of urea and the counteraction effect is more
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prominent in the core region and

urea

reduces the viscosity of the core and corona

regions. From 1H NMR technique Jun-he Ma et al.

325

had shown that urea interact

selectively with the PEO blocks of the block copolymer (PEO-PPO-PEO), and the
interaction sites changes with increasing temperature. Such interaction also increases the
hydration of PPO segment of the block copolymers and increases critical micellization
temperature (CMT). The observed reduction in the 2L0 and λ in the force profile for EPLURO
emulsion clearly shows the strong interaction of urea with the pluronics micelles. With
increased concentrations of urea, the micellar size decreases and eventually the demicellization occur. If the micellar structure remains intact, the 2L0 values would have
remained the same or decreased slightly.
7.1.3.5 Urea - poly(acrylic acid) (PAA) Interaction
PAA is a water soluble anionic polyelectrolyte that undergoes drastic conformational
changes (coil to globule) by varying the pH of the medium. At low pH, it is neutral and
exhibit coiled structure whereas at high pH, it swells due to ionization of carboxyl group at
the backbone of the polyelectrolyte. Since, the experiment was carried out at pH 7, the
polyelectrolyte is highly charged and exhibits an extended conformation, which is evident
from the decay length (~ 23 nm) and zeta potential (-47 mV). Eritsyan et al.

326

studied the

formation of PAA and urea complexes using IR spectroscopy and showed that the intra
and intermolecular interactions between the acrylic acid (
ion of urea (

of PAA and ammonium

), results in the formation of salt. The formation of FTIR band between

1560 and 1640 cm-1 showed the presence of ammonium ion and carboxylic acid, whereas
the occurrence of bands between 1695 and 1705 cm-1 was attributed to the formation of
amide group (

) due to interaction between –
179
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Fernandes et al.

327

also showed that amino group of urea react with carboxylic group of

acrylic acid.

SDS
Urea
SDS + Urea
Counter-ion

Co-ion

Urea Level
F108 Micelle
F108 Unimer
Urea
F108 Unimer + Urea

F108 + Urea

Figure 7.5: Schematic representation of the interaction of urea with the surface active
moieties (left) and pluronics (right) at different concentrations of urea and its effect on the
electrical double layer and polymeric conformation. Low to high concentration of urea is
shown from top to bottom.
The zeta potential measurements of the EPAA450 emulsion in the presence of different
concentration of urea were carried out. In the absence of urea, the observed zeta potential
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was - 47 mV at neutral pH. As the concentration of the urea increases, zeta potential
decreases steadily and reaches -14 mV at 30 g/L of urea which supports

the force

measurement data, where the λ was found to decrease in the presence of urea by neutralizing
adsorbed

by amine group (

) due to enhanced interaction between PAA and urea.

Based on the experimental results from force, hydrodynamic diameter, zeta potential and
Bragg peak measurements, the interaction of urea with the surface active moieties (left) and
pluronics (right) at different concentrations of urea (low to high from top to bottom) and
the corresponding changes in the electrical double layer (left) and polymeric conformational
changes (right) are shown schematically in Figure 7.5.
7.1.3.6 Interference of polyacrylic acid (PAA) stabilized emulsion with biologically
important ions
The blood contains different type’s ions in addition to red blood cell (RBC), white
blood cell (WBC), platelets etc. The amount of Na+, and Ca2+ in the serum is ~ 130 mM

328

and 2-2.5 mM 329, respectively. In order to test the selectivity of the sensor in the presence
of biologically important cations, the spectral response of the sensor in the presence of NaCl
of 130 mM and CaCl2 of 2.5 mM is measured, where EPAA450 emulsion was used. Here, the
urea concentration was varied from 0-30 g/l. Initially, the pH of the EPAA450 emulsion is
increased to ~ 9, before the addition of salts in the system, in order to stretch the PAA by
increasing dissociation of COOH group on the polymer backbone.
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Figure 7.6: Change in Bragg peak wavelength for EPAA450 emulsion vs. urea in the
concentration range of

(a) 0 – 30 g/L and (b) 0.1-0.45 g/L in the background salt

concentrations of 130 mM NaCl, 2.0 mM CaCl2 and mixture of both (From top to bottom).
The solid lines in the figure represent the best fit on the experimental data.
The change in Bragg peak wavelength for an EPAA450 emulsion in the presence of
urea of varying concentration in the background salt concentration of NaCl (130 mM),
CaCl2 (2.0 mM) and a mixture of both are shown in the Figure 7.6 a & b. The Bragg peaks
are formed at 990 nm for salt free emulsion shifts to 865 nm, 900 nm and 710 nm in the
presence of NaCl, CaCl2 and mixture of both. Here, the Bragg peak is blue-shifted in the
presence of urea. The variation in the Bragg peak was found to be linear in the normal urea
concentration range, which shows the selectivity of the sensor in the presence of other ions.
The change in the Bragg peak wavelength in the presence of urea is 266 nm, 282 nm and
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130 nm for 130 mM NaCl, 2.0 mM CaCl2 and mixtures of both, respectively. From the
observed difference between the Bragg spectra, the normal and abnormal urea level in the
serum can be detected directly in the presence of background electrolytes. Therefore, for
practical application, the EPAA450 emulsion is found to be ideal. By modifying the suitable
functional molecules with a desired pH level, the possibility of extending the sensitivity and
selectivity in the presence of other ions is possible and such studies are planned.
7.2 Temperature and pH Sensing using Functionalized Magnetic Nanofluid
7.2.1 Importance of temperature and pH sensing
Temperature and pH are important
metabolic activity in human

330

parameters which

, environmental factors

331

play

critical role in

and many other chemical

processes. Abnormal intracellular pH leads to biological malfunction that results in the
disruption of cardiac function

332

, progression of cancer

333

etc. Certain metabolic reaction

happen only in particular physio-chemical conditions. For instance, the pH of the extra
cellular fluid and tissues, including blood are very sensitive to acid-base balance 334 and any
deviation from the normal pH leads to a worsening of biological function and development
of diseases such as acute contractile depression

335

, triggering of electrical arrhythmia

336

etc. The change in pH of the body fluid can result in several disorders and even neuronal
activity causes significant changes in pH of brain.

The patients suffering from diabetes,

renal and respiratory causes are found to have abnormal pH level; e.g.,
urine indicates the renal dysfunction
condition to be monitored to assess

337

abnormal pH in

. Temperature is another important physiological

malfunctioning of certain organs and

diseases in

humans. The normal body temperature of humans lies between 35 and 38 °C 338. The body
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temperature above the normal causes hyperthermia whereas

body temperature below the

normal causes hypothermia. The minor disorders in the elevation of body temperature
include headache, nausea, vomiting and weakness etc. The heart rate increases 10 beats per
339

minute for each 1 °C rise in temperature, above the normal limit for children

.

Hypothermia may cause vigorous shivering, cold dieresis, amnesia and bradycardia and can
result in cardiac arrest and hallucination 222. This warrants the need to monitor the pH and
temperature precisely in body fluids using cost effective and portable devices.
To overcome the limitations of existing pH sensing techniques (glass blub based and
spectroscopic approaches) , several new materials have been attempted where the factors
often weighed

are cost, sensitivity,

reliability,

portability, miniaturization, ease of

fabrication, biocompatibility etc. Much attention was paid to fluorescence based sensor

340

but the disadvantage is that the intensity based fluorescence is affected by fluctuation in
excitation source, detector drift and changes in light path through sensor film. Though
several other types of pH and temperature sensors were developed in the past, there has
been increased interest in the development of simple and cost effective optical sensors for
pH

341, 342

and temperature measurements

343

. The optical sensors were developed by

utilizing the properties of materials such as fluorescence
absorbance

345

344

etc. The techniques such as fiber Bragg grating

fiber Bragg grating

348

, surface plasmon resonance

349

, luminescence

346

, colorimetric

, lossy mode resonance

used to measure the pH values. Though independent monitoring of
temperature

343, 352, 353

347

and

, tilted

etc were

350, 351

and

were achieved by many techniques, only a few works were reported

in monitoring of both temperature and pH
357, 358

pH

346

340

354-356

simultaneously.
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Among various materials, in recent years, stimuli responsive materials are getting
much attention due to their significant change in optical properties in the presence of
external stimuli like temperature, electric and magnetic field. Stimuli responsive polymers
also find numerous applications in

drug delivery

359

, gated ionic channel

89

, rheology

modifier 360, multi-parameter sensor 209, 343 and actuators 175. The limitations of glass bulb
based pH sensors includes errors in obtaining accurate data at high acidic and basic
environment whereas the pH measurement

based on spectroscopy (fluorescence and

absorption), microelectrodes, nuclear magnetic resonance etc, are neither portable systems
nor cost effective. In this work, it is shown that the optical properties of magnetic nanofluid
can be modulated suitably by functionalizing them with stimuli responsive moieties for real
time applications.

A new optical probe by coupling magnetic nanoemulsion with a

temperature or pH responsive macromolecules for sensing temperature and pH is developed.
Owing to its optical detection mode, it has advantages over conventional electrochemical
techniques like, immunity to electrical interferences, miniature nature, remote sensing
ability, non-invasive or minimally invasive and disposable features. The unique feature and
novelty of this approach includes, faster response time, broad temperature and pH sensing
range. Accurate monitoring of pH and temperature are achieved here by simply measuring
the shift in Bragg peak position.
7.2.2 Materials
Magnetic nanoemulsions, EPVA, EPAA450 and EPAA250 are used in this study.
Intermolecular interaction for EPVA, EPAA450 and EPAA250 emulsion at different temperature
and pH were measured using magnetic chaining technique. Material preparation and
experimental setup are explained in Chapter 2.
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7.2.3 Results and discussion
7.2.3.1 Dependence of Bragg peak position with temperature in EPVA emulsion
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Figure 7.7: Bragg peak spectra for an EPVA emulsion at different temperature range from
5 to 75 ºC during (a) heating (b) cooling, respectively at a magnetic field of 130 G. (c )
Change in Bragg peak wavelength (Δλpeak) vs. temperature for the same at magnetic fields
of

130 G.

The solid lines represent the best linear fit on the experimental data. For a

magnetic field strength of 130 G, the slopes were 1.68 and 1.9 (R2 = 0.99 and 0.98) during
heating and cooling cycles, respectively.
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To monitor the response of the nanofluid with change in temperature, a constant
magnetic field of 130 G was applied such that a grating with a fixed ‘d’ spacing is formed.
Figure 7.7 a & b shows the Bragg spectra observed in EPVA emulsion as a function of
temperature during heating and cooling, respectively. As temperature increased, the Bragg
peak is blue-shifted to lower wavelengths as shown by the arrow in the Figure 7.7a. When
temperature decreased from 75 to 5 °C, a red-shift in the Bragg peak was observed as shown
in the Figure 7.7b. The peak shift was found to be reversible with a little hysteresis. The
change in the Bragg peak wavelength (Δλpeak) for EPVA emulsion during heating and cooling
at a magnetic field strength of 130 G is shown in the Figure 7.7c respectively. The total
variation in Δλpeak were 120 and 140 nm during heating and cooling, respectively, with
slopes of 1.2 and 1.3, at a magnetic field of 130 G.
7.2.3.2 Dependence of Bragg peak position with temperature for PVA-Vac + borax
emulsion
Figure 7.8a shows the variation in Bragg spectra for EPVA+ Borax emulsion in the
presence of borax of 10 mM as a function of temperature during heating. For a constant
magnetic field strength of 130 G, the ‘d’ spacing was 300 nm (λpeak = 800 nm) at 5 °C. As
the temperature

increased, the Bragg spectra were blue-shifted to a lower wavelength of

644 nm at 90 ºC. As observed in the previous case, here too the behavior was found to be
reversible with negligible hysteresis. A total variation in Bragg spectra (Δλpeak) of 156 nm is
observed in the temperature range between 5 and 90 °C with slopes of 1.72 and 1.78
during heating and cooling, respectively as shown in the Figure 7.8b. It should be noted
that the addition of 10 mM borax increased the temperature response of the nanofluid up to
90 °C, with an excellent linearity and negligible hysteresis. Since the nanofluid used was
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water based, the upper temperature detection limit was limited to the boiling point of the
continuous phase. Efforts are being made in developing the non-aqueous based magnetic
fluids for extending the temperature range of the sensor.
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Figure 7.8: (a) Variation of Bragg spectra with temperature for EPVA+ Borax emulsion. (b)
Change in peak wavelength

during heating and cooling, respectively. The solid line

represents the best fit on the experimental data with a linear function (Y = mX + C). For a
magnetic field strength of 130 G, the slopes were 1.72 and 1.78 (R2 = 0.97) during heating
and cooling, respectively.
7.2.3.3 Mechanism of Bragg peak shift with temperature
To understand the mechanism behind the observed large Bragg peak shift upon
varying temperature, the intermolecular force between the emulsion droplet is studied.
Figure 7.9a shows the force-distance profile for EPVA emulsion at different temperatures.
Overall, the force profiles were found to be repulsive and decay exponentially with distance.
With an increasing temperature, the onset of interaction decreases and the range of repulsive
forces were found to decrease.

The interaction force between polymer or weak
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polyelectrolyte covered surfaces is given by

(

), where the pre-

is the force constant, h is the inter droplet spacing and λ is the decay

exponential factor,
length.

From the force profiles, λ, 2L0 and K are obtained for different temperatures as
shown in the Figure 7.9 b - d. The λ of EPVA emulsion decreases from 12 to 2.4 nm as the
temperature is increased from 5 to 75 °C (Figure 7.9b). In the same temperature range, 2L0
is reduced from 55 to 22 nm as shown in the Figure 7.9c but K increased by almost three
orders of magnitude as shown in the Figure 7.9d. For EPVA emulsion, the experimental λ
was found to be 12 nm, which was comparable to the

radius of gyration (Rg) of free

polymer in solution, measured by viscometry (i.e. 16 nm). The increase in K in the
temperature range 5 and 90 ºC is attributed to the increased adsorption of polymer on
emulsion droplets at elevated temperature.
For PVA solution, the hydrogen bond exist between the polar hydroxyl group (–OH)
of PVA and water

177

. Briscoe et al.

181

showed from viscosity measurement that with an

increasing temperature, the extend of hydrogen bond breaks down leading to a reduction in
solvent quality. It was also shown that inter and intra hydrogen bond breaks down with
increasing thermal energy. However, as the temperature decreases, the hydrogen bonds
between water and –OH group reforms again. Even for a polymer with transition
temperature

around room temperature, e.g. PNIPAM

above LCST

136

, the complete

dehydration is not possible. This should be the reason for the hysteresis observed during
heating and cooling.
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Figure 7.9: (a) Interaction forces between EPVA emulsion droplets at different temperatures.
The solid line represents the best fit on the experimental data (b) Decay length (c) first
interaction distance and (d) Force magnitude as a function of temperature.
Cosgrove et al.

177

studied the characteristics of the adsorbed polymer on a

polystyrene latex with an increase in temperature using small angle neutron scattering
(SANS). They found that the thickness of the polymer layer contracts with increase in
temperature. The same study also revealed that the adsorbed amount of polymer (PEO and
PVA-vac) and the volume fraction of the polymer segments on the polystyrene latex
increases with worsening of solvency condition i.e. with increase in temperature. The
present result on increase in K with temperature in EPVA emulsion is consistent with the
above reports. Since the magnitude of K depends on the adsorbed amount of polymer at an
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interface, the increase in K and decrease in λ with an increase in temperature suggests that
the extension of PVA-vac decreases but the amount of PVA-vac adsorption at liquid-liquid
interface increases due to compaction of PVA over emulsion droplets, with

increase in

temperature. The peak broadening during cooling arises possibly because of increased
amount of PVA-Vac at O/W interfaces at higher temperatures. Therefore, the observed
changes in the interdroplet spacing and force parameters are in excellent agreement with the
reported results on solid-liquid interfaces 177 .
7.2.3.4 Mechanism of interaction of PVA-Vac with borax at different temperature
Figure 7.10 a & b shows the intermolecular force-distance curves

and the

corresponding force parameter (λ and 2L0) for EPVA emulsion in the presence of borax of
various concentration. With increasing borax concentration, the onset of interaction
increases and the force profile shifts to a higher interdroplet distance. Figure 7.10 c & d
shows the intermolecular force-distance curves and the corresponding force parameters for
EPVA+ Borax emulsion at different temperatures. With increasing temperature, the onset of
interaction decreases and the force profile shifts to a lower droplet distance. The interaction
forces in the above two cases follows exponential decay.

In all these cases the force

between the droplets are repulsive in nature and decays exponentially.
The λ and 2L0 of EPVA emulsion increases from 11 to 14 nm and 80 to 120 nm,
respectively as the borax concentration is increased from 0.3 to 10 mM. In the presence of
high concentration of borax (10 mM), with increase in temperature from 5 to 95 °C, λ and
2L0 decreases from 14 to 10 nm and 95 to 55 nm, respectively. Therefore, the onset of
interaction and force parameters increases with increase in borax concentration at fixed
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temperature whereas it decreases with increase in temperature for a fixed PVA + borax
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Figure 7.10: (a) Force-distance profile and (b) variation of force parameters (decay length
and first interaction distance) as a function of borax concentration in EPVA emulsion. (c)
Force-distance profile and (d) variation of force parameters as a function of temperature for
EPVA + borax emulsion at various temperature. The solid line in the force profile represents
the best fit of the experimental data. The solid lines on other graphs are guide to the eye.
The interaction between PVA and borax is well described in the literature

361, 362

. In

general, borax, also known as sodium borate, is a good buffer, dissociate into boric and
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monoborate ion with sodium (Na+) as a counter-ion

361

. For a very long time, it has been

known that monoborate ions make complex with organic polyols. PVA and borax makes
complex either in 1:1 or 2:1 ratio and such complexation would be either monodiol or cross
linking (also known as di-diol) depending upon the concentration of borax. When the
stoichiometric ratio of polymer/borax was 2:1, cross liking of polymers results in gelling,
which is often called di-diol complexation whereas for 1:1 ratio, the dissociated borate ions
complex with the polymer chain, thus makes a neutral polymer (PVA) into polyelectrolyte
like structure

362

. Sinton et al.

361

showed from

11

B NMR spectra that 2:1 intra-chain

complexes dominate at low concentration of borax and PVA but with an increase in borax
concentration, it switches to 1:1 ratio where the loops in the polymer chain breaks down and
the neutral polymer is transformed into a highly charged structure. Such interaction between
the charged complexes on the polymer chain is expressed in terms of coulomb energy as
⁄

, where κ is the inverse Debye length and be is the spacial distance

between the two charges

114

.Therefore, the addition of borate ions into PVA molecules

induces electrostatic charges on the backbone of PVA chains which expands the polymer.
Such complexation is evident from the changes in force parameters and

zeta potential

results.
The force measurement shows that λ of EPVA emulsion increase with increasing
borax concentration. The zeta potential was found to be ~ 0 mV in the absence of borax but
in the presence of 10 mM borax, it increased to -17 mV. The electrostatic repulsion and
intra-molecular crosslinks dictate the chain dimension and structure of complexes. The
conformation of the polymer complexes depends on the balance in the excluded volume
of polymers, the electrostatic repulsion among the charged complexes bound on
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polymeric chains and the shielding effect of free Na+ ions on the charged complexes. With
addition of borax, the adsorbed neutral polymer becomes a weakly charged polyelectrolyte
because of the complexation with borax. The electrostatic contribution becomes stronger
with increase in borax concentration, thus the adsorbed polymer expands with increasing
borax concentration and hence increase in inter-droplet separation.
It was reported that for 2:1 ratio of PVA and borax, a visco-elastic network is
formed. Kazhugi koga et al.

363

showed that the intrinsic viscosity of PVA and borax

complex decreases with increase in temperature due to breakdown of the same di-diol
complexes. The dynamic light scattering and dynamic viscoelasticity studies showed that
with increase in temperature, the relaxation time (τm) of the network structure of PVA and
borax decreases, indicating a collapse of network structure and an increase in dynamic
correlation length (ξH) of the same, indicating the shortening of network structure as well as
lifetime of the complexes

363

. Earlier work reported a decrease in intrinsic viscosity of

PVA-borax complex with increasing temperature till 80 °C along with a transformation of
the opaque visco-elastic to a transparent solution in the same condition 364.
Other reasons for the decrease of λ in PVA-borax complex with increase in
temperature could be due to the increased dissociation of borate ion, which effectively
shields the existing polyelectrolyte complex and decrease in PVA chain size in the PVAborax complex

363

. The intrinsic viscosity of PVA was not altered in the presence of borax.

Therefore, the observed change in PVA-borax complex with rise in temperature can also be
attributed to the breakdown of hydrogen bond between water and PVA. The above reported
results are consistent with the observed behavior in the intermolecular force measurements.
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7.2.4 pH sensing using nanoemulsion
7.2.4.1 Dependence of Bragg peak position with pH
Figure 7.11 a & b shows the Bragg spectra and the corresponding change in
maximum peak wavelength for EPAA250 emulsions as a function of pH at room temperature
and Figure 7.11 c & d shows the Bragg spectra and the corresponding change in maximum
peak wavelength for EPAA450 emulsion as a function of pH. To monitor the response of the
nanofluid to pH, a constant magnetic field of 400 G was applied such that Bragg peak is
formed in the visible wavelength at a low pH. The Bragg peak is formed at 650 nm at pH 3.0
but is red-shifted to a higher wavelength with increase in pH as shown by the arrow. At pH
11.5, the Bragg spectra are shifted to the red end of the spectrum. The behavior was found to
be reversible with a little hysteresis where decrease in pH brings back the Bragg peak to its
original state. A reversible response to pH was seen below the emulsion pH of 12. When
emulsion pH was ≥ 12, counter-ion condensation takes place, which results in the
irreversible aggregation of emulsion droplets. The change in peak position Δλpeak of the
Bragg spectra for EPAA250 emulsion (at a magnetic field of 400 G) with increase in pH

is

shown in the Figure 7.11b. At pH 3.0, the λpeak was formed at 650 nm, corresponds to a ‘d’
spacing of 248 nm, which is red-shifted to 950 nm, when pH reaches ~11.0, and the
corresponding

grating spacing was 357 nm.The Bragg spectra and the corresponding

Δλpeak for EPAA450 emulsions is shown in the Figure 7.11 c & d. As observed with EPAA250
emulsion, a similar behavior was found in this case too. The response to pH was found to be
reversible when pH ≤ 12.

195

Chapter 7
(a)

12

Reflectance (%)

400

pH

9

(b)

3.0

7.5

4.0

8..

4.6

8.5

5.1

9.0

6.0

9.5

7.0

10.0

300
peak (nm)

15

6

200
100

3

0
0
600

700

800

900

1000

2

4

6

4

6

Wavelength (nm)

8
6

400
2.5
3.4
4.2
5.0
5.9
6.7

7.4
8.0
8.7
9.5
10.3
11.0

8

10

12

8

10

12

(d)

300
peak (nm)

(c)

4



Reflectance (%)

10

pH

200
100

2
0

0
600

700
800
900
Wavelength (nm)

1000

2

pH

Figure 7.11: Bragg peak and the corresponding change in Bragg peak wavelength for (a &
b) EPAA250 and (c & d) EPAA450, respectively as a function of pH. For a magnetic field
strength of 400 G, three different linear regions are observed in the ∆λpeak curve in the pH
range 2.5-6, 6-9 and 9-11.5. The slopes of above three regions were 74, 17 and 38 (with R2
= 0.94, 0.98 and 0.82) with increase in pH for EPAA250 emulsion. For EPAA450 emulsion, the
slopes were 70, 13 and 47 ( R2 = 0.97, 0.98 and 0.99) with increase in pH , respectively.
For a magnetic field strength of 400 G, Bragg peak was formed at 660 nm,
corresponding to diffraction grating spacing of 240 nm at a pH ~ 3.0. With increase in pH,
the Bragg spectra shifted to a higher wavelength as shown by the arrow. At a pH of 11, the
Bragg spectra move towards the red end of the spectrum and the behavior was found to be
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reversible with a little hysteresis. Δλpeak values were 300 and 350 nm for EPAA250 and
EPAA450 emulsion, respectively when pH is increased from 3.0 to 11.5. Δλpeak with pH
showed three different slopes of 74, 17 and 38 in the pH range of 2.5 to 6, 6 to 9 and 9 to
11.3, respectively,

with a good linearity for each regimes (Figure 7.11b) for EPAA250

emulsion. With increasing the molecular weight of the adsorbed PAA also display almost
the same behavior where slopes were of 70, 13 and 47 at different pH ranges (Figure
7.11d).
Based on the experimental results from the Bragg peak, intermolecular force and
zeta potential measurement, the change in conformation of the adsorbed PVA-vac + borax
with increasing temperature and PAA with increasing pH is represented schematically in
Figure 7.12 (a-c) and (d-f), respectively. At low temperature (5 ºC) but at a fixed pH and
magnetic field, the swelling of PVA-vac + borax complex adsorbed at oil-water interface
causes the oil droplets to interact at larger spacing where the λpeak of the Bragg spectrum is
formed at a higher wavelength (750 nm) as shown in the Figure 7.12a. As the temperature
increases to 40 ºC, the adsorbed polymer-borax complexes collapses due to dehydration and
breakdown of hydrogen bond between aqueous phase and PVA, leading to a decrease in the
interdroplet spacing and hence the Bragg spectra as shown in the Figure 7.12b. With
further increase in temperature to 90 °C, enhanced dehydration results in the complete
collapse of the adsorbed PVA-vac + borax so that λpeak of the Bragg spectra is blue-shifted
as shown in the Figure 7.12c.
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Figure 7.12: Schematic representation of the conformational change of the adsorbed
macromolecule at oil-water interface and the change in Bragg peak position with change in
temperature and pH. (Top to bottom) Lower to higher temperature or pH. (a-c) Change in
conformation of the adsorbed neutral macromolecule complexes (PVA-vac + Borax), Bragg
peak and interdroplet separation of emulsion droplets at a constant magnetic field but at
different temperature of 5, 40 and 90 ˚C. (d-f) Change in conformation of adsorbed anionic
polyelectrolyte (PAA), Bragg peak and interdroplet separation of emulsion droplets at a
constant magnetic field but at pH 3, 7 and 11.0.
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For EPAA450 emulsion,

at low pH (~3.0) and at room temperature, the anionic

polyelectrolyte PAA adsorbed at oil-water interface is neutral in nature and exhibits a
compact globule structure with a collapsed conformation as shown in the Figure 7.12d.
Therefore, the emulsion droplets begin to interact at a lower interdroplet spacing, which is
reflected in the formation of λpeak at 650 nm. Figure 7.12e shows that with increasing pH to
7.0, the adsorbed polyelectrolyte swells due to the ionization of surface groups where the
λpeak is shifted to 800 nm. Finally when the pH is increased to 11.0, almost complete
dissociation of the adsorbed PAA occurs that leads to an enhanced swelling with huge
increase in the interdroplet spacing (λpeak is shifted to 1000 nm) as shown in the Figure
7.12f.
7.2.4.2 Influence of temperature on pH response of EPAA450 emulsion
For practical application of this new platform, pH response should be insensitive to
the change in other environmental conditions such as temperature, ionic species etc. To test
the non-interfering behavior of the new platform, the temperature response of EPAA450
emulsion is studied at pH ~ 7.0. The Bragg spectra variation for EPAA450 emulsion in the
temperature range from 5 to 85 °C is also shown in the Figure 7.13a. To examine the effect
of temperature towards pH sensing, the total variation in Δλpeak in the temperature range of 5
to 85 °C (at constant pH) and in the pH range of 3 to 11.5 is measured and plotted in the
Figure 7.13b. It is clear that Δλpeak variations in the wide temperature range of 5 to 85 °C
(Figure 7.13 b) was ~10% as compared to the Δλpeak variation with change in pH at room
temperature (35 nm against 350 nm with pH). This shows that the pH sensing using EPAA450
emulsion is almost independent of the temperature. Similarly with neutral macromolecules,
temperatures sensing is not affected with changes in pH of the medium.
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Figure 7.13: (a & b) Temperature response on Bragg spectra for EPAA450 emulsion at pH ~
7.0 and the corresponding Δλpeak

for the same. The total variation in Δλpeak in the

temperature range between 5 and 85 ºC was 35 nm as compared to the Δλpeak variation of
350 nm for the pH range 3 - 11.5.
7.2.4.3 Response time, reversibility and reproducibility
Figure 7.14 a & b shows the Bragg peak change at different time interval for EPVA
emulsion at constant temperature (5 °C) and EPAA450 at constant pH (~ 7.0), respectively.
The changes in Bragg peak position at constant temperature and pH at different time interval
(up to 20 minutes) in each case shows negligible change in the Bragg peak position. The
subtle changes in the Bragg peak position in the above time interval was within the peak
position detection error. Therefore, temperature or pH measurement through Bragg peak has
negligible time dependence.
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Figure 7.14: Time dependence of Bragg peak position (a) at constant temperature (5 ºC) for
EPVA emulsion (b) at constant pH (~ 6.0) for EPAA450 emulsion.
The reversibility in sensing of the emulsion was assessed by measuring the change in
Bragg peak position on increasing and decreasing the temperature and pH. In the case of
EPVA emulsion, the nanofluid exhibited a

perfect reversibility with a minor hysteresis

during heating and cooling cycles. In case of EPAA450 emulsion the reversibility in pH
monitoring was possible up to pH 12. The reproducibility of the emulsion towards
temperature and pH was checked by repeating the experiment for three times, which gave a
similar result with insignificant deviation. Table 7.1 shows the

sensing capability of

magnetic nanoemulsion is found to be better for monitoring both temperature and pH over a
broad range in the fastest time as compared to other approaches. Moreover, the present
technique has the advantage, owing to optical mode of detection. With suitable functional
moieties and modification of emulsion properties, it should be possible to visually manifest
the temperature and pH changes. Further work is being done to achieve visual manifestation
of temperature and pH.
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Table 7.1: Established sensing techniques used for monitoring pH, temperature and
both, materials used, range of detection, response time and reference. Among various
sensing techniques,

magnetic nanoemulsion based sensor has a broader range and faster

response time.
Materials

Measured
parameter

pH
Range

Temp.
range
(˚C)

Response Ref.
time (sec.)

pH sensor
pH dependent
fluorophore

Fluorescent
Intensity

1 - 9.5

---

< 90

344

Eu 3+ functionalized
UiO-67-bpydc

Fluorescent
Intensity

1.0610.9

---

---

340

Polyaniline-coated
tilted fiber Bragg
gratings

Transmitted
amplitude spectrum

2-12

---

8 – 67

Fluorophore linked
phospholipid

Fluorescent
Intensity

3 -8
and 7 –
11

---

---

Congo red
immobilized triacetyl
cellulose

Absorption
spectrum

0 – 4.5

---

Prussian blue
deposited multimode
optical fiber

Average time
constant of optrode

2-8

---

150

348

350

345

---

365

20 460

---

352

2 – 45

---

353

Temperature sensor
Zinc oxide film
coated Hollow core
fiber

Transmittance
spectra

Laminated pouch

Luminescennce

---
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lifetime
Sagnac
interferometer with
photonic crystal fiber

Transmittance
spectra

---

23-35

---

366

CdS:SiO2
nanocomposite

Photolumininescen
ce intensity

---

293883

---

367

Graphene
nanowall/polydimeth
yl siloxane

Resistance change

---

20-120

---

368

Er3+ doped SnSrO3

Fluorescence
intensity

---

20-100

---

369

pH and temperature sensors
355

Reduced graphene
oxide (rGO)

Open circuit
potential between
potentiostat and
galvastat

4-10

25 - 43

Rhodamine and
fluorescein
isothiocyanate

Fluorescent
intensity

5–8

32 –
38

---

356

pH and temperature
terpolymer labeled
with
aminofluorescein (l42
– D50 – S8 –FL)

Transmittance of
light

6.4-8.4

30 - 46

---

370

Polymer fluorescent
sensor

Fluorescence
intensity

4 – 10

25 - 37

---

354

NaYF4: Yb3+, Er3+
nanocrystals

Luminescence

3 – 12

10 - 80

---

371

NBD-P(OEGMA-coDEGMA)-RhB2,

Fluorescence
intensity

2 – 10

20 –
50

---

372

Magnetic
nanoemulsion

Reflected Bragg
spectra

3-11.5

5 – 90

≤1

Present
work
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7.3 Conclusion
A simple, non-enzymatic, nanofluid based optical sensor for the detection of very low to
high urea concentration in the range of 10-3 to 102 g/L is developed. The nanofluid used here
is an oil-in-water magnetic nanoemulsion containing superparamagnetic iron oxide
nanoparticles of size ~10 nm. Under a constant magnetic field (~90 Gauss), the magnetic
emulsion forms a one dimensional Bragg diffraction grating with a fixed interparticle
spacing. In the presence of urea, the probe showed a large wavelength shift in the visible
wavelength range of 880-600 nm, due to complexation of urea with the functional moieties
that

dramatically changes the

electrostatic repulsion between emulsion droplets or

conformation of adsorbed polymer. The functional moieties, ESDS, EPAA450 and EPLURO
emulsion are found to be suitable for the measurement of urea in the concentrations
range 0.003-0.6, 0.18-33.3 and 2.4-334 g/L, respectively. EPAA450 emulsion is found to be
suitable for the selective detection of urea in the presence of biologically important cations
such as Na+ and Ca2+. The fast response time of the sensor (less than a second) and the wide
urea detection capability are the unique features of the new sensor.
Also, a magnetic nanofluid based optical sensor capable of monitoring both temperature
and pH is also developed. The interdroplet distance changes with temperature or pH stimuli
are manifested spectroscopically. EPVA emulsion was found to have a linear temperature
sensing

range of 5- 75 °C whereas EPVA + borax emulsion showed an improved

temperature measuring capability in the range of 5 - 90 °C. By using a functional group of
PAA, pH monitoring is achieved in the
second), multi stimuli options,
condition, simple to use,

range of 3 - 11.5.

The fast response time (~ 1

minimum cross interference with other environmental

and inexpensive nature of emulsion makes this new platform
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attractive for monitoring of pH and temperature.

Further, this new platform also has a

potential to visually monitoring the environmental changes by observing the color changes
by suitable functionalization.
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CHAPTER 8
Conclusion and recommendation for future work

8.1 Conclusion
The conformational change of neutral and charged macromolecules at the oil-water
interfaces is systematically studied under various physio-chemical conditions using in-house
developed intermolecular force measurement technique and the key results are given below:
Intermolecular interaction due to a thermoresponsive polymer, Poly (Nisopropylacrylamide) (PNIPAM) adsorbed at the oil-water interface under different
temperatures and anionic surfactant concentration showed a repulsive steric interaction and
temperature tunable interdroplet separation below the lower critical solution temperature
(LCST) due to reversible swelling and collapse of adsorbed PNIPAM at the O/W interface
where decay length (λ) decreases from 12.6 to 7 nm with increase in temperature. Above the
LCST (> 35 ºC), a strong attractive forces is found to operate between adsorbed PNIPAM
layers, causing a bridging of PNIPAM covered droplets. In the presence of a small amount
of 2 mM sodium do-decyl sulphate (SDS), LCST is increased by 3 ºC and therefore λ varied
between 16.6 and 12.7 nm as the temperature increased from 5 to 38 ºC due to strong
association of PNIPAM and SDS.
New insights are obtained in conformational change of adsorbed weak
polyelectrolyte - (polyacrylic acid) - PAA at the oil-water interfaces under different
environmental conditions such as ions of different valences, pH and molecular weight. In the
absence of salt, adsorbed PAA undergoes a reversible conformational change from compact
globule at low pH (3.0) where  was found to be 6.6 nm to a highly extended conformation
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at high pH (11.8) where  reached 28 nm due to electrostatic repulsion of backbone
functional group. With addition of salt, the adsorbed PAA undergoes an extended
conformation in the osmotic brush regime where λ scales with concentration of salt as ~
with the exponent x was found to be 0.068, 0.049 and 0.072 for Na+, Ca2+ and Fe3+,
respectively but collapses in the salted brush regime where λ scales as ~

and the

exponent y were found to be 0.3, 0.26 and 0.17 for Na+, Ca2+ and Fe3+, respectively. The rate
of swelling and shrinking in the presence of salt of different valence was found to be in good
agreement with the mean field and self-consistent field theoretical predictions. The
intermolecular force measurement for PAA of different molecular weight showed that
globule to extended transition is significant only for adsorbed PAA of molecular weight >
15 Kg/mol.
The behavior of a strong polyelectrolyte, poly(diallyldimethylammonium chloride) PDDA adsorbed at the oil-water interfaces studied using magnetic chaining technique,
showed that the adsorbed PDDA adopts an extended conformation at the oil-water interface
at zero salt concentration where λ was found to be ~ 17 nm that remains unchanged in the
pH range from 2 to 10 but collapses completely to 4 nm at a pH of 11.5 due to interchain
hydrogen bonding between adsorbed PDDA chains. At low salt concentration, the adsorbed
PDDA possesses an extended conformation where λ remains the same but collapse of the
PDDA was noticed at a very high salt content with a rate of decay of

,

and

, for Na+, Ca2+, and Fe3+ respectively due to an enhanced neutralization of the surface
group. Interestingly, the rate of swelling and collapse of PDDA and PAA was in good
agreement with the theoretical predictions for end grafted strong PE. The collapse of PDDA
and PAA was in agreement with the electrophoretic results where an increasing the salt
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concentration is found to decrease the zeta potential due to an enhanced neutralization of
surface groups. Also, the rate of collapse of adsorbed PDDA and PAA was found to be the
same as that of the rate of charge neutralization, observed from the electrophoretic
measurement.
The role of lower molecular weight protein (BSA) into EPDDA and EPAA450 emulsion
is studied at different solution pH conditions showed that the addition of BSA to EPDDA
emulsion results in the displacement of PDDA from the oil-water interface by BSA under
different pH conditions. The λ and ζ of EPDDA emulsion was found to be 19 nm and + 56
mV, respectively that changes to 6 nm and + 5 mV at pH 5.2 and 6 nm and -10 mV at pH
7.0 in the presence of BSA. A similar competitive displacement of PAA by BSA was
observed in EPAA450 emulsion when the solution pH condition is altered where λ and ζ of
EPAA450 emulsion at pH 3.5 was 15 nm and – 10 mV in the absence of BSA, respectively but
changes to 5 nm and + 38 mV when BSA was present at the interfaces. These results
confirmed the preferential adsorption of small molecules through competitive displacement
of larger molecules at liquid-liquid interfaces, irrespective of the nature of adsorbed PE’s
(strong or weak, anionic or cationic, high or low charge density).
The sensing ability of magnetic nanoemulsion functionalized with different
functional moieties for detecting urea, pH and temperature of the fluids is studied. The study
showed a selective detection of urea of wide concentration range of 10-3 to 102 g/L is
possible using ESDS, EPAA450 and EPLURO emulsion. ESDS emulsion shows a change in Bragg
peak wavelength (Δλpeak) of 142 nm that detects urea in the concentration range of 0.0030.6 g/L whereas EPAA450 and EPLURO emulsion showed the Δλpeak of 224 and 178 nm that
detects urea level of 0.18-33.3 g/L and 2.4-334 g/L, respectively. EPAA450 emulsion is found
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to be suitable for the selective detection of urea in the presence of biologically important
cations of 130 mM NaCl and 2 mM CaCl2. Similarly, temperature and pH sensing ability of
EPVA and EPAA450 emulsion is studied. The study showed that EPVA emulsion has linear
temperature sensing capability in the range of 5 - 75 °C, whereas EPVA + Borax emulsion has
an improved temperature measuring capability in the range of 5 - 90 °C. Finally, the pH
monitoring in the range of 3 - 11.5 is achieved, using EPAA450 and EPAA250 emulsion.
8.2 Recommendation for future work:
 To study the synergistic conformational changes of neutral and charged
macromolecules in the presence of surfactant.
 To study the role of nanoparticles at emulsion interface under different
environmental conditions.
 To understand the nature of colloidal interaction in the presence of linear and
branched polymers.
 To understand the behaviour of proteins at emulsion interface under different
environmental conditions.
 Testing of urea detection ability in serum samples.
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