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ABSTRACT

The interactions of triblock copolymers EsoBoEsp and EysB19Ess with anionic
surfactant SDS and cationic surfactant CTAB were studied employing surface
tensiometry, electrical conductivity, pyrene fluorescence probe and dynamic laser light
scattering techniques. Using surface tensiometry and electrical conductivity techniques
Critical Micelle Concentration (CMC) were determined. Electrical Conductivity
technique was used to determine CMC, degree of ionization (o), degree of counter ion
binding (B) and free energy of micellization (AG,). The increase trend in CMC for
ternary system both in the case of SDS and CTAB were observed. The increase in CMC
in case of concentrated polymer solution is more as compare to dilute polymer solution
both in the case of SDS and CTAB. In our case among the two triblock copolymers.
E30B10E30 is more hydrophobic (B/E = 0.166) as compare to E4BjoE4g (B/E = 0.104) that
is why E4sBoE4s cause more delay in the CMC of surfactants and greater increase were
observed in this case. The CMC of the mixed system determined by surface tensiometry
and electrical conductivity are in close agreement with an increasing trend. The increase
rends were observed for degree of ionization in case of SDS as compare 10 CTAB.
Degree of counter ion binding increase in case of CTAB as compare to SDS. The free
energy of micellization remains negative both in the case of SDS and CT AB-predicting

that the process is spontaneous.

Pyrene Fluorescence technique was used to calculate first and third vibronic ratio
11/1;. micelle aggregation number (Nug), Binding sites (n), Binding constant (K;) and
free energy of binding (AGy). The 1% and 3" vibronic ratio for pure CTAB is more as
compare to SDS confirming more hydrophobic nature of CTAB. In the presence of
triblock copolymers the I)/1I5 ratio is more for SDS as compare to CTAB, predicting that
the micro polarity of the solvent decrease in the case of CTAB. The aggregation number

decrease both in the case of SDS and CTAB.

Dynamic laser light scattering was used to determine the apparent hydrodynamic
radius (Ry). Decrease in the aggregates size (Ry,) in the presence of surfactants (SDS)

were confirmed from dynamic laser light scattering.
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Chapter - 1
INTRODUCTION

1.1 Polymer

The word polymer is derived from the Greek words (poly), meaning "many" and
(meros), meaning "part". The term was coined in 1833 by “Jons Jakob Berzelius Jons™.
Thus polymer is a large molecule (macromolecule) built by the repetition of small
chemical units. Polymers are materials which consist of repeating units whose molecular
weights are in the range of tens to hundreds of Daltons. The majority of water soluble
polymers, whether natural or synthetic are carbon based. Generally the solubility of these
polymers is due to the presence of polar oxygen groups while sometimes the polar
groups are nitrogen based. The polar group and hydrophobic centers on the polymer
represent sites for possible interaction with added surfactants. The mobility of the
polymer or the polymer segments in aqueous solution is important. Due to high
molecular weight of the polymer, the diffusion coefficient of polymers is less than that of
simple solutes by a hundred or thousands fold or more. However, the mobility of
individual monomer groups within the polymer can be large, especially in the polymer
molecules that adopt a random configuration in solution. This point is quite important in
understanding polymer/surfactant interaction mechanism. Open configuration and higher
monomer mobility are encouraged in “good solvents™ while more closed configuration

and lower monomer mobility are encountered in “poor solvents™.

1.1.1 Historical Background

Starting in 1811, Henri Braconnot did pioneering work in derivative cellulose
compounds, perhaps the earliest important work in polymer science. The development of
vulcanization later in the nineteenth century improved the durability of the natural
polymer rubber, signifying the first popularized semi-synthetic polymer. In 1907. Leo
Backeland created the first completely synthetic polymer, Bakelite. by reacting phenol
and formaldehyde at precisely controlled temperature and pressure. Bakelite was then
publicly introduced in 1909. Despite significant advances in synthesis and
characterization of polymers, a correct understanding of polymer molecular structure did
not emerge until the 1920s. Before that time, scientists believed that polymers were

clusters of small molecules (called colloid), without definite molecular weights, held



together by an unknown force, a concept known as association theory. In 1922, Hermann
Staudinger proposed that polymers consisted of long chains of atoms held together by
covalent bonds, an idea which did not gain wide acceptance for over a decade and for
which Staudinger was ultimately awarded the Nobel Prize. Work by Wallace Carothers
in the 1920s also demonstrated that polymers could be synthesized rationally from their
constituent monomers. An important contribution to synthetic polymer science was made
by the Italian chemist Giulio Natta and the German chemist Karl Ziegler, who won the
Nobel Prize in Chemistry in 1963 for the development of the Ziegler-Natta catalyst.
Further recognition of the importance of polymers came with the award of the Nobel
Prize in Chemistry in 1974 to Paul Flory, whose extensive work on polymers included
the kinetics of step-growth polymerization and of addition Polymerization, chain

transfer, excluded volume, the Flory-Huggins solution theory, and the Flory convention.

1.1.2 Applications of Polymers

Synthetic polymer materials such as nylon, polyethylene, Teflon, and silicone
have formed the basis for a burgeoning polymer industry. These years have also shown
significant developments in rational polymer synthesis. Most commercially important
polymers today are entirely synthetic and produced in high volume on appropriately
scaled organic synthetic techniques. Synthetic polymers today find application in nearly
every industry and area of life. Polymers are widely used as adhesives and lubricants, as
well as structural components for products ranging from children's toys to aircraft. They
have been employed in a variety of biomedical applications ranging from implantable
devices to controlled drug delivery. Polymers such as poly (methyl methacrylate) find
application as photoresist materials used in semiconductor manufacturing and low-k
dielectrics for use in high-performance microprocessors. Recently, polymers have also
been employed as flexible substrates in the development of organic light-emitting diodes

for electronic clisplays.l

1.1.3 Classification of Polymers

Like the old story about the elephant and the blind men, the way people classify
polymers depends on their experience. For example, an organic chemist is interested in
the detailed arrangement of atoms in the chain, while a structural engineer only considers
a table of physical attributes such as tensile strength or density. There is no uniform

. . 2
system of classification of polymers.”



B.

Polymers can be classified in many different ways.

Classification on the basis of origin
Natural Polymers

Natural polymers are of two types:

Biological origin: All conversion processes occurring in our body are due to the
presence of enzymes, nucleic acids and proteins which are polymer of biological

origin. These polymers have normally very complex structures.

Plant origin: cellulose, natural rubber is the examples of plant origin and has

relatively simpler structures than those of enzymes and proteins.

Synthetic Polymers

There are large number of synthetic polymers (man-made) consisting of various

families like fibers, elastomers, plastic, adhesive etc.

2.

A.

Classification on the basis of synthetic way
Addition Polymer

An addition polymer is the one which is formed by addition reaction where many

monomers bond together via rearrangement of bonds without the lost of any atom o1

molecule. For addition polymerization a carbon-carbon double bond is required to be

present in monomer.
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Fig. 1.1: Schematic representation of addition polymerization
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B.

Condensation Polymers

Any kind of polymer formed through a condensation reaction, releasing small

molecule as by-product such as water or methanol. Condensation polymerization is a

form of step-growth polymerization.

Fig. 1.2: Schematic representation of condensation polymerization
Classification on the basis of heating effect

A. Thermoplastic polymers

B. Thermosetting polymers
Classification on the basis of nature

A. Organic polymer

B. Inorganic polymer

Classification on the basis of mechanical strength

A. Elastomers
B. Plastomers
Q. Fibers

Classification on the basis of conductivity

A. Conducting polymers

B. Non-conducting polymers
Classification on the basis of morphology

A. Crystalline polymers
B. Semi crystalline polymers

G, Amorphous polymers



(=)

Fig. 1.3: Three different types of polymeric liquid crystals (a) vinyl type; (b) Kevlar
polymer; (¢) polypeptide chain

Amorphous

NS,

Semi-Crystalline

Fig. 1.4: Schematic representation of amorphous and Semi-Crystalline polymer

Classification on the basis of stereochemistry

A. Isotactic polymers
B. Syndiotactic polymers
c: Atactic polymers

Classification on the basis of molecular arrangement

A. Linear polymers

B Branched polymers

84 Cross linked polymers
D

Network (three dimensional) molecular structure

hn



Fig. 1.5: Schematic representation of (a) linear polymer; (b) branched polymer; (c)

Cross-linked polymer; (d) Network molecular structure

10.  Classification on the basis of type of monomers

A. Homopolymers
B. Heteropolymers or Copolymers
Copolymers

A polymer consists of two or more than two different monomers called
copolymers. These polymers are also called hetero polymers. The simultaneous
polymerization (copolymerization) of two or more monomers was 1ot investigated until
about 1911, when copolymer of olefins and di olefins were found to have rubbery

properties and was more useful than homopolymers made from single monomers.”

Types of Copolymers
Since copolymer consist of two types of constitutional units (not structural),
copolymers can be classified based on how these units are arranged along the chain.

Following are the important types of copolymers.

A. Alternating copolymers
“That type of copolymer which consist of alternating A and B units are called

alternating copolymers™.
-A-B-A-B-A-B-A-B-A-B-A-B-A-B-

B. Periodic copolymers
“That type of copolymers in which A and B units are arranged in repeating

sequence called periodic copolymers™.

(A-B-A-B-B-A-A-A-A-B-B-B),



58 Statistical copolymers

“Copolymers in which the sequence of monomer residues follows a statistical
rule”. If the probability of finding a given type monomer residue at a particular point in
the chain is equal to the mole fraction of that monomer residue in the chain, then the

polymer may be referred to as a truly random copolymer.
-A-B-B-B-A-B-A-B-A-A-
D. Block copolymers:

“Comprise two or more homopolymer subunits linked by covalent bonds™. The
union of the homopolymer subunits may require an intermediate non-repeating subunit,
known as a junction block. Block copolymers with two or three distinct blocks are called

diblock copolymers and triblock copolymers, respectively.

-A-A-A-A-B-B-B-B-A-A-A-A-B-B-B-B-

E. Graft copolymers

“A special type of branched copolymer in which the side chains are structurally
distinct from the main chain. The illustration depicts a special case where the main chain
and side chains are composed of distinct homopolymers. However, the individual chains
of a graft copolymer may be homopolymers or copolymers. Note that different
copolymer sequencing is sufficient to define a structural difference, thus an A-B diblock
copolymer with A-B alternating copolymer side chains is properly called a graft

copolymer.

-A-A-A-A-A-A-A-A-A-A-A-A-A-A-

-B-B-B B-B-B-

Block Copolymers

Block copolymers are a special type of polymer in which each molecule consists
of two or more segments of simple polymers (blocks) joined in some arrangement. In
block copolymers. the different monomers are organized into distinct segments, or
blocks. Block copolymers with two, three, and more blocks are called diblocks. triblocks.
and multiblocks. Some arrangements are linear, in which the blocks are connected end-
to-end, and some of them are star like in which all of the blocks are connected via one of

their ends at a single junction. Of course more complicated arrangements are also



possible. The number of monomer types in a block copolymer may be less than or equal
to the number of blocks. Thus, an ABC linear triblock consists of three monomer types.
whereas an ABA linear triblock consists of two monomer types. The following diagram

shows the arrangement of blocks in an AB diblock (1), an ABA triblock (2), an ABC

\

triblock (3). and a star block (4).

1 2 3 4

Fig 1.6: (1) AB diblock copolymer; (2) ABA triblock copolymer; (3) ABC triblock
copolymer: (4) Star block copolymer.

1.2 Surfactants
“Surfactants (surface active agents) are organic compounds with at least one
lyophilic (solvent loving) group and one lyophobic (solvent-fearing) group in the

43y
molecule.

OR
“A substance that, when present at low concentration in a system, has the
property of adsorbing onto the surface or interface of the system and of altering to the
marked degree the surface or interfacial free energies of those surfaces (or interfaces).” If
we are using water as a solvent then the respective terms hydrophilic and hydrophobic

are used.

How Play-Doh Works Surfactants

Surfactant Molecu

HYDROPHILIG LIPOPHILIC

Fig 1.7: General structure of Surfactant.



1.2.1 Classification of Surfactants

Numerous variations are possible within the structure of both the head group and
tail of surfactant. The head group can be charged or neutral, compact in size or a
polymeric chain. The tail is usually single, double, straight or branched hydrocarbon

chain, but may also be a fluorocarbon or siloxane or contain aromatic rings.
Depending on the nature of hydrophilic group, surfactants are classified as:

I, Anionic
The surface-active portion of the molecule bears a negative charge, for examples,

RCOO™Na™ (soap), RC¢H4SO; Na™ (alkyl benzene sulfonate), and SDS etc.

2. Cationic
The surface-active portion bears a positive charge, for examples, RNH; Cl (salt

of long-chain amine), RN"(CH3);Cl™ (quaternary ammonium chloride), CTAB etc.

-, 7 Zwitter ionic
Both positive and negative charges may be present in the surface-active portion,
for example, R'NH,CH,COO™ (long chain amino acid), RN" (CHj3),CH,CH,S0;”

(sulphobetaine) etc.

4. Non-ionic

The surface-active portion bears no apparent ionic charge, -for example,
RCOOCH,CHOHCH,0OH (mono glyceride of long-chain fatty acid), RC¢Hy (OC,Hy)
xOH (poly oxyethylenated alkyl phenol) etc.

Differences in the nature of the hydrophobic groups are usually less pronounced
than in the nature of the hydrophilic group. Generally, they are long-chain hydrocarbon

residues. However, they include such different structures as:

T; Straight-chain alkyl groups (Cg-Cap)
2. Branched-chain, alkyl groups (Cg-Cao)

faJ

Alkyl benzene residues.
Alkyl naphthalene residues (C; and greater-length alkyl groups).

Rosin derivatives.

Gl O o

High-molecular weight propylene oxide polymers (polyoxypropylene

glycol derivatives).



(4 Long-chain perfluoroalkyl groups.

8. Polysiloxane groups.

1.2.2 Aggregation or Micellization

Surfactants are ultimate example of amphiphilic structure. They combine a long
chain alkyl group, which is hydrophobic, with an ionic group, which is highly
hydrophilic. In ionic surfactants the two groups are covalently bonded in the same
molecule. If such a molecule is exposed to water, the powerful forces of hydration will
attempt to drive the molecule into the solution, but at the expense of exposing the
attached hydrocarbon chains to an unfavored aqueous media. In trying to minimize

contact of their alkyl chains with water, surfactant molecules will adsorb at:

i Solid/water interfaces (as in wetting and detergency)

2 Air/water interfaces, lowering the surface tension (as in foaming and
wetting)

3, Oil/water interface, lowering interfacial tension (as in emulsification)

In these processes of adsorption, the hydrocarbon group loses energy by reducing
contact with water and by association with one another. The ultimate process for the

reduction of hydrocarbon/water contact is the micellhization.

Important aspects of micellization
I The process of aggregation and de aggregation for pure surfactant like SDS is

very fast even in microseconds to milliseconds.’

2. The enthalpy change of micellization is generally small.” ¥ The small enthalpy
change is due to energy lost in decreasing contact between hydrocarbon chain and
water which is offset by the energy gained in the electrical repulsion of ionic

head groups brought into proximity in the micelle periphery.

3 Addition of salt reduces the repulsive forces between head groups of surfactant.
or lengthening the “R” group of the surfactant, which increases the energy loss on

eliminating the hydrocarbon chains/water interface, can sharply reduce the CMC.

4. In non-ionic surfactants due to absence of electrostatic repulsive forces at the
micellar periphery, aggregations take place at a much lower concentration. For
the same R group the CMC of a non-ionic surfactant can be two orders of
magnitude lower than that of anionic surfactant. In solution surfactant shows the

phenomena of adsorption and aggregation. To limit the contact between water



and surfactant hydrophobic part, the surfactant molecules aggregates in the bulk
solution with the hydrophilic group oriented towards the aqueous phase. The
aggregation process 1s called micellization and the aggregates are called
micelles.A micelle is an aggregate of surfactant molecules dispersed in a liquid
colloid. Micelles are colloidal-sized clusters. Micellization is an alternative to
interfacial adsorption for removing of hydrophobic group from contact with the
aqueous environment, which reduces the free energy of the system. In micelle the
hydrophobic groups are directed toward the centre of the surfactant aggregates

while the hydrophilic groups are oriented outside toward the aqueous phase.

___.Hydrophillc head

- _;'_"‘I' — =
‘ Aqgqueocus

solution

- -."‘Hydrophobic tail

Fig 1.8: Typical structure of Micelle

Micelles are dynamic species and there is a constant rapid interchange of the
surfactant molecules between the micelle and the bulk phase. Micelles thus cannot be
regarded as rigid structures with well defined shapes, although an average micellar shape
may be considered. The shape and sizes of the micelles in the micellar solution depend
upon the architecture of surfactant molecule, surfactant concentration and solution
temperature. The main types of micelles recognized are spherical, elongated cylindrical,

rod like micelles with hemispherical ends etc.

Micelles

Sphere

Hexagonally
packed rocs

Fahsacle,
layver structure

Fig 1.9: Different shapes of micelles.



1.2.3 Critical Micelle Concentration

The critical micelle concentration (CMC) is defined as the concentration of
surfactants above which micelles are spontaneously formed. Upon introduction of
surfactants (or any surface active materials) into the system they will initially adsorb at

the interface, reducing the free energy of the system by

a) Lowering the energy of the interface (calculated as area x surface tension)
and
b) By removing the hydrophobic parts of the surfactant away from water.

Subsequently, when the surface coverage by the surfactants increases and the surface
free energy (surface tension) has decreased, the surfactants start aggregating into
micelles, thus again decreasing the system free energy by decreasing the contact area of
hydrophobic parts of the surfactant with water. Upon reaching CMC, any further

addition of surfactants will just increase the number of micelles (in the ideal case).

There are several theoretical definitions of CMC. One well-known definition is

that CMC is the total concentration of surfactants under the conditions:
If C = CMC, (d’F/dC,) =0
F = a [micelle] + b [monomer]

Cy: total concentration and a, b are proportionality constants

Therefore, value of CMC depends on the method of measuring the samples, since a and b
depend on the properties of the solution such as conductance and photochemical
characteristics. When the degree of aggregation is monodispersion, the CMC is not
related to the method of measurement. On the other hand, when the degree of
aggregation is multidispersion, CMC is related to both the method of measurement and
the dispersion. CMC is an important characteristic of a surfactant. Before CMC, the
surface tension changes strongly with the concentration of the surfactant. After CMC, the
surface tension remains almost constant. The CMC is the concentration of surfactants in
the bulk at which micelles start forming. In most of the situations e.g. in surface tension
measurements or conductivity measurements, the amount of surfactant at the interface is
negligible as compared to that in the bulk and CMC is approximated by the total
concentration. There are important situations where interfacial areas are large and the
amount of surfactant at the interface can not be neglected. For example if we take a

solution of a surfactant above CMC and start introducing air bubbles at the bottom of the
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solution, these bubbles, as they rise to the surface, pull out the surfactants from the bulk
to the top of the solution creating a foam column thus bringing down the concentration in
bulk to below CMC. This is one of the easiest methods to remove surfactants from
effluents (Foam Flotation). Thus in foams with sufficient interfacial area there will not
be any micelles. Similar reasoning holds for emulsions. The other situation arises in
detergency. One initially starts off with concentrations greater than CMC in water and on
adding fabric with large interfacial area and waiting for equilibrium, the surfactant
concentration goes below CMC and no micelles are left. Therefore the solubilization
plays a minor role in detergency. Removal of oily soil is by modification of the contact

angles and release of oil in the form of emulsion.

Factors affecting the CMC
1. Structure of the surfactant
In general, the CMC in aqueous media decreases as the hydrophobic character of

the surfactant increases.

A. The hydrophobic group

In aqueous medium, the CMC decreases as the number of carbon atoms in the
hydrophobic group increases to about 16 and a generally used rule for 10nic surfactants is
that CMC is halved by the addition of one methylene group to a straight-chain
hydrophobic group attached to a single terminal hydrophilic group. For non-ionic the
decrease with increase in hydrophobic group is somewhat larger, an increase by two
methylene units reducing the CMC to about one-tenth compare to one-quarter in ionic.
When the hydrophobic group is branched, the carbon atoms on the branches appear to
have about one-half the effect of carbon atoms on a straight chain. When carbon-carbon
double bond is present in the hydrophobic chain, the CMC is generally higher than that
of the corresponding saturated compound. with the cis isomer generally having a higher
CMC than the trans isomer. In the presence of polar group such as —~O- or ~OH the CMC
of the hydrophobic chain increases. When the polar group and the hydrophilic group
both attached to the same carbon atom, that carbon atom seems to have no effect on the
value of the CMC. In propopylen oxide-ethylene oxide block copolymer surfactants,
where the polyoxypropylene group act as a part of or as the entire hydrophobic group.
the decrease in the CMC produced by one oxypropylene group has been stated to be
equivalent to that produced by 0.4 methylene units when the polyoxypropylene chain is

one to four units long.



B. The hydrophilic group

In aqueous medium, ionic surfactants have much higher CMC than non-ionic
surfactants containing equivalent hydrophobic groups. Zwitter ionic have same CMC as
for ionic surfactants. The CMC is higher when the charge on an ionic hydrophilic group
is closer to the a-carbon atom of the alkyl hydrophobic group. An expected, surfactants
containing more than one hydrophilic group in the molecule show larger CMC than those

with one hydrophilic group and the equivalent hydrophobic group.

82 The Counter ion

The CMC in aqueous solution reflects the degree of binding of the counter ion to
the micelle. Increased binding of the counter ion, in aqueous systems, causes to decrease
in the CMC of the surfactant. The extent of binding of counter ion increases with
increase in its polarizability and valence, and decrease with increase in its hydrated

radius.

D. Empirical equation

Many investigators have developed empirical equations relating the CMC to the
various structural units in surface-active agents. In aqueous medium, a relationship
between the CMC, Cepme. and the number of carbon atoms N in the hydrophobic chain

was found: logCMC = 4—- BN Where A is a constant for a particular ionic head at

given temperature and B is also a constant. In all these relationships the CMC in aqueous

solution decreases as the hydrophobic character of the surfactant increases.

2. Electrolyte

In aqueous solution the presence of electrolyte causes a decrease in the CMC, the
effect being more pronounced for anionic and cationic than for zwitter ionic surfactants
and more pronounced for zwitter ionic than for non-ionic. Experimental data shows that
for the anionic and cationic surfactants, the effect of the concentration of electrolyte is
given by the following equation: log Ccne = -a log Ci +b. where a and b are constants for
a given ionic head at a particular temperature and C; is the total counter ion concentration
in mole per liter. The depression of CMC in these cases is due mainly to the decrease in
the thickness of the ionic atmosphere surrounding the ionic head groups in the presence
of the additional electrolyte and the consequent decreased electrical repulsion between

them and the micelle.



3. Organic additives
Small amounts of organic materials may produce marked changes in the CMC in
aqueous media. There are (wo types of materials which cause changes in the CMC.

These materials are categorized as:

A. Class I materials

Materials that affect the CMC by incorporating into the micelle are considered as
class I materials. These materials are generally polar organic compounds such as
alcohols and amides. Compounds of this class operate at very low bulk phase. Members
of class-I reduce the CMC. Shorter-chain members of the class- I are probably adsorbed
mainly in the outer portion of the micelle close to the water-micelle “interface™. The
longer-chain members are probably adsorbed mainly in the outer portion of the core,
between the surfactant molecules. Adsorption of the additives in these fashions decreases
the work required for micellization. Depression of the CMC appears to be greater for
straight-chain compounds than for branched ones and increases with chain length to a
maximum when the length of the hydrophobic group of the additive approximates that of
the surfactant. Additive that have more than one group capable of forming hydrogen
bonds with water in a terminal polar grouping appear to produce greater depressions of

the CMC than those with only one group capable of hydrogen bonding to water.

B.  Class Il materials

These types of materials change the CMC by modifying solvent-micelle or
solvent-surfactant interactions. These materials change the CMC at higher bulk phase
concentration than the class I materials. The members of this class change the CMC by
modifying the interaction of water with the surfactant molecule or with the micelle,
doing this by modifying the structure of the water. its dielectric constant, or its solubility
parameter. Members of this class include urea, formamide, N-methylacetamide, short

chain alcohols etc.

4. Temperature

The effect of temperature on CMC of surfactants in aqueous medium is complex.
the value appearing first to decrease with temperature to some minimum and then to
increase with further increase in temperature. Temperature increase causes decreased
hydration of the hydrophilic group, which favor micellization. However, temperature
increase also causes disruption of the structured water surrounding the hydrophobic

group, an effect that disfavor micellization. The relative magnitude of these two



opposing effects determines whether the CMC increases or decreases over a particular

temperature range.’

1.3 Polymer-Surfactant Interactions

1.3.1 Polymeric Surfactants as a Stable System with Right Consistency
(Rheology) for Cosmetic Applications

Personal care formulations are designed to have a number of benefits, both
functional and aesthetic.” For these reasons, many systems are designed to provide
cleaning and protective barriers against damaging environment such as sunlight and they
should have a pleasant odor, make the skin feel smooth, and appeal to the customer on
applications. At present, personal formulations are based on oil-in-water (o/w) or water-
in-oil (w/o0) emulsions “structured™ to produce creams with the right consistency that
appeals to the customers. These systems are thermodynamically unstable, as their
formation is accompanied by a large increase in the interfacial energy (small droplets) "

This can be understood from the free energy of formation of an emulsion.
AG_-’urm iz AAJIIE _ TASLWU'

Where Adis the increase in interfacial area, y,,is the interfacial tension, T is the absolute

conf

temperature and AS“” is the configurational entropy arising from the increase in the

number of possible configuration due to the formation of a large number of droplets.

With emulsions ]Atl,:

>>|— TA.S‘“““| and hence AG™™>0; i.e.. the formation of an

emulsion is non-spontaneous and with time the emulsion tends to break down by

flocculation and coalescence to reduce A4 and hence AG.

The above thermodynamic explanation implies that to stabilize an emulsion
against flocculation and coalescence, one need to create an energy barrier between the
droplets to prevent their close approach (whereby the van der Waal attraction is strong).
Several methods may be applied to produce such a high energy barrier. The most
common procedure applied in many colloidal systems is to create an electrical double
layer at the oil/water interface. When two droplets with such double layers (of the same
charge) approach each other, separation of distance that is twice the double layer
thickness causes strong repulsion which counteracts the van der Waal attraction. The
energy distance curve for such system shows an energy barrier (maximum) at

intermediate distances of separation, which has to overcome for flocculation and
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coalescence to occur. The above method of stabilization is known as electrostatic
stabilization. Electrostatic stabilization can be achieved by the use of ionic surfactants.
However for a number of reasons this method of stabilization is not ideal for personal
care formulation. First, the stabilization is influenced by the presence of electrolytes in
the system, which reduces repulsion and may cause instability. In addition, many ionic
surfactants cause skin irritation as a result of their penetration and interaction with the
stratum corneum.'' The stratum corneum is the main barrier to water loss and it consists
of lipids that are organized in a bilayer structure, which at high water content is
transparent and soft.'”” Surfactant that interact with the lipid bilayer and reduce its
“liquid-like” nature (by disrupting the liquid crystalline structure) may cause
crystallization of the lipids, and this has a drastic effect on the appearance of smoothness

of the skin (*dry™ skin feeling).

e G o i
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Fig 1.10: Schematic representation of Lipid Bilayer.

For the above reasons, many personal care emulsions are formulated using non-
ionic surfactants usually polymeric surfactants. These surfactants adsorb at the oil/water
interface with the hydrophobic group toward the oil phase while the hydrophilic group
(mostly polyethylene oxide) remaining in the aqueous phase. These molecules produce a
repulsive barrier as a result of the unfavorable mixing of the polar PEO chain (when
these are in good solvent conditions) and the reduction in the configurational entropy of
the chains by overlapping. Such repulsion is referred to as steric stabilization."® These
non-ionic surfactants (used in mixtures) have been successfully applied to prepare stable
o/w and w/o emulsions. In addition, in some cases, they form liquid crystalline structures
at the o/w interface and these prevent coalescence of the oil droplets."! One of the main
features of effective steric stabilization is strong adsorption of the chain to the interface.
Apart from their effectiveness in prevention of flocculation and coalescence. they are

also expected to cause no skin irritation. The high molecular weight of the polymeric
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surfactant prevents their penetration through the skin and hence they do not cause any
disruption of the stratum corneum. The most convenient polymeric surfactants are those
of the block-and-graft copolymer type: ABA triblock copolymer, in which A- block
represents lyophilic part while the B-block represents lyophobic part of the amphiphile.
The hydrophobic chain (B-block) resides at the hydrophobic surface, leaving the two
hydrophilic chains (A-block) dangling in aqueous solution (providing steric

stabilization).

1.3.2 Adsorption at Interface
The process of polymer adsorption involves a number of interactions that must be

separately considered. Three main interactions must be taken into account, namely

1. The interaction of the solvent molecule with surface (oil in the case of

oil/water emulsion that needs to be displaced for the polymer segments to

adsorb).
2 The interaction between the polymer chains and the solvent.
3. The interaction between the polymer and the surface.

Apart from knowing these interactions, one of the most fundamental
considerations is the conformation of the polymer molecule at the interface. These
molecules adopt various conformations depending on their structures. The ABA triblock
copolymer arranged at the interface in such a way that its lyophobic part(the anchor

chain B) make loops on the interface while the lyophilic part(A-chain tail) stabilizing the

system.
Lyophilic Tail
Lyophilic yophilic Tai
Tail
Lyophobic
anchoring
/ chain (loops)
I ]lg :'. ;|' ! lIL II' E Ii' ! |-:l
i/ ¢ 'y F 4§ J——> Trains

Fig 1.11: Conformation of Triblock copolymer of type ABA adsorbed on a plane

surface.
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Several theories describe the process of adsorption, which have been developed
using either statistical mechanical approach or quasi-lattice models. In the statistical
approach, the polymer is considered to consist of three types of structures with different
energy states, trains, loops and tails.'™ '® The structures closed to the surface (Trains) are
adsorbed with an internal partition function determined by short-range forces between
the segment and the surface. The segments in loops and tails are considered to have an
internal partition function equivalent to that of segments in the bulk solution and these
are assigned as segment-solvent interaction. By equating the chemical potential of the
macromolecule in the adsorbed state and in the bulk solution, the adsorption isotherm

can be determined.

The use of polymer and surfactant in the cosmetic industry is wide spread like in
the formulation of shampoos. lotions etc these ingredients occur together. Through
interaction, these ingredients affect the properties of each others and hence the overall
properties of the formulation changed sometime beneficially and sometimes adversely.
Therefore, it is very important to have a clear idea about the factors that govern the
interaction of polymer and surfactant and also on the alteration of the properties that can

be expected as a result of product formation through interactions.

u
(=}

This field of study is actually quite old. Interaction and complex formation between
natural polymer (proteins) and “surfactants” (lipids) were recognized early in this
century (1900) and much study on the mixtures of proteins and synthetic surfactants was

carried out in the 1940s and 1950s.'7'®

1.3.3 Proposed Mechanism of Polymer-Surfactant Interactions

The field of polymer-surfactant interaction is very active among the colloidal
scientists. For this purpose numerous types of experiments were performed to visualize
the mechanism of polymer-surfactant interaction. The early explanation of polymer-
surfactant mechanism was started from protein/surfactant system established binding of
surfactant to sites along the polymer chain. On the basis of different experiments made

by different scientists following types of mechanisms are proposed:

A. Cooperative mechanism
This type of mechanism is proposed on the basis of more recent data. In this type
of mechanism the interaction involving “cooperativity” in binding of surfactant

molecules.
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B. Perturbation mechanism

This type of mechanism explains perturbation of aggregation or micellization of

the surfactants.

C. Necklace mechanism

In this type of mechanism the micelles of surfactant are attached with the
polymer chain in such a way as to produce a decorative necklace type of structure. This
type of model is usually used for neutral triblock copolymer decorated with ionic

surfactants like SDS, CTAB etc.

D. Mixed type mechanism

In this type of mechanism two polymer chains are attached to each other by

surfactant monomers through hydrophobic forces.

(d)

Fig 1.12: Schematic drawing of various modes of “binding” surfactants molecules by a

polymer.



1.3.4 Factors Effecting Association of Surfactants with Polymers

As the polymer-surfactant interaction can be explained by different mechanisms.
Among these, two mechanisms involve “cooperative” and “perturbed” aggregation of
surfactant molecules. Factors which effect SDS micellization also influence the
association of surfactant with polymer. The most important factors which have greater

effect on the interaction of polymer-surfactant are summarized as:

A. Surfactant Chain Length
Studies with a number of surfactants show that polymer/surfactant interaction is

most favorable under following conditions.

(a) Surfactants should have long hydrocarbon chain.
(b) Surfactants should have straight chain.

(¢) The head group of surfactant should be terminal to the chain."

For uncharged polymers the initial binding concentration or critical aggregation
concentration (C.A.C) in homologous series of ionic surfactants decreases with
increasing chain length of the surfactants. The linear relationship between log of C.A.C

and n (number of carbon in the molecular chain). is same as between log CMC and n.

For PVP/SDS mixtures in 0.1 M NaCl solutions, Arai et .al*’, using the
relationship In T = nw/kT+constant, found a value of w of -1.1kT. This correspond to

the free energy change per -CH;- group in two processes.i.e
a) Transferring the surfactant from unassociated state in solution to the
complex and
b) Transferring the surfactant molecule to micelles.

The logarithm dependence of C.A.C (and CMC) can be related to Traube’s rule.”!

Traube’s Rule: This rule was demonstrated by Traube’s in 1891. This rule states that
“the concentration of the compound required for equal lowering of surface tension

diminish threefold for each -CH»-group added to the chain™.

Langmuir showed that Traube’s rule can be stated in the form An = Ao + 625n. where
An = work done in bringing a mole of the molecule from the interior to the surface, n =
number of carbon in the molecule chain and A, = constant depend on the end group of the

series (for e.g. A, for CH,OH end group = 575).



B. Surfactant Structure

The influence of surfactant structure, including the nature of the head group (and
its charge) on polymer/surfactant interaction is very important in case of uncharged
polymers. A general description that anionic surfactants are more reactive than cationic
surfactants towards the uncharged water soluble polymers.® These effects are

summarized in the following form

P*: SA~ > SAT >> SA°
pot SA° > SA" >> SAe

Pr- SA- >> SA* >> GSA

This table shows that an anionic surfactant will react strongly with a polycation
but will not react, or will react only weakly, with a polyanion, illustrating the potent
effect of electrostatic forces. The adsorbed amount of surfactant was dependent upon the
number of constituent groups such as —CHj present on the head group of the surfactant.
Presence of more such shielding groups on the head group little will be the repulsion
between the copolymer bound surfactant molecules and more will be its binding.**** The
addition of SDS was found to melt the micellar cubic structures and while CTAB

addition led to a phase separation (or precipitation).

e Molecular Weight of the Polymer
Several studies have been published addressing various questions such as
structure of polymer/surfactant complexzs, the effect of polymer molecular weight™, the

type of surfactant counter ion”’ and the effect of temperature.”®

Despite the extensive experimental and theoretical research, there are still some
important aspects of the polymer/surfactant interaction that have yet been hardly
investigated. Such an aspect is the role of the polymer molecular weight, a parameter that
is generally neglected. This approach is supported by the investigation of Schwuger”
who found that the SDS does not interact with PEO if the PEO molecular weight is
smaller than 1500. Above this molecular weight, the C.A.C first decreased slightly up to
about Mpgo = 4000, then it became independent from the polymer molecular weight.
Bernazanni et al. have very recently presented a combined isothermal titration

calorimetry (ITC) and 13C, 1H, and 23Na NMR studymof the PEO/SDS interaction in
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the low and moderate molecular weight ranges of the polymer. On the basis of their ITC
measurements, the authors concluded that the minimum molar mass of the appearance of
the PEO/SDS interaction is Mpgo = 350 and Mpro = 3800 is the critical molecular weight
above which the interaction is independent of Mpgo. The effect of polymer molecular

weight on the polymer/surfactant interaction can be explained through following graph.
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Fig 1.13: The effect of polymer molecular weight on the polymer/surfactant interaction.

In the above figure, the C.A.C is plotted as a function of PEO molecular weight.
As reflecied by the figure, the aggregation behavior of the SDS can be divided into three
regions in the presence of PEO. Below Mpgo = 1000 (region A), the C.A.C of the
surfactant éon‘esponds to the CMC, which indicates that there is no complex formation
in this molecular weight range. If the PEO molecular weight exceeds 1000, the C.A.C
appears below the CMC, and it decreases as the polymer molecular weight increases.
Finally, when the polymer molecular weight becomes large enough (larger than Mpgo =

8000). the C.A.C becomes practically constant (range C).

a)

Figure 1.14: Schematic representation of the possible change of the polymer/surfactant

complex structure with decreasing polymer molecular weight (M1 > M2 > M3):

(a) When Mpgo 1s large, several aggregates are connected by the polymer by wrapping

around them (necklace model): (b) when the polymer chain length is comparable to the



chain length required for the formation of an optimal composition complex. only one
aggregate forms in the coil: (¢) in the case of short polymer chains, in principle. more

i . - il
than one polymer chain could be incorporated into the complex.

D. Amount of Polymer

The polymer-surfactant interaction is influenced by amount of polymer. In case
of surface tension measurement C.A.C is always less than the CMC. The dependence of
polymer amount on the polymer/surfactant interaction can be explained on the basis of
C.A.C. The position of C.A.C (T)) is insensitive to polymer concentration, although in

some systems it has been shown to decrease slightly with large increase in polymer

2

concentration.” *Where as the saturation concentration increases linearly with polymer
concentration. This linear increase in saturation concentration is only for uncharged
polymers while in case of polyelectrolyte and proteins the system becomes more

complicated.

E. Polymer Structure

During and after pioneering work of Saito™ on the interaction between ionic
surfactants and uncharged polymers it has been appreciated that there are definite
difference in reaction affinity among polymers toward a given surfactant. For example.
in cellulosic water soluble polymers it was known that MeC is more reactive than ethyl
(hydroxyl) ethyl cellulose (EHEC); that polypropylene oxide is more reactive than
polyethylene oxide. According to available informations Breuer and Robb*assigned

reactivity sequence to a group of six in increasing order of reactivity as follows:

Interaction with anionic surfactants PVA < PEO< MeC < PVAc <PPO ~ PVP

Interaction with cationic surfactants PVP < PEO <PVA < MeC <PVAc< PPO

The strongest interaction with lowest C.A.C and highest ionic dissociation (a) of the
complex was obtained with the most hydrophobic member. Polymers with negligible
surface activity (HEC, PAAm, dextrose) are generally unreactive: those with
intermediate surface activity (PNIPAM, PVA, PEO) are more reactive; and those with
pronounced surface activity (PPO, PVAc) are most reactive. On the basis of surface
activity of polymer Lad et al.**, Contractor and Bahadur® have also noted that in the
mixed species of SDS and F68/L.64/P85 strength of interaction increased with the

increase in the chain length of hydrophobic PPO.



1.4 Literature Review

Micellization and gelation of triblock copolymer were investigated by surface
tension. light scattering. and photon correlation spectroscopy.’® Block copolymers of
ethylene oxide and 1,2-butylene oxide i.e. diblock and triblock copolymers were
introduced as commercial products by the Dow Chemical Company in 1993 with first
description of these copolymers appearing in the commercial’’ and scientific®® literature

in 1994,

Yung-Wei Yang et.al studied the association of diblock and triblock copolymers
in water by static and dynamic light scattering techniques. The critical micelle
concentrations of diblock and triblock copolymer were compared and the effects of
architecture were also investigated.” Tianbo Liu et.al used Laser Light Scattering and
small angle neutron scattering to study poly (oxybutylene)-poly (oxyehtylene)-poly
(oxybutylene) triblock copolymers (BgE46Bs) in aqueous solution from low to high
concentrations and over a range of temperatures from 278K to 308K. At high
concentration and low temperature these block copolymers associates in a small numbers
and scattering evidence show that molecule associate with open structures. In this study
it is also confirmed that the critical micelle concentration decreases with increasing
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temperature while the association number increases.

Chiraphon Chaibundit et.al. used static and dynamic laser light scattering
techniques for the study of micellization and micelle properties of block copolymer in
dilute aqueous solutions, particularly the mass-average association number and
thermodynamic and hydrodynamic radii. At a given temperature, the micelle association
number decreased as the E-block length was increased while the radii decreased.”’ J. F.
Holzwarth et.al. studied the binding of SDS to pluronic F127 using SDS surfactant
selective electrode via electromotive force. isothermal titration calorimetry, and light
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scattering.

Colin Booth et.al examines how composition, block length and block architecture
govern two fundamental properties, critical micelle concentration and micelle association

number, for a system which are in dynamic equilibrium."”
R. Zana etal, studied the interaction between ethyl (hydroxyethyl) cellulose
(EHEC) and two cationic surfactants hexadecyltrimethylammonium chloride and

bromide (CTAC and CTAB) in aqueous solution as a function of temperature, by means



of electric conductivity and chloride ion self-diffusion measurement for CTAC and by
time-resolved fluorescence quenching for CTAC and CTAB. The results shows that . in
the presence of EHEC, the critical micelle concentration decreases, the micelle ionization
degree increases. and the micelle aggregation number N decreases upon increasing
temperature." E. Hecht and H. Hoffmann studied the interaction of ABA block
copolymers with ionic surfactants in aqueous solution. They investigated the influence of
SDS on the aggregation behavior of F127 by static and dynamic light scattering, electric
birefringence. and calorimetric methods. The results show that SDS binds to monomers

of F127 and thereby suppresses completely the formation of F127 micelles.*’

Kewei. Zhang et.al, studied the interaction between an anionic surfactant, sodium
dodecyl sulfate (SDS), and a self-assembling ethylene oxide-propylene oxide-
ethylene oxide triblock copolymer by phase diagram determination, NMR quadrupole
splittings. and by self-diffusion. Addition of SDS induces a breakdown of anisotropic
liquid crystalline phases into isotropic solutions, which especially at higher
concentrations are bicontinuous. At moderately high copolymer concentrations there is a
transition from bicontinuous isotropic solutions to solutions of discrete micelles on
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addition of SDS.

Francoise. M. Wink and Sudarshi T. A. Regismond present a review for the
application of fluorescence techniques to study polymer-surfactant system. In this review
they discussed the critical aggregation concentration, aggregation number of the mixed
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micelles and the microenvironment within the micelles.

Time-resolved fluorescence quenching of excited state pyrene by halothane was
mvestigated in aqueous solutions of poly (oxyethylene)-poly (oxypropylene)-poly
(oxyethylene) triblock copolymers, P84, P104, and F38, at 298K.. The occupancy number
of halothane in the block copolymer micelles and the dispersive factor were obtained
from nonlinear least-squares fitting of the immobile quencher-probe and dispersive

kinetic model respectively.**

N. I. Jain et.al.. studied the micellization of an ethylene oxide-propylene oxide
(PEO-PPO-PEO) symmetrical triblock copolymer (Pluronic) F127 (EOggPOgsEOqg ) in
aqueous solution in the presence of various additives (i.e. sodium chloride, urea and
SDS) by cloud point, surface tension, dye spectral change, sound velocity, viscosity and

dynamic light scattering measurements over the temperature range 298K-323K. This
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study shows that CMC of copolymer altered significantly in the presence of additives.
The addition of SDS to aqueous copolymer solutions leads to the formation of
copolymer-SDS complex (or mixed micelle) showing polyelectrolyte nature. Surface
tension, dye spectral change measurements reveal aggregation of SDS taking place at
concentration much below its CMC, indicating clearly SDS-copolymer interaction. The
addition of SDS suppresses the micellization of copolymer and beyond a particular SDS
concentration only: SDS micelles with one or two copolymers molecules are present

. l}
predominantly.”

S. D. Wetting and R. E. Verrall investigated the physical interactions between
cationic Gemini surfactants and triblock copolymers using specific conductance,
[Tuorescence intensity. density, and equilibrium dialysis techniques. In this investigation
it is confirmed that increased surfactant concentrations in the polymer coil region results
in a gradual change from cluster of monomer surfactant bound to the polymer to the
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formation of regular micelles.™

J.

—_—

. Holzwarth at.el, investigated the mixed micelle compositions of various
mixtures of the triblock copolymer (pluorinic F127) and SDS by Isothermal Titration
Calorimetry (I'TC), Surface lension and Electromotive Force Measurement (emf). 1he
CMC were determined using surface tension and ITC while small-angle neutron
scattering (SANS) used for the structure and composition determination of the mixed
micelles.”’ Karin Schillen et.al. investigated the properties of triblock copolymers in
aqueous solution and their interaction with ionic surfactants SDS and CTAC by static
and dynamic light scattering, high sensitivity differential scanning. and isothermal

titration calorimetry.s2

Mandeep Singh Bakshi etal. studied the association behavior of triblock
copolymers in aqueous solution with HTAB., TTAB and dimethylene bis

(decylammonium bromide) (10-2-10) by fluorescence, viscosity, and Kraft temperature

3

N

measurements.

Asad Baran Mandal et.al investigated the interaction of water insoluble triblock
copolymer with SDS by surface tension, conductivity and fluorescence measurements. In
this study the CMC. counter ion association and the aggregation numbers for binary and

ternary syslems.” Self-diffusion coefficient (D%,). interaction parameter (ky) and



hydrodynamic radius (Ry) of water insoluble triblock copolymer micelles in SDS
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micellar environment were determined by Cyclic Voltammetric (CV) technique.™

The fluorescence study of various zwitter ionic and triblock copolymer were
carried out at 298K. From the variation of I/l intensity ratio of pyrene fluorescence, the
CMC and other related parameters were obtained. The nature of the mixed micelles was

s . 3 . . a6
evaluated using Z‘CnglEll~ solution and Motomura’s approxunatlons.“

Cyclic voltammeteric investigation ol TTAB, HTAB and triblock copolymers
reveal that variation in the peak current versus the total concentration of surfactant
allowed us to evaluate the CMC and related parameters from regular solution theory
along with the diffusion coefficient of the electroactive species. A variation in the
micellar mole fraction of the ionic components suggests that the mixed micelles are rich
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in triblock copolymer component in the ionic surfactant rich region.””

Ornella Ortona et.al investigated the interaction between cationic, anionic. and
non-ionic surfactants with ABA block copolymer Pluronic PE6200 and with BAB
reverse block copolymer Pluronic 25R4 by using surface tensiometry, pyrene
fluorescence and isothermal titration calorimetry. Pluronic in their non-aggregates form
better interact with the anionic surfactant than with cationic and non-ionic ones as
predicted by surface tension measurement.”® Manuj Kumbhakar investigates the
interaction mechanism of triblock copolymers (P123 and F127) with surfactants (SDS,
CTAC and Triton X-100) by steady state fluorescence measurement. In this study three
different concentration regions are studied. At low molar ratio of ionic surfactant to
triblock copolymers (n) copolymer-surfactant micelles are basically copolymer-rich
micelles with few surfactant molecules. At very high n values, copolymers-rich micelles
are destroyed and surfactant-rich micelles with copolymer monomers are formed. At the
intermediate n value there are two possibilities: the copolymer-rich micelles converted
into surfactant-rich micelles by incorporation of surfactant to the copolymer-rich
complex along with the release of free copolymer monomers or simultaneous buildup of
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surfactant-rich micelles together with the destruction of copolymer-rich micelles.’

[. Pepic explained the interactions in mixtures of nonionic surfactants, Lutrol
F127, and cationic polyelectrolyte, chitosan from water solution and acetate buffer at two
different temperatures. C.A.C, CMC and minimum area of Lutrol F127 molecule at the
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air/solution interface were determined b)’ surface tension measurement.
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The interaction of SDS with diblock (EsBj. BagEesi0) and triblock copolymers
(B12E227B12. EqoBioEso. E19PasE 9) were investigated using surface tension, conductivity,
dynamic light scattering, densities and ultrasonic velocities measurements. In this study
it was observed that in the case of BiyEgi0-SDS. B:E27B12-SDS., E4BioEs and
E19Ps3E g the formation of smaller particles compared to pure polymeric micelle point to
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micelle suppression induced by the ionic surfactants.”

Guiying Xu used the mesoscopic dynamic simulation method to simulate the
aggregation behavior of Pluronic copolymer E03PO3EQO;3 (L64) and EO26PO4EO
(P85) solutions in the presence of SDS. The factors influencing the aggregation behavior
like concentration, temperature and EO/PO ratio were discussed. Using simple copolymer
model. the morphology and Kinetic formation process of copolymer aggregates were
obtained.® Praila K. Misra investigate the solution behavior of the mixture of CTAB and
polyoxyethylene (30) octylphenol (OP-30) by using conductance, fluorescence intensity,

3 . 63
and surface tension.
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Chapter - 2
THEORY OF CHARACTERIZATION TECHNIQUES

2.1 Surface Tension

Surface tension is a property of the surface of a liquid. It causes the surface
portion of liquid to be attracted to another surface. such as that of another portion of
liquid (as in connecting bits of water or as in a drop of mercury that forms a cohesive
ball). Applying Newtonian physics to the forces that arise due to surface tension
accurately predicts many liquid behaviors that are so common place that most people
take them for granted. Applying thermodynamics to those same forces further predicts
other more subtle liquid behaviors. Surface tension has the dimension of force per unit
length, or of energy per unit area. The two are equivalent, but when referring to energy
per unit area, people use the term surface energy which is a more general term in the
sense that it applies also to solids and not just liquids. If the value of force per unit length

is denoted by y . then the work done in extending that unit length area at a distance dx is
work = yldx (2:.1:1)
As ldx =dA then the above equation can be written as
work = ydA (2.1.2)

The symbol y represents the surface tension™. The unit of surface tension is either J/m’

65 . 5 . . . .
or N/m.”” In materials science; surface tension is used for either surface stress or surface

free energy.

2.1.1 Causes of Surface Tension

Surface-tension is caused by the attraction between the liquid's molecules by
various intermolecular forces. In the bulk of the liquid, each molecule is pulled equally
in every direction by neighboring liquid molecules, resulting in a net force of zero. At the
surface of the liquid, the molecules are pulled inwards by other molecules deeper inside
the liquid and are not attracted as intensely by the molecules in the neighboring medium
(by vacuum, air or another liquid). Therefore. all of the molecules at the surface are
subject to an inward force of molecular attraction which is balanced only by the liquid's
resistance to compression. meaning there is no net inward force. However, there is a

driving force to diminish the surface area. and in this respect a liquid surface resembles a



stretched elastic membrane. Thus the liquid squeezes itself together until it has the
locally lowest surface area possible. Another way to view it is that a molecule in contact
with a neighbor is in a lower slate of energy than il it weren'l in contact with a neighbor.
The interior molecules all have as many neighbors as they can possibly have. But the
boundary molecules have fewer neighbors than interior molecules and are therefore in a
higher state of energy. For the liquid to minimize its energy state, it must minimize its
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number of boundary molecules and must therefore minimize its surface area.”™ " A

sa
result of surface area minimization, a surface will assume the smoothest shape it can
(mathematical proof that "smooth" shapes minimize surface area relies on use of the
Euler—Lagrange equation). Since any curvature in the surface shape results in greater
area, a higher energy will also result. Consequently the surface will push back against

any curvature in much the same way as a ball pushed uphill will push back to minimize

its gravitational potential energy.

2.1.2 Parameters Obtained from Surface Tensiometry
A. Critical Micelle Concentration (CMC)

By surface tensiometry, Critical Micelle Concentration (CMC) can be determined
from the region where the surface tension remains constant and further adding of

surfactants cause aggregation.

B. Surface excess concentration (I')

The concentration of the surfactant at the interface can be calculated from surface or

interfacial tension data by the use of appropriate Gibb’s equation

1 dy
2.303RTx dlogC

1 dy
RTx dInC

Where x is a parameter which shows simultaneous adsorption of cations and anions

m
x=l+—
m+m.

m = concentration of surfactant

m, = concentration of electrolyte



: m m
In the absence of electrolyte m, =0 and ———=—=1 andx =2
m+m_m

Feee—t & (2.1.4)
4.606RT " dlog(

From the plot of log C and y we can calculate the value of I by putting the value of R. T

dy , ; ; : ;
and ﬁ =slope (obtained from the premicellar region).In the presence of excess
d log

amount of electrolyte m_ =0 and x =1

C. Area per molecule (A)
From the surface excess concentration the area per molecule at the interface in

square angstroms is calculated from the following equation

|
‘4:‘_!_:%_1:’??2 {215)
molm =~ .mol

D. Free energy of adsorption (AG )

Free energy of adsorption can be calculated from the free energy of micellization
(AG,,) and surface pressure (11)

[1
AG ., =AG, =—25 (2.1.6)

el m I -

AG, =(1+ B)RTIn X 2.1.7)

(8]

While surface pressure is IT =y, -y, where y,the surface tension of the pure solvent

A = 5 . 5
and y_, is the surface tension of the mixed system.

2.2 Conductivity

Electrical conductivity or specific conductance is a measure of a material's ability
to conduct an electric current. When an electrical potential difference is placed across a
conductor, its movable charges flow, giving rise to an electric current. The conductivity
o is defined as the ratio of the current density J to the electric field strength E:

. 5 (2.2.1)

It is also possible to have materials in which the conductivity is anisotropic. in which
case o 1s a 3x3 matrix (or more technically a rank-2 tensor) which is generally
symmetric.

(8]
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Conductivity is the reciprocal (inverse) of electrical resistivity, p. and has the SI
unit of siemens per meter (_S'm'| i

I
‘,ll

Lot

Electrical conductivity is commonly represented by the Greek letter o, but k (esp. in

electrical engineering science) or y are also occasionally used.

Conductivity, i.e. measurement of the electrical conductivity, is used widely in
fundamental investigations of electrolyte solutions and in tackling many applied
problems. It is one of the simplest and yet most accurate method for the investigation and
analysis of substances. It makes it possible to carry out studies over a wide range of
temperatures, pressures, and electrolyte solutions (from strongly dilute to melts), and this

can be done using practically any solvent.®®

2.2.1 Parameters Obtained From Conductivity
A. CMC
By conductivity CMC is obtained from the intersection of the pre micellar and

post micellar lines.

B. Degree of lonization (u)

lonization refers to the process whereby an atom or molecule loses an electron.
resulting in two oppositely charged particlesf'q . a negatively charged electron and a
positively charged ion. The degree of ionization, or «, is a way of representing the
strength of an acid, often represented by the Greek letter alpha. It is defined as the ratio
between the number of ionized molecules and the number of molecules dissolved in
water. It can be represented as a decimal number or as a percentage. One can classify
strong acids as having ionization degrees above 50%, weak acids with a below 5%, and
the remaining as moderate acids, at a specified molar concentration. Actually, « is the

ratio of the post micellar slope (S;) to the pre micellar slope (Sz).m

Sl
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C. Degree of Counter Ion binding ()
Many discussions have concentrated on the degree of counter ion binding to
micelles. because comprehension of the specific binding of counter ions to micelles is a

prerequisite for an understanding not only micellization but also of all kinds of

od
(08 ]
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aggregation in aqueous solutions. ' The degree of counter ion binding can be calculated

from equation

p=1-a (2.2.4)
D. Free Energy of Micellization (AG i)

The free energy of micellization can be explained on the basis of phase separation
model. In micellization separate liquid phases formed. At low concentration the chemical

potential of the dissolved surfactant can be described as

i, (solvent) = u”wr + RT In[S] (2:2.5)

Where g is the effective standard chemical potential at dilute solution and [S] is the
surfactant concentration. At [S]=CMC the chemical potential of a surfactant in a

micelle ., (micelle ) is equal to the chemical potential of a dissolved surfactant. This

N

directly leads to
., (micelle) = p" wr + RT InCMC (2.2.6)

The molar Gibbs energy of micellization is the Gibbs energy difference between a mole

of monomers in micelles and the standard chemical potential in dilute solution:

AG™ = u,, (micelle)— p’ s = RT InCMC (2.2.7)

xur

For nonionic surfactant we can use this equation to calculate the change in Gibbs free

- . i 3
energy of micellization.”

For ionic surfactant the Gibbs free energy of micellization can be calculated from

the degree of counter ion binding ( )
AG,,. =0+ B)RT InCMC (2.2.8)
AG,,. =1+ B)RT In Xeme (2.2.9)

cmeofsurfac tant
55.55

Where Xeme =

CMC are usually below 1M. for this reason Gibbs free energies of micellization

are negative 1.e. it 1s a spontaneous process.



2.3 Fluorescence Technique
Luminescence or Radiative Process

Emission of light from any substance by electronic excitation is called
luminescence. In these processes the dissipation of energy takes place through the

radiations.
Luminescence is further categorized as:

2.3.1 Fluorescence

The term 'fluorescence’ was coined by George Gabriel Stokes in his 1852 paper’:
the name was given as a description of the essence of the mineral fluorite. composed of
calcium fluoride, which gave a visible emission when illuminated with "invisible

radiation" (UV radiation).

“The emission transition process that occurs between the states having the same
multiplicity”. In the excited singlet state, the electron in the excited orbital is paired (by
opposite spin) to the second electron in the ground state orbital. In fluorescence return of
electron to the ground state is spin allowed and occur rapidly by the emission of photon

(hv) ™

Excitation: S, +hv, ——§,
Fluorescence (emission): S, —— S, +hv,,

Fluorescence spectroscopy is usually the emission of visible light by a substance when
absorbed light of invisible wavelength. Absorption of a photon triggers the emission of a
photon with a longer (less energetic) wavelength. A shorter wavelength emission is
sometimes observed from multiple photon absorption. The energy difference between the
absorbed and emitted photons ends up as molecular rotations, vibrations or heat.
Sometimes the absorbed photon is in the ultraviolet range, and the emitted light is in the
visible range. but this depends on the characteristics of the particular fluorescent

73
substance.

2.3.2 Jablonski Diagram

A typical Jablonski diagram is shown in Figure.2.1. The singlet ground, first, and
second electronic states are depicted by S,. S|, and S,. At each of these electronic energy
levels the fluorophores can exist in a number of vibrational energy levels. depicted by 0.

I, 2, etc. Transition occur in about 1077 s, a time too short for significant displacement of

Lad
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nuclei. This is the Frank-Cordon principle. Absorption and emission occur mostly from
molecules with the lowest vibrational energy. The larger energy difference between the
Se and S excited states is too large for thermal population of S;. For this reason we use
light and not heat to induce fluorescence. Following light absorption several processes
usually occur. A fluorophore is usually excited to some higher vibrational level of either
Sior S;. With a few rare exceptions, molecules in condensed phases rapidly relax to the
lowest vibrational level of S,.This process is called internal conversion and generally
occurs within 10™"% s or less. Since fluorescence life times are typically near 10°% s,
internal conversion is generally complete prior to emission. Hence fluorescence emission
generally results from a thermally equilibrated excited state, that is, the lowest energy
vibrational state of S;. Molecules in the S, state can also undergo a spin conversion to the
first triplet stat T,. Emission from T, is termed phosphorescence. and is generally shifted
to longer wavelengths (lower energy) relative to the fluorescence. Conversion of S| to T

g 4 : . T4
is called Inter System Crossing.

excited vibrational states

S (excited rotational states notl shown)
n
—— A = photon absorption
F =fluorescence (emission)
P = phosphorescence
S = singlet state
T =triplet state

IC =internal conversion
ISC = intersystem crossing

T
Ty

IC

P

Sy Y

electronic ground state

Fig. 2.1: Jablonski Diagram

2.3.3 Quantum Yield
The fluorescence quantum yield gives the efficiency of the fluorescence process.

It is defined as the ratio of the number of photons emitted to the number of photons
absorbed.

# photonsemitted

- (2.3.1)
# photonsabsorbed



The maximum fluorescence quantum yield is 1.0 (100%): every photon absorbed results
in a photon emitted. Compounds with quantum yields of 0.10 are still considered quite
fluorescent.” The higher the value of ®, the greater the observed fluorescence of a
compound. A non-fluorescent molecule is one whose quantum efficiency is zero or so
close to zero that the fluorescence is not measurable(i.e., all energy absorbed by such a
molecule is rapidly lost by collision deactivation).” Another way to define the quantum

yield of fluorescence is by the rates excited state decay:

k, 5]
. (2.3.2)

Zh’u’
Where k/is the rate of spontaneous emission of radiation and Z ki 1s the sum of all

rates of excited state decay. Other rates of excited state decay are caused by mechanisms
other than photon emission and are therefore often called "non-radiative rates". which
can include: dynamic collisional quenching. near-field dipole-dipole interaction (or
resonance energy transfer), internal conversion and intersystem crossing. Thus, if the rate
of any pathway changes, this will affect both the excited state lifetime and the
luorescence quantum yield. Fluorescence quantum yield are measured by comparison to
a standard with known quantology: the quinine salt, quinine sulfate, in a sulfuric acid

solution 1s a common fluorescence standard.

2.3.4 Types of Fluorescence

Fluorescence spectroscopy can be broadly classified into two types:

1. Steady State or Static Fluorescence Spectroscopy

That type of fluorescence spectroscopy which is performed with constant
illumination and observation. In this type of fluorescence the sample is illuminated with
a continuous beam of light, and the intensity or emission spectrum is recorded. Because
of the nanosecond time scale of fluorescence most measurement are steady state
measurements. When the sample is first exposed to light, steady state is reached almost

immediatel)uN

2: Time resolved or Dynamic Fluorescence Spectroscopy
Time-resolved fluorescence spectroscopy is an extension of fluorescence
spectroscopy. Here, the fluorescence of a sample is monitored as a function of time after

excitation by a flash of light. The time resolution can be obtained in a number of ways,



depending on the required sensitivity and time resolution.While normal fluorescence
spectroscopy is useful as a highly selective and sensitive non-invasive probe, better
chemical information can often be gained [rom the same experiment by exploiting the
lime-dependent nature ol [luorescence. Time-resolved fluorescence provides more
information about the molecular environment of the fluorophore than steady state
fluorescence measurements. Since the fluorescence lifetime of a molecule is very
sensitive to its molecular environment. measurement of the fluorescence lifetime(s)
reveals much about the state of the fluorophore. Many macromolecular events. such as
rotational diffusion, resonance-energy transfer, and dynamic quenching, occur on the
same time scale as the fluorescence decay. Thus. time-resolved fluorescence
spectroscopy can be used to investigate these processes and gain insight into the
chemical surroundings of the fluorophore, It is important to remember that the
fluorescence lifetime is an average time for a molecule to remain in the excited state
before emitting a photon. Each individual molecule emits randomly after excitation.
Many excited molecules will fluoresce before the average lifetime. but some will also
fluoresce long after the average lifetime. Fluorescence lifetimes are generally on the
order of 1-10 n sec, although they can range from hundreds of nanoseconds to the sub-

nanosecond time scale.

2.3.5 Basic Rules of Fluorescence
1. The Frank-Condon Principle
“The nuclei are stationary during electronic transitions, and so excitation occurs

to vibrationally excited levels of the excited electronic state vertically™.

2. The Kasha’s Rules

“The fluorescence emission spectrum is generally observed irrespective of the
excitation wavelength because the emission occurs from the lowest vibrational level of
the lowest excited singlet state and relaxation from the excited vibrational levels is much

faster than emission™.

3. The Stokes Shift
“Emission is always of lower energy (longer wavelength) than absorption

(shorter wavelength) due to nuclear relaxation in the excited state™.



4. The Mirror Image Rule
“Emission spectra are mirror images of the lowest energy absorption band due to
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the same spacing of vibrational energy levels both in the ground and the excited states™.’

2.3.6 Fluorescence Quenching

A quench refers to a rapid cooling. Quenching refers to any process which
decreases the fluorescence intensity of a given substance. The substances which
responsible for the decrease of fluorescence intensity are called quenchers. A variety of
processes can result in quenching, such as excited state reactions, energy transfer,
complex-formation and collisional quenching. As a consequence, quenching is often
heavily dependent on pressure and temperature. Molecular oxygen and the iodide ion are
common chemical quenchers. Quenching possess a problem for non-instant

spectroscopic methods, such as laser-induced fluorescence.

Types of Fluorescence Quenching

A variety of molecular interactions can result in quenching. These include excited
state reactions, molecule rearrangements, energy transfer, static and colliosional
quenching. Among these quenching mechanism the static and colliosional (dynamic) are
most important which produce valuable information about the binding between

fluorescent sample and quencher.

A. Static Quenching

Quenching in which a nonfluorescent ground-state complex formed between the
fluorophore and quencher is consider as static quenching. When this complex absorb
light it immediately return to the ground state without the emission of a photon. For
static quenching the dependence of the fluorescence intensity upon quencher
concentration is easily derived by consideration of the association constant for the
complex formation. This constant is given by

Ks = [!r_J - Q]

= __—= 233
[/, 119] .

Where [lp-Q] is the concentration of the complex. [lp] is the concentration of the
uncomplexed fluorophore and [Q] is the concentration of the quencher. If the complex

species is nonfluorescent then the fraction of the fluorescence that remains I/l is given



by the fraction of the total fluorophores that are not complexed: f/ = % Recalling that
the total concentration of fluorophore is given by

=141+, = Q] Or

[, =Ql=l]-1/,] (2.3.4)
Substituting the value of [1o-Q] from equation (2.3.4) into equation (2.3.3)

U AN

3 i (2.3.5)
[/ 0101 [, 0191 [9]
Rearrangement of equation (2.3.5) gives following form
I _
L -1+K,[0) (2.3.6)

o

Equation (2.3.6) explains the dependence of I/l on [Q] is linear, which same both for
static and dynamic quenching except that the quenching constant for static is now

association constant.

B. Dynamic Quenching

That type of quenching that resulted from diffusive encounters between the
fluorophore and quencher during the life time of the excited state called dynamic or
colliosional quenching. In dynamic quenching., the quencher must diffuse to the
fluorophore during the life time of the excited state. Upon contact. the fluorophore
returns to the ground state, without emission of photon. In general quenching occurs

without permanent change in the molecule that is without a photochemical reaction.

Dynamic quenching of fluorescence is described by the Stern-Volmer equation:

=LK, [01=14K,(0) 237)

oo
J

[n this equation I an I are the fluorescence intensities in the absence and presence of
quencher. K, is the bimolecular quenching constant, t, is the life time of the fluorophore
in the absence of quencher and [Q] is the quencher concentration. The Stern-Volmer
quenching constant is given by K, = K 7, . If the quenching is known to be dynamic, the
Stern-Volmer constant will be represented by Ky A plot of I/l vs. [Q] gives an intercept

one on the y-axis and a slope equal to Kp™
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Fig. 2.2 Comparison of static and dynamic quenching

2.3.7 Parameters Obtained from Fluorescence
A. Aggregation Number (Njg)

The total number of molecules combine together to form a micelle called
aggregation number. A typical experiment to determine the mean aggregation number
would involve the use of a luminescent probe, quencher and a known concentration of
surfactant. If the concentration of the quencher is varied, and the CMC of the surfactant
is known, than from the decrease of fluorescence intensity the mean aggregation number
can be calculated. The fluorescence intensities in the absence of quencher, lo. and in the
presence of quencher. [ are related to the quencher concentration [Q] and micellar molar

concentration |[M| according to:

1, _ [QINagg (2.3.8)
I, ([S]-cme) e
Nagg

A plot of In [/1g vs. yives slope ——==2—
P o/l vs. [Q] g T p—

. From slope the Ny, can be calculated

Nagg

———22 _and N ., = slope x([S|-cme
([S]—cme) pex((s] ©)

age

as: slope =

Where [S]| is the concentration of surfactant while CMC is the critical micellar

concentration of the surfactant.
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B. Binding Sites (n)

The binding sites can be calculated using following type of equation

|

~/
log( U! ) = log kb + nlog| O] (2.3.9)

lo—1

A plot of log( ) vs. log [Q] gives a slope and intercept. From the slope the binding

constant can be calculated.

Cs Binding constant (k)

~

From equation (2.3.9) we can also calculate the binding constant. The intercept of

j“ -
I

plot of log( )vs. log [Q] gives the binding constant.

D. Free energy of binding (AG),)

The free energy of binding can be calculated using following equation
AG, =-RTInK, (2.3.10)
Where R is the universal gas constant and T is the temperature.

2.4 Laser Light Scattering

2.4.1 Introduction

Light scattering is the alteration or change in the direction and the intensity of
light beam that strikes an object. This alteration is due to the cumulative effects of
reflection, refraction and diffraction (in the absence of absorption).Light scattering is an
important tool for characterizing macromolecules for at least three decades. However,
the replacement of the conventional light source by lasers in recent years has
quantitatively changed the field and has sparked renowned interest. Through the use of
coherent laser light, efficient spectrum analyzers and autocorrelations experiments in
frequency and time domains one can study molecular motions, diffusion and other
dynamic processes as well as equilibrium properties of solutions. The technology for
clarifying samples has also significantly improved. Recirculation through submicron
filters in closed loop system reduces the effect of dust and other contaminants and the
new time domain techniques provide built in test for the presence of such particles.
These advances make LLS a powerful form of spectroscopy for use of macromolecular

characterization.



2.4.2 Types of Laser Light Scattering
2.4.2.1 Static Laser Light Scattering

In static laser light scattering the time averaged (or total) intensity of the scattered
light is measured and for solution it is related to the time-averaged mean- square excess
polarizability. which in turn is related to the time-averaged mean-square concentration
[Tuctuation. The reduced integrated scattering intensity KC/Ry, (q) calculated from the
absolute photon count, which is recorded with the measurement of the time correlation

function (TCF).

Static light scattering is a useful technique that uses the intensity traces at a
number of angles to get information about the molecular mass (Mw), radius of gyration

P i, 74 ; T6-80
(Ry). second viral coefficient (Ay) of the polymer or polymer complexes. ™

A number of methods are developed to analyze the scattering of particles in
solution to derive the above named physical characteristics of particles. A simple static
light scattering experiment entails the average intensity of the sample that is corrected for
the scattering of the solvent will yield the Raleigh ratio as a function of the angle or the

wave vector q as follow,
R (Bsample) = R (Osovent) Lsampte/Isotvent (2.4.1)
The difference in the Raleigh ratio AR (8) between the sample and solvent is given by
AR (0) = R (Bsampie) = R (Osorvent) (2.4.2)

In addition the setup of laser light scattering is corrected with a liquid of known

refractive index and Raleigh ratio e.g. toluene, benzene or decalin.

The data analysis can be performed without a so called material constant K,
which can lead to the calculation of other physical parameters of the system and is define

below.
K=4r’n,” (dn/dc) N\ (2.4.3)

Where (dn/dc) is the refractive index increment, n, is the refractive index of the solvent,

N is Avogadro’s number and A is the wavelength of the laser light.



Methods of Plots
The LLS data can be plotted by two ways:
Debye plot
This method is for dilute solutions of polymer (macromolecule), where additional

scattering arises from concentration fluctuation, which is given by Raleigh Gans Debye

as’
AR, = KeM (2.4.4)

Where. ARy = Excess Rayleigh function
¢ = Concentration,

M = molar mass, K = optical constant.

For dilute solutions and polydisperse homopolymer of low molecular weight average

molar mass M, (for particle smaller than 2/20) above equation can be modified as:

HE R g (2.4.5)
AR, M '

W

This method is used to derive the molecular mass (Mw), and second viral coefficient
(A) of polymer or polymer complex system by plotting a graph between KC/Ry vs. €
.This experiment is performed using a single angle (typically 90°).
Zimm plot

This is for particles or molecules with dimension exceeds A/20: interference
occurs between light scattered from different parts of the molecules and a reduction in
ARy is observed. For dilute polymer solution the reduced integrated intensity, KC/Ryy (q)

is related to molecular weight by Zimm equation;

KC _:L(iﬂ(;{”)"ql]umc' (2.4.6)
R .(q) M,\ 3 i
Where K is optical constant ( K = w ). here n is the refractive index, dn/dc is the

refractive index increment of the solvent .o is the wavelength of laser used and Ny is

Avogadro’s constant, C is concentration, Ry,(q) is Rayleigh ratio and q is the modulus of
_ ) dm . 0 . . . - N )
scattering vector (g = = sin > ). 0 is scattering angle. The variation of KC/R,, (q) with

C and 6 can be expressed in terms of Zimm plot. Here KC/Ry, (q) is plotted vs. q* + k'C.
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The results of each angle are plotted to zero concentration and those for each
concentration to zero angle. The reciprocal of the weight average molar mass M,,, while
the slope is a measure of second virial coefficient, A;* The experiment can be
performed at several angles and at least four concentrations. A typical Zimm plot is

shown in figure below.

Ke'Rug)
s

1M

g + ke
Fig. 2.3 Typical Zimm plot

Where C is concentration of the polymer and 0 is angle. A,. <Rg> and M,, are the second
virial coefficient. radius of gyration and molar mass respectively. The extrapolation of
both concentration and angle to zero is due to two reasons: (a) Non-ideal solution effect
and (b) Large particle size effect. Thus extrapolation of concentration to zero can remove
the non-ideal solution effect, while extrapolation of scattering angle to zero can remove
large size effects. Hence we obtain second virial coefficient from the slope of
concentration extrapolated to zero, radius of gyration from the slope of scattering angle
extrapolated to zero and molecular weight from the intercept in both the cases .i.e. (C

—0 & 0 —0).

2.4.2.2 Dynamic Laser Light Scattering

Dynamic light scattering (also known as Photon Correlation Spectroscopy or
Quasi-Elastic Light Scattering) Information is extracted from correlating variation in the
light intensity due to the Brownian movements of the particles. Here time dependent
fluctuations in the scattered light signals are measured using fast photon counter.
Dynamic LLS is used to determine diffusion coefficient, which can be converted to
hydrodynamic radius through Stoke- Einstein/Debye-equation It is a technique in
physics, which can be used to determine the size distribution profile of small particles in
suspension or polymers in solution. It can also be used to probe the behavior of complex

fluids such as concentrated polymer solutions.



Mechanism of dynamic light scattering

When light hits small particles the light scatters in all directions (Rayleigh
scattering) for particles small compared to the wavelength (below 250 nm). If the light
source is a laser, and thus is monochromatic and coherent, then one observes a time-
dependent fluctuation in the scattering intensity. These fluctuations are due to the fact
that the small molecules in solutions are undergoing brownian motion and so the distance
between the scatterers in the solution is constantly changing with time. This scattered
light then undergoes either constructive or destructive interference by the surrounding
particles and within this intensity fluctuation. information is contained about the time
scale of movement of the scatterers. There are several ways to derive dynamic
information about particles' movement in solution by brownian motion. One such

method is dynamic light scattering, also known as quasi-elastic laser light scattering.

Intensity correlation function

The dynamic information of the particles is derived from an autocorrelation of
the intensity trace recorded during the experiment. The second order autocorrelation

curve is generated from the intensity trace as follows:

g (q:t)= e+

(rT

bl e & . ~ . .
Where ¢~ (¢: 1) is the autocorrelation function at a particular wave vector, ¢, and delay

)— (2.4.7)

time, 1, and / is the intensity. At short time delays, the correlation is high because the
particles do not have a chance to move to a great extent from the initial state. The two
signals are thus essentially unchanged when compared after only a very short time
interval. As the time delays become longer, the correlation starts to exponentially decay
to zero, meaning that after a long time period has elapsed, there is no correlation between
the scattered intensity of the initial and final states. This exponential decay is related to
the motion of the particles, specifically to the diffusion coefficient. To fit the decay (i.e..
the autocorrelation function), numerical methods are used, based on calculations of
assumed distributions. If the sample is monodisperse then the decay is simply a single
exponential. The Siegert equation relates the second order autocorrelation function with

the first order autocorrelation function g' (¢: t) as follows:

g (@o=1+[g (@ 1)]° (2.4.8)
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Where the parameter B is a correction factor that depends on the geometry and alignment

of the laser beam in the light scattering set up.
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0.70 —
060 — " I(t I(t, + ‘l:. 2R
-1 (_I(T)—‘ —'—'—“—-( “ ) (-"'-—-———n"‘ )— B+ A e Y Ba
Q. ity — ](1 . )_
S 0ap —
@ Q.30 -
0 20 —
-
€0 —
| | P pa——
.10 LANSLANLEL I 111 SN 1 I S 1 B L 1 N B R B R R 1L
au 1 0 100 1000 tavd 1045
Time (us)

Fig. 2.4 Representative Correlation function measured during dynamic light scattering

Data analysis
The simplest approach is to treat the first order autocorrelation function as a

single exponential decay. This is appropriate for a monodisperse population.
g () =exp(-I'1) (2.4.9)

Where I' 1s the decay rate. The translational diffusion coefficient D, may be derived at a

single angle or at a range of angles depending on the wave vector q.

I'= qED,

i |
G= T” sin[E] (2.4.10)

Where A is the incident laser wavelength, ny is the refractive index of the sample and @ is
angle at which the detector is located with respect to the sample cell. Depending on the
anisotropy and polydispersity of the system, a resulting plot of Ff(f Vs. q" may or may
not show an angular dependence. Small spherical particles will show no angular
dependence, hence no anisotropy. A plot of I'/¢” vs. ¢° will result in a horizontal line.
Particles with a shape other than a sphere will show anisotropy and thus an angular
dependence® The intercept is equal to Dy and often used to calculate the hydrodynamic
radius of a sphere through the Stokes-Einstein equation. It is important to note that the
size determined by dynamic light scattering is the size of a sphere that moves in the same
manner as the scatterer. So. for example, if the scatterer is a random coil polymer, the

determined size is not the same as the radius of gyration determined by static scattering.
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In most cases, samples are polydisperse. Thus, the autocorrelation function is a sum of

the exponential decays corresponding to each of the species in the population.
g'(q:7)= Z(;’(I"I Jexp(—1'7)= J(E(l")c.\'p(— 7 )dl” (2.4.11)
’—l

It is tempting to obtain data for gi (¢: 1) and attempt to invert the above to extract G (I).
Since G (I') is proportional to the relative scattering from each species, it contains

information on the distribution of sizes.
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Chapter - 3
METHODS AND MATERIALS

3.1 Materials and apparatus used

To study the interactions of polymers with surfactants. two triblock copolymers
E30Biokso and EggBoE4g and two 1onic surfactants Sodium Dodecyl Sulphate (SDS) and
Cetyl Trimethyl Ammonium Bromide (CTAB) were used. The formulas of chemicals

used are given below.

l. Triblock copolymers: E;oBoE30 and EggBoEqs.
2. Anionic surfactant Sodium Dodecyl Sulphate (SDS).

) L]
~ O-§-0° Ha'’
]

Fig. 3.1 Structure of SDS

3. Cationic surfactant Cetyl Trimethyl Ammonium Bromide (CTAB)

e i |
Lakvf“\_\f B S s o N\:-;____ B f-

Fig. 3.2 Structure of CTAB

4. Pyrene

[ > T <>
= a0
Figure. 3.3 Structure of Pyrene
5 Cetyl Pyridinium Chloride (CPC)
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L»—»-‘__.___,-l—"’] i

Figure. 3.4 Structure of CPC

All experiments were carried out with analytical reagent grade chemicals using

doubly distilled deionized water having almost zero conductivity. The apparatus used
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was water deionizer, analytical balance of £0.001 g accuracy, conductivity meter Jenway
4310. torsion balance (White Elec. Inst. Co. Ltd.), PTFE 1.0 um filter, commercial LLS
Spectrometer (ALV/DLS/SLS-5022F), water circulating bath (IRMECO 1-2400 GmbH
Germany and Perkin Elmer Luminescence spectrometer Model LS 55(Serial Number
73135). The cell used for measuring fluorescence was 10 mm path length quartz cell and

was clear in all dimensions.

3.2 Surface tension measurements

For measurement of surface tension, 0.1g/L. and 2g/L stock solutions of triblock
copolymers were prepared by dissolving 0.0015g polymer in 15mL(0.1g/L) and 0.03g in
ISmL(2g/L.) deionized water. Stock solutions of SDS and CTAB were prepared by
dissolving 1.44¢/100mL (50mM) and 0.27g/50mM (15mM).First the surface tension of
pure components in aqueous solutions i.e. pure polymer and surfactants were measured
at 303K. Then Surface tension for surfactant/polymer mixed system were measured by
diluting the stock solution of SDS(50mM) from 50mM to 1mM and CTAB(15mM) from
15SmM to 0.1mM with the polymer stock solution as a solvent. Surface tension was
measured with the help of Torsion Balance (White Elec. Inst. Co. Ltd.) equipped with a
platinum ring (4 cm circumierence) along with temperature controlled waler circulating
bath (IRMECO 1-2400 GmbH Germany). For sample a special homemade glass was
used, the cell had hollow space for circulation of water, and there was an inlet and outlet
for water circulation. The sample was taken in the cell around which water with 303K
temperature. was circulated in the hollow portion of the cell in order to achieve the

desired temperature.

On smooth supporting surface the Torsion Balance was placed in such a position
to view the dial easily and accurately. By means of two leveling screws in the tripod base
so that the bubble in the spirit level was adjusted exactly in the center. To the extension
hook platinum ring (4cm circumference) was attached. The instrument was kept free
from vibrations. It is necessary that the platinum wire of the ring must be circular in one
plane and free from bends. The torsion balance was checked for zero and calibrated with
water. Chromic acid was used for washing all glassware followed by rinsing with

deionized water and dried in oven.

Stock solution was taken in the measuring cell (having water circulation through

hollow space around measuring sample) and placed on the platform below the ring after



calibration of the instrument. Adjusted the position of the cell on platform in such a way
that the sample surface was 10mm below the platinum ring. Then beam was unclamped
and with the help of special screw at the base of platform the cell was moved so that the
ring was dipped in sample surface. The index pointer was gradually moved along to
maintain zero at vernier’ s scale. After reaching the corresponding surface tension of the
sample. the ring was suddenly detached from the liquid surface and the reading on the
outer main scale was noted, which gives surface tension (y ) in N/m. At least three

readings were noted for each solution.

3.3 Conductivity measurements

The conductance data were recorded by a digital conductivity meter Jenway-
4310. This instrument has auto ranging from 0.01uS to 199.9mS and temperature control
accuracy of 273.5K. The measurement cell was immersed in a water circulating bath
(IRMECO 1-2400 GmbH Germany) in order to hold a constant temperature.
Conductivity cell was equipped with electrode, temperature sensor and magnetic stirrer.
Conductivity of each solution was measured at temperature range 303K. Prior to
measurement calibration was made with KCl aqueous solution by using the normal
concentration data keeping the cell constant 1.04. After calibration the measurcment of
samples were made by immersing the cell in the samples using water circulating bath
keeping temperature constant allowing the read out to stabilize, and then result was

recorded.

3.4 Steady State Fluorescence Spectroscopy

Steady State Fluorescence Spectroscopy was performed using a Perkin Elmer
Luminescence spectrometer Model LS 55(Serial Number 73135).The cell used for
measuring fluorescence was 10 mm path length quartz cell and was clear in all
dimensions. Different stock solution of 0.1g/LL and 2g/L. of triblock copolymers were
prepared. A very low concentration (1x10°M) of pyrene was used. The pyrene solution
of 1x10°M was prepared by dissolving 0.02g of pyrene in 100mL of ethanol. This

M by dissolving 0.2ml of 1x10™*M pyrene in

solution was further diluted up to 1x10
200ml of polymer stock solution. These polymers stock solutions were then used for the
preparation of 25mM SDS and 15mM CTAB. Different concentrations of Cetyl
Pyridinium Chloride (CPC) varying from 3x10™*M t02.8x10°M were prepared using

25mM SDS and 15mM CTAB by dilution method. Luminescence spectrometer was used



in Fluor mode to perform the fluorescence spectroscopy. The parameters used were as

follow:

The scan rate was kept at 600 nm minute™. Ao was 340 nm, and scan range was
350- 600nm.Excitation slit was fixed at 7 nm and emission slits were fixed at2.5nm.
Photomultiplier voltage was fixed at 65V. Polarizer was kept clear and no cutoff was

operating during scan.

3.5 Dynamic Light Scattering measurements

Dynamic light scattering experiment was carried out by a commercial LLS
spectrometer BI-200SM motor-driven goniometer equipped with BI-9000AT digital
autocorrelator or the BI-9025AT photon counter and a cylindrical 22mW uniphase He—
Ne laser (wave length = 637nm) and BI-ISTW software was used. The spectrometer has
a high coherence factor of f ~ 0.95 because of a novel single- mode fiber optic coupled

with an efficient avalanche- photodiode.

The instrument is very sensitive to dust particle so as to avoid discrepancy. all the
glassware were washed with acetone before use and dried carefully in oven. Solutions
analyzed contain fixed amount of triblock copolymer (3g/L) and varying concentrations
of surfactant SDS (0.01M to 0.15M).The deionized water was first filter with PTFE
0.1pm filter. The polymer and surfactant solutions were filtered into quartz LLS cell
(10mm in diameter) by PTFE 0.22um filter. The experiment duration was 5 min. Each
experiment was repeated two or more times. In the dynamic light scattering, the
measurements were carried out at a scattering angle of 90°. Scattering intensities were
measured at a temperature 303K for various concentrations. Other solutions were
prepared by diluting the stock solutions for each copolymer-surfactant system, about 18
solutions for each copolymer — surfactant system were studied by light scattering at

303K. The data was treated by a procedure given in section 2.4.2.2.
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Fig. 3.5 A Commercial laser light scattering spectrophotometer
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Chapter - 4
RESULTS AND DISCUSSIONS

4.1 Surface tension measurements

Surface tension is one of the important tools to investigate surface properties of
the single components (pure polymer or pure surfactant) as well as of the mixture of two
or more components. The surface tension results were obtained using semi log plots of
surfactant concentration and surface tension as shown in Figures 4.1 to 4.12. In case of
triblock copolymers (E3oBoE30 and E43B1oEss). the surface tension of the solution at low
polymer concentration is greater but as the concentration of the polymer increases. the
surface tension gradually decrease until a point reach where the surface tension remain
constant and further increase of polymer concentration cause aggregation of the polymer.
This point corresponds to the Critical Micelle Concentration (CMC). The CMC values
were obtained for Es;oBigEs (0.8g/L) and EssBioEss (0.94g/L) in close agreement
reported for other EBE triblock copolymers having a comparable hydrophilic length.®" ¥
¥Similarly CMC values for SDS (8mM) and CTAB (0.9mM) were obtained in the same

ol

. ; 3 s i . . . 85,
fashions (Fig 4.3, 4.4) which are also in close agreement with literature values.™

In case of pure triblock copolymer and pure surfactant the semi log plot look
simple, but in case of mixture these plots look complicated and one may expect to see a
decrease in surface tension with added surfactant. Two or more plateaus values
corresponding to polymer rich aggregates and to surfactant rich aggregates may be

observed.

In our case the semi log plots were obtained for fixed concentrations of triblock
copolymers (0.1g/LL and 2g/l.) and varying concentration of surfactants (SDS and
CTAB). These plots (Fig 4.5 to 4.12) give four different surfactant concentration regions.
Region I correspond to low surfactant concentration region in which surfactant is present
in the monomer form and the surface tension is little affected. In this region surfactant
competes polymer for adsorption at the air/water interface. In region II the surfactant
starts binding with the monomer of the polymer and a complex with low surface activity
formed at enhanced surfactant concentration. A number of polymer molecules are
initially placed at the interface, but the introduction of SDS makes those molecules to be

desorbed back to bulk. possibly as a result of polymer-surfactant complexation. Due to

th
L



formation of less surface active complex. the polymer desorbed from the surface will
cause surface tension to increase. In Region III the interaction between polymer and
surfactant strengthen and greater number of surfactant molecules bind to polymer
causing a decrease in surface tension with further increase in surfactant concentration.
Region IV corresponds to normal micellization of surfactant as a result of
polymer/surfactant complex break down with decrease in surface tension.”” In region II
the increase in surface tension causes binding of surfactant aggregates to monomeric
ExBioEsp and EsgBioEss which is due to the loss in the surface activity of the triblock
copolymer monomer (contain bound surfactant aggregates) and behave as

polyelectrolyte, leaving the air/water interface.*

From the semi log plot of surface tension vs. surfactant concentration, three

important parameters can be obtained.

; [ Critical Aggregation Concentration (CAC)

The CAC corresponds to the first break point on the semi log plot at low
concentration of surfactant. It is the concentration at which binding of surfactant onto the
polymer in bulk phase just started. CAC is shown on the semi log plot as T|. Below T},
the surfactant and polymer together adsorbed at the air/waler interface showing very

; -89
weak interaction.

2. Polymer Saturation Point (PSP)
This point corresponds to the region where the polymer saturation with surfactant
takes place. At this point polymer/micelle aggregates are present in the bulk solution.

This point is less defined than CAC (T)) and CMC (T53).

3, Critical Micelle Concentration (CMC)

This point or region corresponds to normal surfactant micellization in the bulk.”"
' The CMC values of triblock copolymer/surfactant systems were tabulated in table
4.1.In our case from the results of semi log plot, parameters like surface excess
concentration (I'), Area per molecule (Az) cannot be calculated using Gibb’s Equations as
reported in literature.”’ The reason for this is the exact activity of different species

(surfactant ion, surfactant micelle, and polymer/micelle complex) are not known.

From Table 4.1 the comparison of CMC for triblock copolymers (E;oBoE;p and

EysBioE4g) and surfactants (SDS and CTAB) are summarized as:

h
n



The CMC of both SDS and CTAB increased with polymer concentration but it is
more pronounced in case of 2.0g/L. Concentrated solutions of triblock copolymer will
reach to equilibrium values relatively quick, but dilute solutions of triblocks would

equire long times (even a whole day) due to slow diffusion of the polymer chains.
require long times (even a whole day) due to slow diffusion of the polymer chain

The increase in CMC due (o EqsBjoEys is greater as compared to that of E3oBEs
both in case of SDS and CTAB. The reason for this is the high molecular weight of
EqgBioEss. The effect of molecular weight in our case is counted because the
hydrophobic/hydrophilic ratio are not same ( E3oBjoE3 = B/E=0.166 and E4sBoEss =
B/E = 0.104).

The change in CMC for SDS in the presence of polymer is greater than for CTAB
because in CTAB the number of -CH»- groups (16) are greater than that of SDS (12).
This can be explained on the basis of Traube’s rule”” “the concentration of the compound
required for equal lowering of surface tension diminishes three fold for each -CH»- group
added to the chain™ therefore the change in CMC of CTAB in the presence of polymer is
lower than that of SDS. This can also be explained on the basis of head group of
surfactant according to a general description that anionic surfactants are more reactive
than cationic surfactants towards the uncharged water soluble polymers.”’ The effects of

anionic and cationic group towards different polymers are given as:

p°: SA~ > SA" > SA°
p" SA” > SA >> SA°
pr- SA- > SA* > SA°

Effect of polymer concentration on the surface tension of the mixed system

The rise in surface tension in case of dilute polymer solution is more as compare
to concentrated polymer solution because in dilute polymer solution the change in
surface tension is only due to the surface activity of the surfactant while in case of
concentrated polymer solution this change is due to both the surface activity of the
polymer and surfactant. The greater rise of surface tension observed in case of SDS as

compare to CTAB is due to less surface activity of CTAB as compare to SDS.
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Fig. 4.1: Semi log plot of surface tension vs. concentration of pure E3gBjoE3at 303K.
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Table 4.1: CMC of the mixed system of SDS and CTAB with triblock E3,B¢Es; and

E4sB1oE4s at 303k measured by surface tensiometry.

S.# SAMPLE CMC(mM)

01 SDS 8.0

02 EsoBioEs0 0.238

03  EeBeEw | o0ag9

04 SDS +0.1g/L E30B10Es0 9.0

05 SDS + 2.0g/L E3oBjoE30 10.0

06 SDS + 0.1g/L. E4sBoE4s 10.0

07 SDS +2.0g/L. E4sBjoE4s 12.0

08 CTAB 0.9

09 CTAB +0.1g/L E30B10E30 1.20

10 CTAB + 2.0g/L. E30B10E30 1.60

L1 CTAB+ 0.1g/L E4gBoEas I.ZO_ |
_ 12 CTAB +2.0g/L. E4sBoEq4s 1.60-” -

4.2 Conductivity measurements
A. CMC

The CMC values were obtained for pure surfactants as well as for mixed systems
of polymer/surfactant from the intersection of the two lines as shown in Figures 4.13 to
4.22. The CMC values obtained by conductivity are shown in Table 4.2. In the pre
micellar region the conductivity is linearly increased with surfactant concentration but in
post micellar region there is somewhat less increase in conductivity. Above the CMC,

the rate of increase of conductivity is slow because micelles are being formed.

The increase in the conductance in pre micellar region is due to availability of
free surfactant ions but in the post micellar region the movement of surfactant free ions
are slow down due to interaction with polymer. This increase in conductance in the pre
micellar region as compared to that in post micellar one is greater in case of SDS as

compared to CTAB.
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Fig 4.13: Conductance vs. concentration plot of pure SDS at 303K.
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Fig 4.14: Conductance vs. concentration plot of pure CTAB at 303K.
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Fig 4.15: Conductance vs. concentration plot of SDS in 0.1g/L E;0BE30 at 303K.

conductance (pSicm)

1600 —

1200 H

800

400 |

2000 —

1600 —

1200 -

800 —

400

: : . : . ; = . ,
a 10 20 3o 40 50
[SDS|mM

CMC=103mM

T d T T T T T T
0 10 20 30 40 50

[SDS|mM

Fig 4.16: Conductance vs. concentration plot of SDS in 2g/L E3(BoE30 at 303K.
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Fig 4.17: Conductance vs. concentration plot of CTAB in 0.1g/L E3,BE3¢ at 303K.
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Fig 4.18: Conductance vs. concentration plot of CTAB in 2g/L. E;Bj¢E3pat 303K.
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Fig 4.22: Conductance vs. concentration plot of CTAB in 2g/L E4sBoE4g at 303K.
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Table 4.2: CMC of the mixed system of surfactants with Triblock copolymers at 303K by

conductivity

S.#

SAMPLE CMC (mM)
0l SDS _ 8.0
02 E3BwEs | 0 e
03 EgBioEss | e
04 SDS +0.1g/L E3oB0E30 8.0
05 SDS + 2.0g/L E30B1oEso 10.30
06 SDS + 0.1g/LL E4sBoE4s 09.0
07 SDS +2.0g/L E4gBoEss 12.0
08 CTAB 0.9
09 CTAB +0.1g/L E3oBoE30 1.50
10 CTAB + 2.0g/L E3B0E30 1.90
11 CTAB+ 0.1g/LL E4sBoEag 1.30
12 CTAB +2.0g/L. E4sBoEas 1.70

Table 4.3: Comparison of CMC by surface tensiometry and conductivity.

s# SAMPLE | (oroce tosion | conduetiviy
01 SDS 8.0 8.0

02 E30B1oE30 0238 | 0 e

03 E4sBioEas 0.189 | e

04 SDS +0.1g/L. E3oBjoE3¢ 9.0 8.0

05 SDS + 2.0g/L E30B19E39 10.0 10.3

06 SDS + 0.1¢/LL E4BoEus 10.0 9.0

07 SDS +2.0g/L E4sBioEys 12.0 12.0

08 CTAB 0.9 0.9 ]
09 CTAB +0.1g/L E30BjE30 1.2 1.5

10 CTAB + 2.0g/L E3BoE30 1.6 1.9

11 CTAB+ 0.1g/L E4sB1oE4s 1.2 1.3

12 CTAB +2.0g/L E44BoE4s 1.6 1.7
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B. Degree of Protonation or Degree of Ionization (@)

The degree of dissociation (degree of protonation) a, of the micelle was
determined from the specific conductance vs. concentration of surfactant (mM) plots
Figures 4.13 to 4.22. Actually. e is the ratio of the post micellar slope (S)) to the pre

micellar slope (S,)” as shown in Figures 4.23 and 4.24.
a=— (2.2.3)

The degrees of ionization were calculated for pure SDS and CTAB are in closed
agreement with literature reported values.” *® The higher value obtained for Triblock
copolymer/SDS system as compared to pure SDS shown in Table 4.4 by conductivity
method supports the explanation that SDS micelles are responsible for the stronger rate
enhancement effect observed in the rate constant vs. [SDS] profile.”” It was previously
reported that the increase in stabilization of the micellar charge stems from an increasing
reduction of electrostatic repulsion. Especially at higher micellar charge, the formation of
smaller polymer-bound micelles (confirmed from the Fluorescence data) will be favored,
since electrostatic repulsion is diminished and the increase in hydrocarbon-water contact
area is stabilized by the polymer.” In case of CTAB, the degree of ionization of mixed
system is less than that of pure CTAB due to decrease in micellar charge and hence the

size of the polymer-bound micelle remains greater than in case of SDS.

84 Degree of counter ion binding or counter ion association (f)

The degree of counter ion binding is obtained from the equation 2.2.4

p=1l-a (2.2.4)
The degree of micelle charge neutralization (f) for SDS and CTAB were calculated from
equation (2.2.4) which is in close agreement with literature reported value.””*® The

values of B obtained for the mixtures of polymers and SDS were less than that of pure

SDS. confirming that addition of polymer increase micellar ionization.”
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D. Free Energy of Micellization (AG,,)
The free energy of micellization for both pure surfactants and mixed systems

obtained using equation (2.2.9)
AG, "= (1+ B)RT In Xeme (22.9)

According to Table 4.4, the negative values of free energy of micellization show
spontaneous process. The free energy of micellization in the presence of higher
concentration of TBP was less negative as compared to pure surfactants. The free energy
of micellization in the case of CTAB +TBP system is more negative as compare to SDS
+TBP system prefer association of TBP among themselves than interacting with the
surrounding CTAB monomers.'" From these results of free energy of micellization it

was concluded that SDS interacts strongly with TBP than CTAB.

Table 4.4: Degree of ionization (a), counter ion binding (B) and free energy of

micellization (AGy,) for the mixed system of surfactant with triblock copolymer at 303K.

S.# SAMPLE a B AGy(KJ/mol)
0 SDS 0.33 0.67 -37.21

02 BioBigBsg: | = | s | s o
03 - e - VS [T (I —
04 SDS +0.1g/L E3oB1E3o 0.42 0.58 -35.20
05 SDS + 2g/L E30B10E3 0.54 0.46 -31.60
06 SDS + 0.1g/L EqgB1oEss 0.41 0.59 34.95
07 SDS +2g/L E44B1oEas 0.50 0.50 31.89
08 CTAB 0.38 0.62 45.01
09 CTAB +0.1¢/L E3oB1oEx 0.32 0.68 -44.52
10 CTAB + 2g/L E3BioEs 0.38 0.62 41.96
3 CTAB+ 0.1g/L E4sB1oEss 0.35 0.65 -44.32
12 CTAB +2g/L E43B1oEss 0.37 0.63 -42.68
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4.3 Fluorescence Technique
Parameters Obtained from Fluorescence
A. Microenvironment

Pyrene is a spectroscopic probe that exhibits fluorescence emission spectrum
consisting of five peaks. The I,/I; ratio of this vibronic fine structures indicate the
polarity of the pyrene micro environment and used for the detection of micelle as well as

polymer-surfactant interactions.'”’ The values of I;/I; range from 1.9 in polar solvent to

v=l)

0.6 in hydrocarbon. The bands 1 and III correspond to SIIITU — S, (0.0)and

v=0

S, —5,""(0. 1) transitions. The decrease in the values of vibronic ratio (I;/I3) in the

presence of TBP as compared to aqueous surfactant provides strong evidence for
interaction of surfactant and TBP.'" The smaller 1;/I5 value in case of CTAB +TBP as
compared to pure CTAB. suggests the presence of low micro polarity or higher
hydrophobic environment. On the other hand in case of SDS + TBP, the I,/1; values are
greater than SDS+ H,O suggests higher micro polarity or higher hydrophilic
environment.'” In case of either SDS or CTAB, the pyrene resides in the hydrophobic
environment of complexes (produced as a result of surfactant /TBP interactions)
compared to water. The effect of Cetyl Pyridinium Chloride (CPC) on the fluorescence
intensity of the pyrene was also studied. The plot of fluorescence intensity versus
wavelength (nm) Figures.4.25 to 4.34 shows spectral change of pyrene in the presence of
varying concentrations of quencher. These plots show that as the quencher concentration

increases the pyrene emission intensities decreases.

[LLLLLLT

infensity(a.u.}

¥ T
50 400 450 500 550

wavelength{nm}

Fig. 4.25: Spectral change of pyrene emission spectrum in the presence of various

concentrations of Quencher and fixed amount of 25mM SDS at 303K.
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Fig 4.26: Spectral change of pyrene emission spectrum in the presence of various

concentrations of Quencher and fixed amount of 25mM SDS and 0.1g/L. E;oBoE3 at

303K.
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Fig 4.27: Spectral change of pyrene emission spectrum in the presence of various

concentrations of Quencher and fixed amount of 25mM SDS and 2.0g/L. E;BgE;3 at

303K.
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Fig 4.28: Spectral change of pyrene emission spectrum in the presence of various
concentrations of Quencher and fixed amount of 25mM SDS and 0.1g/L. EsBjoEas at
303K.
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Fig 4.29: Spectral change of pyrene emission spectrum in the presence of various
concentrations of Quencher and fixed amount of 25mM SDS and 2.0g/l. E4sBioE4s
at303K.
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Fig 4.30: Spectral change of pyrene emission spectrum in the presence of various

concentrations of Quencher and fixed amount of 15mM CTAB at 303K.
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Fig 4.31: Spectral change of pyrene emission spectrum in the presence of various

concentrations of Quencher and fixed amount of 15mM CTAB and 0.1g/L. E;oBjoE;3pat

303K.
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Fig 4.32: Spectral change of pyrene emission spectrum in the presence of various
concentrations of Quencher and fixed amount of 15mM CTAB and 2.0g/L. E3BEspat
303K.
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Fig 4.33: Spectral change of pyrene emission spectrum in the presence of various

concentrations of Quencher and fixed amount of 15mM CTAB and 0.1g/L EssBioEqs at
303K.
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Fig 4.34: Spectral change of pyrene emission spectrum in the presence of various
concentrations of Quencher and fixed amount of 15mM CTAB and 2.0g/L. E4sB¢Eag at
303K.

B. Aggregation Number (N,g,)

The aggregation numbers of surfactant micelles. both in binary and ternary
systems was measured by Static Fluorescence Quenching through the general method
proposed by Turro and Yekta'™ in 1978. On the assumptions based on Tachiya'” model.

the aggregation number is determined from equation (2.3.8):

[, ([S]-=cmc)

0

From the slope of the plot of In I,/I5 vs. [Q], the aggregation numbers both for binary and
ternary systems were determined as shown in Figures 4.35 to 4.44.'" The aggregation
number calculated for SDS + H,0, was 62 that agree well with the literature reported
values 57 and 62.'"7:18 Similarly the values of aggregation number calculated for CTAB
+ HyO was 87 which is also in close agreement with literature reported values 80 and
95.'"""1"" The aggregation numbers for ternary system i.e. surfactant + TBP (both
surfactant and TBP micelles present) were determined in the same manner. According to
an expectation that for highly polar polymers the aggregation numbers would be rather
close to those in the absence of polymer, while for a non-polar polymer, the aggregation
number is much lower.'"" In case of both SDS and CTAB. the aggregation numbers

decreases which show interaction of surfactant with TBP. In this study the effect of block
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copolymer architecture was also observed. It was generally believed that the aggregation
numbers is influenced by the length of hydrophilic block. In our case the decrease in the
aggregation number of E45BoE4s 1s greater than E;¢B¢E;¢ because in the former case the
hydrophilic block length is greater. This can also be explained on the basis of polymer
hydrophobic/hydrophilic ratio. The aggregation number decreases with decrease in the
hydrophobic/hydrophilic ratio.' %In case of E30B10E3¢: the hydrophobic/hydrophilic ratio

1s 0.166 which is greater than the same value for E43B0E4s that is 0.104.
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Fig 4.35: Plot of Q [M] vs. In lo/I for pure 25mM SDS aqueous solution at 303K
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Fig 4.36: Plot of Q [M] vs. In lo/I for 0.1g/L E3oBjgE30 and 25mM SDS at 303K.
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Fig 4.37: Plot of Q [M] vs. In lo/I for 2g/L. E3oBoE3 and 25mM SDS at 303K
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Fig 4.38: Plot of Q [M] vs. In [o/I for 0.1g/L. E4sBgE4s and 25mM SDS at 303K.
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Fig 4.39: Plot of Q [M] vs. In lo/I for 2g/L. E44B¢E4g and 25mM SDS at 303K
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Fig 4.40: Plot of Q [M] vs. In lo/I for 15mM pure CTAB aqueous solution at 303K.
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Plot of Q [M] vs. In lo/1 for 2g/L. E30BoE3 and 15mM CTAB at 303K.



1.6 4

12 |
2 o8- y = 4846.8x
= R? = 0.9679
04 -
|
0 - - |
0.00E+00 1.00E-04 2.00E-04 3.00E-04 4.00E-04

[QIM

Fig 4.43: Plot of Q [M] vs. In Io/1 for 0.1g/L. E43BoE4s and 15mM CTAB at 303K.
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Fig 4.44: Plot of Q [M] vs. In lo/I for 2g/LL E4sBoEsg and 15mM CTAB at 303K.



C. Binding Sites (n).

The binding sites were calculated using equation 2.3.9

lo—1

log( ) = log kb +nlog|Q] (2.3.9)

The values of n were calculated from the slope of the plot of log (I,-1)/1 vs. [Q] as shown
in Figures 4.45 to 4.54 .The values of n were approximately equal to unity which
indicates that the association of surfactant monomer with TBP micelles is in 1:1 ratio.'”
The positive values of n signifies that the interaction of surfactant with the corresponding

TBP is by desorption process.”

D. Binding Constant (K,)
The binding constant (K;,) were calculated from the intercept of the plot of

fu —1{_)

log( ) vs. [Q] using equation 2.3.9.

[ =

Q

E. Free Energy of Binding (AG,)

The free energy of binding can be calculated from equation (2.3.10) given as
(2.3.10)

AG, =—-RTInkK,

A negative value of AGy for all systems indicates spontaneity of process.

log (lo/l-1)
| §

Fig 4.45: Plot of log Q [M] vs. log (1o/1-1) for 25mM pure SDS at 303K.
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Fig 4.46: Plot of log Q [M] vs. log (Io/1-1) for 0.1g/L E3BoE3pand 25mM SDS at303K.
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Fig 4.47: Plot of log Q [M] vs. log (lo/I-1) for 2g/L E3oBoE3¢ and 25mM SDS at 303K.
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Fig 4.48: Plot of log Q [M] vs. log (Io/I-1) for 0.1g/L E4sBoEss and 25mM SDS at

log(lo/l-1)

-
-
0.0 — =
-
-
-
-
041—| -
--
-
-
‘-
0.8 - -
-
-
1.2
T T T T v T . T M T v 1
4 6 -4 4 -4 .2 -4.0 -3.8 -3.6 -3 .4
log [Q] M

00 - =
-
-
-0.2 - -
__.
'.
-0.4 - .
o=
.
-
06 —
---
-
-
-
-0.8
10 { J—— T T T T T 1
-4 6 4.4 4.2 40 -3.8 36 34
log [Q] M

Fig 4.49: Plot of log Q [M] vs. log (1o/1-1) for 2g/L E4sB0E4s and 25mM SDS at 303K.
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Fig 4.50: Plot of log Q [M] vs. log (Io/1-1) for 15mM pure CTAB at 303K.
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Fig 4.51: Plot of log Q [M] vs. log (lo/I-1) for 0.1g/L. E30BjgE30and 15mM CTAB at
303K.
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Fig 4.52: Plot of log Q [M] vs. log (Io/I-1) for 2g/L E3B9E30 and 15mM CTAB at
303K.
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Fig 4.53: Plot of log Q [M] vs. log (Io/I-1) for 0.1g/L E4sBoL4s and 15mM CTAB at
303K.
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Plot of log Q [M] vs. log (Io/I-1) for 2 g/L E4sBoE4g and 15mM CTAB at
303K.

Table 4.5: Parameters obtained from static fluorescence spectroscopy

S.# Sample Conc. Ii/ls | Nage | n | AGyp(KJ/mol) Kp

01 SDS 25mM 1.04 | 62 1 -23.06 9473.9
02 SDS+E30B1oE30 25mM+2g/L | 1.07 | 55 1 =17.17 913.88
03 SDS+EBioEss | 25mM+0.1g/L | 1.07 | 54 1 -25.49 24801.6 :
04 SDS+E4sBoEqss 25mM+2g/LL | 1.06 | 44 1 -16.51 ?02.26_ :
05 CTAB 15mM 120 | 87 1 -30.46 179023 .4
06 CTAB+E3BoE3 | 15mM+0.1g/L | 1.17 64 1 -23.70 12219.6
07 CTAB+E3BoE30 15SmM+2g/L 1.16 28 1 -17.85 1197.62
08 CTAB+EBioEsg | 15mM+0.1g/L 1.2 68 I -24.41 16178.9
09 | CTAB+EsBioEs | 15mM+2g/LL | 1.15 | 62 I -24.53 16941.4
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4.4 Dynamic Laser Light Scattering

Fig. 4.55 shows the intensity fraction distribution of the apparent hydrodynamic
radius (Ry) of 3‘01:1."(1!113 Es0BioE3p aqueous solution with various SDS concentrations
ranging from 0.01M to 0.15M. This figure shows multimodal distribution for E;,B;oks0-
SDS systt-:m.ﬁI The hydrodynamic radius of pure E;3BjoE3 micelles with Ry, = 6.0 nm.
[nitially at very low surfactant concentration, 0.01M-0.05M, the apparent hydrodynamic
radii of the polymer micelles remains invariable indicating weak interaction between
polymer micelle and surfactant monomer with no disruption in their structures.'"® Further
loading of SDS, from 0.06M to 0.1M, leads to decrease in the Ry of the polymeric
micelles till1.0 nm. This decrease in size is due to increase in the amount of negatively
charged head group (degree of ionization increases confirm from conductivity data table
4.3) in the copolymer micelles by avoiding the SDS direct contact with water due to their
hydrophobicity. Due to unfavorable environment for SDS in water. it penetrates into the
core of the polymer micelle. The head groups repulsion of SDS inside the core of the
polymer micelle cause disruption of the polymer structure allowing water penetration,
and thus gives rise to a less dense packing of the micelle, resulting in decrease in the

' (Fluorescence work Table 4.5) Within this concentration range

aggregation number.
we also observed other peaks with higher Ry, values in the range of 50-60nm which
correspond to the mixed micelles of block copolymer and SDS with larger aggregation
number. Increase in the concentration of surfactant equal or greater than 0.1M causes
formation of regular surfactant micelles which remain stable up to 0.15M. The
mechanism proposed"' for the above system is that initially at low surfactant
concentration the surfactant hydrophobic tail start binding with block copolymer
hydrophobic part (unassociated form), followed by the formation of polymer-surfactant

complexes which break down on further loading of surfactant and regular micelles of

surfactant are produced.
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CONCLUSIONS

CMC increase both in case of SDS and CTAB but increase in the presence of
concentrated polymer solutions are more as compare to dilute polymer solutions.

Degree of ionization increase in the case of SDS + TBP as compare to CTAB
TBP.

Degree of counter ion binding in case of SDS + TBP decrease as compare to

CTAB+ TBP.

Increase of free energies of micellization both in the case of SDS + TBP and

CTAB + TBP is observed.

Aggregation numbers decrease both in the case of SDS + TBP and CTAB + TBP

but greater decrease observed in the case of E43BoE4s + surfactants,

The unit values of binding sites both for SDS + TBP and CTAB + TBP confirm
the association of surfactant monomer with TBP micelles in 1:1 ratio.

The free energies of binding both for SDS + TBP and CTAB + TBP shows
similar trend as thal for [ree energies of micellization of the same systems.

The hydrodynamic radius of the polymeric micelles decrease with increase in the

surfactant concentrations confirming the strong interactions of surfactant with
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