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Abstract

This thesis is focused on the study of dynamics, hydrogen bonded structure and activity of
watermolecules premnt in restricted environments.§.micelles,reverse micelle (RMs)and
microemulsion(ME)] with different surfactant mixtures. The dynamics of water molecules
present in thse systems are measured in the time scale ranging from nanosecsual
picosecond using time resolved fluorescence spectroscopy (TRFS). The hydrogen bonding
states of water are obtained from Fourier transform infrared spectroscopy (FTIR). We have
investigated the properties of water insi@®s by varying the size of # confinement,
interfacial morphology and charge type of the interfaces. The results indicatestptysical
properties of water in anionic (AOTonionic (Ig520) mixed RM is mostly governed by the
interfacial stoichiometry and water content amgerely displays any dependence on the
mechanical properties of the interfad@e physical features of nonionic surfactant(s) mixture
(Ig-210/1g-630/Cyclohexand} different from that of the previous ioAnonionic mixture and
provides some unusual ndinear kehaviour. Synergistic interactions are observed in both
micellar as well as reverse micellar anionic (A@ibnionic (Tweer85) mixed system,
moreover, the role of various biocompatible oils (EO, EP, EM) in solvation dynamics is
detected. Formulation of aidzcompatible mixed ME (Lecithin/T>100/Butyl lactate/IPM)
system in which the physical properties do not differ much from those of the lecithin based
systems with the additional advantage of having higher solubilization capacity and low
viscosity.In orderto understand the effect of interfacial morphology on water activity we study
the catalytic activityof a model enzyma-chymotrypsin (CHT) on the substrate Adai

Phé 7-amido4-methylcoumarin (AMC) in anionimonionic mixed RM systems. We have
modifiedthe interfacial charge type of AOT RM with the incorporation of Brij surfactants of
different Hydrophilic-lipophilic balances (HLBsinto it and studied the altered structure and
dynamics of entrapped water in these mixed RM® enzymatic activity of & entrapped

water is found to be dependent on the interface stoichiometry as well as lteBafs which
provides a new route to regulate the reaction rate in RM systems according to the purpose.
Thus, our study confirms that the presence of mixed caria systems at the interface
improves the solubilization capaceg well as alters thgiroperties from that of the individual

ones whichcould be found advantageousviarious biologicabnd technologicapplicatiors

of theseaggregated systems
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Chapter 1: Introduction

Surfactants are amphiphilic molecules that have both hydrophilic head groupalamghobic

tail parts. The hydrophobic tail part may consist of a single chain or it may contain multiple
number of chains. The head group caeilieera charged or uncharged polar group. According

to the nature of the head groups the surfactants assifiéd into anionic, cationic, neanic

and zwitterionic (amphotericpurfactant moleculespontaneously accumulate in solvents to
form a variety of selbrganized assemblies such as micelle (M), reverse micelle (RM) or
microemulsion (ME), which are hmogenous, transparent, optically isotropic and
thermodynamically stable dispersions of water and[4il Surfactants are spontaneously
aggregated in aqueous solutions to form micelles (M) while in organic solvents they aggregate
to form reverse or inverted micelles. Normal micelles (M) argioted as aggregates of
surfactant molecules with the hydrophilic heads oriented towards the dispersing solvent
(generally water), and the hydrophobic tails oriented towards the inner part of the assembly
(the micellar core). Micelles appear as the dontifiarm at and above the salled critical

micelle concentration, CMC, but free surfactaatealso present in the system as monaner

The aggregation number (the average number of surfactant molecules in a micelle) is dependent
on the surfactant type arni$ concentration. The depiction of micelles is reversed when the
solvent is changed from aqueous to a nonpolar medium. In order to minimize their contact with
the bulk nonpolar solvents, the head groups of the surfactants associageltksrwith the

water moleculegxpandhg their hydrophobic tails into the ngpolar mediumRMs, a special

type of ME systenig] are selfassembled dispersions of surfactant aggregates which can
solubilize considerable amount of waiera nonpolar solvent i.e. oil continuurEs [3] are
stabilized by relatively large amounts of surfactant(s) frequently in combination with
coarfactant(s) in presence of oil and wgir5]. The structure of ME can be idealized as a

set of interfaces dividing polar and nonpolar domains. Depending on the composition of the
system, the microstructure @afME may exist as watén-oil (w/0) droplets, oHin-water (o/w)
droplets, or a bicontinuous structutE is heterogeneous at the nanometer scale, however,
the coexistence of water and oil within a single phase is possible by the huge reduction of the
interfacial tension by the surfactant(sfhe three componentsystems consisting of
water/surfactant/oil can adopt a variety of morphologikbiEh are generally known as tertiary

ME, while those based on four components (i.e., with cosurfactant) are ka@seawaloternary



or quaternary MHE4]. MEs are graphically represented as stability areas in triangular phase
diagrams where each triangular corner designates respective comgynBii can also be
formed with cores including other n@gueous polar solvents (such as ethyleneglycol,
glycerol, formamide, dimethylacetamide, etc.) which have relatively high dielectric constants
and ae immiscible with hydrocarbons solvefif$. Aggregation number ®@Msincreases with

their water content, usually defined in terms tbé hydration level of the RMvo =
[H20]/[surfactant][8]. From both the thermodynamic model and molecular simulations study

it has been showthat a small number of polar solvent molecules activates the formation of
large permanent aggregates of surfactgjtsGenerally, the amount of surfactant molecules
influences the morphology of the sadsembled structures. At very low concentration the
surfactants are dispersed randomly without any ordering due tantiapie driving force,

while at the higher surfactant concentrations the-asdeémbled nanrsiructures can order
themselves, since the enthalpic driving force overcomes the negative entrofi©].one
However,an overalbpositive entropy change accounts for the ultimate disorder during the self
assembling process of surfactant molecules in the oil medium. The removal of oil molecules to
create room for the residence of the polar surfactant head groups in the form t#smscel
considered to be associated with a positive entropy change. Thus the mic&M forchation

by surfactant is an entrofirected process. The entredirected normal and reverse
micellization processes are, therefore, univgtdall2] The free energy d¥lE formation can

be considered to depend on the extent to which surfactant lowers the surface tensioniof the oll
water interface and the change fime entropy. The change ithe interfacial area on
microemulsification is very large due to the large number of very small dropletationnThe

very large dispersion entropy is arising from the mixing of one phase in the other in the form
of large numbers of small droplets. However, anothesudrable entropic contributioarises

from the dynamic processes of surfactant exchange diffusion between the interfacial layer and
monomersurfactant Thus a negative free energy of formation is attained due to large
reductions in surface tensionaswalasi gni ycant favourable entr.
mi croemul siycation i S spontaneous and the
stabl¢13].

RMs are oparticularinterest in many fieldsanging from the fundamental sciences to
technological applications. They have numerous applications such as in the synthesis of
inorganic nanoparticles, as models for biological systems, for the extraction and purification of

biomoleculedike food additves or medicinal substances in biologically compatible systems



in drug delivery and as enzymatic reaction m¢t#al8]. In all cases, the efficient use of RMs
requires a sound knowledge of the basic physicochemical properties of the specific system. For
example, in order to model the distributiohvarious chemical species within the system,
parameters such as droplet size, aggregation number, free surfactant concentration, structure
and dynamics of water inside RM must be known. In general, a better understaridg of

could lead to better perfimance or even extend the scope of possible applications.

These sefbrganized assemblies have been widely studied as carrier systems for active
agents because of their unique properties of combining hydrophilic and hydrophobic domains
within one homogeneous solution. Correspondingly, there has been extensive interest in
studying the physicochemical properties of these systems for using them in a large variety of
applications and formulationdn the last years MEs have received increasing inténest
cosmetic[19] and pharmaceutical formulations, such as in food industries, for conteslled
drug encapsulation, drug transport carrier &rdsolubility of high polar molecul¢$3]. As
drug vehicle, MEs have the advantages of being stable and of easy preparation. Owing to the
nanometric size, M& improve transdermal diffusivity of drugs in cutaneous application for
oral, topical and parenteral administratii@®]. Due to the capability to solubilize a great
amount of lipophilic or hydrophilic compoundsyupledwith a largeinterfacial aea, MEs also
function as catalysts, increasing the efficacy of chemical reactindssynthesis of nano
products[13, 21-24]. However, the limitations on the use of such-agifregated systems in
pharmaceutical field arise mostly from the need for all the constituting components to be
biologically and pharmaceutically acceptable, particularly the surfactants and the oils. This
induces a huge drive to formulate such systems using biocompatible constituents. For this
reason, different kinds of biocompatible oils like isoproyl myristate ([RH) ethyl myristate
(EM), ethyl palmitate (EP) and ethyl oleate (EXB) are used to formulate such systeifise
double tailed anionic surfactant sodium bis(Bylhexyl}sulfosuccinate (AOT) is one of the
most extensively investigated surfactants for the study of such heterogend¢ensf2ys29].

AOT based systems also find application in the field of drug delij@dy 31] Cationic
surfactantidodecyldimethylammoniumbromide, DDAB based systarealso used as a safe
and an efficient vehicle for sustained drug relg&#&e Three major classes of nonionic
surfactants, especially those based on ptiylene oxide) (PEO) haveenused in this thesis
for their several significant applications. For example, alkylpolyether surfactagis BG))
are used as a detergent in hggrformancéiquid chromatrography (HPLC) applicatidB8].

Triton X-100 is used primarily for solubilizing memame proteins during isolation of
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membraneprotein complexd84]. The class of Igepal i.e. nonylphenylpetlyylene oxide
based surfactanhas shown broad application in usdrial and biochemical procesgzs.

Ethoxylated nonionic Twee@5 is also biodegradalps, 37] One of the most preferred
biocompatiblezwitterionic (hospholipidy surfactantis lecithin, which is also a nontoxic
surfactant as recognized by safe (GRAS) std®8] used for many pharmaceutical

applications

Studies of reaction kinetics in restricted or confined systems are not only essential for
a better understanding of (bio)chemical reactions in nanostructures, they also help to design
new nanosystems to perform eféot catalytic processi@®]. Therefaoe, this area of research
has attracted attentiamf many researchers for its several application in industrial biocatalytic
processes Over the past few decadB#/! has also been used as a common organic medium to
perform biocatalysis as it provides withugeful microreact@40] to protect the enzyme from
solvent adverse effecéd the catalytic reaction of water insoluble substrate can occur at the
waterolil interfacg4l, 42] It has been previously observed that enzyme kinetics rate in RM
depends upon several factors like the micvorenment in the surroundings of the enzyme and
the substrate, the partitioning of the substrate between the RM droplets and the external solvent,
surfactant concentration, their charge type, salt concentration, temperature, the hydration level
of the RM dc [43-49]. Rate of enzyme hydrolysis usually shows a bell shaped curve as a

function of wy in RM i.e. it shows maximum activity at a certain[44].

It is a noticeable fact that the properties of water molecules in mangrgatiized
assemblies show the features closely similar to the properties of water in biological systems,
and in advantage these bomicking systems are less complex and easy to prepare than the
real biological systems. RM have been recognized as an ideal platform to study the properties
of confined/restricted water for the past few decdf88<%56]. The hydrodynamic diameter of
the water pool of RM can be experimentally varied from-@8 nm by adjusting the gfb1,

57]. It has been inferred that upon confinement the hydrogen bonded water structure gets
perturbed which is evident from the abundance of a noticeable fraction of water molecules with
distorted hydrogen bonds relativeits bulk countepar{58]. As a result of that, water present

in RMs offess distinct differences in physical and chemical properties relative to its bulk
counterparf50, 51, 5964]. Water exist as big polymetike network rather than as an isolated
individual in RM systera due to intermolecular hydrogen bonding. This nekmMs being
dynamic in nature owing to continuous hydrogen bond breaking and making occurring in ps
and subps time scale. Orientational relaxation dynamics of water molecules i.e. the

11



rearrangement of hydrogen bonds of water changes when water intetacs wmterface, an

ion or a large moleculg6, 61, 6568]. The dynamics of bulk and confined water in restricted
medium have been studied by several experimental technig0e56, 59, 64, 65, 691].
Nuclear Magnetic Resonance (NMR) is a popular method to study the dynamics afkeler
reveals that the rotational motion of water slows down as a result of confingt2er&hape

ard size of RM have been measured by different techniques, such as small angle neutron
scattering (SANSY3], smallangle Xray scatteng (SAXS)74, 75]and both dynamic and
static light scatterinN@6]. Recently timeresolved vibrational spectroscopy has been used to
study hydration dynamics in RM syster@l, 62, 67, 77]which measures the vibrational
relaxation of isotopically labeled water, HOD through transient absorption experiments
probing the OD stretch in 4@ or the OH stretch in D and the transfer energy ob®
stretching vibrations for water in RM8-80].

The interface inside RMs strongly interacts with the water molecules making them
0highly structuredd; consequenill5g 8] Whken dynam
water is sequestrated inside RM, there is a competition betweenwadtsr and water
surfactant interactiorj82]. This retardation of dynamics of water inside RM can be defined by
the most commonly used Ce&hell model[51, 8385]. In this model the water molecules
inside RM are divided into two types; firstly the water molecules which behave like bulk water
are present in the core of the RM, and secondly the shell water, when all the water molecules
are essentially interacting with tkarfactant head groups i.e. water presenta\\83]. MD
simulation result also shows that the core and shell water are not static in nature and tkere exist
a slow inter conversion between th¢®®]. The vi brati onal relaxati ol
(~5.2 ps) is significantly slower cgmar ed t o t hat o f[61]Gaedoitrie  wat e
interesting that the shell water shows a strong depeydan the nature of the polar interface
of RM. Hence, this altered retarded dynamics inside RM depends upon several factors like
interface polarity, », nonpolar solvent ef&0, 55, 61, 79, 8B1] which can be modified by

replacing single surfactant with mixture of different surfactants.

Mixtures of surfactants are often favored over the correspostigte surfactant(s) in
industrial, pharmaceutical, and technological formulations for their superior performance and
cost effectiveness in various aspects including solubilization, dispersion, suspeng2n etc
98]. One of the most desired properties of RM sshitgh water solubilization capacity and
mixture of surfactants can offer a many fold enhancementSwoltbilization capacity of RM
and physicochemical properties of the entrapped water have been found to be strongly

12



dependent on the chemical natureldd oil, surfactant charge type and[@9]. There hae

been several reasons proposed for the observed synergistic solubilization behaviour, mostly
based on either the interplay between the surfactant monolayer curvature ailiojolestr
interaction or establishment of an optimbgdrophiliclipophilic balarce (HLB)or both[100-

103]. HLB of a surfactantis a measure of the extent of its hydrophili@tylipophilicity and

can be calculated following the definition by Griffih04]. HLB[105] of mixed surfactant
systems can efficiently be tuned in order to provide with better solubilization behfh@ur

103]. Modification of the interface by blending of surfactants bringsualmmnsiderable
changes in the elastic rigidity of the interfacial fili86]. Several studies of RM systems
involving more than one surfactants using solubilizafiéa, 103, 107] conductivity107,

108], interfacialcompositiof109], viscosity110], spectroscodit11-113], SANJ114, 115]

FTIR and NMR measuremgh8, 72] detect significant modification of the mecheal
properties of the interface and consequently of the water structure in RM systems in
comparison to the corresponding single surfactant systems. These findings summarize that the
effects of surfactant blending on solubilization and other physical pirepeare direct
consequences of mixirapd physicochemical interactions in interfacial films.

In spite of numerous studies carried out in this direction, there still remains several
unaddressed questions relating to the properties of such confined systeumsing mixed
surfactant systems replacing single surfactant. Some of them are: how an interface can be
improved by using mixed surfactant system compared to that of single surfactant inside RM?
Whether the mixing behaviour of several surfactants péays role in the intermolecular
hydrogen bond structure and dynamics of water in RM? Does the different mixed surfactant
interface (anioninonionic, cationienonionic and nonionimonionic) influence the
physical/chemical properties of water? How the migedactant based interface modifies the
activity of water molecules towards catalysis reactions inside RM? Moreover, the effect and
advantages of surfactant blending interface in other than RM systems like ME and micellar
system. The principal focus ofisithesis is to study how interfacial property of various mixed

surfactant system affect the structure, dynamics and activity of water inside restricted medium.

lonic/nonionic mixed surfactants are frequently used in many biophysical applications
as theydeliver with more flexible physicochemical properties in terms of synergistic
observations in RM&16]. Doping of nonionic surfactant into the interface of ionic surfactant
in RM brings about significant changes in the interfacial property as well as it modifies the

structure of water inside the water pool. To illustrate this observate have studied the
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structure and dynamics of a mixed system (anionic AOT andiama Igepat520 in
cyclohexane). It has been observed that the maximum solubilization capacity often displays
synergistic effects whereas various physical and chemiopépies of the mixed RM systems
follow an overall linear trend with the surfactant mixing ratio. The rdfaid/increase in the
solubilization capacity, however, does barely affect the physical properties of water. In order
to appear at a more general doson it is important to perform the investigation with
surfactant mixture of the same charge type. In accordance with that we have investigated the
effect of mixing of two terminal HLB nc#onic surfactantdgepal210 (HLB~4)/Igepalb30
(HLB~13)/cyclohexane systenon the physicochemical properties of water encapsulated in the
RM. Besides, in order to detect the effect of mixing property of various clgrgeof
surfactants on the interfacial property of RM we have related the results of (cationic) DDAB/
Ig-520/Cyclohexane mixed system with AOTFSG0/Cy system. Our next quest is to
understand whether there exists any correlation between micellar and RM systsimglbtye

same surfactant mixturéo comprehend this we have investigated the effect of mixing of AOT
and TweerB85 aqueous solutions as well as the corresponding mixed RM systems to realize
whether the key features responsible for micellization recipeatest physical properties of
water inside the RM systems. Besides, we have formulated biocompatible ME based on a
nontoxic highly lipophilic surfactant lecithin (L), pharmaceutical flavouringedactant butyl

lactate (BL), and hydrophilic biocompatiblEX-100 (T) in biocompatible oil isopropyl
myristate (IPM)117] to establish the enrichment of solubilization behavior by tuning the
optimum HLB of this nxed system. Finallyto observe the effect of interfacial morphology

on the rate of enzyme kinetics we have measured the enzymatic actigitghgimotrypsin

(CHT) [44, 118]on the substrate Al#lai Phé& 7-amido4-methylcoumarin (AMC)119] in

mixed RM systems. To control the rate of catalytic activity of enzyme we have replaced AOT

with three different Brij series and altered their HhBmbers at a constant mole fraction of

Brij [ x,, = a__]of0.1in IPM.

+n

Npor Brij

Investigations have been carried out on the structure, dynamics and activity of water
present in biemimicking surfaces (e.g. RMBJEs and micelle) with varying sizeharge and
geometry of the interface. Mainly three techniques have been utilized, namely, dynamic light
scattering (DLS), Fourier transform infrared (FTIR) spectroscopy and time resolved
fluorescence spectroscopy (TRFS) to measure the physical propémraseoinside RM or

ME system. DLS is used to measure the hydrodynamic diamedear{® aggregation number

14



of the RM droplets. Fourier transform infrared (FTIR) spectroscopy is a very sensitive
technique to study hydrogen bonding in wdts, 120124]. Water produces characteristic
symmetric and asymmetric-B stretching bands in the frequency range of 38800 cm'in

the mid infrared (MIR) regio125]. Such spectrum arises due to the presence of different
types of hydrgen bonding states of water. To stulgrelative contribution of different types

of water in this region, the total water spectra could be deconvoluted into three distinct types
of hydrogen bonding environments, namely, multimer or isolated water (MW malecule

which are not hydrogen bonded to any neighbouring molecule, peaking at ~ 3690 cm
intermediate water (IW, unable to develop fully hydrogen bonded structure, peaking at 3460
cm?) and hydrogesbonded water (HW, tetrahedrally hydrogen bongater, peaking at 3330
cm)[51, 58] Instead of pure watethe use of HOD molecule has been shown to be
advantageous, as thé Dband is decoupled from thé B band and appears in a region (2200
2800 cm?t) which is comparatively free from otheratg absorptiorf$26, 127] As the intra
molecular interactions between the two OH (or OD) oscillators@ ¢ér D,O) molecules do

not compicate the @H (Oi D) stretching band contour as observed for pure &6} thus,

the Q D stretching band reveals only thelbddnding interactions between water molecules.

this case the total spectra could be deconvoluted similarly into three Gaussidmasdb
peaking at 264010 (MW), 25485 (IW) and 2450 cn (HW) respectively.

Fluorescence spectroscopy is a versatile technique to depict the polarity and
microenvironment around a probe molecidé, 128, 129] It is also important to clusethe
correctprobe so that it can provide with apprigpe information and the geometry of the
desired interface. To investigate hydration dynamics in biomolecules, supramolecular
assemblies like proteifl30-132], DNA [133-136], micelle [136-139], RM [139-142],
cyclodextrin[143, 144]etc. time resolved fluorescence spectroscopy (TRFS) has been used for
years. his spectroscopic technique, specially the slow relaxation process, which essentially
represents the coupled rotatior@nslational orientation of water molecules, has recently been
evolved as a potential tool to realize the interaction of confined wadércules with the
interface. It is welknown that solentrelaxation for water is orders of magnitude slower at
the vicinity of interface compared to that in pure water. TRFS study of bulk water yields two
time scales: ~100 fs and ~1[p§, 145] However, there coexist two types of waterestricted
systems, firstly the water molecules having faster dynamics (~ few ps) and the other one is

slower in dynamics with a timescale of hundreds of ps to sevdidfihsl40, 146148]. The

origin of this bimodal di stribution of wat e
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which is bound to the polar interface offering a dynamics significantly slower than that of pure
and -bDypeé& water mol ec ulnbosadedwth thehntedaceebutnemain hy d r
in the hydration lay¢t49]. Since the hydration layer is actively dynamiaature, the inter
conversion (hydrogen bond breaking and making) kinetics between these two species
determines the amplitude and also the time scale of the hydration layer rel§kafpt40,

150-152].
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Chapter 2. Instrument Techniques and Systems

In order to explore the structure, dynamics and activity of water in restricted environments
different steadystate and dynamical tools have been employed. These include solvation
dynamics, fluorescence anisotropy, Foutriansform vibration stretching denzyme kinetics.

In this chapter, we have included a brief discussion about the above memrtxpeethental

tools. Overviews of the various systems and the fluorescent probes used in the studies have

also beemliscussed

2.1 Steady State and Dynamical Tool

2.1.1 Solvation Dynamics

Theory: Solvation dynamics relates to the way of reorganization of polar solvent molecules
around a dipole created instantaneously or an electron/proton injected suddenly in a polar
liquid. A change in the probe (solute) is made at timed by an ultreshort excitation pulse

which leads to the creation of a dipole. This dipole gives rise to an instantaneous electric field
on the solvent molecules. The interaction of permanent dipoles of the solvent with the
instantaneously created electfield shifts the free energy minimum of the solvent to anon
zero value of the polarization. Since the electronic excitation is much faster than the nuclear
motion of atoms in molecules (according to the Fr@akdon principle), the instantaneously
exdted probe in the vicinity of the solvent molecules find themselves in a relatively high
energy configuration at t=0. Consequently, the solvent molecules around the probe begin to
move and relax back to reach their new equilibrium positions (Figure hdndclear motion
involved in the rearrangement or relaxation process can be broadly classified intmabtat

and translational motior{§, 2].

Owing to its extensive hydrogen bonding, the rotational motion of water would also
include hindered rotation and libration, while translation would include the intermolecular
vibration. There are two specific types of high frequency motions: libratiomgercholecular
vibration, and those are anticipated to play a leading role in the faster part of solvent relaxation.
The molecular motions involved are shown schematically in Figure Zigure 2.2a we show
a typical solvation time correlation functiofor clarity, we approximate the motions

responsible for the decay in different regions.
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Figure 2.1 Schematic representation of the potential energy surfaces involved in solvation relaxation process
showing the water orientational motions along theatn coordinate together with instantaneous excitation. As
solvation proceeds the energy of the solute comes down giving rise to a red shift in the fluorescence spectrum.
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Figure 2.2: (a) A typical solvation time correlation function for water in restrt ed envi ronment .
funct i ongy f@ populatidn Xelaxation along the solvation coordinate (X) is plotted against time in
picosecond. In G, Xis the initial position at t = 0. This Figure shows the position and time dependence of the
popukbtion fluorescence intensity. At early times (when the population is)dh&tre is ultrafast rise followed by

an ultrafast decay. At intermediate times (when the population is) ahéfe is a rise followed by a slow decay

as shown by the green line. lang times when the population is nearly relaxed (positigrred line) only a rise

is observed.

The calculated solvation correlation function is alwaysiponential in nature. Within

linear response theory, the solvation correlation function is cetatthe solvation energy as,

_(EM)- (E(9)
C(t) = ) (E(3) 2.1)
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where, (E(0)),(E(t)) and (E(=))are energy along the solvation coordinate of the probe at

time t=0, t and B respectively.

Figure 2.1demonstrates a graphical representation of the solvation potential and the
motions involved in the relaxation process for the water molecules around the instantaneously
created dipole. From the shape of the potential it can be understood that thettbehsielour
of the population during solvation should be a decay function on the blue edge of the spectrum

and a rise function on the red edge, as depiot&ijure 2.2.

Experimental Methods: In order to experimentally determine the solvation correlation
function of a probe in an environment, a number of fluorescence transients are taken at different
wavelengths across the emission spectral range of the probe. All the collected fluorescence

transients are fitted by using a nonlinear least square fittogegdure to a function,

A t
aX (1) = (1) Rt -t) dt (2.2)
C 0

including of convolution of the instrument response function (IRE})X with a sum of

exponentials,

%B(t) =A *aN Bexp(-¥t;) 2.3

where, B is thepre-exponential factqrt; is the characteristic lifetime ahei™ process and a

backgroundA). Relative concentration in a muéikponential decay is finally expressed as:

B
an: Nn ' (24)

18

1
[y

The relative contribution of a particular decay componéitirt the ottal fluorescence is

defined as,
t =B 500, 2.5
a By,

i=1

The quality of the curve fitting is controlled by reducedsidpiare (0.9..1) and residual data.
The motivation of the fitting is to resolve the decays in an analytical form appromrate f

advanced data analysis.
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In order to construct time resolved emission spectra (TRES) we followdheidee
described in referencg3, 4]. As described above, the emission intensity decays are analyzed

in terms of the multexponential model,

1(/.0) :a al Yexp ¢/ (¢)) 2.6

whereai(/) are the preexponential factors, witBai(/) = 1.0. In this analysis we compute a
new set of intensity decays, which are normalized so that thantegrated intensity at each
wavelength is equal to the steastpte intensity at that wavelength. ConsideRi() to be the

steadystate emission spgum, we calculate a set B{/) values using,

F(/
H() = D (2.7
il (/,t)dt
0
which for multrexponential analysis becomes,
F(/)
H(/)=——1— (2.9
aa ()
Then, the appropriately normalized intensity decay functions are given by,
N
U =H(N( 8 2, i(a)e)(p(t/i( )a 2.9
i=1

where aji(l ) = H(l )ai(l ). The values ol {/,t) are used to calculate the intensity at any
wavelength and time, and thus the TRH8e values of the emission maxima and spectral
width are determined by nonlinear leaguare fitting of the spectral shape of the TRES. The

spectral shape is assumed to follow a lognormal line shape,

é o i 2~ ‘

&in2An+d ‘o ﬂ (2.10
g ¢ by

- 2b(G- 3, . o -
with U:M -1 wherelp is amplitude,” /max is the wavenumber of the emission

maximum and spectral width is given by, = . The terms andgpare asymmetry

ssinh(d)
b

and width parametersgspectively and equation (2)l@duces to a Gaussian function lior

0. The timedependent fluorescence Stokes shifts, as estimated from TRES are used to
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construct the normalized spectral shift correlation function or the solvent correlation function
C(t) and is defined as,

_A(t)- =)
C(1) —,W (2.1)

where,3(0), 3( X and3(=) are the emission maxima (in &nof the TRES at time zerband

infinity, respectively. Thes(a) value is considered to be the emission frequency beyond which

insignificant or no spectral shift is observed. T{B function represents the temporal response
of the solvent relaxation process, as occurs around the probe following its photoexcithtion an
the associated change in the dipole moment.

In order to understand distribution of probe or any excited state phenomenon occurring
during the excitation we have constructed tiresolved area normalized emission
spectroscopy (TRANES), which is a weltaiblished techniquip, 6] and is a modified version
of TRES. TRANES were constructed by normalizing the area of each spectrum in TRES such
that the area of the spectrum at time t is equal to the area of the spectrarfi. gk useful
feature of this method is that presence daremissive point in the spectra identifies emission
from two species, which are kinetically coupled either irreversibly or reversibly or not coupled

at all.

2.1.2 FluorescenceAnisotropy

Anisotropyis defined as the extent of polarization of the emission &dinorophore. These
measurements are based on the principle of pbelextive excitation of those fluorophore
molecules whose absorption transition dipoles are parallel to the electric vector of the polarized
excitation light. In an isotropic solutioriubrophores are oriented randomly. However, upon
selective excitation, partially oriented population of fluorophores with polarized fluorescence
emission results. The relative angle between the absorption and emission transition dipole
moments determineleé maximum measured anisotropy) (The fluorescence anisotropy (

and polarizationR) are defined by,

r=—t " (2.12

(2.13
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where‘Oand 'O are the fluorescence intensities of vertically dmdizontally polarized
emission when the fluorophore is excited with vertically polarized light. Polarization and
anisotropy are interrelated as,

2P
r=—_ 2.1
3-P (.19
3r
=— 2.1
2+r (219

Although polarization and anisotropyqvides the same information, anisotropy is preferred

since the latter is normalized by the total fluorescence inte(isity 1, 42 .) and in case of

multiple emissive species anisotropy is additive while polarization is not. Several phepnomena
including rotational diffusion and energy transfer, can decrease the measured anisotropy to
values lower than the maximum theoretical values. Following a pulsed excitation the time

resolved fluorescence anisotropft) of a sphere is given by,

r(t)=roexp( t/t.,) (2.19

wherero is the anisotropy at timie= 0 andk: is the rotational correlation time of the sphere.
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Figure 2.3: (a) Emission intensity of a single fluorophore (green ellipsoid) in a coordinate system. (b) Schematic
representation of the measurement of fluorescence anisotropy.

Experimental methods: For time resolved anisotropy(i)) measurements (Figure 2.3b),
emission polarization is adjusted to be parallel and perpendicular to that of the excitation

polarization. $encer and Weber have derived the relevant equations for the time dependence
of I, (t) (equation (217)) and |, (t) (equation (218)) for single rotational and fluorescence

relaxation timeslh: and;, respectively,

L (t)=exp( ¢/t )(1 2, exqd t/-£)) (2.17
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L (t)=exp( /2, )(1 5 exd t/-4)) (2.18

The total fluorescence is given by,

F(t)=1,(t) @, @) 3exd t/¢) F,=xft/ ¢} (2.19

The time dependent anisotropft) is given by,

r(t)=% T exp( tit ) (2.20

F(t) depends upoti while r(t) depends upolikt, thus these two lifetimes can be separated.
This separation is not possible in steathte measurements. It should be noted that the degree
of polarization P) is not independent @fand is therefore not aaful quantity as. For reliable

measurement aft), three limiting cases can be considered.

(a) If t< Ght, the fluorescence decays before the anisotropy decays, and henkecanly
be measured.

(b) If Gkt < #, in contrast to steadstate measurementsy: can be measured in principle.
The equations (27) and (218) show that the decay of the parallel and perpendicular
components depends only uggn The only experimental drawback of this case is that
those photons are emitted after few times period olkhecannot contribute to the
determination ofk:.

(c) If Gt® t1, then it becomes the ideal situation since almost all photons are couniad with
the time (equal to several rotational relaxation times) in whigtshows measurable
changes.

For systems with multiple rotational correlation tim#8, is given by,

r(t) :roa bie%i (2.2))

where B | p. It should be noted that the tnsment monitoring the fluorescence,
particularly the spectral dispersion element, responds differently to different polarizations of
light, thus emerging the need for a correction factor. For example, the use of diffraction gratings
can yield intensitiesf emission, which depends strongly upon the orientation with respect to
the plane of the grating. It is inevitably necessary when using such instruments to correct for
the anisotropy in response. This instrumental anisotropy is usually termefthe®Ggrating

factor) and is defined as the ratio of the transmission efficiency for vertically polarized light to
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that for horizontally polarized Iigth = |” 1, ). Hence, values of fluorescence anisotropy,

r(t) corrected for instrumental response, would be givefirby,

_ (t)' Gl. (t)
") =1 o ) (223

The Gfactor at a given wavetgth can be determined by exciting the sample with horizontally
polarized excitation beam and collecting the two polarized fluorescence decays, one parallel
and other perpendicular to the horizontally polarized excitation beafact@ can also be

determned following long time tail matching techniquell < #, it is expected that the curves
for |, (t) and I, (t) would become identical. If in any experiment they are not, it can usually

be assumed that this is due to a-umitary Gfactor. Hence normalizing the two decay curves
on the tail of the decay eliminates thda&&tor in the anisotropy measurement.

Since he origin of the slower solvation time constants is diffusive in nature we analyze
the anisotropy dat with a wobblingin-cone model[8-10]. According to this model, the

rotational anistvopy decay function is defined as,

io 110 p Q¥ ] (2.23

whereb=S% and S is the generalized order parameter that describes the degree of restriction on
the wobblingin-cone orientational motion. Its magnitude is considered as a measure of the
spatial restriction of the probe and can have value from zero (for unrestatstion of the

probe) to one (for completely restricted motion). The semicone apgis related to the

ordered parameter as,

S = cosg,,(1+cosg,,)

(2.24

The diffusion coefficient for wobbling motiondocan be obtained from the following retati

2 2 _ _
= 1 T X I X X e - 126 - 7))
-t 21-x © 2 2 24

D,
(2.25

where x = cogw a n ¢ is défined as— — —.
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2.2 Instrumental Setup

2.2.1 Steady State Absorption and Emission Technique

Steadystate U\Vis absorption and emission spectra of the probe molecules were measured
with Shimadzu UW2450 spectrophotometer and Jobin Yvon Fluoro@aktuorimeter,
respectively. Schematic ray diagrams of these two instruments are shown in Bigued

2.5

W1 Lamp Monochromator

D2 Lamp

I G
Display \

‘—!-\/:- CPU |

B =

I -
| A/D Converter | — -
I Reference Cell @
HV/Amp / Beam
Circuit PMT ' Splitter
Sample Cell M

Figure 2.4. Schematic ray diagram of an absorption spectrophotometer. Tungsten halogen (W1) and Deuterium
lamps (D2) are used as light sources in the visible and UV regions, respectively. M, G, L, S, PMT designate
mirror, grating, lens, shuttemd photomultiplier tube, respectively. CPU, A/D converter and HV/Amp indicate
central processing unit, analog to digital converter and Matage/Amplifier circuit, respectively.

Shimadzu UV¥2450 gives the facility to measure absorption spectrutimerange o0f190-900

nm with a spectral resolution of 0.1 nimowever, experiments are carried out at 1 nm
wavelength intervain a cuvette of 1 cm path length. A Deuterium light is used as ultraviolet

light source and tungsten lighd used as visible lighsource with a lamp interchange
wavelength of 28293 nm. The only monochromator used in this instrument cemdibtgh
performance blazed holographic grating and photomultiplier tube (FMTsed asthe

detector. All the absorption speciee baselinecorrected usingeference sampléVorking

principle of UV-Vis spectroscopy folloeBe er 6 s L amb er twhichafWwisghe c or d i
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intensity of light incident on the cell, and | is that of the emergent light, then absorbance is

given by,
A= |0910§38J|98= U (2.26

where, A is proportional tthe concentration (c) othe optically active substance and optical
pah |l ength (I )*amd é&kd is im eomm|/]ethen U is ¢

molar extinction coefficient.

Extinction Monachromator

Diffuser

Analyzer

Xe-Arc Lamp

Data
Output

Monochromator

Emission

Figure 2.5.Schematic ray diagram of an emission spectrofluorimeter. M, G, L, S, PMT and PD represent mirror,
grating, lens, shutter, photomultiplier tube and reference photodiode, respectively.

In Fluoromax3 an ozone free XArc lamp has been used asaarce of continuous wave light.

A Fluromax3 consiss of two monochromatof$l] which are excitation and emission
monochromat@ The essential part of these monochromators is reflection grating, the gratings
of Fluoromax contains 1200 grooves/mm and are blazed at 330 nm (excitation) and 500 nm

(emission). These gratings give an excitation wavelength covefagé-600 nm and emgson
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wavelength coveragaf 290-850 nm. All the excitation and emission spectrum are collected in

guartz cuvette of 1 cm path length and at 1 nm wavelength interval.

2.2.2 Time Correlated Single Photon Counting (TCSPC) Technique

All the picosecondesolved fluorescencgl?2] transients were recorded using TCSPC
techniquéll]. The schematic block diagram of a TCSPC system is shown in Rigiire
TCSPC setup from Edinburgh instruments, U.K., was used during fluorescence decay
acquisitions. The instrument response functions (IR¥sjhe laser sources at different
excitation wavelengths varied between 60 ps to 8GIpsrescence signal from the samples
was detected by a photomultiplier after dispersion through a grating monochromator. For all
the transients, the polarizer in thmission side was adjusted to be at 54.7° (magic angle) with

respect to the polarization axis of the excitation beam.

Laser Laser
Diode Driver

Sample

Polariser @azl

Monochromator

TAC

i

Start  Stop
® & ©

MCF-
IPMT

Amp CFD Delay

Data Acquisition/
Control Electronics

Figure 2.6. Schematic ray diagram of a time correlated single photon counting (TCSPC) spectrophotometer. A
signal from microchannel pia photomultiplier tube (MCHPMT) is amplified (Amp) and connected to start
channel of time to amplitude converter (TAC) via constant fraction discriminator (CFD) and delay. The stop
channel of the TAC is connected to the laser driver via a delay livg.G,and HV represent lens, mirror, grating

and high voltage source, respectively.
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2.2.3 Fourier Transform Infra -Red (FTIR) Measurement

FTIR measurements were performed on a JASCO BBBO spectrometer (transmission
mode).Michelson interferomet§t3] is the heart of FTIR spectrometer. It consadta fixed

mirror (M4), a moving mirror (M5) and a beasplitter (BSL), as illustrated ifrigure 2.7 The
collimated IR beam from the source is partially transmitted to the moving mirror and partially
reflected to the fixed mirror by the beasplitter. The two IR beams are then reflected back to
the bearrsplitter by the mirrors. The detectdren sees the transmitted beam from the fixed
mirror and reflected beam from the moving mirror, simultaneously. The two combined beams
interfere constructively or destructively depending on the wavelength of the light (or frequency
in wavenumbers) and theptical path difference introduced by the moving mirror. The
resulting signal is called anterferogramwhich has the unique property that every data point
(a function of the moving mirror position) which makes up the signal has information about
every infared frequency which comes from the souiidee measured interferogram sigrsl

then processed through a Fourier transform to obtain the final speEmamspectrum consists

of 100 scans')éachuiredl @t0.8 €f0eolutiom

——
Detector M4
M5
M8
BS
M7
Slit2
FM4 M6
M7 FM3
Sample Chamber

Figure 2.7. Schematic of Fourier Transform Infrared (FTIR) spectrometer. It is basically a Michelson
interferometer in which one of the two fullgflecting mirrors is movable, allowing a variable delay (in the travel
time of the light) to be included in one of theabes. M, FM and BS1 represent the mirror, focussing mirror and
beam splitter, respectively. M5 is a moving mirror.
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2.3 Other Measuremens

2.3.1 Phase Study of ME System
Construction of phase diagrams:At constant temperature, the phase diagram of a ternary

system coprising of surfactant, oil and polar solvent can be best represented by a Gibbs
triangle with the three components as the ap¢kés15] In case of a quaternary system
comprising of surfactanicosurfactantoil and polar solvent, a phase tetrahedral is the best
representation of the phase diagram wWahrfactantand cosurfactansoil and polar solvent

as the four apexes. Such representation can be simplified by keeping the surfactant
cosurfactantmolar ratio constant and cutting the phase tetrahedral at a constant mixture of
surfactant molar ratio, which results in a simplified Gibbs triangle. The phase diagram in the
presentthesishas been constructed using these modified Gibbs triangles. Btruginthe

phase diagrams, oil and surfactawere mixed in different proportions in sealed test tubes,
equilibrated aroom temperaturand then titrated with polar solvents using a microsyringe
followed by vigorous shaking in a vortex shaker. The agyear of different phases has been
identified with naked eyes and the triangular phase diagrams are constructed accordingly. To
carry out the phase volunmeasurements, calculated amoahsurfactant(s), oil and polar
solvents were taken in graduated seaést tubes, shaken vigorously for at lea$t1’50min in

a vortex shaker, and then kegitroom temperaturd he samples were kept for loegough

time to ensure complete phase separation and then the phase volumes were noted after
inspection through nakleeyes.

Construction of fiskail phase diagranis6] of ME havealsobeen ceied out at room
temperature.Triangular phase diagram ascertains the limit of sipbl@se ME domain,
whereas fiskail diagrams were constructed to determine the minimum amount of amphiphile
required to form single phase NI]. Different phases or Wins¢is] were identified with
visual inspectiof19]. The appearance of three phase region could clearly be identifiee as

phases are distinct as shown in figur@ 2.

WINSOR 1 WINSOR Il WINSOR 11 WINSOR 1¥
8

Qg @ 7Y

2 , 0| Qg

D Q| oy

. Dl
Coit

O ot @ wares Winsorl WinsorI11 Winsorll WinsorIV

Fig 2.8: A representation of different phases or Winsors in ME
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2.3.2 Study of Various Physical Properties of Water in ME and RM

(a) Measurement of SolubilizationCapacity: Water was gradually injected using miero
syringe of varying capacity int@ ml of surfactant(s) solution in organic solvent (oil)
maintainedat fixedroomtemperature with constant stirring in a vortex shaker. The beginning
of permanent turbidity at each composition of surfactant blend in oil denotes maximum
solubilization of water.

(b) Dynamic Light Scattering (DLS) Measuremengor the estimation of sizeand size
distributionof reverse micellar dropletBLS measurementas performed with Malvern Nano

S instrumenemploying a 4 mW H&le laser &= 632.8 nm) equipped with thermostated
sample chambeDuring the process of data collection, scattering @®were collected at a
scattering angle of 1?3The instrument measures the tihependent fluctuation in the
intensity of light scattered from the particles in solution at a fixed scattering angle.
Measurements were performed at BOHydrodynamic diareter (0) of the RM droplets was
estimated from the intensity autocorrelation function of the -tieygendent fluctuation in
intensity. According to Stokesinstein equation, Pis defined as;

o — (2.27
where,k, T, d and D indicate the Boltzmann const
coefficientof the solution, respectivelyn a typical size distribution graph from the DLS
measurement, theaxis shows a distribution of size classes in nanometdre they-axis
shows the relative intensity of the scattered I[gb{.

(c) Aggregation number calculationTo calculate the aggregation numkiBlkgg, i.e., the
number of surfactant molecules & the following equation was appli¢al]

~

3N_.. &V, o 0
I'oLs :# 4pgg % - ¥, hphile I"Bphob (2.28
o =

surf, micelle

d .
hydrodynamic .
e d

wherer, ¢ is the hydrodynamic radius of the RM iIs measured from

hydrodynamic
DLS experiment.V, , . IS total volume of water in the system,; ... IS the numbenof

surfactant molecules in alRM, N_, is Avogadro numberV, is volume of the

urf, hphile

hydrophilic part of the surfactant which is calculated ff@82]. For Xgrj = 0.1systemy/,

urf, hphile

is calculated from this equation
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Vsurf,hphile = leAOT +)%VBrij (229)

Where x, is 0.9 andx, is 0.1.V,; is head group volume of AOT (0.65 Anobtained from

[23] Vg npnie 1S Calculated fronf24], where molar volume of single PEO group i.e 2CH20
is given and we multiply it bythe numbeof PEO group of different Brij molecules and then

themolar volume of OH is addedl, is thelength of hydrophobic tail of the surfantaln

phobe
the present cag®OT concentration isnuchhigher at X%:ij = 0.1, we use only the hydrophobic
tail length of AOT which is 1.257 nfi23].

(d) Surface TensionMeasurement:Tensiometric measurements were performed with a K9
tenisometer (Kruss, Germany) by the platinum ring detachment method. A concentrated
surfactant solution was added to a known amount of water, and the surface tension values were
measured aftethorough mixing and temperature equilibratidnmicrosyringe was used to

add surfactant solution gradually to water in the measuring vessel maintainefilxaictiheom

temperature.

(e) Viscosity, Conductivity and Adiabatic CompressibilifgasurementViscosity of the ME
systems at different temperatures were measured by an automated micro viscometer (AVMn)
from Anton Paar (Austria)Electrical conductivity of the ME systems measured using a
Sension378 conductivity meter (Hach Company, Loveland, C@pat temperature. Fane
measurement of conductivity of ME, a solution of 0.9% NaCl was used as the aqueous phase.
High precision densityr) and sound velocityu) were measured by a density meter; model
DSA-5000 from Anton Paar (Austria).

Adiabatic compressibility §) of the mixture can be determined by measuring the

solutiondensityf) and the sound velocity (u) and app!

T — (2.30
The apparent specific volume of the solute (wdters given by25],
%o — — (2.3

where ds the concentration of water in the solutionandr are the densities of the dry RM
(wo=0) and wet RM, respectively. The partial apparent adiabatic compressihi)ityf (vater

is obtained from the relatif2g6],
% T C% ¢ o] — (233
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where, [u] is the relativepecific sound velocity increment given by,
6O — (2.33

where 4 and uare the sound velocities in dry RM and wet RM, respectively.

() FTIR Measurement: Relative populatios of different types of water and -bonded
structure of water side RM or ME were measured by midrared Fourier Transform Infrared
spectrometer. FTIR spectra in the 3@BD0 cm' window and10% D0 in HO in the 2200

2800 cm! window were recorded on a JASCO FTBR00 spectrometer (transmission mode)
using Cak window. In order to discard the absorbance of the surfactant(s), we take the
measured absorbance of the wet RM after ensuring baseline corrections with the stock solutions
(i.e. dry RM, w=0).

2.4 Systems

2.4.1 Micelle

Micelles can be represented as aggregatesidhctant molecules having hydrophilic heads
oriented towards the dissolving solvent (here water) and the hydrophobic tails ordering towards
the inside part of the assembly (the micellar core) (FigureMidglles appear as the dominant

form abovethesc al | ed O6cri ti cal mi cell e concentrat:i

also present in the system as monomers.

2.4.2 Reverse micellgRM)

RMs are isotopic mixtureof water, surfactant, and organic solvent in which small aqueous
droplets coated with ayar of surfactant molecules atespersed in a nonpolar solvelnt.this
thesisvarious types osurfactants have been used with differemiad groups lik@nionic
AOT [Sodium 1,4bis(2-ethylhexxy)-1,4-dioxobutane2-sulfonate] cationic DDAB
(didodecyldmethylammonium bromideggndtwo types ohonionicsurfactant likdgepalseries
(Igepal CO520, Igepal CA210 & Igepal CA630), Brij series (Brit30, Brij-35, Brij-52, Brij-

58, Brij-92, Brij-97) etc.(molecular structures of these surfactants are given iRi¢juee 2.9.
Cyclohexane (Cyand IPMhave been used as thal to prepare RM27]. AOT is the mos
common surfactant that forms stable RM and the properties of its aggregate have been
examined in detd®8, 29] Igepal is also capable to form well definglightly bigger RMs
compared to that of AQBO]. It is interesting to note th&rij surfactants are too hydrophilic

to form RM inoil [31].
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2.4.3 Microemulsion (ME)

MEsar e i sotropic, bui d, transparent, t her mod

stabilized by surfactant(82]. The structure of ME can belealized as a set of interfaces
dividing polar and nonpolar domains. Depending on the composition of the system, the
microstructure of an ME may exist as waiteoil (w/o0) droplets, oHin-water (o/w) droplets,

or a bicontinuous structure.

Fig 2.10: A representation of diffrent mixed organized assembles; left panel is mixed micelle, middle panel is
mixed RM and right panel iSE with mixture of surfactantS) and cosurfactant (CS).

2.4.4 Surfactants

The following surfactants are used: aniorsodium bis(2ethylhexyl)sulfosuccinate (AOT),
nortionic: polyoxyethylene(5)nonylphenylether (Igepal G@0), Lecithin, butyl lactate,
TritonX-100, IgepaNCA-210, IgepdICA-630, polyoxyethylene(4)laurylether(Brij-30),
polyoxyethylene  (23)laurylether B(ij-35), polyoxyethylene(2)oleylether (Brij-92),
polyoxyethylene(2)cetylether (Bry2), polyoxyethylene(10)olegther (Bri}97),
polyoxyethylene(20)cetylether (B1f8), polyoxyethylene(20)sorbitantrioleate (Twe@h)
and cationicdidodecyldimethylammonium bromide (DDAB)
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2.4.5 Solvents

Biocompatible oils like isoproyl myristate (IPM3thyl myristate (EM), ethyl palmitate (EP)

and ethyl oleate (EO) as well as a hydrocarbon oil cyclohexane (Cy) are used.

2.4.6 U-Chymotrypsin (CHT)

a-chymotrypsin (Figure 21), isolated from bovine pancreas, is a member of the family serine
endopeptidase (molecular weight of 25,191 Da) catalysing the hydrolysis of peptides in the
small intestine. The three dimensional structure of @t$ solved by David Bloy33]. The
moleculeis a threedimensional ellipsoid of dimensions 51 x 40 x 40 A and comprises of 245
amino acid residues. CHT contains several antiparadf@eated sheet regions and litde

helix content. All charged groups are on the surface of the molecule except the catalytic triad
of histidine57 (His57), aspartate102 (Asp102) and serine195 (Ser195), which are essential for
catalysis. The Ser195 residue is hydrogen bonded to His57 residigt in turn is hydrogen
bonded tob-carboxyl group of Aspl02. An oxyanion hole is formed by amide nitrogen of
glycine193 and Serl195. It is selective for hydrolysing peptide bonds on the carboxyl side of
the aromatic side chains of tyrosine, tryptophad phenylalanine and of large hydrophobic
residues such as methionine. It also catalyses the hydrolysis of ester bonds. CHT enhances the
rate of peptide hydrolysis by a factor of’1The reaction has two distinct phases, acylation
and deacylation of thenzyme. Upon binding of the substrate, the hydroxyl group of the Ser195
attacks the carbonyl group of peptide bond to generate a tetrahedral intermediate. In this
transient structure, the oxygen atom of the substrate now occupies the oxyanion holel-The acy
enzyme intermediate forms, assisted by the proton donation of His57 .-femenidal portion

is then released and replaced by water. The@wgyme intermediate subsequently undergoes

hydrolysis and the enzyme is regenerated.

Figure 2.11 X-ray crystalographic structure (PDB code: 1YPH)afchymotrypsin depicting the catalytic triad
(His57, Asp102 and Ser195).
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2.4.7 Protease Substrates: AlaAla-Phe7-amido-4-methylcoumarin

AMC is a fluorescent aromatic tripeptide substrate (Figut8) Zuitable for thecleavage by
serine protease. |Its concentration i%mdeterm
Lat 325 nm. The rate of catalytic activity is determined by monitoring absorbance of cleaved
product (FZamido4-met hyl coumar i n) “dndat 876 gm itdagqweoud buler mM
solution.The extinction ceefficient of the product in AOT RM w10 is 11.19 mMcm* [34].

O | ﬁ
CH HN \
HNJH C~ c —C~x\H 0O CHT NH, 0.0
H Il |
~ —>
CH e - @
@ CH, CHa

7-amido-4-methyl-

Ala-Ala-Phe-7-amido-4-methylcoumarin (4M C) coumarin

Figure 2.12 Molecular structure of substrates and chymotrypsin catalysed hydrolysigcpformed from the
substrateg$Only spectroscopy monitored produstiven, other products are not shown in the figure)

2.4.8 Molecular Probes

/@\/i : NH SO3NH4*
O

C-500 ANS DCM

Figure 2.13 Molecular structure of 00, ANS and DCM

A. Coumarin 500 (C500):The solvation probe C500 (Figureld) is sparingly soluble in

water and shows reasonably good solubility in isooctane. In bulk water the absorption peak
(400 nm) is significantly red shifted compared to that in isooctane (360 nm). The emission peak
of C500 in bulk water (500 nm) also shows a 90 nm red shift compared to that in isooctane
(excitation at 350 nm). The significantly large solvochromic effecthan dbsorption and
emission spectra of C500 makes the dye an attractive solvation probe fehetierogeneous
environmentsThe choice of the probe is based on the factttteprobe molecule residas

the interfacewhen itgets excited20]. The photophysics of the probe havevwasly been
studied in detail§35].
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B. 1-anilino-8-naphthalenesulfonic acid, ammonium salt (ANS)ANS is a wellknown
solvation probg86] in aqueous solution, the emissipaakof ANS is observedat ~520 nm

with a lifetime of ~0.25 ns. The steadtate emission is quenched dramatically in polar
solvents. Becawsof its bichromophoric structure, ANS is known to undergo charge transfer
(CT) from one aromatic moiety to the other ring. In nonpolar solvents, the emission is strong
andmostly form the locally excited state i.e., before charge separation. In polansslthe
fluorescence decreasesich is dominated by the emission from the CT stA® ANS can
undergo twisted intramolecular charge transfer (TICT) upon photoexci@&iprts internal
photophysics is not straightforward. However, water inside RM is less polar and highly viscous
compared to bulk water which minimizes the rate oframhative electron transfer process and
thus the TICT process, if any, does not significaatifect the conclusions drawn from the

fluorescence measuremeB®g).

C. 4-di-(cyanomethylene)2-methyl-6-(p-dimethylaminostyryl) -4H-pyran (DCM): DCM
(Figure 213) is insoluble in water, however solubfepolar organic solvent like ethanol and
hydrocarbon solvents like-lmeptaneDCM possess a considerable high dipole moment in the
excited state (26.3 D) comqeal to its ground state (5.6 [B9]. Femtosecond studies reviled
various intramolecular processes in the excited state of DCMledron transfer process and

twisted intramoleculachargetransfef40].

2.4.9 Sample Preparation

In this section we will discuss the tdé of different sample preparation to study water in

restricted environmeat

Preparation of Micellar Solution: The stock solutios of aqueousnicellar solutions were
prepaed by dissolving surfactasin water. Desired concentratioof micelle was ensured by
the addition of quantitative amount of stock solution in waiér simultaneous stirring of the

mixture for an hourAnionic AOT and nonionic TweeB5 are used to form micelle in water.

Preparation of Reverse Micellar Solution:In order to prepaneverse micellar solutionsith
specific degree of hydration fw [H20]/[Surfactant]) calculated volume wfater was added

to aknown volume 00.1 M surfactant solution in cyclohexane or IPIN case of dissolving

a probe inside the wer of RM a little amount of aqueous solution of the probe was added
during the preparation dahe specific RM. All the FTIR, steady state fluorescence and

absorption spectra were collected after baseline correctiondfofvthat RM.
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Preparation of Microemulsion: To prepareME, a calculated amount of surfactgbécithin

and TX100) cosurfactanfbutyl lactate) and oil (IPM) weretaken in a sealed tube, shaken
vigorously in a vortex mixture, and equilibratatifixed roomtemperature. Then water wa
added into it with the help of a microsyringe, and the mixture was shaken vigorously and then
keptat fixed temperatureReading of different phases was taken by visual observation, after

conformation of attainment of complete equilibrium.

2.4.10 Measurement ofBzClI hydrolysis rate

The kinetics of BzCl solvolysis reaction was determined by measuring the temporal change in
the absorbance of BzCl monitored at 313 nm usiNgspectrophotometdé1]. The initial

BzCl concentration was kept constant~-d0D uM. The reaction follows simple first order
kinetics[42, 43] BzCl is first solubilized in solvent (Cy) and then added into the RM, wherein

it gets compartmentalized into the organic phase and the interphase; the interfacial water
molecules act as nucleloife to cleave the &I bond. Another partition could also be
considered in which BzCl is distributed between the interface and the aqueous phase. The
overall reaction rate is accumulation of the rates at these two different phases, however, the
very fastreaction in water does not eventually affect the overall slow kinetics.

2.4.11 Measurement of Enzyme kinetics

For the enzyme kinescmeasurements aqueous stock solutions of CHT were prepared in
phosphate kier (10 mM) at pH 7.0 using double distilled watéoncentration of the enzyme

samples in aqueous solution was determined using the extinctiggtcoee nt ( Gcm= 51 m
1) value at 280 nniThe enzyme concentration was kept fixed at &5 Initial catalytic rates

were measured in the time window wheredbsorbance varies almost linearly with time. To
measure the reaction rate in the RM systems,
solution and stirred until the solution became clear. Then the stock enzyme solution was added

to it to initiatethe reaction.
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Chapter 3: Structure, Dynamics and Activity of
Anionic-nonionic Mixed Surfactant Reverse Micellar
System

3.1 Introduction

Aggregates of surfactants in oil continuum exhibit the remarkable ability to solubilize large
amount of wger to form RM which offers an unique platform to realize several constrained
environment likeliving cell[1]. The physical and chemical properties of water molecules
localized in the interior of the RMs are different from thoseuwfe water, the difference
becoming progressively smalilas the water content in the micellar system increases. When
the RM sizes small, the interface strongly interacts with most of the water molecules making
them O6highly structuredd. Since hydrogen bor
rearragement of the hydrogen bonds of many water molecules, the dynamics become
relatively slow. This constrain is partially relaxed at higher hydration and the system
approaches pure watellike behaviour. Solubilization capacity of RM and physicochemical
properties of the entrapped water has been found to be strongly dependent on the chemical
nature of the dispersant phase (oil), surfactant and also on the hydration level of the=RM (
[water]/[surfactant])2, 3]. Surfacant mixtures often give rise to enhanced performance over
the individual components, and such mixtures could potentially be employed in a wide range
of practical applications. It has recently been reported that addition @dbni@rsurfactant into

the inerface of ionic surfactants produces significant modification of enzyme aleti@ly
polymer synthes|g], nanoparticle synthe$&, chemical ativity[9] in RM. A proper rationale

of such modified behaviour is strongly demanding specially in many biophysical applications
that depend upon the extent of electrostatic and hydrophobic interactions of tim¢eRate

with specific moiety or segments of solubilized biological macromolefdde?].

Modification of the interface by blendingf surfactants brings about considerable
changes itheelastic rigidity of the interfacial film. Earlier studies with RM systems involving
more than one surfactant using solubilizafti®16], conductivityl5, 17] interfacial
compositionl8], viscosity19], spectroscop[@0-22], SANY23-25], FTIR and NMR
measuremen86, 27]identify significant modification of the mechanical properties of the
interface and consequently of the water structure in RM systems in comparison to the

corresponding single surfactant systems. These findings summarize that the effects of
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surfactant blending on solubilization and other physical properties are a direct consequence of
mixing, and physicochemical interactions in interfacial films.

It is well-known that water inside RMs is highly structured and its dynamics is highly
restricted28, 29] A recent study0] has concluded that confinement of water in the RM
interior is responsible for the observed slow relaxation dynamics, irrespective of the charge of
the interface. @ the other hand, Levinger et[8ll-33] compared the ultrafast solvation
dynamics of ionic (AOT) and neionic (Brij-30) RM systems and find that solvation dynamics
of the former is slower than that of the lattArpossible source for the observed difference
might be the difference in the interaction of water with the charged and uncharged interfaces.
However, the effect of mixing of surfactants on the relaxation dynamics of water has only
rarely been explorg¢d4, 35]

In a previous stud$6], we attempted to correlate the structure, dynamicsesaadivity
of entrapped water in RM consisting of a mixture of ionic (AOT) and-ianit (Brij-30)
surfactantin isooctane, which has a high molecular volume and less penetrability in the
surfactant interface. This leads the solubilization capacity of A0d¢tane RM systems to be
limited by the interdroplet interaction effeft3]. AOT/Brij-30 mixed system in isooctadees
not offer any synergistieffect in terms of water solubilization capacity. The physical
properties of water also showed a éné&rend with mixing and it was found ttitae entrapped
water reaches pure watetike behaviour a¥gij-30 (molefraction of Brif30 in the surfactant
mixture) increases, which is due to the weaker interaction of3Brijead group with water
comparedo that of the charged head group of AOT. To complement this study, we study the
structure and dynamics afmixed system in which synergistiwodification of the surfactant
monolayer in terms of solubilization capacity could be realized. The mixturaiofsorfactant
AOT and nonrionic surfactant Igepab20 in cyclohexane (Cy) offers such a platffij. Both
AOT[37] and Igepal C&2(38] are weltstudied surfactants that can form RM without the
addition of any cosurfactant. In the present contribution we have studied the structlosand
(subns) relaxation dynamics of water in RMs constituted of AOT and IgepebZlOn Cy at
different mixing ratios with the key objective to reveal whether sixeergisticgeometric
modification of the interface affects the physical nature of entchyager. The micellar sizes
at different mixing ratios have been measured by dynamic light scattering (DLS) technique.
The physical properties of the entrapped water have been determined using Fourier transform
infrared spectroscopy (FTIR), densimetric s@@&ments and solubility study. Relaxation
dynamics of water inside RM has been probed by-tieselved fluorescence spectroscopy
using coumarin 500 (C500) as the fluorophore. This spectroscopic technique, specially the slow
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relaxation process, which essiaity represents the coupled rotatiomi@nslational orientation

of water molecules, has recently been evolved as a potential tool to understand the interaction
of confined water molecules with the interfl8& 3344]. Using a fluorophore that essentially
resides at the wataurfactant interface, the extent of modification of water dynamics in
response to any change in interfacial morphology could be rationalized by probing such
relaxation processes. Thhoice of the probe is based on the fact that when excited at 409 nm,
only the probe molecules residing at the interface and/or facing the polar core ge{4f{cited
Thus the spectroscopic information obtained is essentialyabponses from the interfacial
region only, which is a prerequisite for our study. To understand the geometrical restriction of
the probe at the interface, rotational relaxation dynamics of the dye in different RM systems
have also been determined. Aletmeasurements have been done atifferentmixing ratios

of AOT and Igepal with the mole fraction of Igepal in the mixturgepX= [Igepal]/([AOT] +
[Igepal])), varying as 0, 0.2, 0.4, 0.6, 0.8 and 1 at three hydration levels, namely5, 10

ard 15.

3.2 Results and Discussios

Solubilization capacity measurementBigure3.1 depicts the maximum water solubilization
capacity of mixed AOT/Igepal/Cy RM systems. Both AOT and Igepal are fairly soluble in Cy
and both these systems solubilize watéhéws maxrange of 225, which is in good agreement

with the reported literatuf&6]. The mixed surfactant systems exhibit a considerable synergism

in the water solubilization capacity whereip s (maximum solubilization capacity) initially
increases with increasingigba to pass through a maximum aige$a=0.4 beyond which it
decreases. Such synergistic solubilization behaviour has earlier been reported in a few mixed
surfactant systenfis4-16, 24, 25, 45]The extat of water solubilization in general can be
explained in the light of a theoretical model developed by Hou andEdjaBolubilization
capacity of water in RM is geometrically related to the radius of curvature of the surfactant
film separating thevater droplets from the oil continuum. This in turn is thermodynamically
related to the stability of the RM. The stability of a RM is primarily decided by the entropic
contribution of droplet dispersion, curvature effect and the interaction betweeophet$46,

47]. The radius of curvature and hence water solubilization capacity decreases as the chain
length of oil c&ecreases, chain length of cosurfactant increases or size of the polar head group

of the surfactant increases.
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Figure 3.1. Maximum solubilization capacity @wa) of AOT/Igepal/Cy mixed reverse micellar systems as a
function of Xgepat

AOT/Cy is a sysgm consisting of a rather rigid interface (owing to the low molecular
weight of Cy (~180 A) and high penetration of Cy in the interfacial region making the
attractive strength small and favouring greater spontaneous curvature) with very low values of
Dr (difference between densities in the continuous phase and in the penetrable length of the
interfacial layer) and (penetrable length of the interfacial layer during interpenetration of
droplets). In such a case the interaction among the droplets is very weak compared to the
curvature effect, and solubilization capacity is essentially limited by the radius of caervatur
Solubilization capacity can be improved if the interface is doped with a second surfactant
(herein Igepal 520) which decreases the spontaneous curvature of the interfacial film making
the interface more fluid. However, in doing so bbthandx increass, which in turn increases
the interaction between the droplets. The increase iMs limited as the spontaneous radius
of curvature approaches the critical radius Beyond this point the increase bn and x
decreases ywax The observed synergissithus a consequence of systematic alteration of the
mechanical properties of the interfacial monolayer which is optimizeg@tr0.4. It is now
interesting to investigate whether such a modification imprints the physical properties of the

encapsulad water molecules inside the RMs.

DLS, aggregation number and compressibility Measureme#ge measure the size of the
RM droplets using DLS technique and the results are depicted in #@arand tabl&.1. The

data analysis essentially assumes theldts to be spherical in nature and for smal(wO 1 5 )
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values, such an assumption holds well. As observed from the figure droplet size increases with

increase in was well as Xepar The w dependency is a clear consequence of the increasing
water loag40, 48] Igepal forms larger droplets compared to ADH[ 38]and this accounts

for the increased droplet size of mixed RM systems with increasijgaXdNo anticipated

deviation from linearity in the ¥epar0.4 region is unambiguously noticed. This increase in

droplet radius with Xepalis consistent with the hard sphere model of AOT/Cy system as has

been discussed earlier. We also measure the droplet sigeatX4 with increasing wwalues

(data not shown). The size increases linearly wiltiearly indicating that addition of water

increases droplet size rather than forming multiple droplets.
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Figure 3.2. (a) Hydrodynamic radius (i of AOT/Igepal/Cy mixedeverse micellar systems as a function of
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(blue) RM systems. (b) The aggregation numbegl(of the mixedRMs as a function of ¥epar (C) Specific
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Table 31. DLS, volumetric and densimetric measurement parameters for AOT/Igepal/Cy/water mixed RM
systems at different yand mixing ratios.

Wo RH J u Nagg G310 k31013
(nm) (kg m) (ms?) (m¥kg?l)  (m3kg'
Pa?)
Xigepa=0
5 2.3 785.759 1222.35 64 9.66 9.48
10 3.2 787.722 1220.26 144 9.81 9.43
15 3.9 789.564 1218.42 226 9.93 9.38
Xigepa=0.2
5 2.9 785.313 1223.22 129 9.40 9.23
10 3.4 787.503 1221.14 175 9.53 9.01
15 4.3 789.290 1219.68 304 9.77 8.95
Xigepa=0.4
5 3.1 784.657 1224.72 152 9.70 9.55
10 3.9 786.579 1222.78 257 9.88 9.39
15 4.5 788.576 1220.77 341 9.90 9.31
Xigepa=0.6
5 34 784.155 1226.32 200 9.63 9.87
10 4.2 786.146 1224.08 318 9.79 9.69
15 4.9 788.094 1221.96 437 9.87 9.60
Xigepa—=0.8
5 3.7 783.197 1227.91 252 9.35 9.89
10 4.5 785.434 1225.24 386 9.49 9.73
15 5.3 787.358 1223.14 546 9.68 9.64
Xigepa=1.0
5 3.9 781.923 1229.18 337 9.18 9.85
10 4.8 784.175 1226.61 425 9.40 9.61
15 5.6 786.248 1224.33 599 9.56 9.54

We calculate the aggregation numbegdrof RM systems and the results are diegd
in of figure 3.2b and table B. It is found that IgepadRM systems have higher aggregation
number compared to the AOT RM systems. Thg values obtained for AO&rein good
agreement with those reported by Maitra et al. using NMR tecHA®@judt is interesting to
note that as Igepal is mixed with AOTggincreases, wibh is a consequence of the reduced
electrostatic repulsion between the charged head groups of AOT, thereby accommodating more
surfactant molecules at the interface. Since surfactant concentration is fixed at 0.1 M, increase
in aggregation number at a fokew value is indicative of a decrease in the number of water

droplets which provides additional support to the increased droplet size as evidenced from DLS
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measurements (figui®2a). No considerable change in the aggregation behaviour is realized
at Xigepa=0.4. We also calculate the apparent specific voldr)ea(d partial apparent adiabatic
compressibility {«) of water in these RM syems (figure 3.2c, 3.2d and tablel)3.The
obtainedf, values are in the same order of magnitude as obtained forRithaystemE36,

50, 51]and is smaller than that of pure water (B0002 m3*kg?). On the other hand all the
calculated compressibility values are higher than that of pure watérn(#SPatl), which
essentially indicates the highly structured nature of water inside RM. In all these skstems
increases with increasingo which is in accordance with previous observatibhf and
accounts for the fact that the abundance of high density interfacial water at lower hysdration
responsile for the reducetl,.. Thef, values do not exhibit any distinct feature with the mixing
ratio, it only reduces marginally as Igepal concentration is increased (8@oe AOT RM
systems offer higher, values compared to nonionic RM syst¢sig which corroborates the
present observation of decreasihgwith increasing nonionic content. THe values also
exhibit good agreement with previous rep@®s 50, 51]and offer an overall increasing trend

with increasing Igepal concentration. The compressibility data thus provides evidence that
water structure is essentially perturbed inside RM due to its interaction with the charged/polar
interface, however, the overall linear behavior of the compressibiliesahdicate that the
interfacial stochiometric optimization atg&%a~0.4 in regard to water solubilization capacity

is not reflected in the physical properties of water.

FTIR MeasurementsTo obtain a deeper insight into the water structure we metmMIR

FTIR spectra of all the mixed RM systems. In all these measurements we subtract the data of
wo=0 (dry RM) systems from the hydrated systems and thus the signals essentially provide
information from water molecules embodied in the RM water poolfdes our attention in

the 30003800 cm' frequency window as this is a fingerprint region for the symmetric and
asymmetric vibrational stretch of-B bonds in watgb2, 53] The overall spectrum of water

in this frequency window could be deconvoluted into three Gaussiabasuls peaking at
~3600, 3460 and 3330 chregions with relative weightage of ~5, 88d 65%, respectively

(data not shown)The peak at ~3600 chi.e. the high frequency component enjoys the major
contributi ons [267water mbléukes whiohud rtoti producedtrong hydrogen
bonds with neighbouring water molecy®4 and have generally been realized in extreme
hydrophobic environmen{§5].
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Figure 3.3 FTIR spectra of AOT/Igepal/Cy mixed reverse micellar systems at variggpaivalues at w10
measured in the 3068800 cm' window. The total curve (grey colour) has been deconvoluted into three different
Gaussian curves (green dotted lines) peaking at 3600, 3460 and 3330hemed lines represent overall fits.

The second component peaking3#60 cm® involves the sc al | ed O6i nter medi
molecules which are unable to develop fully hydrogen bonds and somewhat connected to other
water molecules with distorted-bbnd$26]. Finally, the third kind of water molecule i.e. the

lower frequency component (peaking at 3330'tm e manat es f r(sometimédse One
cal | ed a swatetmolecklestwligh afély hydrogerbonded with the neighboung

water molecules ancbntributes its majority of share in pure water

We deconvolute the MIR spectra of all the RM systems into three Gaussian components
keeping the peak positions fixed as those of pure water (figuge A free fitting often
producesmore accurate contributions; however, fixing the peak positions allows comparing
the change in the relative weightage of each component at variable interfacial compositions.
We plot the relative contribution of each curve towards the total spectra andplatfunction
of Xigepal (figure 3.4). This relative contribution is proportional to the fraction of water
molecules belonging to that particular stretching mode. As evidenced from the figure the

relative abundance of the fully hydrogen bonded watdecutes are fewer in RM systems
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compared tahat in purewater; this observation is rather intuitive taking into consideration the

interaction of water molecules with the both ionic and-imomc RM interfac26, 56, 57]
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Figure 3.4 Relative area under curves peaking at 3330 ¢a), 3460 cmt (b) and ~3600 crh (c) for
AOT/Igepal/Cy mixed reverse micellar systems gt%y 10 and 15.

The Omulti merd water molecules, often ide
shows characteristic sl ow déukaypedwatsr owirgmop ar e d

their strong interaction with the RM interfd68, 59] It can be observed from figuBedc that
the relative abundan ecalesorfAOT RMsystemsiid twide esdargé w a t

as compared to that in network water. With progressive inclusion of Igepal in the interface,
abundance of the Oo6multi merod water decreases
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water molecules with the panl uncharged head group of Igepal is weaker in comparison to that
of ionic AOT. With increasingy t he content of Omul ti mer 6 wa:
high Xigepal it eventually reaches a value comparable to that in pure water. The population
comsponding to the o6int er meldshows eendarginehvaration ( p e a |
with both interfacial stoichiometry as well as water content. However, an overall weak

decreasing trend is observed with increasingeX

Let us now consider the poputa t i on of oOnet wor ko Hwtdast er ( p
observed that in AOT RM systems the population of such type of water molecules is
considerably lower than that in pure water (figBréa). This lower population is compensated
by the abuhtameedoWwateu i n RM. It can al so &
of 6net wor k6 water i ncr eag O thecthen lsandd lgapal b | y w
systems showehaviour more comparable to that of pure water and increassoiifiens only
marghnal effect on the relative abundance of Or
interaction of the water molecules with the hydroxyl head group of I[g€jas comparable
to that of watewater hydrogen bonded network which eventually resultthénelevated
popul ation of &édnetwork>o water. 't can al so
the relative abundance gradually moves towards that of pure water clearly indicating a linear
effect of mixing of surfactants at the interface. Tgresent FTIR measurements strongly
corroborate the finding of Brubach ef26] who reported that for nonionic fluorocarbon RMs
with increasing wand at highsuf act ant content the fraktion
region) molecules decreases which is 2ompens
region). It is worth mentioning here that such a trend observed which is observed in RM
systemsisstrikigl v opposite to that of watef6llJconfin
has recently studied thefir ar ed spectra of water conyned i
pore size ranging from 8 to 320 nm in theé 8000 cm'® spectral range using the attenuated
total reflection (ATR) technique. When the pore size of silica decreases the intensity of the
6@mt wor ko wat®r comdpdh@&ntmincreases and that
component (3450 ci) decreases while the contributiohd mu |l t i mer 6 wHt er (-
remains practically unchanged. Butr mend iRaM etodh e
water contribution decreases with the micel
water contribution increases an7alsotieereasemul t i
The observed derence may arise due to the more rigid silica walls, as compared to the

smoother RM surface. It can be concluded from the IR spectroscopic studies that the synergistic
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modification of the mechanical properties of the interface does not significantlynoddlee

hydrogen bonded structure of water.

Fluorescence Measurements A comprehensive understanding of the dynamics of
encapsulated water is obtained from steady state and time resolved fluorescence studies using
C-500 as the fluoroprobe. It has been shdhat in RM systems, selective excitation at 409

nm excites the 00 molecules at the interface ddi§] which justifies the choice of the probe.
Figure3.5depicts the emission spectra of the mixed RM systemgs=dtOnThe caresponding
emission maximal (nay are presented in tabl&2 C-500 in water produces an emission
maximum at ~505 nm, and in AOT/isooctane RM systems it has been reported to suffer a
progressive blue shift with decreasing[40]. AOT/Cy RM system at w5 produces an
emission peak at 495 nm which suffers a red shifdafim at w=15 (table3.2). The observed

red shift with increasing wis quite intuitive keeping in mind that once the surfactant head
group is solvated, the rest the water molecules only populate the vatlictured water pool,
thereby increasing the polarity in the vicinity of the surfactant imposing the observed red shift.
The emission peak suffers a progressive blue shift with increasing Igepal contemigthoag
broadening of the emission profile. The broadening of the spectral shape could be due to
multiple locations of the probe molecules, namelgbnlkt y pnvatér, interfacial water and

deep into the interfacial layer. It should be remembered #%0Gs only sparingly soluble in

water and selective excitation of the probe at 409 nm excludes the contributionh&om

0 n et wwaterkndlecules We deconvolute the observed spectra @fp1 into two
Gaussian components with fixing one peak to appe&00 nm (in accordance with the peak
position of the probe residing at the waterpool) and found that the other peak is centered at
~478 nm (figure8.5). The area under the later curve is half of that obtained for the former. This
relative weightage is find to be invariant of windicating that the distribution of probe
molecules at the Igepal/Cy interface is independent of the water content in ti&50d.has
extensively been used as a fluorophore to study the relaxation dynamics of water in confined
medium[40, 41, 43] In the present study the decay transients of the probe in the blue end of
the spectrum could bitted with multiple decay components whereas those in the red end
could be fitted only by considering an added rise component (fgy@reSuch an observation

is indicative of the solvation of the prdb&] and we construct the solvertrrelation function,

C(t) following equationZ.11 inchapter 2. Some representative C(t) plots for differemjept

values at w=10 are shown in figur.7a. All the C(t) curves are fittedeixponentially and the

time constants are presented in téhz
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Figure 3.5 Upper panel:Emission spectra of 600 in AOT/Igepal/Cy RM systems at differentyega with
wo=10. The emission maximum at differend values as a function ofgépahas been shown in the inset (circle,
square and triangle corresponds &% 10 and 15 respectivelyower panel:Deconvolution of the emission
spectrum of w=10 system for Igepal/Cy RM system.

At a first step, we check that the observed time resolvedtrsb shift is not associated with

any internal photophysics of the probe itself. In order to do so we construct thesiohe=d

area normalized emission spectra (TRANEBS) for all thesesystems.A representative
illustration is shown in figur8.6. No apparent isemissive point is recognized in the TRANES
profile, which confirms t hat Thelefere, the abderredc o nt
time dependent spectral shift can lagtributed solely to the inhomoginity ofhe
microenvironment experienced by the probe. As can be observed fronB3i3bthe time
constants are in the order of hundreds of ps and a few ns, which are orders of magnitude slower
than that observed ipure watef64]. It should & taken into consideration that the g
orientational dynamics of water is considerably restricted in the confined systems like RMs.

Selective photexcitation of interfacial probe molecules coupled with the limitation of our
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instrumental resolution (IR-80 ps) refrained us from detecting the signals responsible for the
ultrafast dynamics of wat@noleculesThe reported timescales thigvethe sole contribution
of water molecules residing at the RM interface only, which is in accord with the essence of

this study.
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Figure 3.6: (a) Representative fluorescence decay transientss®0dn AOT/CY/water RM system atowl0 at
three different wavelengths. (bhe corresponding timeesolved emission spectra (TRES). (c) The corresponding
time resolved areaormalised emission spectra (TRANES).
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Figure 3.7. (a) Representative solvent correlation function, C(t) curves-60@ for AOT/Igepal/Cy reverse
micellar systems at ¢»10 for different Xgepa Values. The solid lines are-bkponential fittings. (b) Asrage

solvation tine constant <,> as a function of Xepar (C) Average rotational time constant, as a function of
Xlgepal

We obtain an average Stokes shift of 10DB0 cm?', which is only ~25% of the Stokes shift
calculated from the steady state measurements as intuited from the loss of ultrafast fluorescence
signals. We plot the average time constant, B wt as a function oK gepaiat three
different w values (figure3.7b). It is observed that with increasing,vgolvation dynamics

gets faster for all these systems. For pure AOT systemst the>values are in comparable
agreement with those obtained in AOT/isooctane RM systems using the same flugd@jhore

At wo=5, a considerable fraction of water molecules solvate the RM interface and thus exhibits

restricted dynamics as evidenced from higkys> values. At w? 10, a welldefined RM water

61



pool is built up[65-67] and the relative fraction of the slow movimgter molecules gets
reduced resulting in an overall faster solvation. It has been observed dhat is faster in
pure AOT systemcompared to that in pure Igepal systeirhis retardation is attributed to the
possible contribution of the terminddydroxyl groups of Igepal towards the measured
relaxation dynamics.tsonv> does not offer any remarkable pattern arougghat0.4, instead

an overall increasing trend withg%ais registered.

Table 3.2 Emission maximum<may), bi-exponential fitting parameters of the C(t) and rotational anisotropy decay

curves of G500 in AOT/Igepal/Cy/water mixed RM systems at differepand mixing ratios.

Wo | max Solvation dynamics Anisotropy
(nm) t1(an) t2(a2) <tsoP> tri(an) tre (a2) <tr>
(ns) (ns) (ns) (ns) (ns) (ns)
Xigepa=0
5 495 0.12(0.22)  0.78(0.78) 0.63 0.46 (0.29) 2.04(0.71) 1.57
10 497 0.11(0.23)  0.51(0.77) 0.42 0.43 (0.37) 1.63(0.63) 1.18
15 499 0.10(0.23)  0.48(0.77) 0.39 0.42 (0.37) 1.24 (0.63) 0.94
Xigepa=0.2
5 494 0.20(0.48)  1.14(0.52) 0.69 0.27 (0.46) 1.41(0.54) 0.88
10 496 0.20 (0.58)  1.05(0.42) 0.56 0.25 (0.50) 1.20 (0.50) 0.72
15 498 0.21 (0.65)  0.96 (0.35) 0.47 0.23 (0.48) 1.13(0.52) 0.70
Xigepa=0.4
5 494 0.22 (0.52)  1.35(0.48) 0.76 0.29(0.52) 1.35(0.48) 0.80
10 496 0.22 (0.58)  1.18(0.42) 0.62 0.24 (0.49) 1.16 (0.51) 0.71
15 498 0.21 (0.64)  1.11(0.36) 0.53 0.24 (0.50) 1.18 (0.50) 0.71
Xigepa=0.6
5 494 0.22 (0.57)  1.28(0.43) 0.67 0.27 (0.53) 1.31(0.47) 0.76
10 496 0.21(0.58)  1.10(0.42) 0.58 0.24 (0.50) 1.25(0.50) 0.74
15 497 0.20 (0.60)  1.08 (0.40) 0.55 0.30 (0.62) 1.57(0.38) 0.78
Xigepa=0.8
5 493 0.23(0.57)  1.52(0.43) 0.78 0.18 (0.55) 1.24 (0.45)  0.66
10 495 0.22 (0.54)  1.31(0.46) 0.72 0.18 (0.50) 1.13(0.50) 0.66
15 496 0.21 (0.57)  1.29(0.43) 0.67 0.23 (0.51) 1.16 (0.49) 0.68
Xigepa=1
5 490 0.20 (0.46)  1.49(0.54) 0.89 0.21 (0.52) 1.31(0.48) 0.74
10 492 0.19 (0.49)  1.32(0.51) 0.77 0.20 (0.55) 1.08 (0.45)  0.60
15 492 0.20 (0.50)  1.24 (0.50) 0.72 0.18 (0.57) 0.95(0.43) 051
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In order to understand the nature of geometrical restriction imposed on the probe
molecule by the interfacial layer, we determine the rotational anisotropy of all these systems.
All the rotational decay transients can be fitte@xporentially and the time constants)(are
presented in tabl@2 The observett values are in comparable agreement with AOT/isooctane
systems using the same fluorophdfd. C-500 in water produces a rotational anisotrdpgay
time constant of ~70 p38]. The observed slow rotational relaxation implies a considerable
hindrance inside the RM waterpool as experienced by the probe molecules whicimsdhir
solvation dynamics results. It can be observed that the rotation of the probe is eas&l as w
increased. The restriction is more prominent in the AOT systems, and decreases as Igepal is
doped into the interface. The imposed restriction in the A@Stem might arise out of the
strong interaction of the probe with the surfactant charged interface. As also evidenced from

figure 3.7c, the change in the average rotational time constart, B wt follows a

fairly linear trend, with a weak depéence on w

General discussionin the present contribution we have made a systematic spectroscopic
investigation to underline any possible correlation between the mechanical properties of a RM
interface and physical properties of its adjacent wateecnt#s. Optimization of solubilization
capacity of RM is a much anticipated field of research in surface science as high water uptake
of RMs is often beneficial for many biophysical applications of RM. It has now been
established that increased solubiliaat capacity involves suitable modification of the
mechanical properties of the surfactant monolayer and also of the interaction between the RM
droplet$13]. Several previous studies have shown that such an improvement could easily be
achieved by bleding of surfactants. Mixture of surfactants also brings about desired
modification in many applicatior{g4-9]. However, a proper rationale of the process involved

is still not vividly understood. In this regard it wpsrtinentto investigate whether such a
modification in the surfactant interface isflected in the physical properties as well as
dynamics of the entrapped water molecules. In our previous[36]dysing mixed surfactant
system AOT/Brit30 in isooctane we concludedat the physical properties and dynamics of
water follow a linear trend with mixing. However, in such a system solubilization capacity was
limited by the droplet interaction effect as isooctane is a less penetrating hydrocarbon into the
interface. Also thesolubilization behviour did not show any synergiseéfect and hence a

linear trend in water properties was much intuitedrethains to answewhether physical

properties of water follow a neimear trend of interface curvature with mixing.
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AOT/Igepd/Cy mixed RM system exhibitsynergisticwater solubilization behaviour
with maximum solubilization occurring at ag¥a~0.4 mixing ratio (figure3.1). Since the
interface of AOT/Cy RM is rigid and neinteracting, the solubilization capacitypsimarily
governed by the curvature effect. Addition of Igepal induces fluidity in it, which increases its
solubilization power. However, in doing so it in turn increases the inter droplet interaction
which eventually limits the extent of solubilizatiorhds the interface undergoes a systematic
geometric modification with Mepar Such a nonlinear behaviour offers the system to be a

perfect platform to investigate thater structure and dynamics

DLS studies show linear increase in droplet size with increasing Igepal doping into the
RM interface. Such a linear trend is also noticed in the aggregation number and partial molar
volume calculations (figure3.2). OH stretching vibration as obtained fino FTIR
measurements in the 3068800 cm' region showthree different types of water molecule inside
the RMs compared withurewater and progressively follows the linear mixing behaviour of
the surfactants (figur@.4). FTIR study identifies that the réilge population of multimer water
component i.e. water molecules rasglin totally hydrophobic environment larger in AOT
RM compared to that in Igepal RM, and it follows an overall linear trend wigéa¥and
eventually resembles thalues of puravater. No marked deviation from the linear trend is
observed in the maximum solubilization region. Swshrelaxation dynamics of the entrapped
water as revealed by the time resolved fluorescence spectroscopy tsgas the probe
identifies the confinedhature of the entrapped water in all the studied systems, a behaviour
markedly different fronthat in purewater. The dynamics, however, shows a gradual change
with the change in interface stoichiometry and any characteristic feature around the
solubilization inflation point is not unambiguously noticed. It therefore emerges that changes
in the mechanical properties of surfactant film merely affects the structure and relaxation
dynamics of the entrapped water molecules, which is believed to essentiglydraed by

the water content and the surface charge type only.

3.3 Conclusion

In AOT/Igepal/Cy mixed surfactant systems a ffe@ increase in solubilization capacity is
obtained compared to the constituent surfactantsig@$a®0.4. DLS studies show a ear

increase in the droplet size withgefar Densimetric and acoustic measurements also do not
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reveal any characteristic feature around the maximum solubilization point. FTIR study in the
30003800 cm' region identifies that the relative populatofmud t i mer 6 water ¢
i.e. water molecules residing mostly in hydrophobic environmerarger in AOT RM

compared to that in Igepal RM, and it follows a linear trend witjapX Subns relaxation

dynamics of the entrapped water as revealed-Bp@does also exhibit a more or less linear

trend with no characteristic feature around the solubilization inflation point. These results
conclude that the changes in the mechanicgleitees of RM interface barelyfact the slow

relaxation dynamics of thentrapped water molecules.
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Chapter 4. Structure, Dynamics and Activity of
Nonionic-nonionic Mixed Surfactant Reverse
Micellar System

4.1 Introduction

Reverse micelles are stable dispersions of otherwise immiscible water droplets in oll
continuum, the stabilitpeenrendered by surfactant(s) mdager at the droplet interfafdg.

RMs have witnessed the ever spreading application in various fields of science and technology.
Often RMs composed of mixtud surfactant@arefound to be advantageous over the use of
single surfactantgndcandisplayproperties sperior than the individual ong2-5]. One of

the most desired property of RM is its high water solubilization capacity and mixture of
surfactants can offer a many fold enhancement in hie Tydrophiliclipophilic balance
(HLB)[6] of mixed surfactant systenean efficiently be tuadin order toprovide with better
solubilizationbehavior{7, 8]. However, a proper rationale of such modified mixing behaviour

is stilldemandedand needs a more generalizggroach to optimize the mixing stoichiometry

in order to yield the maximum effect. There have been several explanation offetéée fo
observed synergistic solubilization behaviour, mostly based on either the interplay between the
surfactant monolayer curvature and irdeoplet interaction or establimment of an optimum

HLB or both[7-10]. Most of the earlier studies on mixed RMs have been carried out using
anionic surfactant (mostiyl,4-bis(2-ethylhexoxy)1,4-dioxobutane?-sulfonate AOT) and
nor-ionic (mostly polyoxyethylene ethers) surfactants and these mixed RM systems have
offered substantial modification in Byme kinetic§3, 11, 12] polymer synthesj&3],
nanoparticle synthegisd] and chemical activity5, 15]. Our group has also put forward a
systematic study to underé the effect of mixing of surfactants of different chargeesyon
solubilization behavidiL6], conductivity17], interfacial propest18, 19] etc. It has been
observed that the maximum solubdtion capacity often shows synergistic effects whereas
various physical and chemical properties of the mixed RM systems follow an overall linear
relationship with the mixing rati¢7, 8, 16, 20] This makes dynamics and activity easily
tunableby tuning the surfactant mixing ratio only. The mdalg increase in the solubilization
capacity certainly associates considerable perturbation on the mechanical properties of the
surfactant monolayer and one can envisage a consequent impacipbydival properties of

the entrapped water in the waterpool. Our previous study has unambiguously revealed that the
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modulation of the interface does hardly affect the physical properties of water, which rather is
governed by the polarity of the interfaaedathe content of different types of water emiles
present in the waterpo@20]. However, this conclusion has been drawn on the basis of the
mixture of surfactants having two different charge types, anionic AOT and nofonic
Igepat520 and thus the interaction of water with the interfaméd not have been generalized
as such interaction is mostly assisted by the charge type of the interface. In order to appear at
a more general and comprehensivalerstanding, it is therefore important to carry out the
investigation with surfactant mixture of the same charge type as it could eliminate the possible
effect of the charge type on the observed behaviour. In accordance with that we have
investigated theffect of mixing two norionic surfactants of different HLB numbers on the
physicochemical properties of water encapsulated in the RM.
Igepal(nonylphenylpolyethylene oxide based surfactasesies of surfactant provides
with a wide range of amphiphilty that can easily be tuned by changing the ethylene oxide
(EO) chain length and systematically vary the HLB from a very small value of ~4 to as high as
~13. Most importantly many of the Igepal series surfactants are capable of forming RM in
hydrocarbon is. The Igepal based RM systerhas previously been investigad using
percolation phenomen{fil], droplet clustering@2], small andg neutron scattering
techniqué23], ultrafast réaxation dynamid®4-26] and preparation of nanomaterig®y-29].
Owing to a wide distribution of polar EO chain length in Igepal surfactants (from ~1.5 to 10),
the RM interface can substanlyabe modified by blending them for specific applications, and
this justifies the choice of these set of surfactants in the present $tudye present
contribution,we have used the blend of two terminal surfactants, nalgebat210 (HLB ~
4) andlgepal-630 (HLB ~ 13)in cyclohexane (Cy). The interfacial polarity as well as the HLB
of this system has systematically been varied by changing the mixing ratio. As this particular
blend is expected to offer synergism in the solubilization behd8jothie essence of the
present investigation is to identify whether such-hoear behaviour is alseeenreflected in
the structure, dynamics and activity of the water molecules in the RM wat€eFpeahicellar
sizes at different mixing ratiq¥g) and hydration level (9 defined as the ratio of the molar
concentration of water and that of surfactantfg@ye been measuraging dynamic light
scattering (DLS) techniquelhe physical properties of the entrapped water have been
determined usindnigh precisiondensimetry measurementdydrogen bonded structure of
water inside RM has been investigated using-imiichred FTIR spectroscopy. The slow (sub
ns) subdiffusive relaxation dynamics of water inside RM has been probedshgsolved
fluorescere spectroscopiechniqueusing coumarin 500 (C500) as the fluorophaith an
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excitation wavelength of 409 nm in order to extsgcific information on the water molecules
residing at the interfac@o understand the geometrical restriction of the pailike interface,
rotationalanisotropyof theprobein different RM systems have also been determiRexlly,

to correlate the dynamics withctivity, we measure the kinetics of solvolysis of benzoyl

chloride (BzCl) in the RMatdifferent surfactant@mpositiors.

4.2 Results and Discussions

Solubilization MeasurementsFigure4.1 depicts the solubilizatioprofile of the mixed RM
systems as a function of tisairfactantmixing ratio (Xgs30). Both the surfactantare fairly
soluble in Cyand cansolubilize only a small volume ofvater in the Wmax (maximum
solubilization capacityyange of 23. The mixed surfactant systemisowever,display a
considerable synergism in the water solubilization capacity whergiaxmcreasesharply

with increaing Xgeso to pass through a maximum age$0=0.3. Such synergism is generally
expected for ionimonionic surfactant mixturdd, 16, 20]wherein Columbic, iofdipole or
hydrogen bading interaction among polar hegtbups dominate the solubilization
phenomenon. In case of nonionic surfactants the intermolecular interactions are minimal and
only a subtle synergistic effect can be envisaged. The observed synergism in the present syste
can thus be explained on the basis of the Ibhlanceof the mixed surfactant syste@]. 1g-

210 is a low HLB surfactant and tends to solubilize in oil continuum, where@30lds
hydrophilic. Unlike the widely used AOT RM in which ady all surfactant mlecules reside

in the RM shellg30], the high individual monomeric solubility makes Igepal surfactants less
available at the oil/water interface and thus making the RM inefficient to solubilize large
volume of water. An ideal surfactant system is required to hakk Brin the range of &0 to

offer the maximum solubilization capacity; for the present system we calculate the HLB of the
mixture by following a model proposed by Huibers ef{&l.assuming that the surfactants
distribute at the interface in propion to their relative mole fractions. As can be observed from
figure 4.1, the maximum in solubilization capacity is observedgt0X0.3 wherein the HLB
passes through the specified range -d4f08 The observed ndimearity in the solubilization
capaciy thus shows strong correlation with the partition of the surfactant at the interface,
however, other effects like the interplay between the optimum radius of curvature of the
surfactant films and intedroplet interactiof¥] could not apriori be ruked out. It now stands
interesting to investigate whether the remarkable synergistic effect as observed in solubilization

capacity be reciprocate in the physical behaviour of the mixed RMs.
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Figure 4.1. Maximum solubilization capacity (ay and HLB numier of Igepal210 + Igepab30 mixedRMs
in cyclohexane as a function of the surfactant mixing ratio.

DLS MeasurementsThe results of the DLS measurements are depicted in figure 4.2. It is
interesting to note that the droplet size of the Igepal bes#dm does not always hold a linear
relationship with w since a significant portion of the surfactant molecules are in a free state,
i.e. dissolved in the oil phase addes not associate with the BB, 31] Also there can be
possibility of the formation of neapherical aggregates dependingpn the composition of the

RM [32]. However, for a simpler understanding of the effect of mixing of surfactants on the
droplet size & estimatethe size of the RM droplesssuming thelroplets to be spherical in
nature[33]. Figure 4.2a depicts a representative scattering intensity distribution for the mixed
systems at a fixedgw5. The choice of this particularnwalue lies on the fact that atwb, all

the mixedsystems form stable RMs. It is found that in the rangeigte0.2 to 0.6, the size
distribution is distinctly bimodal with an intense peak appearing at ~10 nm and the other weak
distribution is observed at ~200 nm. For the terminal compositionsdigtebution is
essentially monanodal with a single peak appearing at ~10 nm. The observed droplet size of
~10 nm is in good agreement with those oladiwith other Igepal RM systenfi20, 32, 33]
however, the appearance of the second peak at a bigger size distribution is quite intriguing. We
plot the droplet size (of the smaller RMs) as acfiom of Xige30 for different w values (up to
wo=10) in figure 4.2b. It is evident that within the experimentalrange, the droplet size
increases linearly with increasing,wa feature rather common in conventional dilute RM
solution$20, 3234] revealing that the RMare special and nenteracting[32]. However, a

distinct feature in the droplet profile is observed in which the size pagsegltha minimum
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at Xige30~0.4. This result is in sharp contradiction with our previous studies involving ionic
nonionic mixtures wherein a linear change in the droplet size was observed as a fribgon
surfactant mixing rati¢5, 20]. It is interesting to note that the minimum in the droplet size
distribution is realized in a mixing ratio where exactly the maximum in solubilization capacity

(optimization of HLB) is observed (figure 4.1) and DLS shows a distirctdalal distribution

50

—— X,=0.1
Wo=5 140

v A {20

Norm. Sc. Int.
X

v o 110

Hyd. Diameter (nm)

©

[ 2
€ =

N o f
[
@
@«

0.1 1 10 100 1000 0.2 0.4 0.6 0.8 1.0
Hydrodynamic Diameter (nm) X

(c) |(d) ;

® @ 1100

— W;=2.5
wy=5
— W,=10
— W=15
— W,=20
Wy=25

Norm. Sc. Int.
Hyd. Diameter (nm)

X 0.3

y ' ® X XIgS30=0'3

0.1 1 10 100 1000 5 10 15 20 25 30
Hydrodynamic Diameter (nm) W

1630

Figure 4.2. (a) Scattering profiles of mixeBMs with different mixing ratios at a fixed gw5. (b) Average
hydrodynamic diameter of mixed RM at different mixing ratios and different water contgni{¢yvScattering
profiles of mixedRMs with different w values at X630=0.3. (d) Average hydrodynamic diameter of mixed RM
at different water content gvwith Xigs3=0.3.

(figure 4.2a) with the appearance of a second peak at ~100 nm (figure 4.2a). Since the
formation of cylinder like aggrega{@%] can be discarded in Igepal RM due to the high
solubility of the surfatants in the continuous pha&, the ~100 nm gie distribution
indicates the possible formation of larger sized RM droplets in addition to the smaller ones.
Owing to the high oil solubility a relatively large fraction of the surfactant molecules remain
in the monomeric form and do not essentially ggréte in RM formation at lower awalues.

In case of the terminal mixtures the high monomeric solubility restricts the formation of larger

RMs, however, for the intermediate mixing fractions the surfactants are more partitioned at the
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interface (optimum HB) resulting in the observed high water solubilization capacity. In order
to obtain a better insight we carry out DLS measurements for a fiyed=R.3 at different w
values. The results are depicted in figure 4.2c,d. It is found that the size dstritamains
bimodal up to w=15, with the peak intensity being dominant for the smaller droplets. For
wo=15, the peak intensities are comparable indicating an even distribution of the droplets and
at higher hydration only the peak at ~100 nm persists hydeodynamic diameter increases
linearly in the low hydration region, and then increases sharply to ~100 neA X {igure

4.2d). This result indicates that at low hydration, there occurs a distribution of surfactants
between the smaller and larger deip, and a linear increase in droplet size corroborates with
the fact that more surfactant partition into the interface to accommodate more water in
individual droplets. At w=15, the distribution is optimum, and with further increase in

hydration, largesized droplets prevail over the smaller ones.

Viscosity and DensimetrivleasurementsWe measuréhe bulkviscosityof the RM systems

in orderto realize anypossibleintermediate structural modification other than the droplet type.
Figure 4.3ashows the iscosity profile ofthe mixed RM systems as a function ofye$o at a
constant w=5 and3b shows the viscosity profile dfiemixed RM systems as a function of w

at a constant ¥30=0.3. The viscosity profile as a function ofoweveals a sudden ~2 fold
increase at w15, wherein the much intuited droplet size transition has been realized in the
DLS measurements (figure 4.2d). The profile depicted in figure 4.3a shows a continuous
increase in viscosity with ¥§30 content, with no characteristic featuréhie Xg630=0.3 region,
indicating no major structural transition to occur in this region, a behaviour much consistent
with AOT/Igepal mixed RM systenj20]. We alsocalculate the apparent specific volurfig (

of water in these RM systems using equation 2 (figure 4.3€l® obtained, values arédound

to be ofthe same order of magnitude #®se obtained forionic-nonionic mixed RM
systemf20, 36] and is smaller than that of pure watef @ 10* m*kg?), which essentially
indicatesthe highly structured nature of water inside RM. F@ga$=0.3 systemd,y shows a

linear increase with gy and at w=25, it approaches a value comparabléhad of bulk water.

On the other hand, when-B80 concentration is increased at fixegt®y f v decreasglinearly

up to Xgs3=0.5 (figure 4.3c) beyondwhichthe change isnly marginal.lt is thus evident
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Figure 4.3 (a) Viscosity of mixedRMs as a function of Xge3o at a fixed w=5. (b) Viscosity of mixedRMs as a
function of wat a fixed Xg30=0.3. (c) Adiabatic compressibility of mixdRMs as a function of Xezoat a fixed
wo=5. (d) Adiabatic compressibility of mixé@Ms as a function of wat afixed Xigs30=0.3.

thatlg-210rich mixed RM systemXg630=0.1) offers higherf , values compared tihe 1g-630

rich mixed RM systemXg630=0.9) possibly indicating that 210 forms less intermolecular
hydrogen bonds witthe RM waterpool than 1§30, which seems quite intuitive keeping in
mind the longer EO chain of the later compared to that in the former onealefikanetry
measurements thus confithmat water structure sonsiderablyerturbed inside RM due to its
interaction with the interfacéowever, no distinct featurecorrelatingthe synergistic behavior
of water solubilization capacityMore direct information on the water structure is therefore

extracted from FTIR measurements.

FTIR Measurements Forin depthunderstanding of the water structure indite mixedRM
systemsnve measure the MIR FTIR spectra of these systems. In all these measurements we
subtract the data ofgw0 (dry RM) systems from theorrespondindpydrated systems and thus

the signals esseatly provide information from water molecules embodied in the RM water
pool. We focus our attention in the 368800 cm' frequency window as this is a fingerprint
region for the symmetric and asymmetric vibratiosteetch of GH bonds in watef20]. The

overall spectrum opure water in this frequency window could be deconvoluted into three
Gaussian subands peaking at ~360®460and 3330 cm. The peak at ~3600 ch{ns) is due
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to the

producestablehydrogen bonds with the neighbouring watesleculeg37, 38] The second

component peaking at 3460 ¢rfn) involves the s&¢ a |l | e d

Oi

nter medi

which are somewhat connected teeighbouringwater molecules with distortedydrogen

bonds[37]. The third kind of water molecule [peaking at 3330'qm)] originates fom the

6net wor ko
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6bul
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typed water

mo |
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0 b o u n dculésywpiehdnake bhonds mwith rine Interface and thus do not
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neighbouring water molecules and contributes its majority of share in pure water. We

deconvolute the MIR spectra of all tRé systems into three Gaussian compon&reping
the peak positions fixed as those of pure wiatea better comparison purpdgerepresentative

figure is shown in figure 4.4a and B)R0]. We plot the relative contribution of each curve

towards thdotal spectra as a function ofgeo (figure 4.4c) atafixed wo=5, and as a function
of water content (@ at Xigs30=0.3 (figure4.3d). This relative contribution is essentially
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Figure 4.4. FTIR spectra of Igepal 630 + Igepal 210 mixed RM systermsatlifferent mixing ratios, ¥e3=0.3
(a) and X%g63=0.8 (b). The broken lines are the deconvoluted curves. The grey dotted lines represent the overall
fits. (c) Relative area under each deconvoluted curves as a functiogpfakKa fixed w=5. (d) Relative area
under each deconvoluted curves as a functionat & fixed Xgs36=0.3 withny, n, andns correspond to network,
intermediate and bound water, respectively.
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proportional to the fraction of water molecules belongindab particular stretding mode and
in pure water their relative abundance is: 5% (bound water), 29% (intermediate water) and 66%

(network water).

It can be observed fromfigukedc t hat t he rel ative abundan
moleculesddecreases at the expense of angase in the content 6fi nt er me bdour@bt e & an
water moleculesis the content of the hydrophilic surfactanBRf increases in the mixture
The relative abundance of 0 n edsaw®2) koO47%NVat er
(Xige30=0.9) with aconcomitan i ncr ease in Oboundé water fron
water from 22% to 34%. It can be argued thainteractionbetween water anitie EO chains
of Igepal which is eventually responsible for the appearance.@nd nz, increaseswith
increasig 1g-630 content and thereby decreasthg extent of hydrogerbond formation
betweenthe neighbouringwater molecules ng contribution). The interaction of water
molecules with theolarhead group of €30 is stronger in comparison to thatlgf210 as
the former has a bigger EO chamhi ch i ncreases the abundan
contributionin thelg-210rich system.At the same hydration level (w5), anionic AOT/Cy
of fers 49% dédnet wor ktbe bwawatrer 23®80d M tesad me d n d
values are quite comparable to those obtained-BB8@rich RM systems indicating that the
water molecules are highly structured in these RM syst@mghe other hand, forigéz0=0.3
system (figuret.4d), with increasingw, t he content of &édnetwor kéo
only marginally compensated with slightdecrease inhec ont ent of o6i nt er me
moleculeswhile the contribution from théboundd wat e r beryg blmostwhakeseds
hasbeen noted earlier, a huge change in the droplet conformation is observed jmptbélev
(figure 4.2d), however, the water structure does not suffer any considerable modification.
Therefore, synergistic modification of the mechanical properties ofntkeeface does not

significantly influence the hydrogen bonded structure of waside RM

Fluorescence Measurement$Ve estimatehe dynamics ofheencapsulated watenolecules
from steady state and time resolved fluorescence studies usi0g &s the fluoroprobe. It has
previouslybeen shown that IAOT RM systems, selective excitation at 409 nm excites the C
500 moleales at the interface on[$9]. To ensure whether the same observation validates in
the Igepal based systems also, we measure the difference absorption spectr660ah C
which the absorption spectrum of the dry R® system is subtracted from that of the-%
system (figure 4.5a)The difference spectrum thus provides with specific information of the
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interfacial water molecules only. As observed from the figure, the difference absorption
spectrum produces a peak at ~420 nm, with a positive value at ~409 nm. Thus the choice of
the exitation wavelength is justified and provides specific information on the dynamics of the
interfacial water molecule&igure4.5b depicts the emission spectra®600 as a function of

the surfactant mixing ratio whifegure 4.5aepresentthat as a fuction ofwg. C-500 produces

an emission peak at 480 nm witlye$5=0.1, which then suffers a%nm red shift as the content

of 1g-630 increases in the mixture. The peak position is considerably blue shifted in comparison
to that in ionic surfactant AOT/CRRM[20] and in bulk wate{40]. This observation strongly
validates the fact that water inside Igepal RMs is highly structured compatkd tiher
conventional RMs, and mixing of two surfactants of different HLB values has minimal effect
on it. In order to probe the dynamics of the encapsulated water, we study thedotvead
emission spectroscopy.
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Figure 4.5 (a) Absorption spectrum of -600 in mixed RM with Xg30=0.3 with w=5. The inset shows
differential spectrum in which the spectrum of dry RM=£@) has been substracted from that of theSxsystem.

(b) Emission spectrum of-600 in mixed RM with differat Xgez0 at a fixed w=5. (c) Emission spectrum of-C
500 in mixed RM with different wat a fixed Xg63¢=0.3.
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A representative emission decay transient-800 at three different wavelengths in mixed RM

is shown in figure 4.6a.He decay transients tife probe in the blue end of the specti(d30

nm) could be fitted with multiple decay componehtsving time constants of 150 ps (46%),

850 ps (43%) and 4000 ps (11%khereaghatin the red end600 nm)could be fitted only

after considering an additiahrise componendf 270 ps along with two decay components
Such an observation is suggestive of the solvation of the [@band we constructhe
corresponding time resolved emission spectra (a representative plot is shown in figure 4.6b).
From the TRES, we construttie solvent correlation fution, C(t) following equationn
chapter2. Some representative C(t) for differenige$o values at w=5 and different w at
Xigs3c=0.3 are shown in figurel.4a and 4, respectively. All the C(t) curves are fittedth
multi-exponential decagnodeland thecorresponding timeonstants areummarizedn table

4.1. In this context it is important to check whetliee observed time resolved spectral shift is
associated with any internal phgtbysics of the probe itself. In order to do so we construct
the timeresolved area normalized emissigpectra(TRANES)42]; a representativglot is

shown in figure 4.6. Appearance of any isemissive point in the TRANES profile indicates

the presence of multiple species of the probe atitkipresent system the absence of any such
iso-emissive poinstrongly affirmsthe probeo remainonlyasa si ngl e &éspeci eso
the observed time dependent spectral shift can be attributed solely thahmmgeneity of the
microenvironment exp@nced by the probelhe multiple time constants are due to the
multiple location of the probe and solvation by the different types of water molecules as
evidenced from FTIR measurememts.can be observed from talde, the time constants are

in the orekr of hundreds of ps and a few ns, whitlurnare orders of magnitude slowéah

that observed in pure wat@3]. The measured dynamic Stokes shift (~120F)cisialso much
smaller compared to the shlgsindpyrtarstoaotedereShato k e s 6
the subps rotational dynamics of pure water is considerablyrestrainedin confined
environmentdike in RMs [44, 45] Moreover, glective photeexcitation ofthe interfacial

probe moleculeallows the detection cfignalsfrom slow relaxation (suldiffusive in nature)

at the interface onlylhe ultrafast relaxation (of syts timescale) is beyond the resolution of

our present set up, we thus restrict our discussion based on taéfgsive translational
relaxation of water at the RM interface which occurs inssiime scale. The essence of the
present investigation is to unded the effect of the interface perturbation on the water
relaxation dynamics, and thus the discussion made on the slow relaxation dynamics stands

valid enough.
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Figure 4.6. (a) Emission transients of-800 in mixed RM with X63=0.3 with w=5 at threedifferent
wavelengths. The solid lines are mgiiponential fits. (b) Time resolved emission spectra-60CQ in mixed RM
with Xg636=0.3 with ws=5. (c) Area normalized time resolved emission spectra-60@in mixed RM with

Xige3=0.3 with w=5.

We plotthe average time constant,t

B @t as a function of X¥e30 at wo=5 (inset of

figure4.7a) and as a function ofoat Xige30=0.3 (inset offigure 4.b). The obtained values are

found to be of comparable magnitude, however marginally slower to timaeed with

conventional ionic AOT RM systemB39]. It is observed thaat a fixed composition of

Xige30=0.3 solvation dynamics gets faster with increasingup to w=15, beyondvhich the

change is margad. Such ahydration dependent acceleration of solvation time scale in RM has

previously been observed for both sif8® as well as mixed, 20] surfactant systems and

can be interpreted n 't

he

b

asi s of

i ncreasi

ng

fract

molecules in the RM waterpool. Asas ben observedirom the DLS measurements, there

occurs a huge increase in the droplet size A&tL% and further addition of water does not

change e size considerably (figure 4.2d). Thie><values also do not exhibit much change

beyond this threshold, confirming that the added water does only form newer RMs without
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significantly perturbing the structure of individual RM droplets. The solvation disaimus

follows a trend corroborating the droplet size distribution. It is interesting to note here that the
<t> value for w=15 is much slower compared that of ionic AOT RM at identical condi&@jn
inspteof the fact that AOT RM offers a higher
to the mixed Igepal RM systems (7%). This perhaps invokes the fact that the EO polar head
group does participate in the solvation process in the Igepal systems making riéle ove
dynamics slower. On the other hand, it is observed that increases gradually with
progressive increase in-Bg0content in the surfactant mixture (figure 4.4b). The DLS profile

has shown distinct bimodal distribution of droplet size in the intdiae mixing region,

whereas it is mondispersed in the

Table 4.1. Solvation dynamics parameters for500 in Igepal 210 and Igepal 630 mixed surfactant systems

System t1 t2 ts3 <t> trn tr <t> Dw31C®

(ns) (ns) (ns) (ns) (ns) (ns) (ns) (sh

X=0.1, w=5 0.18 0.75 2.34 1.01 0.22 1.61 0.82 5.02
(38%)  (32%)  (30%) (57%)  (43%)

X=0.3, w=2.5 0.26 1.07 2.49 1.20 0.25 1.81 1.12 3.28
(36%) (34%) (30%) (44%) (56%)

X=0.3, w=5 0.29 0.86 2.30 1.13 0.27 1.89 1.0 3.89
(36%) (31%) (33%) (55%) (45%)

X=0.3, w=10 0.23 1.03 2.24 0.99 0.24 1.70 0.98 3.84
(40%)  (37%)  (23%) (49%)  (51%)

X=0.3, w=15 0.22 0.61 1.89 0.92 0.25 1.63 0.91 3.89
(33%) (32%) (34%) (52%) (48%)

X=0.3, wo=20 0.18 0.87 2.25 0.89 0.24 1.58 0.88 4.06
(35%) (46%) (19%) (52%) (48%)

X=0.3, wo=25 0.33 1.66 - 0.90 0.24 1.62 0.87 4.26
(58%)  (42%) (54%) (46%)

X=0.5, w=5 0.23 1.09 2.26 1.10 0.21 1.59 1.05 3.34
(36%)  (36%)  (28%) (42%)  (58%)

X=0.7, w=5 0.18 0.88 2.54 1.26 0.31 1.98 1.25 2.58
(33%)  (30%)  (37%) (44%)  (56%)

X=0.9, w=5 0.20 0.82 2.48 1.39 0.33 1.96 1.30 2.15
(35%)  (18%) (47%) (40%) (60%)
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Figure 4.7. (a) Solvent correlation function of-800 in mixedRMs as a function of Xes0 at a fixed w=5. The
inset shows the average solvation time constant. (b) Solvent correlation fupic@500 in mixedRMs as a
function of w at a fixed Xg630=0.3. The inset shows theerage solvation time constant.

terminal mixtures. Moreover, the droplet size also passes through a minimum when plotted
against Xgs30. The nonlinearity in the droplesize as observed from DLS is thus unable to

explain the observed linearity in thé>profile and can rather be rationalized in the view of

the FTIR measur ement s. FTI' R measurements ha\
water decreases attheexpem of Obounddé water with increasi
mixture as more water molecules participate in the bond formation with the polar head group

of the surfactant. Thus the interaction of water with the head groups outplays the effext of siz

In order to understand the geometrical restriction imposed onréive pnolecule by
the interfacewefit the rotational anisotropy decay transientselponentially(figure 4.8)and
the time constantd () are presented in tabdel. The observed rational timescale of the probe
in RM is order of magnitude slower compared to that in pure water (~[#Dpajfirming the
restriction imposed on the probe inside the RlMe averageotational time constant, t

B wt follows atrend similar to that obtained in the solvation dynamics measurements

(figure 4.9a)lt can be observed that the rotation of the probe is easegisgareasedyhile
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therestriction ircreases ag#630 is doped into the interface. The imposed restriction ifgthe
630rich mixturesmight arise out of the strong interaction of the probe with the Egdghain
of thesurfactantA rough estimate of the local microviscosiby as experienced by tipeobe

can be obtained assuming a StekebyeEinstein relation in which the rotational time
constat can be expressed in the fo#6, 47] T ——where V is the hydrodynamic volume

of the probe antl: is the slowrotational time constant. Assuming a molecular volume of ~198
A3 for C-50040], we estimate a microviscosity of ~35 cp experienced by the probe, which is

considerably higher than thellla viscosity, and increases slightly with increase in th63Q

content in the mixture.
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Figure 4.8 Anisotropy decay transient of&800 in mixed RM with Xy636=0.3 with ws=5. The solid line represents
a double exponential fit.
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symbols) and w(red symbols). (b) Diffusion coefficient of water (as obtained from equation 7) in Rivkshs
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To understand the effect sfirfactant mixingn the rotational relaxation process of the
probe inside the RM water core in a more quantitative manner,-tiagobnential anisotropy
decay has been analyzed usittgro-step wobblingn-cone mode[48, 49] According to this
model, the rotational anisotropy @scfunction is defined as,

io 1r1rQ7 p o’ ] (4.1)

whereb=S% and S is the generalized order parameter that describes the degree of restriction on
the wobblingin-cone orientational motiorits magnitude is considedleas a measure of the
spatial restriction of the probe and can have value from zero (for unrestricted rotation of the
probe) to one (for completely restricted motion). The semicone apgis related to the

ordered parameter as,

1
S=-=-coy,, (1+cosg,)
27 v 4.2

The diffusion coefficient for wobbling motiondocan be obtained from the following relation,

2 2 _ _
D, = 12 [x (1+Xx) {In(1+x)+1 x} ! X(6+8x- X 12¢ - 5]
(1- SHt,, 2(1- X) 2 2 24 @3
where x = cogv a n ¢ is définedas— —— ——. The obtained R values are presented

in table 4.1 and figer4.9b The D, values ardound to beof the same order of magnitude as

has beeneported earlier for AOT/BrBO mixed RM systemg5]. D, gradually decreases

with increasing Xge30 corroborating the facthat the probe experiencesogressivelymore

restricted rotation in the RNMhe smaller [3 value at higher Xe3soalso indicates that diffusion

gets slower at higher 4§30 content which @ntually results in a slower solvation dynamics
(figure 4.7b) which, i n turn, i's a manifest

revealed from FTIR measurements (figure 4.4c).

Kinetics MeasurementsWe study the kinetics agolvolysis of benzdychloride (BzCl) to
underline theactivity of water in the mixed systemBhe reaction is aell-studiedone in the
restricted medium and is reported to follow simfptset order kinetic§50, 51} BzCl is first
solubilized in Cy and then addécto the RM, wherein it gets compartmentalized into the
organic phase and the interphages interfacial watemolecules act asucleophile to cleave

the GCI bond. The reactiors monitored as the rate of decay of the absorbance of BzCl at 313
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nm. The nomalized absorbance transigot BzClI of the mixed RM systems is shown in Figure

4.10aas a
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Figure 4.10 (a) Normalized absorbance transient of BzCl in mixed RM as a functionef & a fixed w=5.
The inset shows the observed rate constant ascéidn of the mixing ratio. (b) Normalized absorbance transient
of BzCl in mixedRMs as a function of wat a fixed Xgs30=0.3.

function of Xgezoat a fixed w=5. It is observed that the rate vsge%o profile offers an inverted

bell shaped pattern in which reaction gets slower in tgg0oX0.3-0.5 region compared to the
terminal mixing ratios. The reaction gets marginally faster with increasing the hydration level
from wo=2 to 15 (figure 4.10b). It i;teresting to note that the rate of the reaction is orders of
magnitude slower compared to that in pure water (})[58] and comparable to that obtathe

in earlier studies in RM systermluding nonionic surfactant§s]. The considerably retarded
reaction kinetics in RM compared to that in pure water clearly suggests that nuabegpdfili
water molecules gets reduced as it forms bonds with the polar head groups at the interface. In
this context, it is important also to consider the partition of the substrate into the different
phases. BzCl is preferentially partitioned into thepbihse and the interface, with a distribution
constant of k. Another partition could also be considered in which BzCl is distributed between
the interface and the aqueous phasg)(Rhe overall reaction rate is accumulation of the rates
at the two diffeent phases. Since the reaction is very fast in watgre¥entually does not
affect the overall slow kinetics. Also, the solvation dynamics of water, which eventually
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manifests the nucleophilic behaviour of w8 does exhibit a regular retarded dynamics at
higher 1g630 content owing to the higher polarity of the surfactant tggadp compared to

that of 1g210 (figure 4.7a) and progressive acceleration with increase in the hydration level
from wo=2 to 15 (figure 4.7b). Both these results are unable to explain the observed non
linearity in the reaction kinetics trend, which is much in contradiction with AOFABrinixed

RM systems in which reaction kinetics did follow a trend predictable filmgrsolvation
dynamics studiefb]. The present study unambiguously indicates that it is théh&t governs

the overall kinetics with I§ imposing only minimal effects. As intuited fromettDLS
measurements as well as HLB calculations, in these<0.3-0.5 region the surfactants are
more partitioned at the interface compared to the corresponding terminal mixing ratios, which

eventually affects i and hence the reaction rate.

4.3 Conclusion

Ig-210/Ig:630Cy mixed surfactanRM systemprovides a tetfold increase inthe water
solubilization capacity at e3c=0.3compared to the constituentdividual surfactantgfigure

4.1). The individual surfactants are either very lipophilic or hydroplahd can solubilize only
limited volume of water owing to their high monomeric partitioning in the dispersed phases.
The HLB could be tuned by mixing these two surfactants angeat>0.3, it offers an optimum

HLB value as a large fraction of surfactaig eventually partitioned at the-gilater interface.

DLS measurements show a distinct bimodal distribution of droplet size in this optimum HLB
region, whereas in the terminal HLB regions the droplets are essentiallydispeosed (figure

4.2). At a fixed Xge30~0.3 the smaller droplesevailsat low w with a gradual increase in the
size with v, however, at W 15, addition of water preferentially produces the bigger droplets.
Such a feature is considerably different from the igmnionic mixedsurfactant systems in
which the droplet size grossly follows ader trend with the mixing rati®, 20]. Bulk viscosity

of the mixed RM system shows age¢o dependency and expectedly shows a considerabl
increase at w 15 corroborating the bigger droplet formation. It thus stands interesting to
identify whether the physical properties of water inside the RMs reciprocate a similar trend.
FTIR measurements provide an insight of the structure of the etatguswater, and it is

observed that it foll ows an overal/l l i near

expense of the O6networkoé water with 680creasi

in the mixture. The increase inpwat afixed composition marginally increases the share of

6net worké water (figure 4.4). The change i
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the slow (suldiffusive) relaxation dynamics of water gets linearly retarded with progressive
increase in theontent of hydrophilic 16530 in the mixture corroborating the increase in the
content of &éboundd water as evidenced from
DLS results, the water structure and the slow relaxation dynamics follows a leveirSince

the choice of the probe provides us with selective information on the interface only, the present
observation clarifies that the slow relaxation dynamics of water is solely governed by its
interaction with the interface and is almost indiffererthe geometry of the interfag20]. On

the other hand, the reaction kinetics of a simple nucleophilic reaction does not offer any linear
trend and the rate gets slower in the optimum HLB region. This observia striking
compared to the ioninonionic mixed system, whereiriaear trend had been realizgg. As

the solvolysis reaction largely depends on the distribution of the seldsétateen the oil phase

and the interface, and a highly concentrated interface perhaps disturbs the distribution resulting
in a retarded kinetics. The physical features of nonionic surfactant(s) mixture is thus appeared
to be different from ionimonionicmixture and provides some unusual dimear behaviour

that can be explained only considering the monomeric solubility of the individual surfactants
in the bulk phases. The observed linear trend in most of thenonionic mixed RM systems
provides withthe privilege to predict its physical properties as well as the flexibility to tune it

in accordance with the desired applications, however, for noammrionic mixed RM

systems one has to be more careful in doing so.
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Chapter 5. Correlation of Mixing Behaviour of
Surfactants between Aqueousand ReverseMicellar
Systems

5.1 Introduction

Surfactant moleculespontaneously accumulate in solvents to form a variety of organized
assemblies sucas micelle, reverse miceltm microemulsion, different lamellar phases and
vesicles et¢l]. The importance of such systems has increased substantially over years because
of their various applications in many areas including drug delivesdia for membrane
mimetic photochemistry and chemical reactig@s 3]. Mixtures of surfactants are often
favored over the corresponding single surfactant(s) in indusiplaymaceutical, and
technological formulations for their superior performance and cost effectivéneds their
flexible physicochemical properties in terms of synergistieraction The quest for new and
improved ionic/nonionic surfactant mixturessh@ow been an important topic in surface
sciencd4-6]. As mixed micellar systems often improve therapeutic efficiencyradwsadrugs
they find application in pharmaceutical technold@yf]. On the other hand, aggregates of
surfactants in oil continuum can solubilize substantial amount of water tdfstmvhich has
emerged as a potential nasiaed system to mimic biological environm§&h@, 11} Doping of
nornonic surfactant into the interface of ionic surfactant in RM brings about significant changes
in the interfacial property as well as it modifies the structure of water inside the nafidpool
14]. Mixtures of anionic/nonionic surfactants in RM offer advantageapplications in various
fields including enzyme activity, nanoparticle synthesis[Ei¢ 16] In spite of extensive
studies of micelles and RMsing similar set of surfactant(g)7-20], a proper understanding
at a molecular lesf is still in demand. In the presence study, we have investigated the effect of
mixing of two surfactants (anionic and nonionic) on the physicochemical characterization of
the mixed micellar solutionssavell as the correspondiRMsin order to optimizeand design
their properties. Such investigation stands useful from both academic as well as application
point of view.

We explore the micellization behavior of an anionic, sodium-2-di
ethylhexylsulfosuccinate (AOT) and nonionic, polyoxyethylene (20) &ortrioleate (Tween
85) surfactant and their mixtures in watbficelle formation has been investigated using

extensive surface tension measurements and anah@iB.is a weltknown biocompatible
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doubletailed surfactan{21] which shows unique micellization behavior compared to the
singlechain conventional surfactaraad has been used in lubricants afwb, asemulsifiers.
AOT basel ME finds application in the field of drug delivef82-24], also AOT influences to
increase the intestinal absorption of many dif@gs 26] Ethoxylated nonionic Twee85 is
also biodegradabl7], making the overall formulation based on AOT and Twggblends
acceptable for pharmaceutical reseakbtére we report the micellization behavior of AOT and
Tween85 mixed systemdrom the viewpoint of their interfacial adsorption, nature of
interaction and process energetics in detail; such study is rather sparse in the l[28a89k
Effort has also been made to form RMs using the combination of AOT and -BEeen
surfactants at differemhixing ratios in fatty acid ethyl ester continuum, namely ethyl myristate
(EM), ethyl palmitate (EP) and ethyl oleate (EO). It is important to note that apart from the
difference in molar volume (Tabte3), these oils contain similar ethyl chain on eitbiele of
the hydrophilic ester moiety and long fatty acid chain of different lengths, viz., myristate,
palmitate and oleate. Of these oils, EO contains-danible bond in the hydrocarbon chain of
fatty acid (Table5.3). Tween85 RM is reported to solulige considerable amount of water
and protein30], and possesses certain unique features for RM enzym8agyit was also
proposed that enzymatic activities AOT RMs are improved by the addition of nonionic
surfactants into if32, 33] Moreover, long chain fatty acid esters are environment friendly
[34], low toxic and highly biodegradabl85], and most interestingly they show structural
resemblance with the lipids in living systemAlso, their physicochemical behavior in
surfactant/watersystemis much less studied than the conventionalkanes.Earlier,
AOT/Tween85 mixed RMs was succesdfulutilized for transdermal delivery of -5
fluorouracil, extraction of amoxicillin antdpical delivery of Cyclosporin A36-38]. But these
formulated systems we mostly based oisopropyl myristate (IPM) or hydrocarbon oil. Thus,
formulation and characterization of RMs stabilized by EM, EP and EO have been investigated
for the first time in this reportWe carry outconductivity measurement to investigate any
characteristic changeat occursn the RM structure with increasing content of Tw&n
(XTweenss) andalso,to underline the mechanism of the solubilization process. RM droplet size
has been measured usingndynic light scattering (DLS) technique. The structure of the
entrapped water has been determined using Fourier transform infrared spectroscopy (FTIR)
measurements. The retarded dynamics of water entrappieel mmixedRMs has been studied
by the solvatiorprobe 4(dicyanomethylene®2-methyt6-(p-dimethylaminestyryl)-4H-pyran
(DCM) using picosecond resolved fluorescence spectroscopy techiilqeefluorescence
spectra of DCM strongly depend on the polarity of the med88}y and hence, it can act as a
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good probeto contemplatethe microenvironment of RM[40, 41] The probe DCM has
previously been used to report the solvation dynamics of various organizedssamoblies

[42, 43] To ascertain the geometrical restriction of thebprat the interface, rotational
relaxation dynamics of DCM in these systems have also been determined. The present study
thus reports micellar and reverse micellar interfacial properties of mixed surfactant systems to
understandvhether the key features responsible for micellization reciprocate the physical
properties of water inside the RMThe findings of this study are expected to improve the basic
understanding of the formation and characterization of both mixed micell&Mr&l/stems

useful in drug delivery and as nontoxic naemplates for future applications.

5.2 Results and Discussions

5.2.1 Formation and Characterization Single and Mixed Micelles

Determination of critical micelle concentration (CMC) of solutions containirsgirfactant
mixtures: We measure surface tension of the mixed surfactants to examine the micellization

behavior at different mole fractions of Twe8& in the mixture i(e., &

). We obtainthe CMgpef r om t he break point of the

surfactant concentratiofe in mmol lit?) plot (Fig. 5.1A) and the values are summarized in
Table5.1. It is found that CMgptfor pure TweerB5 is expectedly less than that of pure AOT.
The CMCexptdata obtained from the surface tension measurement for pure AOT and-Tween
85 is in good agreement with the literature values reported gddid6]. With an increase in
Xtweenss, CMCexptdecreases (Tabk1) due to the partitioning and preferential adsorption of
the neutral head group of Twe8b into the palisade layer of the charged AOT micelles. The
introduction of TweefB5 into the AOT micellecauses several features, such (@3, a
reduction in the hed group repulsiorbetween the anionic head groups of AOT and (2)
simultaneous increase in the hydrophobic interactions between the tails of the surfactants, both
these factors favoring early micellization. Surface tension at Cddfc) obtained for all th

single and binary compositions are provided in T&ble The highencwc values of all the
mixed compositions compared to AOT micelle indicates a loosely packed arrangement of AOT
and TweerB5 molecules at the aivater interface.
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Fig. 5.1 (A) Tensianetric determination of CMC of aqueous AOT and Tw88&rsurfactant systems by varying
the mixing compositions (Meenss). (B) Variation of CMC; the inset shows the deviation of CMC as a function

of Xtweengs.

Mixed micelles comprising of two or morgurfactants often involve mutual interaction

between the constituents and thus deviate from the ideal behavior. Mixed micelle formation

may be represented as;

B ——

(5.1)

Where, CMG and CMGuea stand for the CMC of thé" species and the ideal mixture

respectively;U and f are the mole fraction and activity coefficient of tifecdomponent,

respectively in the mixed micell&or ideal conditions, = 1 and equationlj leads to the
Clintés[d7equati on

B ——

(5.2)

For thebinary mixtures oAOT and Tween85, equation (9) can be written as,

(5.3

This is an idealization which neglects the interaction among different surfactants in the

aggregated state and considers the CMCs of the individual components reflecting their relative

tendency toward micellization in tineixed state. The theory is, therefore, an oversimplification

and can be applied only in fairly dilute solutions. The theory is, however, a tool, divergence

from which in the positive and negative side signifies antagonistic and synergistic behavior,

respetively. A comparison of CMggta n d

those ob

tained

figkao m C1 i

has been illustrated in Fi.1B and Table5.1. For the mixed AOT/TweeB5 systems,

CMCexpt values are found to be lower than those calculated from Clint's equatiorhésee t
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deviation of CMC tudenss@at in BB insety wiich mdicates nen

ideal mixing behavior and demonstrates favorable synergism between the constituent
surfactants in the mixed micelles.

Mixed micellar composition and interactionparameter: Non-ideal behavior micellar
solutionscan be rationalized by using the Regular Solution Theory (R@Dposedby

Rubingh based on the phase separation model of micellia8¢n
A 2
gxlm) In(CMQZ XTween 85/ CMq >q1) g _
: =
(1- X") N[CMC,( - Xyeen s)/ CMC X))

where, X™ and Xtweensgs are the micellar mole fractiomnd mole fraction of Twee85 in the

1 (5.9

mixed micelle respectively an€MC;, CMC; and CMG2 represent the experimental CMC
values of the individual surfactant and their binary mixtures, respectiVdlg basic
assumption in RST is that the excess entropy and mixing volume are zero and hence the excess
enthalpy of mixing is equal to the exces=efenergy, which can be expressed using the results
applied to "regular solution" mixtureBven though the regular solution treatment is simple, it

is to be noted that the basic assumption in this treatment, i.e. mixing entropy is zero, is not
thermodynancally valid for describing nofdeal mixed micelles. Therefore, this model
should be viewed only as a useful empirical model. Furthermore, regular solution treatment is
successful mainly with respect to the correlation of mixed critical micelle concensratith

one interaction parametgt8]. X1™ can be calculated solving the above mentioned equation
iteratively. X1™ in the mixed micelle has been found to be higher than the stoichiometric mole
fraction of TweerB5 for all of the studied compositionFable 5.2) [49]. The degree of
interaction betweerTween85 and AOT in mixed micelles is médested by micellar

i nteract i oMgivpnaby themalation developed by RubirjgB], and Rosefb0];

— gn (CMQZ XTween 85/ CMC_{ )q)

bm
(2- x)

(5.9

The i nteract I"@an be avaleated froenr the bestimated™ Xvalue and
experimentally determined CMgJi.e., CMC of the mixed system) value using equat®b)(
Her efanc,cobunt s for the devi &valueoimdicdtes anmttractvee al i t
synergistic interaction while a positive value indicates a repulsive interaction or antagonism.
i s evi de Avtalues bra negative fer albthe binary compositions and increases with

increasingX tweenss (Table5.2) which indicates the interactions to be attractive in nature.
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Table 5.1. Interfacial and thermodynamic parametefaqueous binargnixtures of AOT and TweeB5at 303K.

0.2
0.4
0.6
0.8
1.0

Jcme CMCexpt.  CMCidea 10° cmc 10 max{  Amin -0p Gads -0p Gric P Gin
(mN.m) (mM) (mM) (N.m%) mol.m?  (nm? (kJ.mol?)  (kJ.mol?) (kJ.mol %)
31.60 2.63 - 42.620 1.945 0.085 27.28 25.09 1.62
55.30 0.00088 0.00144 15.470 0.285 5.823 99.52 45.25 193.95
56.01 0.00042 0.00072 15.196 0.256 6.495 106.56 47.11 219.11
55.27 0.00032 0.00048 16.706 0.262 6.316 111.56 47.79 339.05
60.42 0.00022 0.00036 10.677 0.163 10.185 114.24 48.74 370.64
61.50 0.00028 - 12.042 0.564 2.942 69.39 48.04 108.98

Table 5.2. Interaction parameter and activity coefficients of aqueous binary mixtures of AOT and-B&e¢n
303K.

XTweenss CMC expt. X1m -pm flm f2m
(mM)
0.2 0.00088 0.8197 9.274 0.0478 0.00196
0.4 0.00042 0.8199 10.709 0.0299 0.00075
0.6 0.00032 0.8499 11.085 0.0405 0.00033
0.8 0.00022 0.8399 12.676 0.0238 0.00031

This observation combined with the negative deviation of GM&€om CMCigea (Fig. 5.1B)
rationales the synergism owing to a greater interaction between the surfactants in the mixed
micelles. Théb™values obtained for the present mixed system (T&aB)eare comparable with

those reported for dodecyldiethoxylamine oxide/sodium dodecylsulfate (DDEAO/SDS) mixed
micelles[51], however, are higheram mixed AOT andBrij-35/TritonX-100/Tweer20/Myrj-

45128] and AOT and @Es/C1oE10/C13E10 Systemd29]. AOT/Tween85 mixed system thus
produces a relatively better synergistic interactkbmowing the ineraction parameter for the
mixed micelles, it is possible to determine the activity coefficient of the surfactants in the

mixtures, which can be estimated[45],
m _ é m _ym 2
f," = expgh (1 -x7) (5.6)
m — é m m\?2
£, =expgh (%) (5.7)
Where,f1™ and £™ are the activity coefficients dfween85 and AOT, respectivel\y{52]. The

fiMand ™ are found to be less than unity (Tabl2) which signifies nosideal mixing behavior

favored by attractive interactions betwéemean-85and AOT.
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Adsorption behavior at the aiwater interface: In order to understand the sohselute,
solutesolvent interactions within micellar solution and the effectiveness of the sadtive
molecule, we analyze the interfacial properties @& $lurfactants in solution in terms of
adsorption behavior. The maximum surface excess concentration at-thatexirinterface
(Gnay is an effective measure of the extent of adsorption of various components while the
minimum area per surfactant head gragsorbed at the interface #) is indicative of the

tight or loose packing of the surfactant molecule. In themsigellar region Gnaxand Anin can

be obtained from the surface tension datathe basis of the adsorption isotherms using the
Gibbs equabn [53, 54}

3 _— (5.8
0 — (5.9

Whereg c is the concentration of the amphiphile in mmioHere, n corresponds to thamber

of species, whose concentrations at the interface vary with surfactant concentration in solution.
For pure suactants, the values of n areahd 2 for nonionic and anionic surfactants
respectively For anionic + nonionic mixed micelles the n valwee 3[55]. For surfactant
mixtures in water, the Giblmurface excess of surfactants per unit area of surface is related to

t he sur f aaew) whicheisdsfined as, ( Y

Powe 00~ Bic (5.20)
Where 2so1a N @&wc are surface tensions of pure water and surfactant solution at the CMC,
respecti vel yowue Guixand Anadr singls ana dinarymixture are presented in
Table5.1. Both Ghaxand Aminvalues for AOT are in good agreement with the literature values
[44, 56] The smaller Ain value of pure AOT (0.085 nfncompared to that of pure Twe8b
(2.942 nm) suggests that the former has a higher packing density at-thatairinterface than
the latter. The longer and higher number of hydrophobic chains of Te&as compared to
that in AOT makes the former one more prone to bend producing large[5&]. A lower
value oflimax and a higher value of i\ at all the mixed compositions compared to the pure
systems were also reported earlier for mixed Gegoniventional surfactant solutiofs5].
The steric hindrance exerted by the |@adyoxyethylene (POE)hains of Tweet85 manifests
a higher Aninvalue for mixed combinatior|{§5].
Thermodynamic analysis on the mixed micelle formatiand interfacial adsorption:
The standard free energy of mixed mi%l |l e

for binary surfactant mixture can be obtained from the following equation assuming the
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concentration of the free surfactants in presasfdhe micelle to be equal to the corresponding
CMC [29, 58, 59]

DG’ =RTIn X__ (5.11)

Where, Xmc is the CMC expressed in terms of mole fraction. The standard free energy of
interfaci al %qdaatitseamir/saturated monplay& interface of micelle is obtained
from the relatiorf51, 59}

30 30 — (5.12)

The val teasn b%gitee pure and mixed systems at different compositions are
found to be negative (Tab%l), which implies the micellization process to be spontaneous in
natureHo we v e tasi sSp@ ound t o be fwe suggestiegghe adsoweon t h a n
processto be dominantly spontaneous than micelle formaféfij. Interestingly AOT and

Tween85 mixture shows more spontaneous micelle formation comparediede CioE10 or

C13E10[29]. The observed synergism in the mixed adsorbed monolayer can also be quantified

in terms of another thermodynamic parameter, free energy of a surface at equilib¥sn (G

given by[57];
Ghin = AudomcN s (5.13

The Gin (Table5.1) essentially measures synergism, and is defined as the free energy change
associated during its transition from the bulk ghtasthe surface. %ain values are found to be
higher for the mixtures implying the formation of thermodynamically more stable surfaces with
enhanced surface activity for the mixed systésis.

Our study thus have established that mixed micelles based on AOT and-8%veen
provide with better surface activity in terms of CMC than the single ones, synergistic
interaction between the components and also favorable micelliZzagioawvior in terms of
thermodynamic parameters. It now stands interesting to further study the behavior of these

surfactants in nopolar solvents.

5.2.2 Formation and Characterization Single and Mixed RMs

Solubilization of Wate in Mixed RMs:

Solubilizationcapacity of water in mixed AOT/Tweeé8b RMs gt mole fraction of Twee85
in mixture of AOT/Tweer85 (Xtweenss) = O to 1.0 bykeeping fixed total surfactant
concentratiopin ethyl ester of fatty acids (viz. EM, EP and EO) are presenteidjib.2A and
Table5.4. AOT RMs in EM, EP and EO solubilize a substantial amount of waie(=w
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[water]/[surfactant]) ~ 30, 24 and 17, respectiyelyveen85 is also fairly soluble in these oils
and all these Twee85 based RMs solubilize water in the range eEwL0-20. Addition of
Tween85 in AOT RMs exhibits a considerable synergism in the water solubilization capacity
wherein winitially increases with increasingr¥eenss to pass through a maximum atwéenss

= 0.05, beyond which it decreases. The results epmctbd inFig. 5.2A and Table5.4.
Solubilization of water in RMs depends upon several factors, for example, type of surfactant
(and cesurfactant or a second surfactant), oil, temperature, additivgs2¢tén the present
study, we varyXtweengs andthe oil independentlyThe driving force of such solubilization
process is the spontaneous curvature and the elasticity (or rigidity) of the interfacial film
formed by the surfactanf83]. If the interfacial curvature and the bending elasticity are fixed,
solubilization can be maximized by minimizing the interfacial bending stress of the rigid
interface and the attractive indeoplet interactioj64]. The extent of water solubilization, in
general, can be explained in light of a theoreticatlel developed by Hou and $H&5]. Such
synergistic solubilization behavior has previously been reported only in a few hydrocarbons
and aromatic solvent based mixed surfactant sys{66g0]. From comparative results of
previous report of Paul and Mitf&8], it can be concluded that AOT/EM or BPEO based

RMs shows larger increment in water solubilization capacity in presence of ‘Bleen
compared to AOT/TweeB0 or Tweer40 or Brif35 or Brif58/IPM MEs at similar Xonionic
(=0.05). However, mixed RMs stabilized in hydrocarbon oils such &sheyane on-heptane
showed higher solubilization capacity compared to our present RM s){&&68, 69] It can

be observed that the maximusolubilization capacity of water @aay in AOT or mixed
AOT/Tween85 RMs follows the order; EO < EP < EM (Talhd). In the present study, the
carbon number in the acid chain is varied (i.e., myristate p@lmitate, G and oleate, €:1)
whereas thearbon number in the alcohol chain remains fixed (T&t8g The order for the
solubilization capacity thus corroborates the model proposé@lnyg andShah which states

that smaller the molar volume or shorter the linear hydrocarbon chain of trergel; Is the

effect of increasing radius of curvature, and hence higher is the solubilization cipakity
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Table 5.3 Physicochemical properties ethyl ester of fatty acid oils

EM 14 2 16 297.83 53

HaC({H5C)44H-C 0 CH.
EP 0 16 2 18 331.19 6.8

HaC(H:C) 12HC o CH:

EO \ /0 18:1 2 20 356.92 7.3
OACHE

HoC—(CHz);  (CHaj7

Table 5.4. Solubilization of waterwo may in mixed surfactant reverse micellar systems stabilized in ethyl ester of
fatty acid oils with total surfactagbncentration, §= 0.1mol dm?. 2wy = [water]/[AOT] in different oil at [$] =
0.1 mol 1. Pwo maxrepresents the maximum solubilization of water at a particulaesés given in the parenthesis.

EM 29.6 37.0(0.05)
AOT/Tween-85

EP 24.1 36.1 (0.05)

EO 16.7 32.4 (0.05)

Conductometric StudiesThe maximum solubilization of water is often correlated with the
percolation of conductance, which extracts information about the nature of interaction among
the droplets in RMs[10]. We carry out conductance study for mixed RMs wherein
solubilization maxima (wmay are observed. In addition, samples from both sides of the
corresponding maxima, i.e., ascending orcdaging branches of solubilization capacity vs.
Xtweenss profile (Fig. 5.2A) are also choserfrig. 5.2B and the corresponding inset depict the
conductivity of these systems wherein a sudden increase in the conductance (i.e., percolation
in conductancehas been observed beyond a certainMae corresponding volurrirduced
percolation threshold (v are presented iRig. 5.3 The w is shifted towards lower ywalue

with increase in Xweenss. It is interesting to note that all these systems show satiin
maxima at Xweenssmac 0.05.A Tr ansi enms$s trdnsfef i s si ono i s t he
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which was proposed and widely explained in the literature to describe the occurrence of
conductance percolation in various WAk systemg10]. The rigidity of the oil/water interface

and the interdroplet interactions among the aggregates are probably the most important factors
that determine the exchange rate of the ions and water molecules therfiugion processes

[71]. The RM systems can be assumed to be so rigid due to their smaller droplet size that it

cannot form any such fused droplet network to facilitate percolatmwaénss < XTweenssmax

But progressive incorporation of Twe86 atXtweenss’ XTweenssmaxmodifies the interface in

such a way that it becomes more flexible and facilitates droplet fusion and hence the percolation
process. It may be due to the presence of the head group-mimosurfactant at the interface

shields the head group repols of AOT molecules, and make the interface more flexidle.

similar trend has also been observed for EP and EO stabilized systems (not exentptifiad).

also be noted that EM, EP and EO oils possess both high molar volume §Bualed high

viscosily (> 4.0 mPa s at 303 KY2] than conventiondinear hydrocarbomils which makes

the droplets difficult to collide and aggregate into clusters and eventually leads-to non
percolating AOT/oil(s) systemg1]. Any factor that decreases the rigidity of the interface

and/or the interdroplet interaction would also increase the ease of conductaotaiper The

droplet size of RMs depends upon the flexibility of the interfatgch in turn is related to the
changes in the critical packing parameter (C
are the volume and the length of hydrophobidrch@spectivelya nd 6 a 6 -sestiont he «cr
area of the polar head group of the surfaci@Bi. Lower the value of P leads to higher
interfacial flexibility and consequently, facilitates percolation as described in previous reports

[58, 71] For mixed AOT/TweerB5 systemsthe Ry (effective packing parametecanbe

calculated using the relationship proposed by Evans and Nif##gm

~

(J—— (5.14)

Where, xa and xg are the mole fractions of AOT and Twe8h present at the oil/water
interface, respectivelylhe increase in content of Twe8B (Xrweenss) decreases the value of

Pet and increases the droplet size and subsequently increases the solubilization capacity of
AOT/oil(s) RMs which is in accordance with the results reported by Liu ¢62]. These

observations hae also been supported by DLS measurement (see laterb(PQ).
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Fig. 5.2 (A) Solubilization capacity of mixed AOT/TweeBb/0il RMs as a function of ¥eenss. (B) Variation of
conductivityas a function of win three oils aiXtweenss = 0.3 the inset shows the variation of conductivity as a
function of wwith at acontent of Twep-85 in the mixed systenXfweenss = 0.2). (C) Hydrodynamic diameter
(Dn) and(D) The aggregation number £y of mixed RMs at a fixed (= 10) as a function of ¥yeenes.

35 L
EM
m EP
30F A EO
]
;D. 25
A ]
[ ]
20F A
A
15 A L A A A
0.1 0.2 0.3 0.4 0.5
Tween-85

Fig. 5.3 Volume induced percolation thresholdjun mixed RM of the threeils as a function of Xveenss at
fixed surfactant concentration of 0.1 md! |

We also study the effect of the oil type on the percolation phenomenon in these RMs at
fixed compositions of Xveenss = 0.2 and 0.3. It is observe#ig. 5.2B and Fig.5.3) that w,
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follows the order: EM < EP < EO, which is consistent with the order of molar volume or
hydrocarbon chain length of oils and supports the model proposed by Leung and Shah for linear
hydrocarbong63]. It is also important to consider the variation in penetrating ability of these
oils with the varying fatty acid chain length. All these factory plalective roles in tuning the
interfacial flexibility, attractive interdroplet interaction as well as droplet dimensions and

subsequently, w

DLS and Aggregation Number Measurementdydrodynamic diameter () of these RMs
have been measured using®technique and the results are presenté&dgn5.2C The data
analysis essentially assumes the droplets to be spherical in nature and-faOwsuch an
assumption holds reasonable. As observed farb.2C, droplet size increases with increase
in Xtweenss. The result indicates that flexibility of the oil/water interface increases with increase
in the droplet size, which in turn increases the idteplet interaction and facilitates the
conductance percolation process (see 5:@B) [75]. Further, [ depends on the oil type and
follows the order: EM < EP < EO at comparable composition for both AOT and mixed
AOT/Tween85 RMs, which expectedly shows a reverse omlién wp, corroborating the
proposed mechanism of conductance percolation and microstructures of these systems.
We calculate the aggregation numbesggNof RM systems as a function ofrweenss at

a fixed wy = 10, by using the following expressiprb];

é’lD% Q. 3N,gq é‘/HZO,toy iV} 51
(je 2 9\/ 4p 8 r-]surf.inRMs s ( 3

where,VHzoytom , Neut inrus, @Nd M are the total volume of ater, number of surfactant molecules

in RMs and molecular volumes of surfactant(s), respectiwdiylecular volume of AOT
(VaoT) Was reported to be 0.611 Afii7], wherea molecular volume of TweeB5 (Vrweenss)

has been calculated using following equafbsl;

VTween85 = VCIj '&lvca Yo ( A ]) VCIj CH O chf"cnj Ot (5-16)
Where, n is the number of polyoxygtene groups, ivndicates volume contribution for each
group. Group molar volumes (i.68/y, , Veu,» Vew,ch,o @nd Vew,c,o1) Used for the estimation

of molecular volume ofween85 have been taken form Preu e{a8]; Molecular volume of

mixed surfactant systems d\have been calculated using following equation;

Vs :X AOTV AOT -x Tween 8\;( Tween 8 (5-13
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Where, Xaot and Xrweenss are the mole fraction of AOT and Twe88 in binary mixtureThe

model assumes RMs to be compact spheres and neglects the presence of solvent molecules
between the surfactant hydrophobic t§i6]. A representative plot dflaggas a function of
Xtweengsfor these systems is depictedHig. 5.2D. It is found that Twee85 RMs have higher
aggregatio number compared to the AOT BMt isalso interesting to note thatdyincreases

as TweerB5 is mixed with AOT, which is a consequence of the reduced electrostatic repulsion
between the charged head groups of AOT, thereby accommodating more surfactant molecules
at the interface, which als@eoborates the observed increase in th¢HD. 5.2C). The Nagg
obtained for fatty acid ester stabilized mixed RMs at different mixing compositions is in good
agreement with previous repd9], however higher than hydrocarbon oil stabilized mixed
RMs|[70].

FTIR Measurements:For comprehensive understanding of the water strecinside the

mixed RMs we measure the MIBnid-infrared) FTIR spectra of these systems. In all these
measurements we subtract tiiata of v = O (dry RM) solutions from the corresponding

hydrated solutions, and thus, the signals essentially provide information of the water molecules
embodied in the RM water poolonf.c cor di ng t o t he Otpiesemten st at e
dayers of different structures within RM confinementh®e  élbiukd &6 wat er mol e
fully hydrogen bonded with the neighboring water molecules and have physical properties in
close resemblance with those in bulk water, producing-ghsBetching pak at ~ 328@&m™.

The surfactant head group bound water mol ec.
3460cm?, Ot her than these two types, a third t
3570 cm?), resides within the hydrophobic tails of faatant{80-82]. In view of this, ve have
deconvoluted the MIR spectra of these RM systems into three GausstaarsisFor a

guantitative estimation of their relative abundanitee fraction of each species has been
determined from the area of each Gaussian curve with respect to the totplCdrekhis

relative contribution is proportional to the fraction of water molecules belonging to that
particular stretching mode. As evidenced from the figure the relative abundance of the fully
hydrogen bonded water molecules are feweRMs compared to that in pure water; this
observation is rather intuitive taking into consideration the interaction of water molecules with

RM interfaces[82, 83]. For the AOT/EM or EP or EO RMs, the fraction of bound water
molecules is higher than that of the bilike water moleculesHig. 5.4). Further, it is observed

that the relative abundance of the WAboundo

i ncrease in tthepeo®nweaetndr oMo lidauwlkes as t he corl
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Tween85 (Xtweenss) increases in the RM§&ig. 5.4). This leads to conclude that the interaction

of water molecules with the polar uncharged head group (POE chains) of-Beeweaker

than that with ionic AOTwhich is in accordance with previous repidi@®]. The population
corresponding to the ftr3gshpwsddargimal vagation(vifthe a k i n
Xtweenss (Fig. 5.4), however, an overall increasing trend is observedh e  Ff bywplekdo and t
Atrappedo water molecules follow the trend,
for the fAboundé&igsedA-@r. nmdleecdulsetsi nct variati
molecules with the oil type might be due to the different degree of penetration of the oils into

the surfactant aggregate, which affects intermolecular spacing as well as the arrangement of
surfactant molecules at the interfaGmilar effect was reported diar for R-(+)-limonene

(LIM) and isobutyl benzene (IBB) derivedEs stabilized by anionic surfactaf@84]. Due to

the shorter fatty acid chain length of EM, it g@netrate easily into the interface
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Fig. 5.4 Relative area under curves peaking at ~328¢ ¢A), ~3460 cm' (B), and ~3570 crh (C) for
AOT/Tween85/EM or EP or EO mixed RMs at a fixe@d w10 as a function of #eenss.

and as a consequence, push the water molecules outssttéme hydrophobic environments
[85]. The observe sequence can be explained in the light of a competition between the polar

ester moiety of these oils and the trapped water molecules for the surfactant palisade layer.
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SteadyState Fluorescence Measurementteadystate emission profile of DCM different

RMs has been monitored as a function efie¥nssfor particular oil and also at a fixedraeen

gsin various oils Fig. 5.5) and the corresponding emission peaks.d are presented ihable

5.5 The emission peaks in RMs gagnificantly redshifted (566580 nm) compared to DCM

in the oils bmax ~ 550 nm)(Table 5.5). We deconvoluted the observed spectra into two
Gaussian components with one peak fixed to 550 nm and found that the other peak at 580 nm
contributes ten times larger than the %0 contribution, strongly suggesting the presence of

a considerable fraction of DCM molecules at the surfastatér interface of the RM where

the microenvironment is more polar than the oil itp&lf 43]
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Fig. 5.5A) Normalized Emission spectra of AOT/Twe88/EM or EP or EO mixed RMs at a fixed composition
(Wo = 5 and Xweenss = 0.6).(B) Normalized Emission spectra of DCM in AOT/Twe8WEM mixed reverse
micellar systems at a fixedow 5 as a function of Xyeenss.

Time-resolved Emission Spectral Studied/e study suins resolved solvation dynamics of
DCM in the RM systems and investigate the effect of confinement on water relaxation
dynamics with the change in the composition of the surfactant mixture ratidl as wi. Fig.

5.6A (inset)shows the decay transients of DCM at three selected wavelengths of 520 (at the
blue end of the spectrum), 580 (around the peak position), and 670 (at the red end of the
spectrum) nmin AOT/Tween85/EM mixed RMs at w = 5 and at Xweenss = 0.6 It is
evidenced from the figure that all decay patterns are strongly waveléeggmdent. At 520

nm the transient is fast with decay components of 140 ps (44%), 580 ps (53%) anmb 2600
(3%). At the extreme red end (670 nm)dacay component of 3440 ps along with a rise
component of 600 ps are obtained. Using the decay transients at different wavelengths we
construct the TRES for differentr¥eenss values inthese oilsA representative TRES 8fCM

in AOT/Tween85/EM mixed RMs at a fixed w = 5 and at fixed Xveenss = 0.6is presented in

106



Fig.5.6A, wherein a significant dynamic fluorescence Stokes shift is obserabteb.5). We
construct the solvent correlation function, C(t), following equatiohagter 2 Some
representidve C(t) plots for different Xuweenss values at w= 5 are shown iifrig. 5.7A. All the

C(t) curves are fitted bexponentially and the time constants are presentédhble5.5. For all

the systems two distinct tirrecales are obtained, one in the orofehundreds of ps and the
other is of the order of several ns. It is important to check whether the observed time resolved
spectral shift is associated with any internal pkatgsics of the probe itself. In order to do so

we construct the correspondingng-resolved area normalized emission spectra (TRANES)
[86], a representative diagram is shownHig. 5.6B. No apparent is@missive point is
recognized in the TRANES profile, which confirms that the probe contains only a single
6speciesd. Therefore, the observed time depe
inhomogeneity of the microenvironmez®perienced by the probe. It is also important to note
here that the supicosecond rotational dynamics of pure water is considerably restrained in
confined environments of RM87]. The limitation ofinstrumental resolution (IRF 80 ps)
refrained us from detecting the signals responsible for the ultrafast dynamics of water
molecules. Thus the obtained slow timescales have the only contribution of water molecules

residing at the RM interface, whichirsfactthe essencef our study.
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Fig. 5.6(A) Time resolved emission spectra (TRES) dhabrescence decay transients (inset)DCM in
AOT/Tween85/EM mixed RM at a fixed composition §w 5 and Xweenss = 0.6).(B) Area normalized time
resolved emigen spectra (TRANES) of DCM in AOT/TweeBb/EM mixed RM at a fixed composition §w 5

and Xrweenss = 06)

We plot the average time constant;f B wt as afunction of Xueenss at Wo
= 5 for three different oilsHig. 5.7B) and it isobserved that the average solvation time
decreases with increase inwenss. Water present in the vicinity of the surfactant head group,

i.e., at the interfacial regions, experiences restricted environment compared to the water in the
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core of the RMs, wikh results in the relative slow solvation. The water molecules present in
the RM core contribute to the faster component of hundreds [gT0psSolvation dynamics
gets faster as #eengsincreaseslt can be noted that thanax value for DCM in Tweef85/oil

RM is redshifted

EM
1.8} m EP
A EO
—~ 16}
n ]
= ~o1apt .
@) Z A
\'/-' 1.2} §
1.0} (B)
0 1 2 3 4 0.0 0.2 0.4 0.6 0.8 1.0
Time (ns) XTween-85

Fig. 5.7(A) Solvent correlation function, C(t) in AOT/Twed@%/EM mixed reverse micellar systems at a fixed
wg = 5 as a function of Xweenss. (B) Average solvation time constant of DCM in AOT/Twegs/EM or EP or

EO mixed reverse micellar systems at a fixed=B and as a function of ¥eenss.

compared to that of AOT/oil RMTable5.5), suggesting the location of the probe to be shifted
toward the bulk water with the increaseifeenss, and this difference in location is manifested
with significantly higher cotribution of bulk water with the observed overall faster dynamics
[88]. From FTIR and DLS study it is evident that with the increasX iReenssthe size of RM

as wel |l as the reidtytpieve wabh emdamond eaft dmwel le a
accelerateajl‘solv> values at higher TweeBb content. FurtheEig.5.7B shows that the average

solvation time at a particularm¥eenss follows the order, EM > EP > EO. The faster solvation

of EO stabilized systems compared to EP and EM is very similar to the trendrafrtset

size (videFig.5.2C). The larger droplet size of EO stabilized systems leads to the increase in
the free motion of ions in the core of RMs, and subsequently, faster solvation time.

From the steadgtate and time¢ es ol ved puor e gementsove hadee c ay
obtained an information about the location of the probe molecules. However, for better
understandingtime es ol ved Ppuorescence ani sotreverggy me a s
micellar systemsare performed using picoseconds TCSPC set uprovides important

information about the rotational motion of t
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Table 5.5. Solvation dynamics parameter of DCM probe in mixed AOT/Tw@gmeverse micellasystemdn
different oilswith varyingcontent of Twee85 in the mixed systemXtweenss) at wo=5 at 303K.

Composition Bmax/NM (/ns (a) G/ns (@) < Up/ns

EM Oil

X1gs= 0.0 563 0.67(0.45) 2.89 (0.55) 1.89

X1gs= 0.2 570 0.65(0.37) 2.49 (0.63) 1.81

X1gs= 0.6 577 0.41 (0.22) 1.94 (0.78) 1.60

X1gs= 1.0 586 0.22 (0.15) 1.35 (0.85) 1.18
EP Ol

X1g5= 0.0 562 0.88 (0.46) 2.12 (0.54) 1.55

X185= 0.2 568 0.76 (0.33) 1.93 (0.67) 1.54

X185= 0.6 575 0.37 (0.21) 1.62 (0.79) 1.36

X185= 1.0 582 0.17 (0.11) 1.27 (0.89) 1.15
EO Oil

X1g5= 0.0 560 0.91(0.44) 1.88 (0.56) 1.45

X1g5= 0.2 567 0.89 (0.26) 1.65 (0.74) 1.45

X1g5= 0.6 572 0.32 (0.19) 1.53 (0.81) 1.30

X1g5= 1.0 580 0.15 (0.07) 1.10 (0.93) 1.03

Time-resolved Anisotropy Studie$n order to understand the nature of geometrical restriction
imposed on the probe molecule by the interfacial layer, we determine the rotational anisotropy
decay transients which can be fitted mekiponentially and the time constants)(are
presented in TablB.4, Supplementary material. Representative aropgtdecay is shown in

Fig. 5.8A. The average rotational time constant,t B wt follows somewhat

increasing trend as a function ofwéenss at wo = 5 for those three different oil systentsid.

5.8B) using fluorophore DCMThe anisotropy €cays in RMs are found to be-&xponential

in nature. This suggests that within the AOT/Tw&&ncontaining RMs, DCM probes are
distributed in three broadly differerggions: a very fast region near the bulk EM or EP or EO

of rotational relaxation timaround 0.06 ns, a fast region near head group of surfactants of
rotational relaxation time ~0.60 ns, and a slow region of rotational relaxation time ~10 ns at
the water pool, which is comparable earlier report[89]. At wo = 5, the rotation of a
considerable fraction of water molecules in the RM interface exhibits more restricted dynamics

as evidenced from hight< > values The increased t  with increasingKtweenss
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Fig. 5.8 (A) Representative rotational anisotropy decay of D@MOT/Tweer85/EM mixed reverse micellar
systems at a fixed o= 5 and at fixed Xweengs = 0.6 systems. The solid lines are-diponential fittings(B)
Average rotational time constant of DCM in AOT/TweBS/EM or EP or EO mixed reverse micellar systems at
a fixed wy = 5 and as a function ofpfeenss.

indicates progressive impose of restriction onrtitational motion of the probe as observed
from previous study69]. The imposed restriction in the Twe86 might arise out of the strong
interaction of theorobe with the long POE chain of surfactant. It can also be observed from

Table 5.6. Anisotropy parameter of DCM probe in mixed AOT/Twegh RMs in different oilswith varying
content of Tweet85 in the mixed systenXfweenss) at wo=5 at 303K.

Composition Ui (a0)ns U2 (a2)ns Us (a3) ns < ld>ns

EM Oil

Xtg5= 0.0 0.0600.39) 0.490.24) 3.69(0.42) 1.70

Xrgs= 0.2 0.061(0.34) 0.65 (0.33) 13.72(0.33) 4.53

Xrgs= 0.6 0.0650.33 0.61(0.47) 11.70(0.18) 2.52

Xrgs= 1.0 0.050.40) 0.720.32) 12.34(0.28) 3.76
EP Ol

Xrgs= 0.0 0.05§0.35 0.290.18 3.09(0.46) 1.50

Xrgs= 0.2 0.06%0.36 0.520.30) 10.90(0.34) 3.88

Xrgs= 0.6 0.0500.34) 0.41(0.29 5.42(0.38) 2.18

Xre5= 1.0 0.056(0.35) 0.41(0.17) 5.97(0.48) 2.96
EO Oil

Xtg5= 0.0 0.050.35 0.520.28) 2.94(0.37) 1.25

Xrg5= 0.2 0.055(0.41) 0.49 (0.34) 11.63(0.25) 3.14

Xre5= 0.6 0.048(0.38) 0.44(0.25) 4.06(0.37) 1.61

Xre5= 1.0 0.055(0.39) 0.54(0.18) 4.81(0.43) 2.17

Fig. 5.7B and Table 5.6 that the rotation of the probe is eased for EO based RMs, whereas the
restriction is more prominent in the EM based systems, and follows the order, EO < EP < EM.
It was reported earlier that the probe DCM is highly soluble in &atigy ester type oils (such

as, IPM)[43].

110



So, we expect that the change in chemical architecture of these type of oils (herein, EM,
EP and EO) should affethe oil/water interface. Subsequently, probe will experience the
changed microenvironment in presence of these oils. The obliged restriction of DCM in EM
based RMs might occur due to higher penetration of EM into the oil/water interface compared

to EP andEO and as a result impose rigidity to the surfactant charged interface.

5.3 Conclusion

Progressive addition of Twedb in aqueous AOT solution favors early micellization due to
preferential adsorption of thmlyoxyethylene (POEghains of Tweei85 with simultaneous
increase in the hydrophobic interactions between the surfactant tadghafurfactantdixed
compositions reveal neideal solution behavior and synergistic interaction between the
constituent surfactants, whichdsu pport ed by the negative value
Both micellization as well as adsorptigmocesses showcreasing trend of spontaneous
micelle formation with gradual incorporation of Twe@h in AOT micelle. Incorporation of
Tween85 in AOT micellar system produces a relatively better synergistic interaction
compared tcearlier reports based on mixedlOT-nonionic systems in terms of interaction
parametef28, 29]

All the RM systems exhibit a considerable synergism in the water solubilization capacity
upon the addition of TweeB5 in AOT RMs andare influenced by characteristic features of
the oils.The droplet size of these systems increases with the increasitegicohTweer85
(Xtweenss) and follows the trend; EM < EP < EO, which is well corroborated with the
measurement of transport property and aggregation numbers. FTIR measurement concludes
that the relative abundance odtthd dxpensdidi anu nd o
increase in t-hgpeontwaher adaemiaeadek €he differences
in behavior of these oils towards the relative population of water molecules at the interfacial
region (.e.,trapped water) in these systg justify the different degrees of oil penetration into
the surfactant aggregat®licropolarity of the microenvironment of RMs probed by the
solvatochromic dy®CM andshows more polar environment EM-derived RMs compared
to the other two oildncomoration of Tweer85 in AOT RMs produces more flexible interface
as the slvation dynamics of DCM becomes faster with increa3ifngkenss. Further, he faster
average solvation time for ERased system compared to EP and-lEdded systems may be
due to thdarger droplet sizes of the former RMs. Restriction on the rotational motion of DCM

increases with increasingr¥eenss as revealed from timeesolved anisotropy studglso, the
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obliged restriction of DCM in EM based RMs occurs due to higher penetddtieM into the
oil/water interface compared to EP and EO emasequentlyimposes rigidity to the surfactant
charged interface.

The present study investigates the performance of biocompatible Bsei@anAOT
based selbrganized assemblies either in ague or in nortoxic ethyl esters of fatty acid
medium.The preferential adsorption of Tween molecules in the AOT monolayer, as evidenced
from the micellization study, makes the RM droplet to accommodate more water (as evident
from the DLS study) which evéumally increase the abundance of btitke water in the RMs
(FTIR study) and also, manifested in the accelerated solvation dynamics (time resolved
fluorescence study)lhe physical properties of water entrapped in mixed R&ts thus be
tuned by varying thenixing stoichiometry, the inherent mechanism being rooted in the inter
surfactant interactions. This synergistic interaction of binary mixtures would pave new ways
for exploration in application arena of surfameenceTheresults obtained from this sty are
important for designing an effectiv®lE system to encapsulate and stabilize bioactive

components for incorporation into food, beverage, and pharmaceutical pri@fjcts
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Chapter 6: Formulation and Structure of Mixed
Biocompatible Microemulsion System

6.1 Introduction

Mi croemul si ons are isotropic, pbui d, transpal
and water, stabilized by surfactanf{s)2]. The structure of ME can be idealized as a set of
interfaces dividingpolar and nonpolar domains. Depending on the composition of the system,
the microstructure of an ME may exist as wateoil (w/0) droplets, oHin-water (o/w)
droplets, or a bicontinuous structure. Over the last few decades MEs have attracted more
interest as potential drug delivery syst¢&aS]. Part of this interest appears as a consequence

of their transpeency, ease of preparation, nanometric size and-termy stability. These
properties as well as their ability for incorporating drugs of different lipophilicity are some of
the reasons for which MEs have seriously been considered for pharmaceuticaegurpos
However, the limitations on the use of MEs in pharmaceutical and cosmetic fields arise greatly
from the need for all the constituting components to be biologically and pharmaceutically
acceptable, particularly the surfactants and cosurfactants. Bet@elof components for MEs
suitable for cosmetic and pharmaceutical use is one of the most important factors to fulfil the
requirements of a good delivery system. One of the most preferred biocompatible ME is based
on lecithin (L), which is a nontoxic gactant as recognized by safe (GRAS) s{&juBeing

highly lipophilic lecithin tends to form nematic liquid crystalline phases in presence of oil and
watef5]. Biocompatible lecithin based organogels hawantfeund to be clear and viscoelsatic,

and are used for pharmaceutical applicafich$hase behaviour, structure and plrareutical
applications of lecithin/short chain alcohol based ME systems have also been investigated in
detail§8-16]. Low toxic formulation have been reported using linker moleflife$9]. Many

of these formulations however, possess high viscosity, which refrains these formulations from
specific pharmaceutics appittons. Moreover, the shechain alcohols used in the ME
systems are prone to affect cell membfa@g It thus stands important to formulate low toxic

low viscous ME systems containing lecithin and cosurfactant. A potential replacement of toxic
shortchain alkanols is buytl lactate (BL) which is a wiallown pharmaceutical flavouring
aen{21] and has been used to formulate §E2s24].

Mixtures of surfactants have often been found to be advantageous over the use of single

surfactants, since they can extract properties superior than the individual ones. Blending of two
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nortionic surfactantg25] or ionic and noxionic surfactanf®6, 27] can provide better
solubilization capacity and affect the phase behavior relativeetmttividual ones. Blending

of surfactants can tune the hydrophlilgophilic balance (HLB) of the constituting surfactants

in order to optimize the solubilization capacity. Earlier our group has reported the phase
behavior as well as other physical prdfs of a series of mixed ME systef@8-31]. Herein

we report the detailed phase behavior and structural aspectained surfactant ME system
composed of lecithin and Triton-X00. TX100 is a biocompatib[82] and one of the most
widely used nonionic surfactants for lysing cells to extract protein and other cellular organelles
or to permeabilize the living cell membrane for transfed®@, 34] We chose isopropyl
myristate (IPM) as the oil phase as it has widely been udaidéompatible formulatiorj$4,

15, 23] The principle objective of this work is to establish the enrichment of solubilization
behavior of this mixed system as a lipophilic surfactant lecithin (HLB ~ 4) is mixed with a
hydrophilic surfactant TXLOO (HLB ~ 13.5) to tune the optimum HLB of the mixed system
using BL as the cosurfactant. Phase diagrams for the single and mixed surfactant systems have
been constructed in order to compare the solubilization behavior of these systems. The fluidity
of thee ME systems have been estimated using viscosity measurements. The network structure
of water in the o#rich region is determined by monitoring theHOstretching frequency modes

by FTIR spectroscopy.
6.2 Resulisand Discussios

Phase StudyFigure6.1(a) shows the pseudernary phase diagrams of the system composed

of L/BL/IPM/water, TX-100/BL/IPM/water and L+TXL00(1:1, w/w)/BL/IPM/water at room
temperature. We denote these systems as L, T and LT respectively. The surfactant(s): BL ratio
is kept fixed at 1:2 (w/w). In the figure, only single phase ME region has been demarcated. As
can be observed from the figure, the system L offers a very thin single phase region along the
amphiphile/oil axis. The system T offers a somewhat larger single phase cegipared to

L, expanding in the surfactant/water axis also. The mixed (LT) system offers even better single
phase region compared to the individual (L and T) systems, especially along the surfactant/oil
axis. The detailed phase diagrams of L and LT loeva in figure6.1b.

119



(@) IPM IPM IPM (b) L+BL L+T+BL

16 16
ME+O
16

Viscous

L+BL L+T T+BL Water W
+BL

Figure 6.1. (a) Pseuddernary phase diagrams of Lecithin (L)/A1X0 (T)/butyl lactate (BL)/IPM/water systems.

The dotted lines represent the dilution line through which samples are chosen for physical measurements. The
surfactanfs):cosurfactant ratio is fixed at 1:2 (w/w). lepresents single phase ME region. (b) Detailed phase
diagram of L and L+T (mixed) systems. The surfactant(s):cosurfactant ratio is fixed at 1:2 (w/w). W, O, ME and
LC represents water, oil (IPMME and liquid-crystalline phases, respectively.

The phase behaviour of L is characteristic of the presence of variouspheesegl 9]. It can

be observed that there remains a considerable fraction of viscous and gel phases, specially in
the oitrich region. The mixed systerhpwever, offers a less complicated behaviour with
absence of highly viscous or gel phases; rather a three phase region appears at low amphiphile
concentration. Appearance of a thpease region signifies a perfect balance of the
hydrophiliclipopilic balance (HLB) of the mixed systd8b]. This corresponds to a proper
mixing of hydrophilic TX100 and lipophilic lecithin with BL, which brings about enhanced
solubilization capacity of the mixed surfactant systems and thus a larger ME reghtained.

The single phase boundary does not appreciably change in the temperature rang@®f 10
(data not shown). For potential pharmaceutical application, the ME system should also be
stable at various physiologically relevant environments, anddokcthat, we determine the
phase behaviour of the LT system at pH = 2.6 and in 0.9% salt concentration. It is found that
the phase behaviour of the LT system remains almost unaltered in these two conditions
revealing the stability of the system in thesgimmments. The pseudernary phase triangle
provides with the information on the extent of single phase region and from that one can choose
suitable composition to carry out further physical investigations. Here we adopt an oil/water
dilution route in wich the total amphiphile concentration is kept fixed at 80% in all the three
systems. This helps to extract information on the relative change of properties as the dispersed
medium changes from olil rich to water rich at a fixed amphiphile concentratioch@ése

five such compositions, in which the oil:water (w/w) ratios are 10:1 (LT1), 2.3:1 (LT2), 1:1
(LT3), 1:2.3 (LT4) and 1:7 (LT5).
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Figure 6.2. (a) Vertical sections through the psetmgleaternary phase prism for lecithin/A200/butyl
lactate/IPM/wagr systems at a constant water:oil ratio of 1:1 (w/w). The lecithirtOX ratio has been chosen
as: 2:1 (l.T: red square), 1:1 (LT: green circle), 1:2 ¢t Jellow inverted triangle) and 0:1 (T, blue triangle). W
Il and W IV stand for trphasic and sifg-phase region, respectively. (b) Butyl lactate weight fraction values
(W1) as a function of (1/%1) obtained from the midpoints of the thmglease bodies in figur@2a. The straight
lines are linear fits. The correlation of-efficient (R-square) valas obtained are 0.988 for LT and 0.987 fop LT
systems, respectively. Volume fraction of the different phases of the syst&ém®d square, LT: green circle,
LT2: yellow inverted triangle and T: blue triangle, fon¥0.75 are shown in the inset. The ddtlines enclose
threephase areas.

In order to extract information on the maximum solubilization capacity we construct
thesec al | ed & f i $3B]. Vieracal bedtiors bisegimg ahenwsatsl axis of the phase
prism for the pseud@ur component systems are shown in figéi2a in which X stands for

the total amphiphile weight fractionpg ——— , where O and W stands for oil and water,
respectively, S stands for surfactant(s) (L or T or L+T).d&hotes the BL weight fraction in
the total amphiphile, i.,e) ——. In the figure W 1l and W IV represent Winsor Il (three

phase) and WinsalV (single phase) systems, respectiy8h]. The apparances of liquid
crystal or viscougjel phase are not shown in the figure. We choose four different compositions
depending upon the L:T mixing ratios (w/w), namely, 2:4T§l-1:1 (LT), 1:2 (L) and 0:1

(T). As can be observed from the figure, three phagly is observed only in case of LT and

LT> systems, and not for the other two systems, wherein only single phase and biphasic bodies
are identified. The L system does not produce any sighse region within the experimental
window. Optimum mixture oL T with BL gives rise to a balance ME as manifested with the
appearance of a thrghase body as evidenced in LT anc Eystems. It is interesting to note

that the formation of single phase domain shifts towards higher X values as the content of T
increases in the mixture. We plot the volume fraction of different phases as a function of X
(figure 6.2b, inset) in order to understand the composition of the dispersed phases. At high X,

the formulation is found to be of W 1l type (i.e. w/o type ME on toptaedexcess water phase
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at the bottom) at a fixed Y¥alue. As the amphiphile concentration (X) decreases, the bending
elasticity of the interface monolayer changes gradually and eventually it tends to bend in an
opposite direction to produce W | (Winsoishstems (o/w ME in the lower phase with excess
oil in the upper one) passing through a W Ill or W IV body. At low the system is
predominantly hydrophilic and the amphiphile monolayer bends itself around the oil phase in
order to produce o/w droplets (M8ystem). With increasing BL content, the radius of curvature
increases and droplet nature of the ME is converted into a bicontinuous one and a Winsor Il
system is formed. On further increase of BL the increasing lipophilicity of the amphiphile
mixture tunes the monolayer to bend around water in order to produce w/o droplets in oil
continuous medium (Winsor Il system). The point at which the t{bhese body meets the
singlephase body corresponds to the maximum solubilization capacity of the B&jeand
the corresponding amphiphile concentration is denotedlayni that of BL is denoted by MW/
Xp indicates the minimum concentration of total amphiphile (surfactant plus cosurfactant)
required for the formation of singjghaseME with equal amount of water and IPM. The lower
the value of X, the higher is the solubilization capacity. For the present systems we obtain the
Xpand Wip values to be 0.2, 0.633 for LT and 0.289, 0.65 for thedy§tems, respectively. It
therefore clearly indicates that the mixed systems exhibit better solubilization behaviour than
the corresponding single surfactant systems.

Interfacial composition inside the three phase body can be estimated in the following
manner: for a particular surfactant mixture, the thpbase region is a nerariant region as all
the intensive variables (temperature, pressure andadr ratio) are fixed for the pseuétmur
component system. The composition and structure of the MEepalong the midst curve in
the threephase body would also be fixed and would essentially be equal to that of the single
phase body at this po[86, 38] The thregphase region consists of mieod and micrewater
subdomains separated by amphiphieerfac¢39]. The surfactant moleculeseaessentially
adsorbed at the micraili water interface and form an interfacial layer. We assume negligible
monomeric solubility of the amphiphiles in the micremiicrowater domains. It can be noted
here that the total phase behaviour of the pséoiocomponent system can be represented by
a composition tetrahedron (in which the four different components act as the vertices of the
three dimensional tetrahedron) at constant temperature and pressure. In such a tetrahedron an
HLB pland40] of maximum solubilization can be drawn which essentially includes the
particular thregohase tidriangle including the ME in the middle curve of the Winsor il

region. The subsequent HLB plane equation is given as,
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® Y ——88- p 6.1

wherea is the weight fraction of oil in oil and water mixture (herein 0°8)represents the BL

solubility in the total amphiphilic mixture (L+T+BL) at the wateil interface inside the ME

phase. $is the monomeric solubility of Biin the micreoil domain and is equal to the BL

fraction in the excess oilphas¥.c an be obtained as the interce
1) against W, and $ can be calculated from the slope of the straight line. We plot 1/X as a
function of Wi for the LT and LB systems and good linear fits are obtained (fig.2e). The

calculatedY and S values are 0.361 and 0.181 for the LT system, and 0.351 and 0.27 for the

LT> system, respectively. It appears therefore that in LT system BL is more localized at the oil

water interface rendering its better solubilization behaviour compared to THe
corresponding surfactant and cosurfactant concentration at theintemfacecan be obtained

ag29, 41],

6 Ow

% 6.2

0 Op (6.3

where G and G are the respective weight fractions of BL and (L+T) in the system at the water
oil interface within the single ME phase at the maximum solubilizatiort.pMe calculate the
Ciand G values of 0.04 and 0.075 for the LT system and 0.056 and 0.101 for tlsgdt&m,
respectively. The rationale behind the observed increase in the solubilization capacity for the
1:1 LT mixture is twofold: firstly, a decreasedlue of S signifies the lower monomeric
solubility of BL in the micreoil phase which eventually increases the net solubilization
capacity of the surfactant layer at thewater interface inside the ME, and secondly, a low
value of the @+C; signifiesa more efficient interface inside tME. As a combined effect the
solubilizing power per surfactant molecule itself increases as L and T is mixed in 1:1 (w/w)
ratio. We also construct the three phase behaviour of the LT system in presence of 0.9% NaCl
(data not shown). It has been found that the maximum solubilization limit is achieved at
Xb=0.22 and Wh=0.6 with the correspondiny and S values of 0.406 and 0.17 respectively.
The observed marginal change in the amphiphile distribution profile is consistent with
previously reported ME systefa9].

The phase study thus establishes the fact that mixingrfafctants offers enhanced
solubilization capacity of the mixed surfactant systems compared to the single ones. We now
investigate how the physical properties of the ME system change upon mixing L and T. In

order to achieve this we choose single phase MEeBys at a fixed amphiphile concentration
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of 80% (w/w) and varied the water content following the dotted line shown in figleieThe
choice of amphiphile concentration is to ensure that all the three systems (L, T and LT) produce
single phase ME.
Viscosty, Adiabatic Compressibility and Conductivitgtudy: Viscosity is one of the most
important macroscopic properties of a ME system which specifies its applications, specially in
the field of pharmacolog}8, 42-44]. Figure6.3 depicts the viscosity profile of all the studied
systems. In figuré.3a, specific viscosity is plotted against the weight fraction of water in the
formulations. All the systems follow a Newtonian @ity and offer a lower viscosity than the
previously reported lecithin based ME/organogel systEmsl6] It is observed that the T
systems are ~23% while the LT s8mms are ~15% less viscous than the L systems. This result
identifies that mixing of surfactants effectively brings down the viscosity of the lecithin based
systems. Viscosity increases as the content of water increases in all the systems. It can be noted
here that IPM has a3 times higher viscosity than water, yet the water rich region offers a
higher viscosity than the oil rich region, which might due to the stronger interaction between
the droplets, a phenomenon much consistent with the previousigeepmocompatible ME
systemf23, 28] However, the observed linear trend of the viscosity profile is markedly
different from the apprehended bell shaped trend in which a w/o droplet system gets converted
into a o/w droplet system passing througih intermediate btontinuous pha$28]. The
viscosity results thus strongly identify the droplet character of all the chosen samples. The
viscosities of all these systems are measured at different t&um@sr in order to probe the
energetic of the viscous flow. Figu&3b depicts the viscosity behaviour of the mixed
surfactant systems at different temperaturess®C). With increase in temperature, viscosity
expectedly decreases. The activation epthab Hvis (which is equivalent to the energy of
activation for viscous flovep Evis) is obtained fron28]

- _AgP— AgDP— 6.4
whereh is the Plank constan¥ is the Avogadro numbeY, is the molar volume, angb Svsis
the entropy of activatiofor the viscous flow; other terms have their usual significance.
Assumingp Svis to be independent of temperature, a straligigt plot between I vs. Tt is
expectedrom the slope ofwhich gpHs can be calculated. All the studied systgnsduce
good linear fits for Ing vs T plot. A representative plot has been shown in fighBe. The
obtainedgp Hs values for all the systems are plotted in fig6r&c as a fuation of water
content. The values range in the order 628&J mot', which is in good agreement with other

biocompatible ME systerf8]. The g Hs values do not follow any significant trerfdy L
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Figure 6.3. (a) Viscosity of three different ME systems L, LT and T as a function of water content in the ME. (b)
Viscosity of LT ME system as a function of temperature. Inset: Plot dfv /T for a representative LT ME
system. The straight line corpemnding to a linear fit. The correlation of-efficient (R-square) value is 0.99. (c)

The activation enthalpyy'G

of three different ME systems L, LT and T as a function of water content in the

ME. (d) Conductivity of LT ME systems as a functiohwater concentration in ME. Inset: Conductivity as a
function of oilwater weight ratio for two dilution routes.

and LT systems it suffers a marginal decrease, whereas for ti@d Kased system, it shows

a slight increase beyond 10% water content. lsence of any remarkable trendyrH vis

coupled with the observed linearity in specific viscosity rules out the possibility of the presence

of any bicontinious phase in the chosen concentration regime. We also determine the specific

viscosity of the LT gstems at two terminal pH conditions of pH=2.0 and 12.0 in order to check

their sustainability in drastic physiological conditions. It has been found that viscosity of the

LT systems offer only marginal variation indicating their potential to be applrespfeific

pharmaceutical applications.

The transition of structures in ME systems can also be monitored through conductance

studies, which offers detectable change as the dispersing phase changes its polarity. We

measure the conductivity of the mixegsteem (in presence of 0.9% NaCl) as a function of

water concentration and the result is depicted in figge. It can be observed from the figure

that conductivity increases expectedly with increasing water concentration and a distinct

change in the slapcan unambiguously be identified at 10% water content, which signifies a
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sharp transition of the dispersant medium from oil continuous to water continuous. It could be
noted here that 10% water content corresponds to an eguadteil ratio and in manystems

such a system offers bicontinuous phase. In a previous study with -BOHRI'IPM system,

the conductivity profile showed two distinct changes in the slopes identifying a w/o to o/w
phase through an intermediate bicontinuous JB&8%€erhe appearance of a single break in the
slope signifies a sharp w/o to o/w droplet transition in the present study as also has been
evidenced from the viscosity studies. We also measure the conductivity as a function of
oil:water (w/w) ratio followng oil dilution lines starting from LT3 (water:amphiphile
(W/w)=0.125) and LT5 (water.amphiphile (w/w)=0.23). We observe two distinct slopes
intersecting at oil:water=1 (figuré.3d, inset) strongly corroborating our conclusion of the

droplet nature of &the systems.
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expectedly decreases as the system becomes more water rich. The observed higher
compressibility of the system at low water content is in good agreement with the viscosity
behaviour 6the system, which suggests the hard sphikeecharacter of the water globules in

oil continuous medium (w/0). The temperature dependendy afo shows a linear trend
(figure 6.4b), which strongly demands the absence of any intermediate structurbtatioc

other than the droplet type.

FTIR Study: The equilibrium structural features of different components inassémbled
systems could efficiently be resolved using FTIR spectroscopy. Previously, lecithin based
reverse micellar systems lrydrocarbon oils have been studied using FTIR spectroptepy

47]. While much attention has been paid on the P=0O ahkblblond stretching vibrations of
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lecithin molecule, studies on tlsé&ructural alteration of water is rather spf8e49] It often

stands necessary, specially during the application of w/o type ME as a water soluble drug
carrier, to understand how the equilibrium structure atew modifies with the change in
composition. In the present study we measure the MIR (Mid-Réd) FTIR spectra of LT1,

LT2 and LT3 systems to determine the water structure inside the ME droplets. From the
conductance study (figu3d), LT1 and LT2 sgtems can safely be assumed to possess w/o
type droplets while LT3 is in the onset of formation of o/w type droplets. In all these
measurements we subtract the data of surfactant (or mixture of surfactants)/BL/IPM ternary
systems from the hydrated quatesnaystems and thus the signals essentially provide
information on the water molecules present in the systems only. We focus our attention to the
30003800 cm' frequency window as this is a fingerprint region for the symmetric and
asymmetric vibrationalteetch of QH bonds in watgb0]. A representative FTIR spectrum has

been shown in figuré.5a.

The FTIR spectrum of water in this frequency window can be deconvoluted into three
Gaussian subands peaking at ~3600, 3460 and 3330 oegion$51]. The peak at ~3600 cm
lis due to the O6multimerdé or O6bound typed wat
and thus do not produce strong hydrogen bonds with the neighbouring water molecules and
have generally n realized in extreme hydrophobic environments. The second component
peaking at 3460 cthinvolvesthesa& al | ed O6i nter medi ated6 water r
to develop fully hydrogen bonds and somewhat connected to other water molecules with
distorted H-bonds. Finally, the third kind of water molecule (i.e. peaking at 3338) cm
originates from the énetworkd or Obul k typebd
with the neighbouring water molecules and contributes its majority of share iwatee We
deconvolute the MIR spectra of all the systems into three Gaussian components keeping the
peak positions fixed as those of pure water (a representative figure is shown 6 Bgiiré
free fitting often produces more accurate contributiomsydver, fixing the peak positions
allows comparing the change in the relative weightage of each component at variable interfacial
compositions. We plot the relative contribution of each curve towards the total spectra and plot
it as a function weight perotage of water (figures.5b-d). This relative contribution is
essentially proportional to the fraction of water molecules belonging to that particular
stretching mode. In a previous study my Maitra §#8].in lecithin based reverse micellar
systems the FTIR ggtra had been deconvoluted into two contributions: one peaking at ~3250

cmit (bound water) and the other at ~34607c(free water), the relative content of these
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molecules had been found to be dependent on the system composition. We herein prefer a three

peak fitting, which provided better fitting results compared to the two peak fittings.
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Figure 6.5. (a) A representative FTIR curve deconvoluted into three different contributions (green broken lines).
The red broken line represents the overall fit. Tdlative area under curves peaking at 3336 @), 3460 cirt
(c) and ~3600 crh(d) for the three different ME systems L, LT and T are shown as a function of water content

in the ME.

It can be observed from figuebd that the relative abundance ofthenu | t i§ mer 6

w a

molecules decreases with increasing water content, which is due to the formation of strongly

hydrogen bonded water network at elevated water concentration. The lecithin based system

shows

a | ower

abundance

e tompartedeto thenTX00 tbasede r 6

W

systems, with the LT systems lying in between. It is interesting to note that for the L1, T1 and

LT1 systems, where the water concentration is only ~2%, the difference is very marginal,

which perhaps is apprehended taking iatcount the tight binding nature of water molecules

with t

he i

nterface.

The popul ation

correspaon

cm) shows marginal variation with water content, specially for the T and LT systems, with a

faint decreasig trend for the corresponding L systems (figér&c). The population of
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6net wor ko6 wat er Yineasdsiwithgncreasing hé Beight pemcentage of

water, faintly with the LT and T systems, and considerably with the L systems (@i&ine

As mentioned earlier, the abundance of Onetw
water present in the systems. In pure water this corresponds to ~70%. As observed from the
figure, such abundance is eventually reached for the T based systibenfor the LT system

it increases from 55% (for the w/o system) to 64% (for o/w system), and for L it increases from

40% to 61%. This shows that in L based systems, the water structure is more perturbed than
the corresponding T and LT systems. Intengdy L also has the lowest abundance of the
oOmul ti merd6é6 water, confirming a high abundan
strong interaction between lecithin and water. Earlier studies by Carvallfd®t abncluded
insignificant effect of water content on the FTIR spectra, whereas Maitrd48Jatoncluded

that the GH bond stretching frequency suffers significant change upon interaeith lecithin

and also depends upon the nature of the oil phase. However, it should be taken into
consideration that both these previous studies dealt with-giastic reverse micellar systems

with very low water content. Our investigated systems rafatively low viscous ME

containing 210% (w/w) water, which explains the presence of three different species of water
molecules and the observed variation in their relative abundance with different interfacial
compositions. We carry out the FTIR studae$wo terminal pH conditions of pH=2.0 and 12.0

in order to determine whether the water structure suffer any perturbation at different pH
conditions. It is evident that the relative population of various type of water is independent of

the pH of the aquaus phase.

6.3 Conclusion

The present investigation was aimed towards the formulation of a lecithin based biocompatible
low-viscousME system. Most of the previously reported lecithin based formulations are visco
elastic gel like formulatior&5, 16] and for certain specific applications, it is important to
formulate low viscous systems. Lecithin being highly lipophilic is very sensitive to form gel
like structures, howeer blending with a hydrophilic surfactant 7200 and a lipophilic
cosurfactant butyl lactate produces considerable low viselitisystems, with a synergistic
enhancement of single phase region compared to the individual surfactants. The mixed systems
produce thregphase body which reveals a perfect hydropttiiophilic balance and maximum
solubilization limit, which is otherwise not obtained with either lecithin orII00. The
increased solubilization capacity is due to the decrease in b@ttoSomericsolubility of BL

in the micreoil domain) as well as small values of#C; (increased effecetive colubilization
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capacity of the amphiphiles). Viscosity, conductivity and adiabatic compressibility
measurements provide evidences of droplet nature of timeufations at high surfactant
concentrations. FTIR spectroscopic studies in the oil rich regions identifies the presence of
three distinct types of water molecules present in the systems, and the relative abundance of
such type of water molecules changethwomposition. The measured physical propoerties of

the mixed surfactant systems do not drastically differ from those obtained for the lecithin based
systems and is also independent on pH and presecne of electrolytes with the additional
advantage of beintpss viscous. Our study thus offers a biocompatible low viscous lecithin
based ME system that can serve as a basis for further investigations in drug delivery and as

nontoxic hanotemplates for other applications in future.
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Chapter 7: Modification of Anionic Interface and
Its effect on Enzyme Activity

7.1 Introduction

Reverse micelles have emerged as a potential -reswbor system to mimic biological
environmentand to host many enzyme catalyzed reactions as enzymes can be sheltered and
protected from the solvents within RMs3]. The water molecules inside RM waterpool offer
markedly different physical behaviour compared to those of the bulk owing to their
confinement and intecdon with the RM surfadd]; these physical properties could

systematically be tuned by alteringettinterface charge type, extent of hydratian (

), addition of electrolyte etc. Enzyme kinetics rate in RM depends upon several

factors like the microenvironment in the surroundings of the enzyme and the substrate, the
partitioning of the substrate between the RM droplets and the external solvent, surfactant
concentration, their charge typeg ®tc. There has been number of previous studies where the
rate of enzyme kinetics in RM has been controlled by change of hydraiiober (w),
surfactant concentration, substrate partition, pH of the buffer solution, salt concentration,
temperature, nature of surfactant [gt13], however, the possible role of hydration dynamics

in governing such kind of reaction has rarely been addridgdetoreover, most of thearlier

studies were carried out with ibds(2ethylhexyl)sulphosuccinate (AOT), a wsliudied
biocompatible anionic surfactghb-17], that has been considered as a model system for
micellar enzymology in hydrocarbon oils d1$8-20]. There has been only limited number of
efforts to introduce another variable in terms of mixing of surfactants to regulate the reaction
kineticd5, 21]. Also the biocompatibility of the hydrocarbon oils used in the earlier studies
remains a major concern for biotaological applications. To address this issue we have
investigated the water structure, dynamics and rate of an enzyme catalysis reaction in mixed
RM systems composed of anionic AOT and nonionic Brij surfactant(s) of varying
hydrophilicity in a biocompdble oil, isopropyl myristate (IPM22]. The ghysical properties

of water entrapped in RM water pool can be varied by simply tuning the surfactant charge type
as well as its hydrophiliipophilic balance (HLB]R3] (HLB of asurfactanis a measure the
extent of its hydrophilicity or lipophilicity and can be calculated following the definition by
Griffin[24]). We have initiated a systematic approashunhderstand the altered hydration

dynamics and activity in mixed RM systg@s-27]; it has been concluded that for an anienic
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nonionic mixed RM system, the activity can be tuned lin¢2Bly however, such a trend is not
followed in a nmionic-nonionic mixed system in which partition of the substrate, which in turn

is governed by the HLB, plays a key role in determining the reaction kif23tjck the present
investigation ouaim is twofold: (i) to form stable AOT RMs using a biocompatible oil IPM
and to modulate the interfacial charge type by doping Brij(s) of different HLB into it. In
addition, we also investigate the change in the water structure and dynamics insideethe mi
RM waterpool; (ii) to investigate an enzyme catalysis reaction in vehiciymotrypsin (CHT)
cleaves the peptide linkage of the substraté Al@i Phé 7-amido4-methylcoumarin (AMC)

in these mixed RMs and whether mixing of surfactants can serve gslatoe of the reaction
kinetics. From previous studi&s 20, 28, 29]t has been reported that ag=&0 hydration level

the activity and size for accommodation of enzyme CHT is optimum, therefore we choose this
hydration level for enzymatic hydrolysis. In order todulate the interfacial stoichiometry we
have used three different Brij series of different hydrophilicity, namely3¥iBrij-35 (having

12 carbon alkyl units); Brp2/Brij-58 (having 16 carbon alkyl units) and B®@/Brij-97
(having 18 carbon alkyl uts); the corresponding polyethyleneoxide (PEO) units are 4 and 23;

2 and 20; 2 and 10, while their HLB values are 9.7, 16.9, 5.0, 16.0, 4.0 and 12.0, respectively.
We replace AOT with the Brij(s) in the RM interface at a constant mole fraction of Brij

[& —— ] of 0.1 keeping the total surfactant concentration in oil fixed at 0.2 M. The

sizes of the RM droplets are determined using dynamic light scattering (DLS) technique. Water
structure inside RM is obtained using mid ar)d FTIR spectroscopy technique while the
dynamics of the entrapped water is estimated using time resolved fluorescence spectroscopy
(TRFS) withammonium 8anilino-1-naphthalenesulfonat&NS) as the emitting fluorophore.

7.2 Resultsand Discussios

Solubilization MeasurementsWater solubilization capacity (SC) is one of the most essential
criteria of an RM from its application point of view. We measure the SC of the RMs and table
7.1 depicts the maximum valuesdsy of AOT and mixed surfactant RElystems in IPM.

AOT forms RM with w max~ 24. SC of AOT + Brij(s) mixed systems increases initially with
increasing Brij content (i) and then decreases after passing through a maximum value
(Xgrij,max). The observed optimum mixing ratios argripeo,max = 0.2, Xarij-35,max= 0.05, Xgrij-
s2,max = 0.3, Xarij-58,max = 0.05, Xarij-92,max = 0.3 and Xrij-97,max = 0.05 with the corresponding

Wo max Values of 33.0, 26.0, 43.2, 29.0, 33.3 and 30.0 respectivehaxand Xgrij,max Values

are dependent ongHLB of the added nonionic surfactalithas been observed thégrijmax
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is a function of the size and composition of the head group of the added[Bbij}] Brij-

35 (HLB ~ 16) is more hydrophdi than Brif30 (HLB ~ 9.7) and consequently B&p
produces the solubilization maximum at a lowesij¥ax value compared to that in B#30.

The same trend is also obtained for the -BgjBrij-58 and Bri{92/Brij-97 pairs. The
synergism observed in ti&C of mixed RMs can be explained in terms of the idteplet
interaction and surfactant monolayer elast[@®y 32] IPM moderately penetrates at the RM
interface, accordingly the interface becomes rigid whicmiexdly reduces the intafroplet
interaction and thereby limits the 80, 33] The interfacial bending stress of the rigid
interface is relaxed by the incorporatiorBsfj molecules thereby accommodating more water,
the extent of fluidity being dependent on the PEO chain length of the added Brij molecules.
However, the induced fluidity on its turn increases the attractive interaction between the
droplets and thereby lits the SC. The optimization of these two opposing effects determines
the observed Xijmaxand W max Since Bri97, Brij-35 and Bri}58 have larger number of PEO

units they offer lower X:jmax Values.

DLS MeasurementsiWWe estimate the size of the Rioplets using DLS technique assuming

the droplets to be spherical in nature. It is found that the distribution is essentiallynmdab

with the appearance of single peak for each of the studied systems. The estimated
hydrodynamic diameters of the RM®glotted as a function ofoin figure7.1a. The observed
droplet size of 9.3 nm atgwl0 of AOT/IPM system is comparable to that obtained for
AOT/hydrocarbon RM systerf%, 34] It is observed that dropleize increases almost
linearly with increasing w this trend is indicative of the fact that with increasinglve water
content per micelle increases rather than the formation of new micelles. It is interesting to note
that for w=10, the size of the drégis does not change appreciably for the low HLB Brijs
(Brij-52 and-92), however, for the hydrophilic Brijs the sigets moderately increased, the
effect being the most prominent in B8Bp where a twofold increase in the size is observed
(figure 7.1b). We estimate the aggregation numbesggNof the RMs usinghe methodology

described in the supporting information section arglded
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Figure 7.1. (8) Average hydrodynamic diameter of Rt different water content gv (b) The size of the mixed
RM droplets at w=10 as a function of the HLBHydrophilic-lipophilic balance)of the added Brij. The dotted
line represents the size of AOT/IPM RM.

as a function of water content {wn figure 72. The aggregation number obtadthfor AOT

RMs is in good agreement with previous studies [13}gféllows a trend comparable to that

of the droplet size (figur&.1a). It can be intuited that with the addition of Brij, the charge
interaction at the interface gets reduced which evéptaacommodates more surfactant
molecules as has been also evidenced from the increase in the droplet size. The effect seems

more prominent for high HLB number Brijs with larger PEO chains.
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Figure 7.2 Aggregation number of RMs at different water conteny).(Whe inset shows the aggregation number
of the mixed RMs as a function of the HLB of the added Brij. The dotted line is the aggregation number of the
AOT/IPM RM system.

FTIR MeasurementsMIR FTIR is a potential tool to extract structural information of water
encapsulated in RM nanopf@b-37]. Instead of pure watdghe use of HOD molecule as a
probe has been shown to be advantageous, as thd&hd is decoupled from theé B band

and appears in a region (22@800 cm') which is comparatively free from other strong
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absorptiong8, 39] The A D stretching band reveals only thebdnding interactions between

water molecules as the intnaolecular interactions betwedmettwo OH (or OD) oscillators in

H20 (or D:O) molecules do not complicate thékD(Oi D) stretching band contour as observed

for pure watel38]. The overall spectrum of pure water instfrequency window produces a

smooth curve peaking at ~2508 ‘¢rfnot shown). For RM systems, however, the curves get

broadened and could be deconvoluted into three Gaussiaoasdb peaking at 26400,
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Figure 7.3. (a) FTIR spectrum of AOT/IPM RM system ag w10. Theblackline is the experimental curve. The
spectrum is deconvoluted into three Gaussian curves peakdg@tnt! (red), 2545cnt! (green) and 2646nT

o
&)
T

FW Population

o
N
T

o
&
T

o
»~
T

o
w
T

0.10

TW Population

0.00

0.05}

0.32} (b)
2
L 028
S | ____._
T o024f
4 8 12 16 *
HLB of Brijs |
. ¢
e L
4 , ,
5 10 15
Wo
> 0.03F @® X, ;=10
= oot .30 = 0-1
o s
& V 835 = 0-1
%%k o s mam sm s . s = 0.1
v oo ® X, =01
7y g 2 16 € Xgg,=0.1
® HLB of Brijs _
) 4 ‘ o7 = 0.1
, L]
® ®
5 10 15

Wy

Yblue). Thegreybroken line represents the oak fit. Relative area under each deconvoluted curves as a function
of wp for studied RM systems are plotted inrdp The insets of {1l show the corresponding relative area of the

mixed RMs at w=10 as a function of the HLB of the added Brij. The doliteel of each plot is the relative area

of the AOT/IPM RM system.

We deconvolute the MIR spectra of all the RM systems into these three Gaussian components

and the relative area contribution of each curve are used to determine the abundance of different

types of water species inside the waterpt@jl A representative result of the deconvolutain
AOT RM at w=10 is depicted infigure 7.3a.

Accordi
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t o

t he

6t hr e

solubilized water in RMs can be identified as free water (FW), bound water (BW) and trapped
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water (TW) moleculgd0]. The FW molecules (~2450 ci)y) occupying the cores of water

pool d RMs, involve in strong hydrogen bonds with theighbouring water molecule$he

second component peaking at ~ 2545'dnvolvesthesec al | ed & b o umwkichwat er 0
are unable to form fully developed hydrogen bonds and sometutktto the surfactaihead

groups. The third type of water molecules absorbing in the high frequency region (~ 2640 cm

1y are generally dispersed among the long hydrocarbon chains of surfactant molfeules.
calculate the relative area contribution of each curve towardstdiespectra and plot it as a

function of w (figure 7.3b-d). For understanding the effect of Brij inclusion on the entrapped

water, we plot the abundance of each type of water as a function of the HLB number of the

Brijs in the insets of the each corresding plots.

We observe a high abundance of BW which is a characteristic feature d2BMH.,
42]. The relative abundance of FW increases, while those of BW and TW decrease as the water
content (w) increases which can be explained on the basis of increasing bulk water content in
the RM droplets with increasingoas has also been eeitced from the increase in the droplet
size (figure7.1a)26]. Let us now consider the effect of inclusion of Brij(s) of different HLBs.
It can be observed that except for the lowest HLBs{&iand-92), the water structure suffers
considerable deviation from that of the AOT based RM system. The content of FW increases
at the expense of a concomitant decrease in the BW content, while the content of TW is
comparatively low and increases from% 20 ~4% for HLB>10. This trend does not exactly
follow the trend observed in the size distribution profile inferring that apart from the size of the
droplets, the interaction of the surfactant head group with the embodied water molecules plays
pivotal roke in determining the physical properties of water. As Brij molecules are doped into
the AOT interface, the ionic interaction is replaced by a feeblerW&®@r interaction which
in turn decreases the content of BW molecules and it follows a near lineadéepy with the

PEO content as well as the HLB of the added surfactant molecules.

Fluorescence MeasurementSteady state and time resolved fluorescence are studied using
ANS as the fluorophore which is a w&lhown probe to extract information of micro
heterogeneous systems like RN¥B47]. It is important to note that ANS is a w&town probe

that can undergo twisted intramolecular charge transfer (TICT) upon photoex{#@tiand

hence its internal photophysics is not that straightforward. However, water inside RM is less
polar and highly viscous compared to bulk water which minimizes the rate ead@tive
electron transfer process and thus the TICT prockasyi does not significantly affect the
conclusions drawn from the fluorescence measurefd@ptsFurther support for such a
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conclusion has also been obtained from the TRANES data (see later). ANS prbdocesan
maximum () (subtracted data of  of dry (wo~0) RM from those of the hydrated RMs)

at 375 nm with a less intense shoulder at 350 nm in AOT/IPM RMoeal@vwhich is
considerably red shifted compared to that in pure wa&5s0 nm) (figure 7.4a, inset). Figure

7.4b depicts the emission profile of ANS in the studied RM systems=all®; ANS produces
emission maximum( ) at 515 nm in pure water and at 458 nm in dry AOT/IPM RM system
(wo ~ 0). The hydrated AOT/IPNRM system at w= 5 produces an emission peak at 470 nm
which suffers a further red shift of ~4 nm ag=d/5 (figure 7.4a, table 7.1), the observed shift

is in comparable agreement with AOT/heptane RM systems using the sanjdfrdibe The

red shift is due to the increased polarity of the waterpool since the relapuépon of bulk

water increases at highep s has also been evidenced from FTIR studies (figure 7.3b). ANS,
being an anionic probe, is expected to be contained in the core of the RM waterpool owing to
the electrostatic repulsion with the sulfonate aridvead groups of AOT/IPM interface. At a
fixed wo = 10, ANS produces an emission peak at 472 nm in AOT/IPM RM system, which
suffers a red shift as Brij is added in the mixture [table 7.1, figure 7.4b (inset)]. A similar red
shift has previously been reped by Liu et a[47] when AOT/heptane interface is doped with
Brijs. Decrease in the ionic charaacbéthe interface makes the ANS molecules to shift towards
the interface and interacts with the polar PEO head group of Brij, the interaction being
pronounced in hydrophilic Brijs and thus produces a larger red shift ¥ the (figure 7.4b,

insd). In order to probe the dynamics of the encapsulated water, we study the time resolved
emission spectroscopy. A representative emission decay transient of ANS at three different
wavelengths in AOT/IPM RM at 10 is shown in the inset of figure 7.4c. Tecay
transients of the probe in the blue end of the spectrum (410 nm) could be fitted with multiple
decay components with time constants of 90 ps (64%), 1050 ps (25%) and 5200 ps (11%),
whereas that in the red end (600 noould be fitted only by considag an added rise
component of 1200 ps along with a decay component of 5900 ps. Such an observation is
suggestive of the solvation of the prptf] and we construct the corresponding time resolved
emission spectra (a representative plot for AOT/IPM RM wihM is shown in figure 7.4c).

From the TRES, we construct the corresponding solvent correlation function, C(t) following
equation 2.11 in chamr 2. Some representative C(t) for the studied RM systems=it0n

are shown in figure 7.4e.
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Figure 7.3: (a) Normalised mission spectra 0ANS in AOT/IPM RM systems at differentgvThe inset shows
the subtractedbsorbance oANS in AOT/IPM RM systens at w = 10. (b) Normalised emission spectra of
differentRMs at w=10.The n s et sMaxassa fupction oHLB of the added Brij(c) Time resolved
emission spectra (TRES) of ANS in AOT/IPM RM a§=i0. The inset shows emission transients of AMS
AOT/IPM RM at w=10 at three different wavelengths. The solid linestleanulti-exponetial fits. (d) Area
normalized time resolved emission spectra (TRANES) of ANS in AOT/IPM RM=tQv (e) Solvent correlation
function, C(t) in different RMs at aded w, = 10. The solid lines are béxponential decay fitgf) The average
solvation time constant of ANS itne studied RM systems as a function of. Whe inset shows the average
solvation time at w10 as a function of HLB of the added Brij while twken line is that for AOT/IPM RM.
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Table 7.1. Maximum solubilization capacity (Whay and solvation dynamics parameters for ANS probe in AOT
and different mixed RM systems at different w

Wo 88Mnax (NM) U (a0) (G (a2) < U
(ns) (ns) (ns)
AOT (Wo,max~ 24)

5 470 0.17 (0.48) 1.59 (0.52) 0.90

10 472 0.19 (0.63) 1.16 (0.37) 0.55

15 474 0.20 (0.71) 1.33(0.29) 0.52
Xgjzo= 0.1 (Wo,max~ 29)

5 473 0.19 (0.48) 1.59 (0.52) 0.92

10 477 0.17 (0.57) 1.20 (0.43) 0.61

15 479 0.17 (0.68) 1.11 (0.37) 0.52
Xgjzs= 0.1 (Wo,max~ 23)

5 478 0.21 (0.47) 1.70 (0.53) 1.0

10 485 0.19 (0.53) 1.38 (0.47) 0.75

15 487 0.16 (0.58) 1.10 (0.42) 0.55
Xgjs2= 0.1 (Wo,max~ 29)

5 477 0.21 (0.59) 1.95 (0.41) 0.92

10 480 0.21 (0.69) 1.37 (0.31) 0.57

15 483 0.24(0.77) 1.24 (0.23) 0.47
Xgijsg = 0.1 (Wo,max ~ 23)

5 478 0.21 (0.49) 1.71 (0.51) 0.98

10 484 0.19 (0.54) 1.32 (0.46) 0.71

15 486 0.18 (0.58) 1.10 (0.42) 0.57
Xgjo2= 0.1 (Wo,max~ 30)

5 477 0.18 (0.48) 1.53 (0.52) 0.88

10 479 0.16 (0.53) 1.02 (0.47) 0.56

15 483 0.14 (0.58) 0.90 (0.42) 0.46
Xgjo7 = 0.1 (Wo,max~ 28)

5 478 0.18 (0.40) 1.58 (0.60) 0.98

10 481 0.18 (0.56) 1.26 (0.44) 0.66

15 486 0.16 (0.58) 1.05 (0.42) 0.53

All the C(t) curves are fitted with f@xponential decay model and the corresponding time

constants are summarized in talBlé. We calculate the average time constanty. » o

. In order to check whether the observed time resolved spsliital associated with

any internal photghysics of the probe itself we construct the tirasolved area normalized
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emission spectra (TRANERS)]; a representative plat shown in figuré.4d. No isecemissive

point appears in the TRANES profile indicating the absence of multiple species of the probe
and affirms the fact that the probe remains
time dependent spectral igkhcan be attributed solely to the inhomogeneity of the
microenvironment experienced by the probe. This study also excludes any possible TICT in
ANS which is frequently observed in bulk solvgdA8. It is important to note that because of

the limited instrument resolution of the present investigation (IRF = 80 ps) we fail to detect an
ultrafast component of fluorescence signal resulting ftoenrotational motion of bulk like

water at the waterpool which occurs in qabtime scal@]. It is, however, important to note

that the enzyme catalysis reaction takes place mostly at the RM inf2dfagberein the water
molecules are somewhat restricted and slow, and thus, while correlating the water dynamics
with the enzyme activity, one can safely ignore the contribution from the ultrafast fluorescence

signals. We determine the logsthe dynamic Stokes shift using the procedure developed by

Fee and Maroncelb1] where/?”,,,(0) can be calculated by the following equation:
hl:lj h;{]L v h|:|=+Tv hl-D- (7-1)
wheren’,, n™,., andn™,, are the absorption peak of ANS in polar solvent, absorption peak

in nonpolar solvent, and emission peak in nonpolar solvent, respectively. We use AOT/IPM
wo~0 asthe nonpolar solvent (as ANS is insoluble in IPM) with absorption and emission
maxima occurring at 370 and 458 nm, respectively. Water is used as the polar solvent in which
ANS produces an absorption peak at 350 nm and emission peak at 515 nm. We eab@%ate

loss in the dynamical Stokes shift fos w5 which then increases to 50% fo§ w10-15. At

wo=5, most of the water molecules solvate the interface and hence less bulk water is present
resulting in an overall slower dynamics. Ag increases, moré bul ké | i ke water
surround the probe resulting in a greater loss in the dynamical stoke shift. For the mixed
systems the loss is relatively small; for the hydrophobic Brijs the loss48%0while for the
hydrophilic Brijs the loss is further sath (1530%) at w=10. This indicates the relocation of

the probe in the vicinity of the interface in the high HLB Brij systems.

We plot ¢s> as a function of wfor all the systems in figuré.4f. It is evident that at a
fixed composition, solvation dynacs gets faster with increasing.We discuss the observed
trend in w=10 system in details as the enzyme kinetics measurements are carried out at this

fixed hydration. For a better comparison we plo$<as a function of HLB number of the
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added Brij inthe inset of plo#éf. For the hydrophobic Brijs, the solvation dynamics is more or
less comparable to that in AOT/IPM RM while for the hydrophilic Brijs it gets noticeably
retarded. It is important to note here that while discussing the solvation dynamassicted
systems one needs to consider several factors, like the size of the RM droplets (and hence the
abundance of FW) and the location of the probe inside the RM. The sizes of the RMs composed
of the relatively hydrophilic Brijs are bigger complaleto that of AOT RM (figur&.1a) and

so also the relative abundance of FW is higher (figuse Hence the size factor itself does not
suffice to explain the observed retarded dynamics of these RMs. The observed retardation in
dynamics with HLB is alsin lieu of the decreasing content of BW (figut&c). To explain

this apparent ambiguity one has also to consider the location of the probe in the waterpool and
the microenvironment it experiences including a possible solvation by the PEO chains.
Addition of Brij reduces the negative charge density at the RM interfhicd induces larger
population of ANS to relocate themselves in the vicinity of the interface (which also receives
support from the increased fluorescence signal recovery and consequently to report a retarded
dynamics). The observed overall dynamics is an optinozatetween these two opposing
factors. For the hydrophobic Brijs, the PEO chains are less in number to offer only marginal
effect in the charge screening eventually resulting in a subtle change in the dynamics. For the
hydrophilic Brijs, however, the chaggscreening is considerable to overwhelm the effect of
increasing droplet size and increasing FW contribution to make the dynamics eventually
retarded.

The FTIR study thus reveals an increase in the content of FW with increasing
hydrophilicity of the Brijadded. It could be inferred that it is the inclusion of Brij head group
in the AOT interface that causes the reduced abundance of BW. Such a conclusion is also
supported by the TRFS study using ANS as the fluorophore. With this background we

investigate he enzyme kinetics in the mixed RM systems.

Enzyme kinetics studyWe study the hydrolysis of AMC catalysegt CHT [scheme 7]la
well-known serine protease globular protein with a molar mass of 24.8 kDa and dimension of
4.03 4.03 5.1 nnt[28] that selectively cleaves the peptide bond of amino acids in pfE2&in

The dimension of the protein liargerthanthe RM watempool diameter at w10 and thus is

suitable to be solubilized in both AOT and the mixed RM systems.
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Substrate Products

Scheme7.1The splitting of t-¢hgmotsypsimst rate ( AMC) wit

Upon hydrolysis, the peptide sequence containing phenylalanine (Phe) is cleaved from AMC.
The product 7amina4-methylcoumarin shows an absorption peak at 370 nm (figGa¢. We
determine the inial reaction rate from the slope of the product absorption vs. time profile at
different substrate concentrations fixing the enzyme concentratioh6terg/ml. In a
representative kinetic profile the concentration of the product (measured from the atxsorban
at 370 nm) as a function of time foadirent systems (water and RMs) with>28 AMC and

16 >g/ml CHT are shown in figur@.5b. The measured initial reaction rates for all the systems
are plotted as a function of the substrate concentration in figegeThe temporal changes in

the product absorption in RM are found to be distinctly smaller compared to that in pure water.
However, the variations in the slopes for the differentf3stemsat ws=10are distinguishable

as observed from figure.5b,d. The observed rates also vary with the type of Brij added. It is
clearly evident that the rate of enzyme hydrolysis for-8sijcontaining system (HLB=16.9)

is distinctly small compared to that of the other mixed systems, and the difference increases
with the ncrease in the substrate concentratibhas been reported earlier that the velocity of
enzymatic reaction in RM is about two orders of magnitude slower than that buffiee
solutiof20]. Keeping in mind that the global structure of CHT is not expected to change in
any of the studied RM systems as the waterpool sizeR@erthan the protein itself, the
observed change in the kinetics is caused either by the modification of water nucleophilicity
inside the mixed RMs and/or the partitioning of the substrate population in the organic and
aqueous phases in the mixed RM. We olesénat when Brijs with smaller HLB (Bf§2 and

-92) are doped into the AOT interface the initial iat¥eases, whereas Brijs with higher HLB
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Figure 7.5. (a) Normalizd absorption spectra of the substrate and the produ®efbigsentative kineticdqts

for enzymatic hydrolysisreat i on of 25 ¢ M 6A MJYiniffere@RM systemsand in water(c)

Initial reaction raten the studied RM systems as a functiontbé substrate (AMC) concentratiofd) Rate of
reaction as a function of HLB mber of the added Brijs at three different substrate concentrations of 11, 25 and
38 M. The dotted lines are the rate obtained in AOT/IPM RM at the corresponding substrate concentration and
all the kinetics measurement in RM have been carried out atviixetD.

decreas¢he rate and the decrease is drastic in8sipontaining system. This makes the mixed
system a perfect biocompatible tool in which reactivity caregalated and even be enhanced.
The catalytic activity of CHT in RM systems is a wsallldied phenomen¢h9, 20, 5355],
however, less importance has been paidhenmixing of surfactant at the interf§2&] as a
possible regulator of the react[@4] and also an enhancement in the activity has not been
observed earlier. The peptide cleavage by CHT essentially occurs through a catalytic triad
composed of Serl195, His57 and Aspl102 in which water acts as a nucleophile toleteave t
acylenzyme intermediate compl&%6]. Several factors contribute to the rate of the reaction,
viz. change in the polayitof the entrapped water which eventually affects the apparerdtpK

the active site of the enzyd], or, interaction of the RM interface with the enzymes making

it less mobil§l8, 58] or reducedubstrate inhibitiofp9] etc. Since AMC is sparingly soluble

in hydrocarbons but soluble in the RM the catalysis reaction essentially takes place at the
interfacg20]. Earlier studies have confirmed that encapsulation of CHT in RM waterpool does
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