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Abstract:
This thesis is focused on the study of dynamics, hydrogen bonded structure and activity of
water molecules present in restricted environments (e.g. reverse micelle, micelle, biopolymer
interface and hydrophobic environment). The dynamics of water molecules present in those
systems are measured in the time scale ranging from nanosecond to sub-picosecond using
two complementary techniques, viz. time resolved fluorescence spectroscopy (TRFS) and
terahertz time domain spectroscopy (TTDS). The steady state hydrogen bonding states of
water are obtained from Fourier transform infrared spectroscopy (FTIR). We have
investigated the properties of water inside reverse micelles by varying the size of the
confinement, interfacial morphology and charge type of the interfaces. The results indicate
that confinement does strongly modify the dynamics and hydrogen bonding status of water
inside the reverse micelles depending upon the length-scale of confinement. Interfacial
morphology has almost negligible effect, however, a regular trend is observed with the
charge type of interface on the properties of encapsulated water in the reverse micelle. We
have carried out dynamics and activity studies of water in presence of a biopolymer
(hydoxypropyl cellulose) which shows noticeable change in the dynamics and activity as the
water-polymer solution undergoes composition-induced phase transitions. FTIR and THz
dielectric relaxation studies on water present in the binary mixture of a nonpolar solvent 1, 2
di-methoxy ethane (DME) with water reveal that the hydration behavior of this mixture is
non-monotonous in nature and it varies with the composition of the mixture. We observe
hydrophobicity and nature of the interface to play distinct role on the structure and dynamics
of water. In order to understand the effect of restriction on water activity we study the
enzymatic kinetics of a model enzyme -chymotrypsin (CHT) on two different substrates in
presence of cationic micelles of varying hydrophobic chain lengths. Our study confirms the
presence of highly structured water molecules at the micellar interface, the extent of which
being surfactant dependent, and it plays a key role in determining the super- or sub-activity of
the micelles concerned.
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Chapter 1: Introduction
Water plays crucial role in many physical and biological processes. Sometimes it is called as
the lubricant of life because most of the biomolecules e.g. protein, DNA, RNA etc. become
biologically inactive in absence of water.1-4 While water molecules present in biological
interfaces are structurally altered, they in turn dictate the native structure of many
biomolecules. In many processes, water does not exist in its bulk form, rather it experiences
confined environments on a nanometer (nm) length scale, and such type of water is termed as
nanoscopic/restricted water, and are often encountered in biology and chemistry, specially for
systems involving an interface. Water present at restricted environments offers distinct
differences in physical and chemical properties relative to its bulk counterpart.5-13
Intermolecular hydrogen bonding helps water to exist as big polymer-like network rather than
as an isolated individual, the network being dynamic in nature owing to constant hydrogen
bond breaking and making occurring in ps and sub-ps time scale. Orientational relaxation of
water molecules needs rearrangement of hydrogen bonds. The dynamics changes when water
interacts with an interface, an ion or a large molecule.9, 14-18 Water molecules in the vicinity
of a surface is highly structured and retarded in their dynamics, for example, the solvent
relaxation dynamics of bulk-water shows a time scale of a few ps1, 3, 13, 19-22 whereas water
present in AOT reverse micelle (RM) shows considerably slow time component of ~1001000 ps.23-29 In spite of numerous studies carried out in this direction, there still remains
several unaddressed questions relating to the water present in such systems. Some of them
are: how does an interface influence the dynamics of water? Whether interfacial morphology
plays any role in water structure and dynamics? Does the chemical nature/charge of the
interface (cationic, anionic, and neutral) have any influence on the physical/chemical
properties of water? How an interface modifies the activity of water molecules towards
catalysis reactions? Effect of hydrophobic or less polar interface on the intermolecular
hydrogen bond structure and dynamics of water. To throw light on these issues, it is
necessary to carry out measurements those have comparable time resolution, with exact
choice of the probe (that can provide with information of the interface), proper choice of the
systems having the appropriate sizes and geometries.
Several experimental techniques are available to study the dynamics of bulk water and
confined water.5, 7, 13, 14, 18, 30-32 Nuclear Magnetic Resonance (NMR) is a popular method to
1

study the dynamics of water in many heterogeneous environments.33-35 NMR experiments in
particular measure spin-lattice (T1) and spin-spin (T2) relaxation among the many magnetic
relaxation modes.36 Transverse or spin-spin relaxation indicates only the internal rotation,37
whereas, spin-lattice relaxation is attributed to the rate at which nuclear spin system comes to
equilibrium with other degrees of freedom in the system e.g.

17

O spin-lattice relaxation

extracts direct information on the rotational motion of water.34 The dynamics of confined
water in reverse micelles was investigated by measuring the 1H and

17

O spin-relaxation of

water using NMR;38, 39 this work revealed that the rotational motion of water slows down as a
result of confinement. Inelastic neutron scattering experiments have been widely used in
order to measure the microscopic structure and dynamics of both solids and liquids.40 In a
quasielastic neutron scattering (QENS) experiment the measured quantity is the self-dynamic
factor Ss(Q,ω) which gives the information of self-diffusion coefficient of water molecules.
QENS experiments can report a time resolution of ns to few ps40,

41

and has efficiently

demonstrated the presence of super cooled type water near a globular protein interface.42 Mid
infrared pump-probe spectroscopy can measure the dynamics of the OH-stretch vibration of
water directly.43-45 Vibrational pump-probe spectroscopy exploits the fact that vibrationally
excited molecules have a somewhat different absorption spectrum than molecules in the
vibrational ground state. An intense laser pulse is used to remove a fraction of molecules
from the ground state to a vibrational excited state.9, 16, 43, 46 One of the major advantages of
this technique is the time resolution which enables to extract information in the resolution of
~100 fs, also it can efficiently distinguish the water present at soft-matter interface and the
water molecules far away from it.10
Retarded dynamics of water in restricted environment is observed in a variety of
systems such as in biological membranes, polymer gels, clays, and organized assemblies.1, 14
Self-organized assemblies are the molecular aggregates those are held together by weak
forces. This is a noticeable fact that the dynamics of water molecules in many organized
assemblies show the features closely similar to the dynamics of water in biological systems,
and in advantage these bio-mimicking systems are less complex than the real biological
systems. For the past few decades RM have been recognized as an ideal platform to study the
properties of confined/restricted water.4, 7, 8, 18, 27, 47, 48 Inside an RM water molecules stay in a
pocket/pool inside an organic solvent where water and organic solvent are separated by
surfactant molecules. The diameter of the water pool can be experimentally varied from 0.3
to 20 nm by adjusting the water/surfactant ratio (w0).8,

49

It has been inferred that the
2

hydrogen bonded water structure gets perturbed upon confinement resulting in the abundance
of a noticeable fraction of water molecules with distorted hydrogen bonding relative to its
bulk counter-part.23, 50 Water present inside RM can be decomposed into layers and one of the
most commonly used models to describe water inside RM is the Core-Shell model.8, 43, 51, 52 In
this model the water molecules inside RM are divided into two types; firstly the water
molecule present in the core of the RM, which is supposed to behave like bulk water and
secondly the shell water, which are bound to the head groups.51 MD simulation result shows
that the core and shell water are not static in nature and there exist a slow inter conversion
between them.53 In order to analyse the static and dynamic properties of water present inside
RM the ‗core water‘ is modelled as the bulk water whereas the water present at w0=2, where
all the water molecules are essentially interacting with the surfactant head groups is modelled
as ‗shell water‘. The vibrational relaxation time of shell water (~5.2 ps) is significantly
slower compared to that of core water (1.7 ps)8 and it is interesting that the shell water shows
a strong dependency on the nature of the polar interface of RM.
The interaction between hydrophobes and water is of essential chemical interest, and
is highly relevant for biochemistry and biology.1,

2, 13, 54-63

Hydrophobic molecules tend to

aggregate in aqueous solution in order to make minimum contact with water molecules as
also observed during the folding of a protein. The process ‗hydrophobic hydration‘ is the
phenomenon which relates how a nonpolar molecule is solvated by water molecules.
Dissolution of hydrophobic solute into water results in enormous change in the heat capacity
of the solution. Frank and Evans64 had explained this observation by means of the change in
entropy associated with the transfer of water from the hydration shell to the bulk as a result of
the hydrophobic effect. According to this model water molecules around hydrophobic
molecules form rigid and ice-like structure and this model is known as the Iceberg Model.
Since the Iceberg Model is based on the thermodynamic parameters, the molecular picture it
assumes is quite indirect. On the contrary Sharp et al.65 observed that hydrophobic solutes
tend to favourably relocate water molecules that over-coordinate a second water molecule,
providing a justification for why hydrophobic solutes lower the amount of network defects.65,
66

However, such hydrophobic hydration largely depends on the size of the hydrophobic

molecule.67 For small hydrophobic molecules (diameter <1 nm) water molecules can easily
arrange a cavity to adopt a hydrogen bonded network around the hydrophobic molecules. On
the other hand in larger hydrophobes (diameter >1 nm) water molecule are unable to maintain
hydrogen bonded network with the extended surface of the solute.54,

67, 68

Vibrational sum

frequency generation (VSFG) study shows a higher SFG intensity of water at hydrophobic
3

interfaces compared to water at air/water interfaces. Such increase in the SFG intensity
indicates the formation of enhanced ordered hydrogen bonded water near the hydrophobic
interfaces.69, 70 On the contrary neutron diffraction studies have shown that the structure of
water present at concentrated short chain alcohol solution does not differ much compared to
that of pure water indicating the formation of water clusters.71,

72

Formation of ordered

hydrogen bonded water network indeed slows down the orientational relaxation process
which has been supported by many experimental results.54 However, a recent MD simulation
study by Lagge et al. have ruled out the possibility of Iceberg formation as a reason of
slowdown of the water orientational dynamics near hydrophobic surface.66 The authors
evidenced that no water molecules are immobilized by hydrophobic solutes and their
moderate rotational slowdown compared to that in bulk water is mainly due to a slower
hydrogen-bond exchange dynamics. The slowdown is quantitatively described by a solute
excluded volume effect at the transition state for the key to the hydrogen-bond exchange in
the reorientation mechanism.73, 74
Water molecule present in confinement or restricted environment shows unusual
behaviour in their activity also.75-83 The activity of reactants highly depends on the polarity of
the medium and the dynamics of reactants. For example water present at poly-ethyleneglycol
or hydrophobic solutes (e.g. 1, 4-di-oxane, methyl t-butyl ether etc.) mixture shows retarded
rate of benzoyl chloride hydrolysis.46, 84, 85 Hydrolysis reaction of benzoyl halide encapsulated
inside RM can be tuned by changing the level of hydration of RM.86, 87 Micellar enzymology
is one of the popular methods to study activity of water in restricted medium. This field has
attracted the attention of many researcher for its application in industrial biocatalytic process.
Water molecules at micellar interface are slower in dynamics compared to bulk

88-90

and

water bound micellar interface shows unusual rate of enzyme hydrolysis reaction.91, 92 Rate of
enzyme hydrolysis shows a bell shaped curve as a function of w0 of RM i.e. it shows
maximum activity at a certain w0; such observation has been explained by specific hydrogen
bonding states of water.93 It has also been reported that interaction of cationic micellar
interface with enzyme enhances the rate of hydrolysis reaction by many folds.94-97 Such
enhancement in activity has been termed as ‗superactivity‘. It has been inferred that cationic
interface enhances the hydrogen bond donor capacity of water through hydrogen bonding
which in turn leads to the formation of superactive water.92, 98
Fourier transform infrared (FTIR) spectroscopy is a very sensitive technique to study
the hydrogen bonding in water.14,

44, 99-102

Water produces characteristic symmetric and

asymmetric O-H stretching bands in the frequency range of 3000-3700 cm-1. Further bands of
4

water are found in the MIR region around 2100 cm-1 (coupled bending and librational
motions), 1650 cm-1 (bending).103 Such a broad stretching spectrum in the mid infrared (MIR)
region arises due to the presence of different types of hydrogen bonding states of water and
deconvolution of such spectrum provides with a quantitative picture. MIR spectrum of water
in different confined environments shows the presence of at least three distinct types of
hydrogen bonding environments, namely, isolated water (IW, water molecule which are not
hydrogen bonded to any neighbouring molecule), distorted structured water (DW, unable to
develop fully hydrogen bonded structure) and hydrogen-bonded water molecules (HW,
tetrahedrally hydrogen bonded water).26,
103, 105

85, 100, 103, 104

Deconvolution of MIR stretching

spectra

extracts quantitative picture of hydrogen bonding states of water in

confinement.39,

100, 105, 106

In the far infrared region (FIR, 60-700 cm-1) water shows many

acoustic (at 30-200 cm-1)107 and optical bands (280-700 cm-1)108 which are due to the
hydrogen bond vibration, e.g. (i) transverse acoustic (TA, 60-75 cm-1) mode arises due to
hydrogen bond bending, (ii) longitudinal acoustic (164-181 cm-1) mode arises due to
hydrogen bond stretching. The optical mode arises due to the librational motion of water: (i)
~300 cm-1 first librational band, (ii) ~450 cm-1 assigned as libration around the C2 (two-fold
symmetry axis) of water, (iii) ~550 cm-1 for in-plane rocking libration and (iv) ~700 cm-1 outof-plane libration. FIR spectrum of liquid water generally shows only two distinct broad
bands which are hydrogen bond stretching band (~200 cm-1) and the libration band (~650 cm1 109, 110

).

The reason for this spectral broadening may be due to the formation of undefined

different local structures through hydrogen bond breaking and making in water.85, 107, 109, 111
The hydrogen bond stretching peak in the FIR region is highly sensitive towards small
fluctuations in hydrogen bond strength. The librational band of water under confinement
strongly differs from the pure water spectrum.112 Quan et al. have shown that librational
dynamics of small water clusters trapped inside a porous material is highly dependent on the
pore size of the material.111 Librational peak position of water inside RM gets blue shifted
with increasing hydration providing with direct evidence of establishment of strong hydrogen
bonding at higher hydration level.110 Combining MIR and FIR spectra a comprehensive
picture of hydrogen bond strength and structure of water could be generated in the
investigated systems.
Fluorescence spectroscopy is a versatile technique to understand the polarity and
microenvironment around a probe molecule.48,

113,

114

Time resolved fluorescence

spectroscopy (TRFS) has been used for years to investigate hydration dynamics in
biomolecules, supramolecular assemblies like protein,2,

115, 116

DNA,117-119 micelle,120-124
5

reverse micelle,28, 86, 105, 124-126 cyclodextrin127, 128 etc. Solvation dynamics study by TRFS of
bulk water yields two time scales: ~126 fs and ~880 fs.22 However, solvation relaxation is
orders of magnitude slower for water at the vicinity of interface. It is interesting to note that
there coexist two types of water in these restricted 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 several ns.28, 84, 120, 121, 125, 129-131 The origin of this bimodal distribution of
water can be understand in terms of the ‗bound‘ water molecules bound to the polar interface
offering a dynamics significantly slower than that of pure water and ‗free-type‘ water
molecules those are not hydrogen bonded with the interface but stay in the hydration layer.132,
133

Since the hydration layer is actively dynamic in nature 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 relaxation. In most of these systems, an Arrhenius
type barrier crossing model describes the temperature induced inter-conversion between these
two types of water molecules.1, 2, 89, 125, 134
TRFS sensitivity is mostly limited to the first two solvation shells and thus is unable
to provide information on the extended solvation shell. THz spectroscopy (1 THz=1012 Hz
=1ps-1) has emerged as an efficient tool to provide information about the next 3-4 solvation
layers which are mainly concerned with the libration and collective hydrogen bond stretching
vibration bands.107, 135-137 THz absorption coefficient [α()] of hydrated water is found to be
higher by ~10 cm-1 compared to that of pure water (~150 cm-1 at 1 THz).136, 138, 139 For a bulk
liquid the collective vibration involving multiple molecules contributes a significant amount
in the total dipole correlation function, however, these modes strongly depend on the size of
confinement. Mittleman et al. have studied water present inside AOT RM140-142 and they
observed the vibrational density of states of water molecules to be highly dependent on the
radius of the water pool and the integrated absorption strength in larger micelles is actually
smaller than that of the bulk liquid. This suggests that the THz collective modes of bulk
liquid are absent in confined liquids. Dielectric relaxation of water in this region (0.2-3.0
THz) produces three different time constants ~8 ps142-145 (arises due to the cooperative
rearrangement of the hydrogen-bonded network) ~200 fs (rotational modes of the individual
polar water molecules) and ~90 fs (owing to the hydrogen-bond bending).146 This ~8 ps time
scale is sensitive towards the extent of hydrogen bonded network. THz dielectric relaxation
studies indicate a distinct change in hydrogen bonded network when water is introduced to an
interface.142,

143, 147

Dielectric relaxation study of water molecules around amino acids of

6

varying hydrophobicity showed a more ordered water structure near hydrophobic groups than
those around hydrophilic ones,148 however, the degree of the ordering is not as extreme as the
iceberg model of Frank and Evans.64
Investigations have been carried out on the structure, dynamics and activity of water
present in biopolymer (e.g. hydroxylpropyl cellulose) and different bio-mimicking surfaces
(e.g. RMs, micelle) with varying size, charge and geometry of the interface. Hydroxypropyl
cellulose (HPC) is a water soluble polymer which shows a structural transition from isotropic
to cholesteric liquid crystal when the composition of HPC-water mixture is varied, the
consequent changes in the water dynamics and activity during this process seems intriguing.
Our investigation shows that there occurs a sharp change in the dynamics of water at the
region of phase transition indicating that water dynamics can act as a marker for different
physical processes.149 Our studies with RM systems carry two-fold motivations, firstly, what
is the effect of different interfacial geometry (e.g. DDAB/Cy/water RM shows cylindrical to
spherical shape transition at w0= [water]/[Surfactant]>8) on the structure and dynamics of
water.150 Secondly, influence of different charge type (cationic, anionic and neutral) of the
interface on the properties of entrapped water inside RM.151 Our study shows that differently
shaped geometrical interface like cylindrical and spherical have negligible effect on the
structure and dynamics of water inside RM, whereas, charge type of the interface shows
distinct influence. Ionic interfaces offer more perturbing influence on the hydrogen-bonded
structure and dynamics of water inside RM over non-ionic interfaces. Our study reveals that
the presence of cationic micellar interface produces an enhanced activity of -chymotrypsin
compared to that in buffer whereas anionic and non-ionic micellar interfaces offer a lower
activity. We have also observed that water soluble small organic molecule (e.g. dimethoxyethane) have strong influence over the hydrogen bonded network of water depending
on the composition of the mixture. FTIR studies show that water present in such systems
evolves from small clusters to hydrogen bonded network while, THz dielectric relaxation
dynamics shows a non-linear behaviour in their dynamics over the entire composition range.
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Chapter 2: Experimental Techniques and
Systems
In order to explore the structure, dynamics and activity of water in restricted environments
different steady-state and dynamical tools have been employed. These include solvation
dynamics, fluorescence anisotropy, Fourier transform vibration stretching, THz dielectric
relaxation, hydrolysis, enzyme kinetics and determination of activation energy using
Arrhenius theory. In this chapter, we have included a brief discussion about the above
mentioned dynamical tools. Overviews of the various systems and the fluorescent probes
used in the studies have also been provided.

2.1. Steady State and Dynamical Tool
2.1.1. Solvation Dynamics
2.1.1.a. 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 time t = 0 by an ultra-short 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 electric field shifts the free energy minimum of the solvent
to a non-zero value of the polarization. Since the electronic excitation is much faster than the
nuclear motion of atoms in molecules (according to the Frank-Condon principle), the
instantaneously excited 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 2.1).
The nuclear motion involved in the rearrangement or relaxation process can be broadly
classified into rotational and translational motions.1, 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: libration and
intermolecular 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 2.1. In
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Figure 2.2.a. we show a typical solvation time correlation function. For clarity, we
approximate the motions responsible for the decay in different regions.
S1
E(0)
E(t)

Time

Fluorescence
Intensity

S0

hν

Energy

E(∞)

Wavenumber (cm-1)

Solvation Coordinate
Figure 2.1: Schematic representation of the potential energy surfaces involved in solvation relaxation process
showing the water orientational motions along the solvation 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.

The solvation energy Esolv(t), involved in of polar solvation dynamics can be
expressed as:3, 4

Esolv (t )  

1
dr E0 (r )  P(r , t )
2

(2.1)

where, E0(r) P(r,t) are the instantaneously created, position-dependent electric field from the
probe and is the position and time-dependent polarization. P(r,t) can be expressed as:

P  r , t    d  ()  (r , , t )

(2.2)

where () is the dipole moment vector of a molecule at position r, and  (r,,t) is the
position (r), orientation () and time (t) dependent density. Consequently, the time dependent
solvation energy is obtained by the time dependent polarization which is in turn determined
by the time dependence of the density. When the perturbation generated probe on dynamics
of bulk water is negligible, then the time dependence of polarization is dictated by the natural
dynamics of the liquid. The detailed theoretical development of solvation dynamics can be
found in the literature.5
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Figure 2.2: (a) A typical solvation time correlation function for water in restricted environment. (b) Green’s
function G(X,t│X0) for population relaxation along the solvation coordinate (X) is plotted against time in
picosecond. In G, X0 is the initial position at t = 0. This Figure shows the position and time dependence of the
population fluorescence intensity. At early times (when the population is at X 1) there is ultrafast rise followed by
an ultrafast decay. At intermediate times (when the population is at X 2) there is a rise followed by a slow decay
as shown by the green line. At long times when the population is nearly relaxed (position X 3, red line) only a
rise is observed.

The calculated solvation correlation function is always bi-exponential in nature.
Within linear response theory, the solvation correlation function is related to the solvation
energy as,
C(t) 

E (t )  E ()
E (0)  E ()

(2.3)

where, E  0  , E  t  and E    are energy along the solvation coordinate of the probe at
time t=0, t and ∞ respectively.
Figure 2.1 demonstrates 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 the transient
behaviour 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 depicted in Figure 2.2. These
wavelength-dependent features can be explained by a global model of relaxation in which a
Gaussian wave packet relaxes on a harmonic surface. The relaxation process is nonexponential and using Green‘s function one can explain the approaches of the wave packet
along the solvation coordinate, X, to its equilibrium value. For the general non-Markovian
case it is given by 6,
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G( X , t X 0 ) 

where X 2

 [ X  X C (t )]2 
0

exp  
2
2
2
X
[1
 C 2 (t )] 

[1  C (t )]

1
2 X 2

(2.4)

is the equilibrium mean square fluctuation of the polarization coordinate in the

excited state surface, C(t) is the solvation correlation function described in equation (2.3) and
X0 is the initial value of the packet on the solvation coordinate. Equation (2.4) describes the
motion of the wave packet (polarization density) beginning at t = 0 (X0) as a delta function
and according to the solvation correlation function as t∞, C(t)0 and one recovers the
standard Gaussian distribution. Initially, at t→0, the exponential is large, so the decay is
ultrafast, but at long times, the relaxation slows down, ultimately to appear as a rise. In Figure
2.2b, we present the G(X, t│X0) which decays at X1 and X2, with different time constants,
and a rise at X3 followed by a decay.
2.1.1.b. 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 fitting procedure
to a function,
t


 X (t )   E (t ') R(t  t ')dt ' 
0



(2.5)

including of convolution of the instrument response function (IRF) (E(t)) with a sum of
exponentials,
N


R
(
t
)

A

Bi exp  -t  i  


i 1



(2.6)

where, Bi is the pre-exponential factors, i is the characteristic lifetime of ith process and a
background (A). Relative concentration in a multi-exponential decay is finally expressed as:

n 

Bn
N

B
i 1

.

(2.7)

i

The relative contribution of a particular decay component (fn) in the total fluorescence is
defined as,
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fn 

 n Bn
N

 B

100.

(2.8)

i i

i 1

The quality of the curve fitting is controlled by reduced chi-square (0.9-1.1) and residual
data. The motivation of the fitting is to resolve the decays in an analytical form appropriate
for advanced data analysis.
In order to construct time resolved emission spectra (TRES) we follow the technique
described in references.7, 8 As described above, the emission intensity decays are analyzed in
terms of the multi-exponential model,
N

I   , t    i    exp  t  i    

(2.9)

i 1

where i() are the pre-exponential factors, with i() = 1.0. In this analysis we compute a
new set of intensity decays, which are normalized so that the time-integrated intensity at each
wavelength is equal to the steady-state intensity at that wavelength. Considering F() to be
the steady-state emission spectrum, we calculate a set of H() values using,
H ( ) 

F ( )

(2.10)



 I ( , t )dt

0

which for multi-exponential analysis becomes,
H( ) 

F( )
  i ( ) i ( )

(2.11)

i

Then, the appropriately normalized intensity decay functions are given by,
N



I '( , t )  H ( ) I ( , t )   ' ( ) exp -t /    
i 1

i

i



(2.12)

where i() = H()i(). The values of I(,t) are used to calculate the intensity at any
wavelength and time, and thus the TRES. The values of the emission maxima and spectral
width are determined by nonlinear least-square fitting of the spectral shape of the TRES. The
spectral shape is assumed to follow a lognormal line shape,
 
2 

 ln(α  1)   
I (ν)  I exp  ln 2 
 
0
b


 


 

(2.13)
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with α 

2b(ν  νmax )
 1 where I0 is amplitude, max is the wavenumber of the emission
Δ

 sinh(b) 
maximum and spectral width is given by,    
. The terms b and Δ are asymmetry
 b 
and width parameters, respectively and equation (2.13) reduces to a Gaussian function for b =
0. The time-dependent fluorescence Stokes shifts, as estimated from TRES are used to
construct the normalized spectral shift correlation function or the solvent correlation function
C(t) and is defined as,
C (t ) 

 (t ) - ()
 (0) - ()

(2.14)

where, ν(0) , ν(t ) and ν() are the emission maxima (in cm-1) of the TRES at time zero, t
and infinity, respectively. The ν() value is considered to be the emission frequency beyond
which insignificant or no spectral shift is observed. The C(t) function represents the temporal
response of the solvent relaxation process, as occurs around the probe following its
photoexcitation and 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 time-resolved area normalized emission
spectroscopy (TRANES), which is a well-established technique 9, 10 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 spectrum at t = 0. A useful
feature of this method is that presence of an iso-emissive 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. Fluorescence Anisotropy. Anisotropy is defined as the extent of polarization of the
emission from a fluorophore. These measurements are based on the principle of photoselective excitation of those fluorophore molecules whose absorption transition dipoles are
parallel to the electric vector of the polarized excitation light. In an isotropic solution,
fluorophores 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 determines the maximum
measured anisotropy (r0). The fluorescence anisotropy (r) and polarization (P) are defined by,
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r

I II  I 
I II  2 I 

(2.15)

I II  I 
I II  I 

(2.16)

P
where

and

are the fluorescence intensities of vertically and horizontally polarized

emission when the fluorophore is excited with vertically polarized light. Polarization and
anisotropy are interrelated as,

r

2P
3 P

(2.17)

P

3r
2r

(2.18)

Although polarization and anisotropy provides the same information, anisotropy is preferred
since the latter is normalized by the total fluorescence intensity ( IT  I  2I  ) and in case
of multiple emissive species anisotropy is additive while polarization is not. Several
phenomena, 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 anisotropy, r(t) of a sphere is given by,
r  t   r0 exp  t  rot 

(2.19)

where r0 is the anisotropy at time t = 0 and τrot is the rotational correlation time of the sphere.
2.1.2.a. Theory: For a radiating dipole the intensity of light emitted is proportional to the
square of the projection of the electric field of the radiating dipole onto the transmission axis
of the polarizer. The intensity of parallel and perpendicular projections are given by,
I II  ,   cos2 

(2.20)

I   ,   sin 2  sin 2 

(2.21)

where  and  are the orientational angles of a single fluorophore relative to the z and y-axis,
respectively (Figure 2.4a). In solution, fluorophores exist in random distribution and
anisotropy is calculated by the excitation photoselection. Upon photoexcitation by polarized
light, the molecules having absorption transition moments aligned parallel to the electric
vector of the polarized light have the highest probability of absorption. For the excitation
polarization along the z-axis, all molecules having an angle  with respect to the y-axis will
be excited and the population will be symmetrically distributed about the z-axis. For
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experimentally accessible molecules, the value of  will be in the range from 0 to 2 with
equal probability. Thus, the  dependency can be eliminated.
2

 sin  d
2

sin 2  

0



2

 d

1
2

(2.22)

0

and I II    cos2 

(2.23)

1
I     sin 2 
2

(2.24)

Consider a collection of molecules oriented relative to the z-axis with probability f(). Then,
measured fluorescence intensities for this collection after photoexcitation are,
π 2

 f θ  cos

I II 

θdθ  k cos2 θ

2

(2.25)

0

1
Ι 
2

π 2

 f  θ  sin

2

θdθ 

0

k
sin 2 θ
2

(2.26)

where f()d is the probability that a fluorophore is oriented between  and +d and is
given by,
f   d  cos2  sin  d

(2.27)

k is the instrumental constant. Thus, the anisotropy (r) is defined as,

r

3 cos 2   1
(2.28)

2

For,  = 54.70, cos2 = 1/3, the complete loss of anisotropy occurs. Thus, the fluorescence
taken at  = 54.70 with respect to the excitation polarization is expected to be free from the
effect of anisotropy and is known as the magic angle emission. For collinear absorption and
emission dipoles, the value of <cos2> is given by the following equation,
 2

cos  
2

 cos
0

 2

2

 f   d
(2.29)

 f   d
0
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Substituting equation (2.27) in equation (2.29) one can get the value of <cos2> = 3/5 and
anisotropy value to be 0.4 (from equation (2.28)). This is the maximum value of anisotropy
obtained when the absorption and emission dipoles are collinear and when no other
depolarization process takes place. However, for most of the fluorophores, the value of
anisotropy is less than 0.4 and it is dependent on the excitation wavelength. It is demonstrated
that as the displacement of the absorption and emission dipole occurs by an angle γ relative to
each other, it causes further loss of anisotropy (reduction by a factor of 2/5) from the value
obtained from equation (2.28). Thus, the value of fundamental anisotropy, r0 is given by,
2  3cos 2   1 
r0  

5
2


(2.30)

For any fluorophore randomly distributed in solution, with one-photon excitation, the value
of r0 varies from -0.20 to 0.40 for  values varying from 900 to 00.
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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.

2.1.2.b. Experimental methods: For time resolved anisotropy (r(t)) measurements (Figure
2.3b), emission polarization is adjusted to be parallel and perpendicular to that of the
excitation polarization. Spencer and Weber have derived the relevant equations for the time
dependence of I II  t  (equation (2.31)) and I   t  (equation (2.32)) for single rotational and
fluorescence relaxation times, τrot and f, respectively,

I II  t   exp  t  f  1  2r0 exp   t  rot  

(2.31)

I   t   exp  t  f  1  r0 exp   t  rot  

(2.32)
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The total fluorescence is given by,

F  t   I II  t   2I   t   3exp  t  f   F0 exp  t  f 

(2.33)

The time dependent anisotropy, r(t) is given by,
r t  

I II  t   I   t 
 r0 exp  t  rot 
I II  t   2 I   t 

(2.34)

F(t) depends upon f while r(t) depends upon τrot, thus these two lifetimes can be separated.
This separation is not possible in steady-state measurements. It should be noted that the
degree of polarization (P) is not independent of f and is therefore not a useful quantity as r.
For reliable measurement of r(t), three limiting cases can be considered.
(a) If f < τrot, the fluorescence decays before the anisotropy decays, and hence only r0 can
be measured.
(b) If τrot < f, in contrast to steady-state measurements, τrot can be measured in principle.
The equations (2.31) and (2.32) show that the decay of the parallel and perpendicular
components depends only upon τrot. The only experimental drawback of this case is
that those photons are emitted after few times period of the τrot, cannot contribute to
the determination of τrot.
(c) If τrot  f, then it becomes the ideal situation since almost all photons are counted
within the time (equal to several rotational relaxation times) in which r(t) shows
measurable changes.
For systems with multiple rotational correlation times, r(t) is given by,

r (t )  r0  i e

t

i

(2.35)

i

where ∑

. It should be noted that the instrument 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 intensities of 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 termed as Gfactor (grating factor) and is defined as the ratio of the transmission efficiency for vertically
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polarized light to that for horizontally polarized light ( G  I II

 I  ).

Hence, values of

fluorescence anisotropy, r(t) corrected for instrumental response, would be given by, 11
r t  

I II  t   GI   t 
I II  t   2GI   t 

(2.36)

The G-factor at a given wavelength 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 beam. G-factor
can also be determined following long time tail matching technique. If τrot < f, it is expected
that the curves for I II  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 non-unitary G-factor. Hence normalizing
the two decay curves on the tail of the decay eliminates the G-factor in the anisotropy
measurement.
Since the origin of the slower solvation time constants is diffusive in nature we
analyze the anisotropy data with a wobbling-in-cone model.12-15 According to this model, the
rotational anisotropy decay function is defined as,
( )

(

)

]

(2.37)

where =S2, and S is the generalized order parameter that describes the degree of restriction
on the wobbling-in-cone orientational motion. Its magnitude is considered as 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 angle W is related to the
ordered parameter as,
S

1
cos W (1  cos W )
2

(2.38)

The diffusion coefficient for wobbling motion DW can be obtained from the following
relation,

1
x 2 (1  x) 2
1 x 1 x 1 x
DW 
[
{ln(
)
}
(6  8 x  x 2  12 x 3  7 x 4 )]
2
(1  S ) W 2(1  x)
2
2
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where x = cosw and τw is defined as,

(2.39)

.
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2.1.3. Arrhenius theory of activation energy: The dynamics of solvation at a
macromolecular interface can be used to extract information on the energetics of the
participating water molecules. Water present at the surface of biomolecules or biomimicking
systems can broadly be distinguished as bound type (water hydrogen bonded to the interface)
and bulk type water. In the water layer around the surface, the interaction with water involves
hydrogen bonding to the polar and charged groups of the interface. When strongly bonded to
the biomacromolecules or biomimicking surfaces, the water molecules cannot contribute to
solvation dynamics because they can neither rotate nor translate. However, hydrogen bonding
is transient and there exists a dynamic equilibrium between the free and the bound water
molecules. The potential of interaction can be represented by a double-well structure to
symbolize the processes of bond breaking and bond forming. In general, the bonded water
molecules become free by translational and rotational motions. The equilibrium between
bound and free water can be written as,
(Water)free state



(Water)bound state

(2.40)

Using the dynamic exchange model, an expression for this equilibrium can be derived. In a
coupled diffusion-rotation the rate constant k± can be written as,



k   0.5[B  B2  4D R k bf



1/ 2

]

(2.41)

where B = 2DR + kbf + kfb and DR is the rotational diffusion constant, kbf is the rate constant of
the bound to free transition and kfb is that of the reverse process. Typically, the rate constant
of free to bound reaction, is larger than that for the reverse process. It can be shown that,
when the rates of interconversion between ―bound‖ and ―free‖ water molecules are smaller as
compared to 2DR, then,

solw  k bf1

(2.42)

and from the activated complex theory one can have,



k bf  k BT / h  exp  G 0 / RT



(2.43)

If the transition process (2.40) follows a typical Arrhenius type of energy barrier crossing
model, one can write,
1
slow
 k bf  A exp  E act / RT 

(2.44)
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where Eact is the activation energy for the transition process and A is the pre-exponential
factor. A plot of ln(1/slow) against 1/T produces a straight line and from the slope of the line
Eact can be calculated. The temperature dependence of the solvation follows the Arrhenius
equation and yields the activation energy needed for the conversion of bound and free forms.
2.1.4. Dielectric Relaxation:
Dielectric Polarization: Materials containing permanent or induced dipole moment are
called ideal dielectrics. When dielectric materials are placed under external electric field E
there occurs a charge displacement which in turns creates a macroscopic non-zero dipole
moment and this process is known as polarization. This polarization P of dielectrics can be
expressed as.16, 17
(2.45)
Where, <M> is the ensemble averaged macroscopic dipole moment of the whole sample, V is
the volume. This microscopic polarization is directly proportional to the external electric
field.
(2.46)
χik is the dielectric susceptibility tensor of the material, Ek is the component of the electric
field. For an uniform and isotropic dielectric the equation can be simplified to
(2.47)
According to the macroscopic Maxwell approach, matter is treated as a continuous
distribution of charges, and the electric field within the matter (E) is the direct result of
electrical displacement (or electrical induction) vector D, which is defined as the electric field
corrected by polarization.18
(2.48)
For a uniform isotropic dielectric medium where D, E and P have the same direction and a
combination of equation 2.47 and 2.48 leads to
(
where,

)

(2.49)

is the low frequency dielectric constant or static dielectric constant.
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Considering equation 2.47 and 2.49 we can have the relation between polarization and
electric field
(

)

(2.50)

The total polarization P of molecules consists of two parts: (i) the induced polarization Pα,
caused by charge separation effects, and (ii) the orientational polarization Pμ, caused by the
orientation of the permanent dipoles in the applied electric field which converts equation 2.50
into16, 19
(

)

(2.51)

Dielectric Polarization in Time-Dependent Electric Fields: The polarization induced by
static electric field is always in equilibrium with the applied electric field. But in case of time
dependent applied electric field the molecule needs some time to acquire the certain value of
polarization. For a time dependent electric field, E(t), the expressions become
( )
( )

and,

( )

(2.52)

( )

(2.53)

The dynamic case is most easily studied with the help of harmonic time-varying fields. The
time dependence of the electric field strength is given by,
( )

(2.54)

Where, E0 is the amplitude, ω = 2πf is the angular frequency, f (Hz) is the frequency. When
the motions of the microscopic particles cannot follow the harmonic electric field, the
polarization and dielectric displacement will no longer be given by quasi-static relationships,
i.e., equations (2.52) and (2.53). In that case, the dielectric displacement can be described
also by the harmonic time dependence:
( )
Here,

(

( ))

(2.55)

( ) is the phase difference with respect to the external electric field for a given

frequency

. Combining E* and D* (as presented in the equation (2.54) and (2.55)) in the

form of equation (2.49) one can obtain complex frequency dependent dielectric
permittivity

( ):
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( )

( )

(2.56)

Using Euler‘s relations the frequency dependent dielectric permittivity
( )
where

( )

( )

( )

( )

(2.57)

( )

( )

( ),

( )

( ) is expressed as

( ) and

( )

( )
( )

( )

Relaxation Function: When the applied electric field is suddenly switched on, the
polarization of the dielectric reaches its equilibrium value not instantaneously, rather after a
characteristic period of time. By analogy, when the field is suddenly removed, the relaxation
or decay function of the dielectric polarization φ(t) describes the polarization decay P(t)
caused by thermal motion20
( )

( )
where

(2.58)

( )

( ) is a time dependent polarization vector. The expression for the displacement

vector ( ) becomes:
( )

*

( )

( ) (

∫

( )
where

)

( )

and

(2.59)

( )

( ) is the dielectric response function,

relaxation process

+

( )

(2.60)
(

)

( ) . For a given

are the low and high frequency limits of the permittivity. The

frequency dependent complex permittivity

( ) is connected to the above relaxation

function through Laplace transformation,17, 20, 21
( )

̂

( )

(2.61)

Where ̂ is the operator of the Laplace transformation, which is defined for the arbitrary time
dependent function f(t) as: ̂

( )

( )

∫

( ) ,

and

.

Equation (2.61) indicates that dielectric response of the systems can be measured providing
the data are in the form of frequency or time dependent complex dielectric constant. When
the relaxation process obeys simple exponential law 16, 21, 22
( )

(2.62)
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where

represents characteristic relaxation time, the well-known Debye formula can be

obtained by combining equations (2.61) and (2.62):
( )

Which leads to

(2.63)

( )

(2.64)

2.2. Systems:
2.2.a. Micelle: Micelles can be represented as aggregates of surfactant 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) (Figure 2.4).
Bulk
water

(a)
Nonpolar
Core
Bound water

Hydrophilic
Head

(b)
Bound water
Organic
Solvent
Water
pool

Surfactant Tail
(nonpolar part)
Surfactant Head
(polar part)

Bulk
water

Figure 2.4. (a) Schematic presentation of a micelle with its hydrophobic core and hydrophilic surface. (b)
Reverse micelle with organic solvent continuum, water poll and surfactants.

Figure 2.5. List of surfactant molecules used for micelle and reverse micelle preparation.
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Micelles appear as the dominant form above the so-called ‗critical micelle concentration‘,
CMC, however, free surfactants are also present in the system as monomers. The aggregation
number (the average number of surfactant molecules in a micelle) is dependent on the
surfactant type and its concentration.23 Micelles form strongly hydrogen bonded hydration
layer at interface, the thickness of the hydration layer depends on the polar nature of the
surfactant head group as well as on the nonpolar chain length of the surfactant. A schematic
diagram

of

micelle

with

hydration

layer

in

right

panel

of

Figure

2.4.a.

Dodecyltrimethylammonium bromide (DTAB), cetyltrimethylammonium bromide (CTAB)
and octadecyltrimethylammonium bromide (OTAB) surfactants are used for micelle
preparation (molecular structures of these surfactants given in the left panel of Figure 2.5).
2.2.b. Reverse Micelle: Reverse micelle (RM) are isotopic mixture of water, surfactant, and
organic solvent in which small aqueous droplets coated with a layer of surfactant molecules
are dispersed in a nonpolar solvent.24 In this thesis three surfactants have been used with
differently charged head groups, anionic AOT (Sodium 1,4-bis(2-ethylhexoxy)-1,4dioxobutane-2-sulfonate),

nonionic

Igepal

(Igepal

CO-520)

and

cationic

DDAB

(didodecyldimethylammonium bromide) (molecular structures of these surfactants given in
the left panel of Figure 2.5). Cyclohexane (Cy) has been used as the hydrocarbon phase to
prepare RM using all the three surfactants. AOT is soluble in Cy and produces RM systems
up to w0 (

⁄

) ~ 20.25,

26

Igepal has is also capable to form well

25

defined spherical RM up to w0=20. The size of RMs in both the systems increases linearly
with w0 with Igepal forming slightly bigger RMs compared to that of AOT.27, 28 DDAB in Cy
offers a unique class of RM systems; small angle neutron scattering (SANS) studies29, 30 for
the DDAB–Cy–water system have concluded that at low hydration (2≤ w0 ≤8), the system
consists mainly of aggregated rod-like cylinders having their length in the range of 14–20
nm, and radius varying from 1.5 to 1.6 nm. As hydration is increased (w0 ~10) spherical
aggregates are formed with diameter in the range of ~6 nm. The highest solubilization
capacity of DDAB/Cy system has been observed to be ~13.26
2.2.c. Water-Polymer Mixture: Hydroxy propyl cellulose (HPC) is a water soluble
derivative of cellulose with ether linkage (Figure 2.6). This polymeric material has a weightaverage molecular mass, MW = 80000. With the combination of hydrophobic and hydrophilic
groups HPC shows a lower critical solution temperature (LCST) in water ~40oC.31 Below this
temperature it is soluble in water but above LCST it is no more soluble in water. HPC
molecule take on a helical conformation in the crystalline state. At low concentration in water
32

HPC forms an isotropic liquid crystal phase32 which grows into an ordered cholesteric liquid
crystalline phase at ~ 40 wt% HPC in water.

Figure 2.6. Molecular structure of HPC monomers with ether linkage.

2.2.d α-Chymotrypsin (CHT): -chymotrypsin (Figure 2.5), 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 CHT was
solved by David Blow.

33

The molecule is a three-dimensional ellipsoid of dimensions 51 ×

40 × 40 Å and comprises of 245 amino acid residues. CHT contains several antiparallel pleated sheet regions and little -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 residue, which in turn is hydrogen bonded to -carboxyl group of Asp102. An
oxyanion hole is formed by amide nitrogen of glycine193 and Ser195. It is selective for
hydrolysing peptide bonds on the carboxyl side of the aromatic side chains of tyrosine,
tryptophan and 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 109. The reaction has two distinct phases, acylation and deacylation of the enzyme.
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 hole. The acyl-enzyme intermediate forms,
assisted by the proton donation of His57. The N-terminal portion is then released and
replaced by water. The acyl-enzyme intermediate subsequently undergoes hydrolysis and the
enzyme is regenerated.
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Figure 2.7: X-ray crystallographic structure (PDB code: 1YPH) of -chymotrypsin depicting the catalytic triad
(His57, Asp102 and Ser195) .

2.2.e. Protease Substrates: A. Ala-Ala-Phe-7-amido-4-methylcoumarin:

AMC is a

fluorescent aromatic tripeptide substrate (Figure 2.8) suitable for the cleavage by serine
protease. Its concentration is determined using the extinction coefficient, ε= 16 mM-1cm-1 at
325 nm. The rate of catalytic activity is determined by monitoring absorbance of cleaved
product (7-amido-4-methylcoumarin) having ε = 7.6 mM-1cm-1 at 370 nm in aqueous buffer
solution. 34

Figure 2.8. Molecular structure of substrates and chymotrypsin catalysed hydrolysis product formed from the
substrates. (Only spectroscopy monitored products are given, other products are not shown in the figure)

B. 2-Napthyl Acetate: 2-NA has an ester linkage next to the aromatic ring which makes it a
suitable protease substrate. 2-NA is almost insoluble water so the concentrated 2-NA stock
solution is prepared by dissolving quantitative amount of 2-NA in 10% (v/v) ethanol/water
mixture. However, during enzymatic assays the concentration of alcohol in solution was
always <4% in order to avoid the effect of alcohol on the enzyme structure. The absorbance
of hydrolysed product 2-napthol is monitored at 330 nm and the concentration of the product

34

was measured using ε=1.53x103 M-1cm-1.35 The molecular structures of 2-Napthyl acetate and
2-Napthol are shown in the Figure 2.8.
2.2.f. Molecular Probes:

Figure 2.9: Molecular structure of C-500, C-343, ANS and, DCM

A. Coumarin 500 (C500): The solvation probe C500 (Figure 2.9) 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 effect in the
absorption and emission spectra of C500 makes the dye an attractive solvation probe for
micro-heterogeneous environments. The photophysics of the probe have previously been
studied in details.36
B. Coumarin 343: C-343 is water soluble dye, however, is insoluble in organic solvent like
cyclohexane. Absorption spectrum of C-343 in water produces a peak ~425 whereas in
benzene the peak shifts to 442 nm. Upon excitation at 409 nm C-343 produces emission
maximum at 490 nm in water and 462 nm in benzene. The photophysics of C-343 in organic
solvents had been studied in detail.37 The molecular structure of C-343 is given in the Figure
2.9.
C. 1-anilino-8-naphthalenesulfonic acid, ammonium salt (ANS): ANS is a well-known
solvation probe38 in aqueous solution, the emission quantum yield of ANS is very small
(0.004) with emission peak at ~520 nm and a lifetime of ~0.25 ns. The steady-state emission
35

is quenched dramatically in polar solvents. Because of 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 and is mostly from the locally excited state i.e.,
before charge separation. In polar solvents, the fluorescence decreases and is dominated by
the emission from the CT state.
D. 4-di-(cyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM): DCM
(Figure 2.9) is insoluble in water, however is soluble polar organic solvent like ethanol and
hydrocarbon solvents like n-heptane. DCM possess a considerable high dipole moment in the
excited state (26.3 D) compared to its ground state (5.6 D).39 Femtosecond studies reviled
various intramolecular processes in the excited state of DCM e.g. electron transfer process
and twisted intramolecular charge-transfer.40 In n-heptane DCM produce two absorption
peaks at ~430 nm and ~470 nm whereas the absorption peak in methanol appears at ~470 nm.
The emission peak at ~570 nm is very weak in n-heptane with a quantum yield φ=0.01,
however, in polar solvent like methanol the quantum yield becomes as high as φ=0.44 with a
peak position at ~625 nm.
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Chapter 3: Instruments and Sample preparation
In this chapter we will discuss the instrumental setup and sample preparation methods used
throughout the study.

3.1 Instrumental Setup:
3.1.1. Steady State Absorption and Emission Technique:
Steady-state UV-Vis absorption and emission spectra of the probe molecules were measured
with Shimadzu UV-2450 spectrophotometer and Jobin Yvon Fluoromax-3 fluorimeter,
respectively. Schematic ray diagrams of these two instruments are shown in Figures 3.1 and
3.2.
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A/D Converter
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Splitter

PMT
Sample Cell

M

Figure 3.1. 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, shutter and photomultiplier tube, respectively. CPU, A/D converter and HV/Amp indicate
central processing unit, analog to digital converter and High-voltage/Amplifier circuit, respectively.

Shimadzu UV-2450 gives us the facility to measure absorption spectrum from 190-900 nm
with a spectral resolution of 0.1 nm however, experiments are carried out at 1 nm wavelength
interval by a cuvette of 1 cm path length. A Deuterium light is used as ultraviolet light source
and tungsten light used as visible light source with a lamp interchange wavelength of 282-293
nm. The only monochromator used in this instrument consist high performance blazed
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holographic grating and photomultiplier tube (PMT) used as a detector. All the absorption
spectra collected prior to baseline correction by reference sample. Working principle of UVVis spectroscopy follow Beer‘s Lambert law according to this law if I0 is the intensity of light
incident on the cell, and I is that of the emergent light, then absorbance is given by,
I 
A  log10  0   εcl
 I

(3.1)

where, A is proportional to the concentration (c) of the optically active substance and optical
path length (l). If ‗c‘ is in mole l-1 and ‗l‘ is in cm, then ε is called the molar absorptivity or
molar extinction coefficient.
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Figure 3.2. 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 Fluoromax-3 an ozone free Xe-Arc lamp has been used as a source of continuous wave
light. A Fluromax-3 consist of two monochromators1 which are excitation and emission
monochromator. 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 coverage 220-600 nm and
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emission wavelength coverage 290-850 nm. All the excitation and emission spectrum are
collected in quartz cuvette of 1 cm path length and at 1 nm wavelength interval.
3.1.2. Circular Dichroism (CD) Spectroscopy: CD is a form of spectroscopy2 based on the
differential absorption of left and right-handed circularly polarized light. It can be used to
determine the structure of macromolecules (including the secondary structure of proteins and
the handedness of DNA). All the CD measurements were done in a JASCO J-815
spectropolarimeter with a temperature controller attachment (Peltier) (Figure 3.3). The CD
spectra were acquired using a quartz cell of 1 cm path length. For proteins, the typical
concentration used for CD measurements were within 10 µM. The secondary structural data
of proteins were analysed using CDNN (http//bioinformatik.biochemtech.uni-halle.de/cdnn)
software.
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M2
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Figure 3.3. Schematic ray diagram of a Circular Dichroism (CD) spectropolarimeter. M1, M2, P1, S, PMT,
CDM, O-ray and E-ray represent concave mirror, plain mirror, reflecting prism, shutter, photomultiplier tube,
CD-modulator, ordinary ray and extraordinary ray, respectively.

The working principle of CD measurement is as follows: when a plane polarized light passes
through an optically active substance, not only do the left (L) and right (R) circularly
polarized light rays travel at different speeds (cL ≠ cR), but these two rays are absorbed to
different extents, i.e., AL ≠ AR. The difference in the absorbance of the left and right
circularly polarized light, i.e., A = AL–AR, is defined as circular dichroism. CD
spectroscopy follows Beer-Lambert law. In an optically active medium, two absorbances, A L
and AR are considered, where AL  log10 I0 IL  and AR  log10 I0 IR  . At the time of
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incidence on the sample, intensity of left and right circularly polarized light are same, i.e. I0 =
IL = IR. Any dicrograph passes periodically changing light through the medium, oscillating
between left and right circular polarization, and the difference in absorbances are recorded
directly 3.

I 
I 
I 
ΔA  A L  A R  log10 0   log10 0   log10 R 
 IL 
 IR 
 IL 
ΔA  Δεcl

or

(3.2)
(3.3)

As seen from equation 3.2, I0 does not appear in this final equation, so there is no need for
a reference beam. The instruments are, therefore, of single beam type. Most of the CD
spectropolarimeters, although measure differential absorption, produce a CD spectrum in
terms of ellipticity (, expressed in millidegrees) as a function of wavelength (, rather
than A versus . The relation between ellipticity and CD is given by,



2.303  180  A L  A R 
degrees
4

(3.4)

To compare the results from different samples, optical activity is computed on a molar or
residue basis. Molar ellipticity, [] is defined as,

θ  θ

cl

(3.5)

where, ‗‘ is in degrees, ‗c‘ is in mol L-1 and ‗l‘ is in cm. The unit of molar ellipticity is deg
M−1 cm−1.
3.1.3. Time-Correlated Single Photon Counting (TCSPC) Technique: All the picosecondresolved fluorescence4 transients were recorded using TCSPC technique1. The schematic
block diagram of a TCSPC system is shown in Figure 3.4. TCSPC setup from Edinburgh
instruments, U.K., was used during fluorescence decay acquisitions. The instrument response
functions (IRFs) of the laser sources at different excitation wavelengths varied between 60 ps
to 80 ps. Fluorescence signal from the samples was detected by a photomultiplier after
dispersion through a grating monochromator. For all the transients, the polarizer in the
emission side was adjusted to be at 54.7° (magic angle) with respect to the polarization axis
of the excitation beam.
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Figure 3.4. Schematic ray diagram of a time correlated single photon counting (TCSPC) spectrophotometer. A
signal from microchannel plate photomultiplier tube (MCP-PMT) 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 line. L, M, G and HV represent lens, mirror,
grating and high voltage source, respectively.

3.1.4. Fourier Transform Infrared (FTIR) Measurement: FTIR measurements were
performed on a JASCO FTIR-6300 spectrometer (transmission mode). Michelson
interferometer5 is the heart of FTIR spectrometer. It consists of a fixed mirror (M4), a moving
mirror (M5) and a beam-splitter (BS1), as illustrated in Figure 3.5. The collimated IR beam
from the source is partially transmitted to the moving mirror and partially reflected to the
fixed mirror by the beam-splitter. The two IR beams are then reflected back to the beamsplitter by the mirrors. The detector then 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 the optical path difference introduced by the moving mirror. The resulting
signal is called an interferogram which has the unique property that every data point (a
function of the moving mirror position) which makes up the signal has information about
every infrared frequency which comes from the source. The measured interferogram signal is
then processed through a Fourier transform to obtain the final spectrum. Each spectrum
consists of 100 scans (1500−4000 cm−1) acquired at 0.5 cm−1 resolution.
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Far infrared (FIR) measurements in the region of 50 to 650 cm-1 were carried out in
Vortex 80v (Bruker Optics) in which a mercury-lamp served as an FIR source and a liquidhelium-cooled silicon bolometer was used as a detector. All the FIR-FTIR measurements
were carried out using a liquid cell (model A145, Bruker Optics) with diamond windows with
a spacer thickness of 52.2±0.3 μm.
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Figure 3.5. Schematic of Fourier Transform Infrared (FTIR) spectrometer. It is basically a Michelson
interferometer in which one of the two fully-reflecting mirrors is movable, allowing a variable delay (in the
travel-time of the light) to be included in one of the beams. M, FM and BS1 represent the mirror, focussing
mirror and beam splitter, respectively. M5 is a moving mirror.

3.1.5. Terahertz Time Domain Measurement:
The THz time domain measurements were carried out in a commercial spectrometer Tera K8
(Menlo Systems) 6. A 780 nm mode locked erbium doped linearly polarized p-Ge (pgermenium) 7fibre laser is used as the low power laser source for the system. Erbium
introduces a metastable state (~ 10 ms) at 1560 nm in the 980 nm energy gap of glass
system, which is pumped by a 980 nm diode laser and produces an output of 1560 nm which
is then efficiently frequency doubled using a periodically poled lanthanum nitride (PPLN)
structure to produce a 120 fs laser output at 780 nm with an average power of 80 mW. A
frequency selective device with a high transmission close to 1 in the wavelength range of 400
to 800 nm and close to 0 beyond that frequency window is used outside the laser output port
which blocks any unwanted 1560 nm laser that might be present in the output and passes only
the 780 nm laser. A neutral density filter with optical density (

(

)) 0.6 is

used to control the power of the laser which restricts the output laser to be at the desired level
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(20 mW). The linearly polarized (s polarized) 20 mW output laser is then gets reflected
through two lenses before passing through a half wave plate whose optic axis is set to 450
with respect to the polarization axis of the laser to make it elliptically polarized.
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Figure 3.6. Schematic ray diagram of Terahertz Time Domain Spectrometer. M, L, represent silver mirror,
convex lens respectively. Photoconductive antena embedded in Detector/emitter.

This elliptically polarized light is then incident on a polarizing beam splitter which splits the
beam into two orthogonal (‘s‘ and ‘p‘) polarization. The ‘p‘ polarized light goes to the THz
detector antenna. The ‗s‘ polarized beam gets reflected from a mirror attached to the tip of a
vibrator mounted on the motorized delay stage and in between passes twice through a quarter
wave plate and thereby the final polarization state of the beam becomes ‘p‘ polarized. This
‗p‘ polarized beam then excites the THz emitter antenna guided by two mirrors.
Photoconductive Antenna (PC): Identical photo-conductive (PC) antennas (Figure 3.7)
were used for THz generation and detection8. Low temperature grown Gallium Arsenide (LTGaAs) is used as this semiconductor substrate as it offers fast carrier recombination time (tc)
and high mobility () due to increased defect state. On top of the LT-GaAs substrate a dipole
gold (Au) antenna is deposited. The active region of the antenna is of the order of ~ 5 m2
and the gap between the dipoles is ~5 m. An external bias voltage of 20V/30V, 10 kHz is
provided to produce an electric field which is of the order of ~106 Vm-1 in the antenna for
THz generation.
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Figure 3.7. Schematic ray diagram of generator (a) and detector (b) photoconductive antenna. The green and
yellow plates define LT-GaAs and gold dipole, respectively.

THz Generation: In the first step the ultrafast laser pulse excites the semiconductor device.
The wave length of the excitation photon (780 nm) has to be chosen such that the photon
energy (hν) must be greater than the band gap energy (Egap) of the semiconductor substrate.
As a result electron-hole pairs are created in the semiconductor and a thin conductive region
down to approximately the absorption depth

is created. The optically generated electron-

hole pairs form electrically neutral plasma near the semiconductor surface. The time
evolution of the charge density is given by N(t) with the total carrier density as the sum of
that of the electrons and the holes i.e.,
conductivity as: ( )

( )

( )

( )

. The current density is ( )

( ). The free carriers affect the
( ) , or ( )

( )

( )

with ( ) being the carrier velocity. The carriers are accelerated in the applied electric field,
the time evolution of carrier velocity is determined by the initial acceleration of carriers with
effective mass m* and by rapid carrier scattering with a characteristic time which is
determined by phonon scattering, carrier scattering from the dopants and the photon energy
i.e. the energy in the conduction band where the carriers are generated. At longer timescales
the excited electron-hole pairs recombine due to the presence of defect states and the transient
current decreases. It is the time evolution of the transient current, J(t), that generates the THz
pulse. In summary, a biased semiconductor has electron-hole plasma created of femtosecond
time scales by an optical pulse. The rapid acceleration and separation of the electrons and
holes create a current transient. The THz electric field is determined (approximately) by the
time derivative of the current which results in a radiated pulse front. In times of hundreds of
picoseconds, the semiconductor recovers.
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THz Detection: The detection of the THz pulses is done by using the phenomenon of
ultrafast pulse excitation in a semiconductor causing rapid changes in conductivity. During
the generation procedure ultrafast laser pulses generate electron and hole plasma which
increases conductivity of the antenna gap. The arrival of the laser pulse is analogous to
closing a switch, which allows the antenna gap to conduct in presence of an electric field.
During THz detection process no bias voltage is given to the substrate, instead the bias
voltage is provided by the THz pulse itself. The short recombination time of the
semiconductor causes the gap resistance to change from nearly insulating to conducting
(closing the switch) then back to insulating (opening the switch) on a picoseconds time scale.
The coplanar strip line is connected to a high-sensitivity current amplifier that detects any
current flow through the antenna gap with sub-pico amp resolution. If the resistance of the
metal lines is negligible the resistance of the antenna is determined by the antenna gap. The
current flow can be calculated from the Ohms law ( )
bias voltage is provided by the THz pulse:

( )

( )

( ), where the antenna

( ) . Thus, measuring V(t) with

changing the time delay between the pump and the probe laser beam, i.e., changing the time
delay between the arriving time of probe laser beam and the THz pulse, one can map the THz
field as a function of time.
The whole set up is covered with a glass-top and the inside environment is purged
with ultrapure nitrogen gas (99.99% pure N2 gas) to get rid of the unwanted water vapour
absorption lines in the obtained THz spectra. The spectral range essentially extends from 0.13.5 THz with highest signal to noise (S/N) ratio of 60 dB at 0.6 THz which then reduces to 30
dB at 3.5 THz.

3.2. Sample Preparation: In this section we will discuss the detail of different sample
preparation to study water in restricted environments. The details of the chemicals used has
been discussed in chapter-2.
3.2.1. Preparation of Micellar Solution: The stock solution of aqueous micellar solutions
were prepared by dissolving surfactants in water. Micellar solutions of the probe were
prepared by adding known concentrated aqueous or a little amount of concentrated aqueous
ethanolic probe solution to micellar solution. Desired concentration of micelle was ensured
by the addition of quantitative amount of stock solution in water with simultaneous stirring of
the mixture for an hour.
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3.2.2. Preparation of Reverse Micellar Solution: In order to prepare reverse micellar
solutions9 with specific degree of hydration (w0 = [H2O]/[Surfactant]) calculated volume of
water was added to a known volume of 0.1 M surfactant (AOT, DDAB and Igepal) solution
in cyclohexane. In case of dissolving a probe inside the water of RM a little amount of
aqueous solution of the probe was added during the preparation of specific RM. In order to
ensure that each reverse micelle contains not more than one probe molecule, the overall probe
concentration was kept less than that of the micellar concentration. All the FTIR, steady state
fluorescence and absorption spectra were collected after baseline correction by w0=0 of that
RM.
3.2.3. Measurement of BzCl hydrolysis rate: BzCl has an absorption peak at ~ 282 nm;
during the hydrolysis reaction10 we have monitored the rate of change in absorption at 285
nm with respect to tome (with 1 second time resolution).
3.2.4. HPC-Water Mixture: Hydroxypropyl cellulose (HPC)-water mixture10 was prepared
by vigorous mixing in vortex for 2-3 days inside a 1 cm spectroscopy cell. After that
quantitative amount of probe was added into the mixture and again kept on vortexing for the
next 3 days until we got homogeneous mixture. 10% to 20% wt percentage HPC-water
mixtures produced homogeneous solutions within a day but for 25% and 30% HPC-water
mixtures it took almost a week to get a homogeneous mixture.
3.2.5. DME-Water Mixture: 1-2 di-methoxy ethane (DME) water mixture were prepared by
quantitative mixing of DME and water. HOD solution was prepared by 4% D2O-H2O (v/v)
mixture. During FTIR measurement DME-water samples were prepared by using 4% D2OH2O (v/v) mixture instead of water. All the DME-water FTIR data presented in the thesis are
differential absorption spectra where absorption spectra of pure DME are deducted from
DME-water spectra.
3.2.6. Enzyme Solution: For the enzyme kinetics measurements aqueous stock solutions of
CHT were prepared in phosphate buﬀer (10 mM) at pH 7.0 using double distilled water.
Concentration of the enzyme samples in aqueous solution was determined using the
extinction coeﬃcient (ε = 51 mM-1cm-1) value at 280 nm. During enzymatic assays in
micellar medium quantitative amount of enzyme solution was added to the micellar solution
and kept for an hour before the substrate addition. Enzyme hydrolysis reactions were carried
out at a time resolution of 1 second. All the CD spectra collected for CHT was prior to a
baseline correction of the medium.
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Chapter 4: Dynamics and Activity of Water in
Presence of Biopolymer
4.1. Introduction:
Water in restricted environment has always been a fascinating area of research as it furnishes
properties of water markedly different from those of bulk water, specially in biologically
relevant environments.1,

2

In this regard biopolymer-water mixtures3-11 are of potential

interest since these systems provide with a potential environment that mimics real biological
systems. Hydroxypropyl cellulose12 (HPC) is a well-studied biopolymer which shows
excellent bio-degradability and biocompatibility, electro-neutrality and high water
solubility.8,

11, 13-25

It is a recommended food additive and finds usage in foods as an

emulsifier and encapsulator. In this respect the study of hydration structure and dynamics in
HPC-water mixture is strongly demanding in view of its fruitful applications. HPC molecule
is known to adopt a helical conformation in the crystalline state,26,

27

however, its

conformation in aqueous solution and liquid crystalline phase is rather complex. At low HPC
concentration an isotropic phase dominates13 and it forms an ordered liquid crystalline phase
with cholesteric structure at about 40 wt% polymer in water. The structural transition is not a
sharp one and an onset of the phase transition sets off at a relatively lower concentration. The
polymer is soluble in cold water, and when the aqueous solution is warmed to ~400C, a phase
separation occurs with a sharp increase in turbidity and a decrease in viscosity. Phillips et
al.19 reported a detailed measurement of the low shear viscosity of HPC in aqueous solution
and identified a transition in viscosity dependency on HPC concentration and the transition
relates a structural modification of HPC with concentration. Fluorescence recovery after
photobleaching (FRAP) studies18, 24 using different dye molecules have identified a decrease
in diffusion coefficient and increase in microviscosity with increase in HPC concentration.
Immanei et al.22 reported on the effect of structure and temperature on the rheo-optic
behavior of HPC solution in water by measuring flow birefringes and intrinsic viscosity and
the observed effects are related to the structural features in the chain backbone. Yakimet et
al.11 reported the effect of water content on the structural recognition and elastic properties of
HPC films using FTIR, differential scanning calorimetry (DSC) and X-ray diffraction
techniques. They reported the elasticity of the film to be strongly dependent on the water
content and even a small increase in the water content led to a relatively large decrease in the
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elasticity modulus. Wojciechowski et al.25 studied the nature of water molecules in HPC
hydrogel with liquid crystalline (LC) organization using DSC and dielectric relaxation (DR)
techniques. They identified two distinct types of water species to be present in the hydrogel.
The first type is a ‗bound type‘ water molecules which is constrained in the LC polymer
network. The second type is ‗bulk type‘ water adsorbed in the pores of LC environment.
The dynamics of water in HPC-water mixture has previously been studied with
dielectric relaxation (DR) technique.8, 9, 21, 25, 28 These studies conclude that the mobility and
hence the alignment of molecular chains in the disordered regions of HPC, responsible for
dielectric polarization, depend not only on the amount of water present but also on the mode
of interaction between water molecules and cellulose chain. Also during thermal treatment
the removal of water molecules from the disordered regions results in some changes in the
intermolecular interaction between adjacent cellulose chains. The adsorbed water molecules
in cellulose could be differentiated into ‗free type‘ or loosely bound type and tightly ‗bound‘
type, and that different modes of interactions may occur depending on the amount of water in
a given solution.17 At low water content the bound water molecules may associate with the
polar OH groups of cellulose chains or form crosslink between chains. When the number of
sites available for these tightly bound water molecules is consumed, additional water
molecules are bound loosely in such a manner so as these water molecules do not further
enhance the dielectric loss mechanism. The activation energy of the relaxation process due to
the bound type water, as observed in the MHz region, is observed to decrease with decreasing
the moisture content8. Recently Sudo et al.21 have studied the primary relaxation process due
to the motion of ―free water‖ restricted by HPC molecules as observed in the GHz region at
different HPC concentrations and temperatures. The relaxation process is observed to slow
down with increasing HPC concentration with a clear transition at 23 wt% HPC content
wherein, according to the authors, lies the onset of the isotropic to a collesteric structural
phase transition of the mixture. Such a phase transition involves the release of a fraction of
hydrogen bonded water molecules in the form of ―free water‖. The activation energy has also
been observed to increase beyond 23 wt% HPC to reach a value similar to that of the
hydrogen bonded energy in bulk water. It is important to note here that at the onset of the
cholesteric phase, a fraction of water molecules still remains restricted in the structured HPC
network, and it is rather interesting to understand how this restriction modifies the dynamics
of water. Our present investigation is thus motivated to underline the slow dynamics of these
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water molecules in HPC-water mixture and its manifestation as the biopolymer solution
changes its phase.
We have used picoseconds-resolved fluorescence spectroscopic technique to
underline the dynamics of water at six different HPC concentrations of 10, 15, 20, 25, 30 and
40 wt% in water at four different temperatures of 273, 283, 293 and 303 K. This study
complements our previous investigations on the mode of slow solvation dynamics produced
by confined water in micro-heterogeneous assemblies and the corresponding energetics of the
cross over between ‗bound‘ and ‗free‘ type of water molecules present in such systems. 29-34
The choice of the composition and temperature range is based on the isotropic solution limit
as obtained from previously reported phase diagrams.16 The focus of our study to identify the
possible modification of slow solvent relaxation dynamics associated with a change in the
microscopic phase morphology at 20% HPC also influences the choice of the compositions.
Coumarin-500 (C-500) is used as the fluoroprobe, which has potential to provide information
selectively from micro-heterogeneous interfaces.30 Steady state emission and excitation
measurements provide information on the micro-polarity of the immediate environment of
the fluorophore. The geometrical restriction on the probe is determined with the help of psresolved rotational anisotropy study. Finally the activity of water in these solutions is
determined by measuring the kinetics of solvolysis reaction of benzoyl chloride. Our studies
clearly demonstrate that water dynamics traces the phase transition pathway of HPC-water
mixture and activity of the restricted water molecules in the solution gets modulated
accordingly.

4.2. Results and Discussion: (The slow relaxation dynamics of water in
hydroxypropyl cellulose-water mixture traces its phase transition
pathway: A spectroscopic investigation)
Figure 4.1.a & 4.1.b depicts the emission and excitation spectra of C-500 in HPC-water
mixture at different representative HPC concentrations (10, 20, 30 and 40%) measured at 293
K. As evidenced from Figure 4.1.a, the emission spectrum shows a progressive blue shift
with increasing HPC concentration. C-500 in water produces an emission peak (emmax) at
506 nm and for 40% HPC, the emission peak is blue shifted to 495 nm. We plot the relative
shift of emmax (with respect to that of water) against HPC concentration (Figure 4.1.a, inset),
and it is found that the relative shift in emmax changes rapidly at and beyond 20% HPC
concentration. The decreased polarity as experienced by the probe molecule of the system
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with increasing HPC concentration is reflected in the blue shift ofemmax, a phenomenon
comparable to that found in AOT reverse micellar (RM) systems with decreasing water
content.30 In order to get a deeper insight we measure the excitation spectra of the same
systems (Figure 4.1.b). It is found that in water C-500 produces an excitation peak at 390 nm
(data not shown), which is consistent with earlier reports for the identical system.35 With
increasing HPC concentration the excitation peak suffers a progressive red shift coupled with
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Figure 4.1. (a) Emission spectra of C-500 at 293 K in HPC-water mixture with HPC weight percentage of 10,
15, 20, 25, 30 and 40%. The relative peak shift with respect to that in water against HPC concentration is
shown in the inset. (b) Excitation spectra of C-500 at 293K in HPC-water mixture with HPC weight percentage
of 10, 15, 20, 25, 30 and 40%. (c) Deconvoluted spectra of 10% (black) and 40% (grey) HPC-water mixtures.
The red solid lines are the overall fittings. (d) The relative area of the second curve with respect to that of the
first one is plotted against HPC concentration.

This broadening could be envisaged as a possible distribution of the probe molecules in
different micro-environments in the mixture with a notion that a fraction of the probe is
exposed to the bulk type water whereas the rest probes a restricted environment, which has
been reported to absorb at a higher wavelength.30, 36 We therefore deconvolute the observed
excitation spectra into two separate spectra with one peak fixed at 390 nm. Representative
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deconvoluted figures for 10% and 40% HPC-water solution are presented in the Figure 4.1.c.
As evidenced from the Figure 4.2.a, for 10% HPC the second peak appears at 422 nm and for
15, 20, 25, 30 and 40% HPC, the peak suffers progressive red shift to appear at 425, 427,

303 K
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Figure 4.2. (a) Deconvoluted excitation spectra C-500 in 40% HPC solution at 273 and (b) 303 K. The red
solid line is the overall fit, while the dotted lines are the deconvoluted fits. (c) Plot of ln(nbound/nbulk) against 1/T
for 10% and 40% HPC solutions. The solid lines are the linear fits.

It could be intuited that while the first peak arises due to the distribution of C-500 in the bulk
aqueous environment (centred at 390 nm), the second one is due preferably to the C-500
residing in the hydrophobic environment of HPC. The area under each curve could well
correspond to the number of water molecules belonging to that particular ‗species‘. We,
therefore, plot the relative ratio of the area under the two curves against HPC concentration
(Figure 4.1.d). A progressive increase in the area of the second curve comprehends the
increased fraction of C-500 residing in the interfacial region of HPC-water system at lower
hydration. The observed red shift in the excitation spectra can be explained in terms of the
relative increase in the hydrophobicity of the system with increasing content of HPC which
reduces the dipole-dipole interaction of the solvent-fluorophore, thereby stabilizing it. The
curve shows a change in slope beyond 20% HPC which in turn corresponds to the onset of
phase transition of the polymer as it turns hydrophobic at and beyond this concentration.21
We now switch to the time-resolved study. Figure 4.3.a (inset) shows representative
fluorescence transients of the probe C-500 in 30% HPC-water mixture at three selected
wavelengths of 440, 490 and 500 nm studied at 293 K. The 440 nm decay transient can triexponentially be fitted with the time constants of 0.11 ns (57%), 1.02 ns (25%) and 4.44 ns
(18%), whereas, for the 600 nm transient, a distinct rise component of 0.45 ns is obtained
along with a decay component of 4.9 ns. Similar wavelength dependent transient fittings are
also been obtained in solutions with other mixtures. Such wavelength dependency clearly
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ln (nbound/nbulk)

Normalized Absorbance

427, 428 and 429 nm, respectively.

indicates solvation of the fluoroprobe. In order to estimate the solvation relaxation rate, we
construct time resolved emission spectra (TRES) for different HPC-water mixtures using the
fitting parameters of the transients and following the procedure described elsewhere. 29 A
representative TRES of 30% HPC-water mixture at 293 K has been shown in Figure 4.3.a. It
is observed that the spectrum suffers progressive red shift with time. We first need to ensure
that the observed time-resolved shift in the emission spectra is not concerned with any
internal photophysics associated with the probe itself and it remains as a single species
throughout.
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Figure 4.3: (a) Time resolved emission spectra (TRES) of C-500 in 30% HPC-water mixture at 293 K decay
transient of C-500 in 30% HPC-water mixture at 293 K measured at three wavelengths, the solid lines are the
multi-exponential fits of the curves. (b) A representative time resolved area normalized emission spectra
(TRANES) for 30% HPC solution at 293 K. The arrow indicates increase in time.

We therefore construct the time-resolved area normalized emission spectra
(TRANES)37 for all the samples and a representative TRANES for 30% HPC at 293 K is
depicted in Figure 4.3.b. Existence of an iso-emissive point in a TRANES profile specifies
that the observed emission from the probe is due to two different ‗species‘ of the probe,
irrespective of their origin. As evidenced from the Figure 4.3.b, no iso-emissive point is
apparent for any of these systems and this therefore affirms that the observed dynamics is due
solely to a single probe species, and any modulation is caused only due to the heterogeneity
in the location of the probe.
Solvent correlation function, C(t) are constructed for all the systems by using equation
2.14. All these curves are fitted bi-exponentially (Figure 4.4.a) using the equation

C (t )  a1 exp(t / 1 )  a2 exp(t /  2 ) where 1 and 2 are the two associated timescales and
ai‘s are their corresponding weightages.
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relaxation time constants (<τ>) of C-500 in HPC-water mixtures at different temperatures are shown as a
function of HPC concentration. Arrhenius plots for different HPC concentrations are shown in the inset. The
symbols represent the same as in Figure 4.3.a. The solid lines are the linear fits. (d) The measured activation
energy values (Eact) at different HPC concentrations.

All the corresponding fitting parameters are presented in table 4.1. It is evident from the table
that one of the solvation time constants is of the order of a few hundreds of picoseconds (ps),
while the other one extends from hundreds of ps to a few nanosecond (ns). The two
timescales essentially corresponds to the different modes of coupled translational and
rotational motion of the two different type of water molecules present at the HPC-water
interface.
The observed timescales are comparable with those obtained in case of polyethylene glycolwater mixture,32 AOT RM systems30 and AOT lamellar systems34 using the same probe
molecule. It is worth mentioning here that C-500 in water produces a ultrafast solvation
timescales of 300 and 700 fs.35 Our instrumental resolution (80 ps IRF) limits us to miss a
considerable part of the fluorescence signal. To make an estimate of the loss in the
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fluorescence signal we determine the time zero frequency of the fluorescence spectrum
maximum, pem(0)
Table 4.1. Solvent Relaxation parameters for C-500 in HPC-water mixture at different HPC concentration and
temperature
Temperature

a1

τ1 (ns)

a2

τ2 (ns)

<τ > (ns)

10% HPC-WATER SOLUTION
273K

0.11

0.10

0.89

0.44

0.40

283K

0.71

0.16

0.29

0.55

0.27

293K

0.65

0.11

0.35

0.45

0.23

303K

0.43

0.07

0.57

0.5

0.32

15% HPC-WATER SOLUTION
273K

0.45

0.10

0.55

0.65

0.40

283K

0.52

0.09

0.48

0.52

0.30

293K

0.62

0.08

0.38

0.50

0.24

303K

0.77

0.10

0.23

1.22

0.36

20% HPC-WATER SOLUTION
273K

0.46

0.14

0.54

0.87

0.53

283K

0.46

0.08

0.54

0.61

0.37

293K

0.47

0.08

0.48

0.57

0.33

303K

0.27

0.07

0.73

0.52

0.40

25% HPC-WATER SOLUTION
273K

0.65

0.19

0.35

1.52

0.66

283K

0.67

0.19

0.32

1.36

0.57

293K

0.65

0.14

0.35

1.2

0.51

303K

0.68

0.14

0.32

1.1

0.45

30% HPC-WATER SOLUTION
273K

0.51

0.20

0.49

2.10

1.13

283K

0.48

0.23

0.52

1.80

1.05

293K

0.50

0.18

0.50

1.70

0.94

303K

0.56

0.30

0.44

1.40

0.78

40% HPC-WATER SOLUTION
273K

0.54

0.28

0.46

2.56

1.33

283K

0.50

0.24

0.50

2.19

1.22

293K

0.54

0.27

0.46

2.10

1.11

303K

0.57

0.23

0.43

2.08

1.03
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from the following equation38
( )
where

,

and

(4.1)

are the absorption peak of the fluorophore in polar solvent,

absorption peak in nonpolar solvent and emission peak in nonpolar solvent, respectively.
Considering cyclohexane to be the nonpolar solvent in which C-500 produces absorption and
emission peaks at 360 and 410 nm, respectively and water to be the polar solvent, we
estimate at the best ~30% recovery of the total fluorescence signal. Our instrumental
resolution is far beyond to probe the fast time-scale associated with the ultrafast water
relaxation process, however, the essence of this study is focused on the slow dynamics of
water and therefore, the observed loss of the ultrafast fluorescence signal does not
significantly affect the conclusion drawn.
As observed from Table 4.1, the average solvation time constant <> (= a11+a22)
increases gradually with increasing HPC concentration in the mixture. A similar retardation
of the relaxation process of the dielectric with an increase of the polymer fraction has
previously been reported in HPC-water21 and ethyleneglycol-dioxane39 mixtures. Our study,
however, probes the coupled rotational-translational motion of water molecules in HPC
structural network, which is slower than that probed by the DR study, and the observed
retardation clearly points out towards a progressive restriction of the translational motion of
water with the onset of cholesteric phase at higher HPC concentrations. In order to get a
better outlook towards the hindered motion of water at high HPC concentrations, we measure
the time-resolved rotational anisotropy of C-500. Representative illustrations of the
anisotropy decays at 293 K for 5, 10, 15, 20, 25 and 30% HPC mixtures are depicted in
Figure 4.5. As can be observed from the figures, the anisotropy decay gets slower as HPC
concentration increases. The rotational anisotropy for 5% to 25% HPC could be fitted biexponentially. For 5% HPC, the rotational time constants (r) are 0.12 and 1.3 ns respectively
with an average time constant <r> (=a1r1+a2r2) of 0.46 ns. It is to be noted here that C-500
in water exhibits a very fast rotational anisotropy with a time constant of ~50 ps at this
temperature.35 For the present bi-exponential decay pattern, the faster time constant is
comparable to that of C-500 in bulk water while the other one defines the relatively slow
rotational time constant arising out of the restricted motion of water imposed by the HPC
molecular network. At 10% HPC, the decay transient gets slower with time constants of 0.13
and 1.4 ns (<r>=0.65 ns). For 15, 20 and 25% HPC solutions the time constants are 0.29 and
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3.2 ns; 0.85 and 5.2 ns; and 0.9 and 7.4 ns, respectively. We plot the <r> values against HPC
concentration (Figure 4.6.a) and it is observed that in the HPC concentration range of 15-20%
<r> increases sharply correlating the solvent relaxation dynamics study (Figure 4.4., Table
4.1.).
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Figure 4.5. Time resolved rotational anisotropy decays of C-500 in different HPC-water mixtures at 293 K. The
solid lines indicate bi-exponential fittings.

The <r> values obtained in this study are in the same order of magnitude as reported for the
same probe in PEG-water mixture32 and RM with low water content.30 The estimated
rotational time constants (r) allow us to calculate the microviscosity () experienced by the
probe using the Debye-Stokes-Einstein equation
(4.2)
where kB is the Boltzmann constant and V is the volume of the fluorophore.
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Figure 4.6. (a) Average rotational time constant <r> as a function of HPC concentration at 293 K. (b) The
Wobbling-cone angle (w, hollow symbols) and diffusion coefficient (D w, filled symbols) as a function of HPC
concentration at 293 K are shown in the inset.
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Considering the radius of C-500 molecule to be 3.6 Å40 and taking r to be the slow
component arising out of the rotation of the probe in ‗bound water‘, we estimate a
microviscosity value of ~3 cp for 10% HPC solution. This value is significantly larger than
that of bulk water, and higher than the microviscosity experienced by the same probe in salt
solution,35 however comparable to that obtained in RM systems30 and in PEG-water system32
at 293 K. For higher HPC concentrations the microscopic viscosity increases further. This
strongly suggests an HPC-water microenvironment, which is much modified compared to
that of bulk water as experienced by the probe. For 30 and 40% HPC solutions, the
anisotropy decay gets even slower and the transients could only be fitted considering the
presence of an offset, which indicates that the rotation could not be completed within the
experimental time window. The observed flat rotational decay transient of the probe in high
concentration HPC solution could be explained by considering the rotational motion of the
probe in the solution. The rotational anisotropy probes the rotation of the probe (followed by
an ultrafast photo-excitation) in the solvent environment. Several modes of rotations are
involved and could be realized in the wobbling-in-cone analysis, which concludes that the
slow rotational time constant of a probe includes the lateral diffusion of the probe (L) and the
overall tumbling motion of the local environment (M), which in turn in connected to the
hydrodynamic volume and viscosity of the local environment. In the concentrated HPC
solution, both these parameters are high to make slow high, and thus not measurable within
the experimental time window. This makes the offset in the high HPC concentration region.
As has been reported earlier, at low hydration level, the polymer chain behaves as a
geometrical constraint for rotational motion of water molecules and their movement is
strongly hindered by the polymer chain.10 This explains the observed slow rotational
dynamics and clearly identifies the onset of the appearance of a crystalline phase in which the
rotation of the probe essentially freezes, as has also been observed in AOT aqueous lamellar
systems using the same probe molecule.34 We analyze the biexponential anisotropy decay
using a wobbling-in-cone model30, 41, 42 (Figure 4.6.b) and found that the semi-cone angle of
the wobbling motion decreases from 49.30 for 5% HPC to 33.70 for 25% HPC whereas the
diffusion coefficient for the wobbling motion decreases by an order of magnitude (12.610-8
s-1 to 8.810-9 s-1) on increasing the HPC concentration from 5% to 25% at 293 K. The
observed decrease in the semi-cone angle and diffusion coefficient strongly confirms the
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restriction imposed on the wobbling motion of water molecules with increasing HPC
concentration.
The slow solvation relaxation time constant (2) corresponds to the diffusional motion
of the probe in the water-HPC network and this allows us to estimate the diffusion coefficient
(D) of the aqueous environment at the interface. The magnitude of D is directly related to the
rms distance <z>1/2 traveled by the probe in time t by the relation, <z2>=2Dt. The rms
distance can be approximated to as thickness of the bound water layer and for hydrophobic
polymers, this has been reported to be equal to 3.3Å.43 Assuming that only the slower
solvation time constant (2) is associated with the diffusional motion of the probe we
calculate D and plot it against HPC concentration (Figure 4.4.b, inset). The diffusion
coefficient is estimated to be 12.110-11 m2s-1 for 10% HPC, while it reduces to 2.610-11
m2s-1 for 40% HPC mixture. The observed D values are in good agreement with those
reported for other polymer-water systems and are also reported to decrease with increasing
polymer concentration.43,

44

A previous MD simulation study43 shows that translational

diffusion coefficient for water molecules near the ether oxygen group of PEG is ~210-11
m2s-1, which corresponds well to the obtained D values in the present study at high HPC
concentrations, while that in the bulk is ~3.310-9 m2s-1. The present results thus reflect
formation of enhanced structure beyond 20% HPC in which the translational freedom of
water near the polymer surface gets significantly reduced, which is well illustrated by a low
value of D. As evidenced form the figure, the decrease in D suffers a transition beyond 20%
HPC concentration, a result that corresponds to those obtained from solvation dynamics and
rotational anisotropy measurements, and signifies the onset of a microscopic phase transition.
It could be mentioned here that the slow relaxation process is principally associated with the
coupled rotational-translational motion of the solvent molecules, a retardation of both the
motions with increasing HPC concentrations is manifested with the phase change.
We now investigate the energetic of the relaxation process involved and in order to
estimate the same we perform the time-resolved study at four different temperatures namely
273, 283, 293 and 303 K. Measurements at higher temperatures has not been carried out in
order to avoid macroscopic phase separation. All the obtained C(t) curves are fitted biexponentially and the results are summarized in table 4.1 and Figure 4.4.c. A few
representative C(t) curves at for 10, 20, 30 and 40% HPC at 273K are also shown in the inset
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of Figure 4.4.b. As observed from Figure 4.4.c and Table 4.1, the average solvation time
constant, <> decreases gradually with increasing temperature with three exceptions at 313 K
with 10, 15 and 20% HPC. This observed phenomenon of temperature induced decrease in
the relaxation time constant is consistent with earlier report of HPC-water,21 PEG-water
mixtures32 and AOT lamellar systems.34 While the study on HPC21 is more centred on the
dynamics of free water, the PEG-water,30 AOT lamellar34 and the present studies are
essentially involved with the slow solvation dynamics, and both the processes show the same
trend. The accelerated solvation dynamics could be attributed to the temperature induced
conversion of ‗bound‘ to ‗free‘ or ‗bulk‘ type water molecules present in the system.45,

46

Such temperature dependency is also observed in rotational anisotropy studies wherein
anisotropy decays get faster when temperature is increased (figures not shown). For example,
in 10% HPC the fitted rotational time constants are 0.23 and 3.2 ns at 273 K, whereas at 303
K these change to 0.09 and 1.0 ns, respectively. A similar decrease is also noted in case of
other solutions.
As corresponds to the other restricted systems studied earlier,30, 32, 34 we assume the
present system to obey an Arrhenius type of model for the solvation process and fit the time
resolved C(t) data in the following equation,

(4.3)
where Eact is the Arrhenius activation energy for the process and A is a pre-exponential
factor. We plot ln(1/<>) against 1/T for all the four systems (Figure 4.4.c, inset). Good
linear fits are obtained for 30 and 40% HPC systems, while for 10, 15 and 20% HPC a
deviation from linearity is observed at 303 K. The reason for this deviation is not properly
understandable; however, increased hydrophobicity of the systems at higher temperature
might well be responsible for the observed deviation. From the slopes of the curves, we
calculate the Eact values of 4.5±0.9, 4.1±0.3, 3.9±1.1, 2.05±0.4, 2.0±0.3 and 1.4±0.1 kcal mol1

for 10, 15, 20, 25, 30 and 40% HPC systems, respectively. The Eact values obtained for 10,

15 and 20% systems are in excellent agreement with those obtained for identical systems
using DR studies.21 These values are also in good agreement with those obtained for microheterogeneous systems like RM,30 water-PEG mixture,32 AOT aqueous lamellar system34 etc.
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using the same probe molecule. The free energy change associated with the relaxation
process (G*) could be estimated using an Eyring model:

(4.4)
and we obtain G values of 3.9, 3.5, 3.2, 1.5, 1.4 and 0.8 kcal mol-1 respectively. An
interesting feature is observed when Eact is plotted against HPC concentration (Figure 4.4.d)
that Eact changes only marginally at low HPC concentration region (10 to 20% HPC), which
is in good agreement to what has been obtained by Sudo et al.21 using DR technique, and at
high HPC (≥25%) concentration it decreases considerably, a phenomenon strikingly opposite
to what has been obtained in the DR studies.21 This apparently opposing phenomenon is
enrooted in the two different relaxation processes probed by Sudo et al. and us. While the
former one probes the fast relaxation process of the ―free‖ water molecules our study is
mainly aimed towards the slow moving ―bound‖ type water molecules only, and quite
intuitively the present decrease in Eact resembles an identical observation in AOT RM
systems when the water content is decreased.30 In order to investigate the reason behind the
decrease in Eact with increasing HPC content, let us first discuss on the structure of water in
HPC as the concentration of HPC changes. The main chain of HPC molecule behaves as a
semi-rigid segment in aqueous solution and the side chains behave in a more flexible way.21,
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The side chain has an O-H group which can form hydrogen bond with neighboring HPC as

well as water molecules. HPC with its high degree of hydroxypropyl substitution has only a
few available hydrophilic sites to create a strong interaction with water molecules. At low
concentration HPC acts as a hydrophilic polymer forming an isotropic solution and as the
concentration increases it exhibits a hydrophobic behavior forming a cholesteric LC network
structure, which also changes its interaction with water accordingly. The hydrogen bonding
between HPC and water prevails at low concentration wherein water can form small clusters
and the solvation process is slower compared to bulk water due to the heteromolecular
hydrogen bonded water structure. These water molecules essentially act as ―bound water‖
and contribute to the slow relaxation process (table 4.1). The activation energy values
obtained is thus very similar to that obtained in case of other restricted environments like
micelles, RM, vesicles, lamellar systems etc. and smaller than that of pure water. With
increasing concentration HPC molecules starts forming intermolecular hydrogen bonded
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cholesteric structure causing the viscosity of the system to increase significantly and the
polymer solution turns hydrophobic in nature. This ruptures a fraction of HPC-water
hydrogen bonds and results in a number of water molecules restricted in the structured HPC
network. This preferentially reduces the fraction of bulk water molecules present in the
solution and slows down the solvation dynamics. On the other hand, it also sets some water
molecules ‗free‘ and the relaxation time probed by Sudo et al.21 in the high frequency region
is exhibited by these ‗free water‘ molecules and due to the less abundance of heteromolecular water-HPC type hydrogen bonding in this phase, the Eact reaches a value similar to
that of pure water and saturates at HPC concentration above 40%. In our present study, owing
to the specific excitation of C-500 we preferentially probe the transition of water molecules at
the HPC-water interface. At low HPC (≤20%) content it views the bound to bulk water
transition which has an activation energy of 4-5 kcal mol-1 and corresponds significantly with
the obtained values. On the other hand, at high HPC concentrations (≥25%), it envisages the
―interfacially bound‖ to ―interfacially free‖ water transition, which typically has an energy
difference of 1.3-2 kcal mol-1.45 The observed Eact values at high HPC concentrations are thus
in excellent agreement with this transition. It could also be noted here that with increasing
temperature the aqueous solution of HPC turns hydrophobic. This in turn increases the
possibility of the formation of intermolecular hydrogen bond network between HPC
molecules and this perhaps slows down the solvation time constants for 10, 15 and 20% HPC
solutions at 303 K (table 4.1).
In order to understand whether the ―bound‖ to ―bulk‖ type water transition shares the
major contribution in the accelerated solvation dynamics at elevated temperatures, we
measure the excitation spectra of HPC-water mixtures at different temperatures. As per our
discussion earlier, the deconvoluted spectra provide information on the relative amount of
water of the two different ‗species‘ existing in the system. The temperature induced
population ratio thus could lead us to an estimation of the energy barrier between the two
‗species‘ of water. Let us first consider an equilibrium between ‗bound‘ and ‗bulk‘ type of
water molecules present in the system,
(4.5)
and the corresponding population be denoted as nbound and nbulk. We now consider a simple
Boltzmann type of distribution for both types of water species,
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(4.6)

and
this leads us to the ratio,

(4.7)
where, E stands for the energy difference between Ebound and Ebulk, which in principle be
approximated to be equivalent to the activation energy Eact estimated from the solvation
studies. To make an estimate of E, we deconvolute temperature dependent excitation curves
of two samples, namely 10% and 40% HPC. A representative depiction of deconvolution for
40% HPC solution at 273 and 303 K are presented in Figure 4.2.a. We approximate that the
excitation peak of C-500 in ‗bulk-water‘ does not suffer appreciable change in this
temperature range, and fix the bulk water peak at 390 nm while deconvoluting all the spectra.
We plot ln(nbound/nbulk) against 1/T for the two systems (Figure 4.2.b) and from the slopes, we
calculate the E values to be 4.2 and 1.0 kcal mol-1 for 10% and 40% HPC solution,
respectively. These values are in striking correspondence with the obtained Eact values
estimated from solvation studies. This strongly supports our notion that the observed change
in Eact is principally governed by the inter-conversion of the two types of water species
present in the system.
Finally, we explore the effect of the restriction imposed by the structure of HPC on
the activity of water. We measure the reaction kinetics of benzoyl chloride (BzCl) in waterHPC mixtures at different HPC concentrations and the results are depicted in Figure 4.7.
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Figure 4.7. (a-e) Kinetics of BzCl hydrolysis in HPC-water mixtures at different HPC concentrations. The solid
lines are the exponential fits of the data. (f) Rate constant of the hydrolysis reaction of benzoyl chloride at
different HPC concentrations. The value for bulk water is shown with a black circle.

Solvolysis of BzCl is essentially a solvent mediated reaction in which water acts as a
nucleophile and the rate of the reaction is primarily governed by the stability of the
intermediate acylium carbocation, which in turn is dependent on the polarity of the
environment.48
As evidenced from the figure, the rate of reaction slows down with increasing HPC
concentration; for 5% HPC the rate is 0.12 s-1, while for 10% it is 0.07 s-1, however, with
20% and higher HPC concentrations, it decreases rapidly to a value of ~610-3 s-1. Note that
due to the very high absorption of cellulose in this region, we could not measure the kinetics
for 40% HPC solution. It is worth noting here that the rate constant in water is 1.1 s-1, and it
gets reduced by 3-5 orders of magnitude in RMs and polymer solutions depending upon the
extent of confinement imposed.32,

33, 49

The observed rate is thus slower than that of bulk
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water, indicating poor nucleophilicity and/or reduced polarity of the environment. Solvation
dynamics and anisotropy studies have clearly identified restriction of the translational motion
of water owing to hetromolecular hydrogen bonding, which correlates the observed kinetics
data. It is interesting to note that the observed reaction rate at low HPC concentrations is an
order of magnitude slower than that in water, however, at and beyond 20% HPC it gets
another order of magnitude slower. Steady state emission results have clearly indicated a
progressive blue shift of the emission maximum of C-500 with HPC concentration (Figure
4.1a), which in turn indicates a reduced polarity of the microenvironment, a situation
unfavorable for the product formation. The further decrease of the reaction rate at 20% HPC
concentration could be anticipated with the onset of the hydrophobicity of the polymer as
well as the cholesteric structure formation in HPC coupled with the imposed restriction on
water molecules within such structures as evidenced from solvation dynamics and anisotropy
studies.

4.3. Conclusions:
The present time-resolved spectroscopic study reveals that the dynamics of water relaxation
undergoes a characteristic transition beyond 20% HPC concentration, wherein a microscopic
phase transition between isotropic to cholesteric phase sets in. This phenomenon is also
supported by steady state emission and excitation studies, and a deconvolution of the
excitation spectra clearly indicates transition between two ‗species‘ of water. The calculated
activation energy for water relaxation (Eact) resembles those of other confined systems at low
HPC concentrations, however, at higher HPC concentrations, it decreases significantly. This
could be explained by the change in the nature of hydrogen bond structure in the water-HPC
mixture at higher HPC concentration. The restriction imposed by the structure of HPC on the
rotation of the fluroprobe is also evident from time-resolved rotational anisotropy
measurements. Finally the alteration in structure and dynamics of water molecules in the
mixture is observed to affect the reactivity of water in the mixture.
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Chapter 5: Structure and Dynamics of Water in
Confined Environments
5.1. Introduction: Water involved in most of the biological processes does not exist in its
bulk form, rather it finds itself in restricted environments with the nm range length scale in
which the confined water molecules strongly interact with the interface, ions and molecular
groups. Reverse micelles (RMs) serve as one of the most potential platforms to study the
properties of water under nano-confinement. RMs are isotopic mixture of water, surfactant,
and organic solvent in which small aqueous droplets coated with a layer of surfactant
molecules are dispersed in a nonpolar solvent.1 Water encapsulated in reverse micellar (RM)
water-pool often show significant differences in their physical and chemical properties
relative to its bulk properties. This has attracted major attention in the scientific community
as RM systems often serve as a potential platform to mimic membranes. Such modifications
are attributed to the heterogeneous bonding of the encapsulated water molecules with the RM
interface. Water in the vicinity of the surface are supposed to be highly structured and
retarded in their dynamics.2-8 NMR studies of confining proteins within the nanoscale interior
of AOT RM report significant reduced motion of the protein hydration water

9, 10

. Studies

have also shown that the interaction of surfactant head group and water does play a pivotal
role, however, the influence of charge of the interface, role of surface topology and surfactant
film curvature on the hydration structure and dynamics has been neglected so far.
Structure11-15 and dynamics2,

5, 16-21

of confined water in RM systems have been

studied in detail using various experimental techniques as well as MD simulation.2, 4, 8, 22-33 It
has been inferred that the hydrogen bonded water structure gets perturbed upon confinement
resulting in a larger fraction of water molecules with distorted hydrogen bonding relative to
its bulk counterpart. Also it has been shown that dynamics of water molecules get retarded
due to its interaction with the surfactant head groups. Time resolved IR 5,
2, 35-37

fluorescence

7, 18, 34

and

spectroscopic studies have revealed that there exists at least two types of

water species inside the RM water pool, namely ‗bound‘ (water molecules bound to the
surfactant head group with a dynamics significantly slower than that of bulk water) and
‗bulk-type‘ (water molecules having regular tetrahedral hydrogen bonded network). The
‗bound‘ water molecules exhibit a coupled rotational-translational solvation dynamics which
is order of magnitude slower than the ultrafast relaxation dynamics observed in bulk water.20,
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38-40

It is debatable whether a third contribution of water, which is not bound but retarded in

hydration dynamics, had to be taken into consideration. The exchange equilibrium between
these two types of water molecules is believed to depend upon the nature of the RMs,
however, it needs a generalized approach to understand how the chemical, mechanical and
electrical properties of the interface govern the nature of the confined water molecules. 41 In
most of these systems, an Arrhenius type of barrier crossing model defines the temperature
induced cross over between the two types of water molecules.40,

42

Most of these earlier

studies have been carried out using anionic surfactant AOT as it can form spherical RM
droplets of tunable water pool size over a wide range.43 Recent efforts from the Fayer group4,
41, 44

in order to underline such questions have revealed that the vibrational stretching

dynamics of water molecules (ps to sub-ps order) is indeed dependent on the nanoscopic
dimension of the water pool. It appears therefore interesting to investigate whether the same
conjecture holds true for the slower relaxation dynamics in such systems. In addition it is also
interesting to investigate how a change in the morphology of RM interface affects the water
dynamics inside the RM water-pool.
Depending upon the nature of the head group, surfactants are classified into four
types: cationic, anionic, zwitterionic and nonionic. In order to study the effect of interfacial
charge on the structure and dynamics of water in confinement we have used three surfactants
with differently charged head groups, anionic AOT, nonionic Igepal (Igepal CO-520) and
cationic DDAB. Cyclohexane (Cy) has been used as the hydrocarbon phase. AOT is soluble
in Cy and produces RM systems up to w0 (

⁄

) ~ 20.45, 46 Igepal

has head group terminated by an alcohol hydroxyl group and is also capable to form well
defined spherical RM up to w0=20.45 The size of RMs in both the systems increases linearly
with w0 with Igepal forming slightly bigger RMs compared to that of AOT.47, 48 Due to the
double tailed wedge shape AOT stands as a perfect candidate for the formation of RMs in
almost all hydrocarbons.43 There have been a few studies to establish the influence of the
interface charge type (cationic and anionic) on the activity of water inside RMs following
solvolysis and/or enzyme catalysis reactions; these studies concluded greater nucleophilicity
of water inside anionic RM while higher hydrogen bond donor capability inside cationic
RM.49-52 It has also been reported5 that the relaxation dynamics of confined water is faster in
nonionic (Igepal) RM than the ionic (AOT) one.53 It is also interesting to note that the
penetration of the hydrocarbon into the surfactant monolayer does affect its chemical and
mechanical properties.54 Thus, in order to discard this effect, it is important to use a single
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hydrocarbon oil to prepare all the RM systems. The choice of DDAB/alkane/water as a model
system is quite deliberate, since this system offers a rather unusual phase behavior along the
w0 in the ternary phase diagram.55 The maximum water solubilization capacity, w0 of this
system is usually smaller than the conventional surfactant systems56 due to the low
hydrophilicity of quaternary ammonium head group of DDAB.57 At low hydration the system
essentially consists of cylindrical rod-like aggregated structures. As the water content is
gradually increased, the microstructure changes into discrete droplet type,55,

58-68

which

strongly corresponds to a substantial modification of the elastic property of the DDAB
monolayer curving around water in alkane continuum during the course of microscopic phase
transition. Small angle neutron scattering (SANS) studies for DDAB/Cy/water system55 have
demonstrated that at low hydration (2<w0<8), the system consists mainly of aggregated rodlike cylinders with length (l) varying from 14-20 nm, and radius (r) varying from 1.5 to 1.6
nm. At increased hydration (w0≥10) spherical aggregates are formed having a diameter of ~6
nm. Such a transition has successfully been explained on the basis of a distorted-openconnected cylinders (DOC) model.58 The cylindrical rod to sphere transition essentially
corresponds to a restricted degree of freedom in the translational motion, which might
enforce a modification in the relaxation dynamics. Also, in contrast to conventional RM
systems, DDAB RM systems exhibit both ‗volume induced‘ and ‗temperature induced‘
reverse percolation of conductance69-71 which manifests a transition from connected to
discrete structures with increasing w0 as well as increasing temperature.
In order to determine the restriction on motion upon confinement, the slow relaxation
dynamics of water molecules in RMs has been measured using ps-resolved fluorescence
spectroscopic technique using different fluorophores, namely C-500, C-343 and ANS
(molecular structure and details are given in chapter-2). The choice of the fluorophores lies
on the specific location of the probes in the RMs so that the relaxation dynamics of water at
different region of the RMs could be extracted. To underline the dependence of physical
properties of water on the nature of interface we have carried out mid-IR (MIR) and far-IR
(FIR) FTIR spectroscopic investigation. MIR and FIR data provide information on the
hydrogen bonding ability and the hydrogen bonded connectivity network of water inside
these RMs. For FTIR measurements we have used several hydration levels, namely w0 = 2, 5,
7.5, 10 and 12.5. As a complementary information on the estimation of the dynamics of the
collective motion of water molecules we carry out dielectric relaxation study using THz time
domain spectroscopy in the 0.2-2.0 THz frequency range using double Debye relaxation as a
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fitting model. Our study is aimed to underline any possible correlation of the water structure
and dynamics in RM systems with the geometry and charge type of the interface.

5.2. Results and Discussions:
5.2.1. Solvent Dynamics in Reverse Micellar Water-Pool: A Spectroscopic Investigation
of DDAB/Cyclohexane/Water Systems
MIR-FTIR: Figure 5.1.a shows a representative difference absorbance spectra (in the 30003700 cm-1 region) of DDAB/Cy/water system at w0=2.0 and 10 at two limiting temperatures
(293 and 323 K). It is worth mentioning here that Cy has negligible absorbance in this studied
frequency range (data not shown). The difference absorbance spectra are the differences
between the measured absorbance of the samples with that of the stock solution at w0=1. For
the sample at highest water content (w0=12.5), the added volume of water is only 2%
compared to the total volume of the stock solution, indicating that the reduced volume
fraction of the stock solution in all investigated RM systems is negligible. Therefore, the
difference spectra can be attributed to the water molecules present in the RM systems. The
MIR spectrum of water at 293 K could be deconvoluted into three Gaussian curves with
peaks at ~3590 (3), 3460 (2) and 3330 cm-1 (1). These bands correspond to isolated,
distorted structured and hydrogen-bonded water molecules, respectively.72 With increasing
temperature from 293 to 323 K, the peak positions at ~3590 and 3330 cm-1 change
marginally, whereas that at 3460 cm-1 undergoes a considerable blue shift.72-74
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Figure 5.1. MIR-FTIR spectra of DDAB/Cy/water reverse micellar systems with w0=2 and w0=10 at 293 and
323 K (black solid lines). Each spectrum is deconvoluted into three curves (green broken lines), the red curves
represent overall fitting.
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We deconvolute the spectra of water obtained at different temperatures.72 The relative
contributions of each band at 293 and 323 K are depicted as blue and red colored hollow
symbols, respectively in Figure 5.2.a. The population of ‗isolated water molecules‘ (3) is
expected to be low (<10%) and does not change appreciably with temperature. When we
increase the temperature from 293 to 323K, the intensity of the 2 band increases gradually
(from 30% to 34%), whereas that of the 1 band decreases from 65% to 62%. This change
could be attributed to a decrease in the number of strongly hydrogen bonded water molecules
as with thermal energy a fraction of hydrogen bonded water network gets disrupted. For the
deconvolution, we have fixed the three peak positions to those of bulk water. Better fitting
results could be obtained when the peak positions were varied; however, when fixing the
peak positions, we obtain information on the relative change in population of each sub-bands
compared to those of pure water. In case of w0=2 system no peak can be found in the ~3595
cm-1 region, instead a weak peak at ~3400 cm-1 can be observed (Figure 5.1.a). For the other
samples, the curves can be fitted using the peak positions of bulk water and a representative
illustration for w0=10 system is shown in Figure 5.1.a. The relative integrated area of each
band relative to the total area is plotted as a function of w0 for four different temperatures
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Figure 5.2. (a) Relative area under each deconvoluted curve is shown as a function of w 0 and temperature
(blue: 20°C, green: 30°C, yellow: 40°C, red: 50°C). The arrows indicate increasing temperature. 1 and 2
represents the curves with peak frequency at ~3300 and 3460 cm-1, respectively. 3 stands for the ~3400 cm-1
curve for w0=2 system and ~3590 cm-1 curve for the remaining systems. The corresponding values for pure
water at 293 (blue) and 323 K (red) are shown in hollow symbols for comparison. (b) Plot of ln( 1/2) against
1/T for w0=2 (circle), 5 (up triangle), 7.5 (square), 10 (down triangle) and 12.5 (diamond). The solid lines are
linear fits.

This relative contribution is essentially proportional to the relative abundance of that
particular ‗species‘ of water molecules. It has been observed that the water molecules
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contributing to 3 have a very low population (≤10%), while that for 1 are the most
abundant. Such a population difference is also evident in bulk water, however, their relative
population is different. At small w0 values (w0≤5), the intensity of the 1 band is decreased
compared to that in bulk water, whereas, it is found to be increased for the 2 band. 1
increases while 2 decreases with hydration and at w07.5, the population distribution
resembles that of bulk water. The difference in the abundance of different water species in
RM as compared to bulk water indicates the inhomogeneity in bonding of water molecules
with the RM interface.11-15, 75 At low hydration, water molecules in contact with the surface
are dominating. This can be correlated with the observed higher abundance of distorted Hbond network. We observe a higher population of 2 species with increasing hydration when
stronger hydrogen bonds between water molecules start building and the 1 population
reaches that of pure water. As observed from the Figure 5.2.a, the relative abundance of three
types of water molecules in the systems remain practically unaltered at and beyond w 0=7.5. It
could be argued that further addition of water does not modify the interface-water interaction
significantly and the structural evolution of water as evidenced in lower hydration limit levels
off. Such invariance has also been observed in the time resolved fluorescence studies (see
later).
With increasing temperature, the intensity of 2 band increases gradually at the
expense of the 1 band for all the w0 systems, while that of 3 remains almost constant with
temperature. It can thus be concluded that the effective decrease in the population of water
molecules contributing to 1 is compensated by the increase in those contributing to 2. Such
a temperature induced variation in the relative population corresponds to an activation barrier
crossing model.
FIR-FTIR: In order to investigate the collective dynamics of water molecules encapsulated
in the RM systems, we have carried out far-infrared (FIR) FTIR measurements of all the
systems at different temperatures. Some representative results are shown in Figure 5.3. In
pure water, two characteristic peaks can be found in this frequency range, one in the 200
cm-1 region and the other in the 600 cm-1 region, the former peak is assigned to the
intermolecular collective vibration mode of water molecules while the later one results from
the librational motion of water molecules in a hydrogen bonded connected network.76-78 With
increasing temperature the peaks undergo progressive red shift which is attributed to the
weakening of hydrogen bonding.76 It is interesting to note that in all the studied RM systems,
76

both the two bands are distinctly apparent confirming the presence of intermolecular
connective water network even at low w0 values. This agrees well with the anticipated
cylindrical structure of the droplets at low hydration. However, both bands are significantly
red shifted compared to that of bulk water, especially at low w0.
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Figure 5.3. FIR-FTIR spectra of DDAB/Cy/water reverse micellar systems at different w0 values at
temperatures of 293, 303, 313 and 323 K. The arrows show the trend for increasing temperature.

The red shift originates from the perturbation of the hydrogen bonded network in the RM
waterpool caused by the inhomogeneous hydrogen bonding of water molecules with the
interface. As a consequence the hydrogen bonds in the ‗bound‘ water region get weakened
due to significant interfacial interaction and high degree of orientation relative to the surface
head group.79, 80 In pure water the relative intensity of the ~200 cm-1 peak is 2.3 times smaller
than that of the librational peak, whereas for the RM systems, this ratio is 3.4 for w 0=2 and
3.1 for w0=10 at 293 K, indicating a considerable modification of the collective hydrogen
bonded network in the RM interior. Both the peak positions show only a marginal shift with
hydration as compared to the conventional AOT RM systems in which considerable shift of
the librational band was found with increasing hydration.80 The librational peak suffers a
small red shift with temperature, whereas that of the intermolecular stretching remains
unaltered.
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Fluorescence Spectroscopy: Steady-state and time resolved fluorescence measurements have
been carried out using coumarin 500 (C-500), which has extensively been used as a
fluorophore to study the relaxation dynamics of water in confined systems. 40,

81-84

The

absorption spectrum of C-500 in Cy produces a peak at ~360 nm along with a shoulder at
~380 nm (Figure not shown). C-500 is sparingly soluble in water and produces a peak at
~390 nm, however, in the RM systems this peak is red shifted as a result of the contribution
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Figure 5.4. (a) Steady state fluorescence spectra of C-500 in DDAB/Cy/water reverse micellar systems at
different w0 and temperature. (b) The difference absorption spectrum of C-500.

When we subtract the absorbance of C-500 in water from that of the RM we find a prominent
peak at 420 nm (Figure 5.4.b). In the present investigation we excite the probe at 409 nm
which selectively excites the probe molecules residing at the DDAB interface only. In all the
studied RM systems, C-500 (excited at 409 nm) exhibits a single emission peak which
undergoes a ~10 nm red shift when w0 is increased from 2 to 12.5 (Table 5.1.1, Figure 5.4.a).
It can be observed that at and beyond w0=7.5, there occurs only marginal change in the peak
maximum, a phenomenon in accordance with MIR-FTIR studies. A marginal red shift (2-3
nm) is observed when temperature is increased. The DDAB RM systems yield 5-6 nm blue
shifted emission maximum of C-500 compared to AOT RM,40 which identifies a less polar
environment in the former system as experienced by the fluorophore.
In order to understand the dynamics of the encapsulated water in these RM systems,
we carry out time-resolved fluorescence (TRF) studies. Figure 5.5.a shows a representative
decay transient of C-500 in w0=10 system at 293 K.
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Figure 5.5. (a) Wavelength dependent decay transients of C-500 present in DDAB/Cy/water reverse micellar
systems with w0=10 at 293 K. The solid lines represent multi-exponential fittings. (b) Time resolved emission
spectra (TRES) of C-500 present in DDAB/Cy/water reverse micellar systems with w0=10 at 293 K. (c) The
corresponding Time-resolved area normalized emission spectra (TRANES).
Table 5.1.1. Fitting parameters of bi-exponential fitting of solvent correlation function C(t) for C-500 in
DDAB/Cy/water RM systems at different w0 and temperatures. max presents the emission maximum of C-500 in
each system. (1. from reference 70.)
Temperature

max (nm)

a1

283 K
293 K
307 K
328 K

~505
~505

-

293 K
303 K
313 K
323 K

480
483
485
482

0.38
0.33
0.25
0.50

293 K
303 K
313 K
323 K

487
488
489

0.41
0.49
0.66

293 K
303 K
313 K
323 K

488
489
489
491

0.23
0.43
0.56
0.67

293 K
303 K
313 K
323 K

489
491
492
492

0.19
0.51
0.60
0.79

293 K
303 K
313 K
323 K

490
491
492
492

0.18
0.51
0.65
0.86

a2
Water1
w0=2
0.62
0.67
0.75
0.50
w0=5
0.59
0.51
0.34
w0=7.5
0.77
0.57
0.44
0.33
w0=10
0.81
0.49
0.40
0.21
w0=12.5
0.82
0.49
0.35
0.14

1 (ns)

2 (ns)

<> (ns)

0.00031
0.00033
0.00038
0.0003

0.001
0.00071
0.00055
-

-

0.27
0.21
0.97
0.20

1.45
0.88
0.23
0.75

1.00
0.66
0.41
0.48

0.20
0.20
0.20

0.59
0.52
0.56

0.43
0.36
0.32

0.16
0.20
0.21
0.18

0.51
0.50
0.47
0.53

0.43
0.37
0.32
0.29

0.17
0.22
0.18
0.18

0.44
0.43
0.45
0.51

0.38
0.32
0.28
0.25

0.15
0.19
0.19
0.18

0.42
0.46
0.43
0.55

0.38
0.32
0.27
0.23

The decay transients are wavelength dependent. For example, with w0=10 at 293 K,
the transient at 440 nm can be fitted to three decay components of 165 (50%), 705 (36%) and
3320 (14%) ps, whereas the transient at 580 nm shows a distinct rise component of 370 ps,
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along with two decay components of 1600 and 3600 ps. Such a wavelength dependency of
decay transients clearly indicates solvation of the probe by water molecules. We construct the
time resolved emission spectra (TRES) (a representative TRES for w0=10 system at 293 K is
shown in Figure 5.5.b) and have deduced the solvent correlation functions, C(t) for all these
systems. At a first step, we check that the observed time resolved spectral shift is not
associated with any internal photophysics of the probe itself. In order to do so we construct
the time-resolved area normalized emission spectra (TRANES)85 for all these systems. A
representative illustration for w0=10 at 293 K is shown in Figure 5.5.c. No apparent isoemissive point is recognized in the TRANES profile, which confirms that the probe contains
only a single ‗species‘. Therefore, the observed time dependent spectral shift can be
attributed solely to the inhomoginity of the microenvironment experienced by the probe. The
C(t) curves can be fitted using the following bi-exponential decay function, ( )
⁄

⁄

where 1 and 2 represent two characteristic time scales assigned to two

different relaxation processes of water molecules. Some representative fitted curves at 303 K
are shown in Figure 5.6.a. The results of all the fits at different w0 and temperatures are
shown in Table 5.1.1. The relaxation time constants are in the order of a few hundreds ps,
which in turn is an order of magnitude slower than those of bulk water.86
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Figure 5.6. (a) Solvent correlation function C(t) curves for C-500 in DDAB/Cy/water reverse micellar systems
at different w0 values at 303 K. The solid lines represent biexponential fit of the curves. The obtained average
solvation time constant <> at different w0 values at four different temperatures are shown in the inset. (b) The
Arrhenius plots of ln(1/<>) against 1/T for all the systems are shown in the inset. The solid lines are linear
fitting. The obtained activation energies are plotted against w0 in the main figure.

Earlier studies have revealed the ultrafast relaxation time constants of C-500 in bulk water to
be 0.3 ps and 0.7 ps at 293 K.87 In order to compare the slow dynamics in RM with the fast
dynamics of bulk water, we present the time constants of bulk water (as obtained from
reference 70) in Table 5.1.1. Among the observed two slow relaxation timescales in RM
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systems, 1 mainly emanates from the hindered rotation of the water molecules at the RM
surface, whereas 2 has its major share from the corresponding translational motion. The
observed Stokes shift is in the order of 95050 cm-1. The time resolution of our instrument is
~80 ps FWHM. Therefore, we miss a considerable fraction of the ultrafast fluorescence
signal at faster time scales. The loss can be estimated by calculating the zero frequency of the
fluorescence maximum, pem(0) using the formula developed by Fee and Maroncelli,88
where pabs, npabs and npem are the absorption peak of the

( )

fluorophore in polar solvent, absorption peak in nonpolar solvent and emission peak in
nonpolar solvent, respectively. Considering Cy to be the nonpolar solvent, in which C-500
produces absorption peak at 360 nm and emission peak at 410 nm, and water to be the polar
solvent, we estimate ~53% and 58% loss for w0=2 and 10 respectively at 293 K. The ultrafast
fluorescence signal that we miss originates from the fast relaxation of bulk-like water
molecules present in the system and thus does not significantly affect the conclusion drawn
from the obtained slow relaxation data.
As can be observed from the inset of Figure 5.4.b, the average solvation time constant
<> (

∑

) decreases first steadily with increasing w0 and then marginally beyond

w0=7.5. It has to be considered here that DDAB/Cy RM size decreases with increasing w 0
and temperature. It has been observed for the conventional RM systems that the increase in
droplet size (increase in w0) results in an accelerated relaxation dynamics. In this regard the
observation in the present measurement is contradicting to the previous observation as
transition in the droplet dimension hardly affects the water dynamics. The slower relaxation
time constant (2) is related to the diffusional motion of the probe through the DDAB-water
interface and this allows to estimate the diffusion coefficient (Dw) of the aqueous
environment at the interface. The magnitude of Dw can be correlated to the rms distance
<z2>1/2 travelled by the probe in time t using <z2>=2Dwt, in which t can be approximated as
2. For DBAB/Cy/water ternary systems the measured self-diffusion coefficient of water are
in the order of Dw = 10-10 m2s-1 which then decreases to Dw = 1-3×10-11 m2s-1 at higher
hydration.66, 70 Using the above equation we obtain the following values of <z2>1/2 (which
could roughly be approximated as the thickness of the bound water layer at the DDAB
interface): 40.5 Å at low hydration and 1.70.4 Å for w0=12.5. It needs to be considered
here that the use of the mentioned Dw values instead of those obtained from NMR studies
gives only an approximation. However, we can safely conclude that the ‗bound or retarded
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water‘ layer concentration at the DDAB interface decreases with increasing water
concentration. This explains the accelerated solvation dynamics with increasing w0 in spite of
the decreasing size.
In order to understand the geometrical restrictions imposed on the fluorophore by the
local environment, we measure the time resolved fluorescence anisotropy for all the RM
systems at different temperatures. Two representative decay transients at two terminal
temperatures are shown in Figure 5.7. All the decay transients are fitted using the following
⁄

equation ( )

(

⁄

)

]. The fitting parameters are listed in Table

5.1.2. The average time constant <r>=slow+(1-)fast has been plotted as a function of w0
and temperature in Figure 5.8.a. The deduced decay constants are in the order of a few
hundreds of ps up to a few ns, respectively. For comparison, the probe exhibits a single
rotational time constant of ~60 ps in bulk water at room temperature.87 In the present study
the faster component fast is of the order of 160-240 ps and is therefore correlated with the
rotation of the probe in a bulk-like environment of the water pool. The observed 2-4 times
retarded value of fast compared to that of pure water is explained by the existence of
secondary hydrogen bonding in these water molecules with the interface.
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Figure 5.7. Representative rotational anisotropy transients for C-500 in DDAB/Cy/water reverse micellar
systems with w0 values of 2 and 10 at 293 and 323 K. The solid lines are bi-exponential fits.
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The slower component (slow) is assigned to the rotation of the ‗bound water‘ molecules. fast
and slow decrease with increasing temperature (Table 5.1.2), which is explained by the
increased rotational mobility of the probe with increasing temperature. In order to obtain a
deeper insight into this we analyze the anisotropy data using the wobbling-in-cone analysis89,
90

(The details of wobbling-in-cone analysis given in chapter 2). The diffusion coefficient for

the wobbling motion Dwob can be obtained using equation 2.39. The calculated Dwob values
for all the system are summarized in Table 5.1.2. Dwob obtained in the present study are of the
same order of magnitude to those obtained in AOT RM systems40, 91 and are found to increase
with temperature (Figure 5.8.b and Table 5.1.2), which is a clear signature of the ease of the
probe motion with temperature. The increase is explained by the fact that the probe
experiences a less viscous environment at elevated temperature and manifests the breakdown
of hydrogen bond network as has earlier been evidenced in FTIR and solvation dynamics
studies.
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Figure 5.8. (a) Average rotational time constant <r> and (b) Diffusion coefficient (D wob) for different RM
systems with w0=2 (circle), 5 (up triangle), 7.5 (square), 10 (down triangle) and 12.5 (diamond) as measured
from wobbling-in-cone analysis at four different temperatures (c) Plot of ln(D wob) against 1/T. The solid lines
are linear fits. The corresponding activation energies are shown in (d).

As observed from Table 5.1.1, <> decreases with increasing temperature which is a direct
consequence of the temperature induced inter-conversion between ‗bound‘ and ‗bulk‘ type
water. Such temperature induced transition could be correlated with an Arrhenius type of
83

transition in a following manner: it has been established in earlier studies40, 42, 83, 84, 92, 93 that
the transition of water molecules at the RM and other micro-heterogeneous assemblies
follows an Arrhenius type barrier crossing model given as:
(5.1)
where Eact is the barrier energy associated with the transition of different types of water
molecules. Plotting ln(1/<>) against 1/T (inset of Figure 5.6.b) and using a linear fit, we
obtained Eact values of 2.8±0.5, 2.4±0.1, 2.6±0.1 and 3.0±0.1 kcal mol-1 for w0=5, 7.5, 10 and
12.5 respectively (Figure 5.6.b). For w0=2 system, a linear fit up to 313 K yields an activation
energy of 8±1 kcal mol-1. It is interesting to note that the Eact values obtained for w05
systems are comparable or smaller than those obtained for AOT RM systems using the same
probe40 and do not change much with hydration.
Table 5.1.2. Wobbling-in-cone analysis of anisotropy decay transients for C-500 in DDAB/Cy/ water RM
systems at different w0 and temperatures.
Temperature

fast (ns)

slow (ns)

293 K
303 K
313 K
323 K

0.24
0.24
0.23
0.26

1.96
1.69
1.45
1.71

293 K
303 K
313 K
323 K

0.21
0.20
0.19

1.5
1.22
1.02

293 K
303 K
313 K
323 K

0.22
0.21
0.20
0.18

1.66
1.38
1.02
0.87

293 K
303 K
313 K
323 K

0.21
0.20
0.19
0.16

1.47
1.04
0.92
0.72

293 K
303 K
313 K
323 K

0.19
0.18
0.17
0.16

1.28
0.95
0.81
0.70



<r> (ns)

Dw×10-8 (s-1)

0.64
0.57
0.52
0.33

1.34
1.07
0.86
0.74

2.78
3.30
3.84
5.07

0.56
0.52
0.48

0.93
0.73
0.59

3.87
4.43
4.92

0.58
0.55
0.50
0.47

1.06
0.85
0.61
0.50

3.56
3.94
4.45
5.18

0.57
0.52
0.49
0.47

0.93
0.64
0.55
0.42

3.77
4.24
4.69
5.71

0.56
0.50
0.48
0.44

0.80
0.57
0.48
0.40

4.26
4.95
5.34
6.04

w0=2

w0=5

w0=7.5

w0=10

w0=12.5

The Eact values as obtained in the present study essentially describe the energy cost associated
with the change in coupled rotational-translational solvent (water) relaxation dynamics upon
the transition from surface bound to unbound state.94, 95 Hence, the value of the Eact mostly
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depends on the probe location as well as on the interaction of the probe molecule with the
interface. The observed Eact values are considerably smaller than those in bulk water (~8-9
kcal mol-1).96 However, they are in a good agreement with that for interfacially bound water
(IBW) to interfacially free water (IFW) transition energy which is of the order of 2.4-4 kcal
mol-1.94. It is also interesting to note that the values for Eact are not affected much with a
change in hydration and hence on surface morphology, suggesting its marginal role on the
local environment of the probe for the present system.
The exchange of water molecules at the interface essentially involves the diffusion of
water molecules. Dwob values as calculated from the wobbling-in-cone analysis allow to
estimate the activation energy of this diffusion process. In order to estimate this, we plot
ln(Dwob) against 1/T, and we obtain good linear fits for all the systems (Figure 5.8.c). The
activation energy of diffusion (ED) is 3.60.4, 2.30.1, 2.30.2, 2.50.5 and 2.10.2 kcal
mol-1 for w0 values of 2, 5, 7.5, 10 and 12.5 respectively (Figure 5.8.d). These values are in
excellent agreement with those obtained for the solvent relaxation process. This agreement
strongly suggests that the temperature induced acceleration of solvent relaxation is strongly
correlated with the diffusion of water molecules.
Further information on the process could be made on the basis of the change in the
relative population of water molecules as observed in the temperature dependent MIR
spectrum analysis (Figure 5.2.a). We consider an equilibrium between bound and bulk water:
where

and

represent the number of water molecules in

the ‗bound‘ and ‗bulk‘ states, respectively. The ratio between

and

can be

described by a Boltzmann type population distribution:84, 97
;
We therefore obtain:
where

is the total number of water molecules, Etr is the energy associated with the

‗bound‘ to ‗bulk‘ transition and should correspond to the activation energy of the water
transition as envisaged in solvent relaxation process (Eact). The number of water molecules in
the ‗bound‘ and ‗bulk‘ states can be estimated from the relative area (A) under the band at 1
and 2 respectively:
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(5.2)
When we plot ln(

/

) against 1/T, we obtain a linear curve for w05 RM systems (Figure

5.2.b). The fitting provides with Etr values of 3.50.1, 2.90.2, 3.00.2 and 3.10.2 kcal
mol-1 for w0 values of 5, 7.5, 10 and 12.5, respectively. It must be taken into consideration
that Equation (5.2) is a rather simplified approach based on the assumptions that the ratio
directly correspond to the relative area ratio

/

. However, the similarities

between Eact and Etr are striking. This agreement supports our analysis and the inherent
assumption.
The relaxation dynamics also gradually accelerates with increasing temperature, in
spite of the decrease in the droplet dimension. In a previous study40 Mitra et al. found that in
AOT RM, increasing temperature accelerated the relaxation process. It was argued that in
AOT RM systems, the droplet size increases with temperature, which consequently increases
the fraction of bulk water in the pool, resulting in a faster relaxation dynamics. However, in
the present system, the droplet dimension indeed decreases with temperature and thus it can
be concluded that the ‗bound‘ to ‗bulk‘ transition is the sole contribution towards the
observed accelerated dynamics. In summary, we find a significant change of the water
relaxation dynamics with changes in droplet size and temperature. However, these changes
are independent of the topological curvature.
5.2.2 Influence of Charge on the Structure and Dynamics of Water Encapsulated in
Reverse Micelles
Fluorescence measurements: In order to determine the retarded dynamics of the water
molecules inside RMs and a possible correlation with the interface, we carry out both steady
state and time resolved fluorescence measurements using two probes, namely C-34335, 36, 98100

and ANS101, 102 in three differently charged RMs.
C-343 is water soluble and insoluble in Cy. Upon excitation at 409 nm, C-343

produces emission maximum at 490 nm in water and 465 nm in dioxane. The emission
maximum of C-343 exhibits a blue shift in RMs compared to that in pure water, the effect
being more prominent in case of Igepal (Table 5.2.1). The observed ~15-18 nm blue shift in
Igepal RM is comparable to that obtained in earlier studies using the same probe in various
nonionic surfactant RM systems.36, 103

86

0

2

IRF
440 nm
480 nm
590 nm

4

6

(b)

Norm. Fl. intensity

Norm. Fl. Intensity

(a)

18000

5 ns

19500

0 ns

21000

22500
-1

Time (ns)

Frequency (cm )

Figure 5.9. (a) A representative fluorescence decay transient of C343in AOT RM at w0=10. The solid lines
represent multi-exponential fittings. (b) Time resolved emission spectra (TRES) of C-343 in AOT RM at w0=10.
The arrow indicates increasing time.

The emission maximum is observed to get progressively red shifted with increasing hydration
(w0) as envisaged from the increased population of the bulk type water and hence an
increased polarity.40 In DDAB, the peak position does not change much with w0.
To study the slow relaxation dynamics of water inside the investigated RM systems we
construct TRES and deduce the solvent correlation function C(t).97 A representative
fluorescence decay transient of C-343 in AOT RM at w0=10 is shown in Figure 5.9.a. It is
evident that the blue end (440 nm) shows only decay components, whereas the red end (590
nm) could only be fitted after considering a rise component. This clearly indicates the
solvation of the probe.104 The corresponding TRES is presented in Figure 5.9.b. Some
representative C(t) curves are shown in Figure 5.10.a & 5.10.c. The C(t) curves are fitted
using a bi-exponential decay function, ( )

⁄

⁄

where 1 and 2 represent

two characteristic time scales assigned to two different relaxation processes of water
molecules: 1 (~ hundreds of ps) stems from the hindered rotation of the water molecules at
the RM surface, whereas 2 (~ several ns) is attributed to the coupled rotational- translational
motions.95
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Figure 5.10. Left panel (data obtained using C-343 as the fluoroprobe): (a) A representative C(t) plot for
different RM systems with w0=10, (b) Average time constant (< >) for different RM systems at different w0
values. Right panel (data obtained using ANS as the fluoroprobe): (c) A representative C(t) plot for different
RM systems with w0=10, (d) Average time constant (<>) for different RM systems at different w0 values.

It could be noted here that the limited time resolution of our instrument (IRF~80 ps)
refrains us from extracting the ultrafast response of bulk water which is orders of magnitude
faster than 1 and 2.86 The loss can be estimated by calculating the zero frequency of the
fluorescence maximum,
( )

( ) using the formula developed by Fee and Maroncelli,88
where,

,

,

are the absorption peak of the

fluorophore in polar solvent, absorption peak in nonpolar solvent and emission peak in
nonpolar solvent, respectively. The absorption maximum of C-343 is 435 nm in dioxane and
425 nm in water and we estimate ~46% loss for w0=10 of AOT RM. It can be argued that the
undetected fluorescence signal originates from the ultrafast (sub-ps) relaxation of bulk-like
water molecules present in the system. Since the present investigation is primarily concerned
with the dynamics of interfacial water, the missing contribution from bulk water does not
significantly affect the conclusion drown from the detected slow relaxation data. The solvent
correlation time constants for all the RM systems are presented in Table 5.2.1.
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Table 5.2.1. Steady state fluorescence maxima, solvation time correlation and time resolved anisotropy
parameters for Coumarin-343 in AOT, DDAB and Igepal RM at different levels of hydration.
w0

λmax nm)

1
(ns)

2 (ns)

<>
(ns)

5

482
485

15

485

1.80
(45%)
1.85
(32%)
1.52
(37%)

1.01

10

0.34
(55%)
0.26
(68%)
0.20
(62%)

5

472
477

15

477

2.65
(52%)
2.12
(47%)
2.14
(49%)

1.51

10

0.25
(48%)
0.23
(53%)
0.26
(51%)

5

488
490

1.58
(47%)
1.45
(45%)

0.94

10

0.39
(53%)
0.42
(55%)

0.76
0.69

1.12
1.18

0.88

r1
(ns)
AOT
0.25
(42%)
0.24
(47%)
0.26
(54%)
Igepal
0.4
(45%)
0.38
(48%)
0.36
(50%)
DDAB
0.29
(43%)
0.24
(46%)

r2 (ns)

<r>
(ns)

w

Dw 108
(s-1)

1.85
(58%)
1.41
(53%)
1.35
(46%)

1.17

33.9

3.14

0.86

36.3

3.54

0.76

39.8

3.71

2.34
(55%)
2.01
(52%)
1.91
(50%)

1.46

35.3

2.02

1.23

36.8

2.24

1.14

37.8

2.48

1.9
(57%)
1.62
(54%)

1.21

34.2

2.71

0.99

35.8

3.50

For all the RM systems the average time constant (

∑

) decreases with

increasing w0 (Figure 5.10.b) which is consistent with earlier studies and is attributed to the
increased fraction of fast moving bulk water molecules in the system at elevated hydration.40,
45, 105

Among all the studied systems Igepal offers the slowest relaxation time relative to the

other two systems. In order to explore the geometrical restriction imposed on the fluorophore
inside the RM systems, we measure the time resolved rotational anisotropy, r(t). Earlier
simulation studies have concluded that the water rotational anisotropy relaxation in RM
systems is complex and can be described using a sum of three exponential functions where
each relaxation time scale is associated with different types of water: ‗surface layer‘ or
‗intermediate layer‘ or ‗central layer‘.31, 106 Since our study is mainly associated with a rather
slower dynamics of confined water, which essentially originates from the surface and/or
intermediate layer, we fit the decay transients using a double exponential model, ( )
∑

(

) where r represents the rotational time constant.
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Anisotropy decay at w0=5. (b) and (e) Average rotational anisotropy time constant (< r>). (c) and (f) Wobbling
angle (solid symbols, arrow pointing in the direction of left side) and diffusion coefficient (open symbols, arrow
pointing in the direction of right-side) for different RM systems at different w0 values.

A representative double exponential fit of the anisotropy transient is shown in Figure 5.11.a.
All the fitting parameters are presented in Table 5.2.1. It can be observed that the average
rotational time constant (

∑

) is the slowest for the Igepal RM systems, while

those for AOT and DDAB are comparable (Figure 5.11.b).
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Table 5.2.2. Steady state fluorescence maxima, solvation time correlation parameters and time resolved
anisotropy parameters for ANS in AOT, DDAB and Igepal RM at different levels of hydration.
λmax
(nm)

1 (ns)

5

476
480

15

480

1.54
(36%)
1.33
(37%)
0.87
(36%)

0.71

10

0.23
(64%)
0.22
(63%)
0.16
(64%)

5

479
482

15

484

1.36
(39%)
1.15
(38%)
1.07
(40%)

0.64

10

0.18
(61%)
0.19
(62%)
0.17
(60%)

5

462
469

2.18
(54%)
2.14
(36%)

1.29

10

0.20
(46%)
0.59
(65%)

w0

2
(ns)

<>
(ns)

0.63
0.42

0.55
0.53

1.14

r1
(ns)
AOT
0.19
(37%)
0.18
(42%)
0.19
(47%)
Igepal
0.2
(39%)
0.21
(40%)
0.22
(46%)
DDAB
0.52
(42%)
0.51
(50%)

<r>
(ns)

w

Dw 108
(s-1)

2.0
(63%)
1.7
(58%)
1.55
(53%)

1.33

31.2

3.74

1.06

33.7

4.48

0.91

36.3

4.73

1.82
(61%)
1.63
(60%)
1.68
(54%)

1.19

32.2

3.70

1.06

32.7

3.55

1.01

35.8

3.95

2.57
(58%)
2.27
(50%)

1.70

34.0

1.40

1.39

37.8

1.67

r2
(ns)

For further discussion, it should be taken into consideration that the location of the
probe in a micro-heterogeneous environment is of the utmost importance in fluorescence
spectroscopy and the information drawn from fluorescence measurements is essentially
governed by the nature of the immediate local environment experienced by the probe. We can
compare the solvation dynamics for the three RM systems at a fixed hydration level (w0=10):
the <> values for C-343 are 0.76, 1.12 and 0.88 ns in AOT, Igepal and DDAB RM systems,
respectively (table 5.2.1). In Igepal RMs, C-343 essentially stays at the interface as evident
from the blue shifted fluorescence maximum, whereas in AOT and DDAB the probe resides
near the bulk core of the RM. For identical w0, Igepal produces larger droplets than AOT,45
however, offers slower solvation time scale. Restricted rotation of the probe inside RM can
be deduced from the anisotropy measurements. Since the origin of the slower solvation time
constants is diffusive in nature we analyze the anisotropy data with a wobbling-in-cone
model (the details have been discussed in chapter 2).40, 107-109 The w and Dw values obtained
from this analysis are summarized in Table 5.2.1 and shown in Figure 5.11.c. The wobbling
angle as well as diffusion coefficient increases with increasing hydration, indicating an
overall ease of rotation with increasing w0 which is correlated with the observed decrease in
<r>. The obtained Dw values are of the same order of magnitude as those obtained for AOT
RM systems in earlier studies and is slower compared to that of bulk water.40, 92 The trend
observed in Dw can be related to that in <>, with the latter being mostly associated with the
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diffusive nature of restricted water. Dw of Igepal is low compared to the other two systems
(Table 5.2.1, Figure 5.11.b), which enforces a slower solvation timescale for the Igepal
system. On the other hand, AOT and DDAB systems offer a more polar environment to the
probe, which in turn is manifested by the faster Dw and <> values.
In addition, we employed a second probe, ANS, which is also a water soluble dye and
produces emission maximum at 515 nm in water;110 in RMs it shows considerable blue shift
to produce the maxima at 480, 482 and 469 nm in AOT, Igepal and DDAB RM respectively
at a hydration level of w0=10 (Table 5.2.2). DDAB is observed to produce the slowest
relaxation dynamics. ANS prefers to stay at the bulk core in AOT RM 102 to minimize the
charge interaction and as a result produces a faster dynamics. On the other hand, the
favourable charge interaction tends to keep the probe in the vicinity of the oppositely charged
DDAB interface, and consequently it experiences a larger fraction of interfacially bound
water molecules which eventually results in a delayed solvation response. The D w values of
DDAB are also small compared to the other two systems (Table 5.2.2, Figure 5.11.d-f). The
fluorescence results thus confirm a considerably retarded dynamics of water molecules inside
all the three different RM systems owing to their confinement, the information obtained on
the extent of retardation is found to be specific of the location of the probe. In order to obtain
complementary information on the hydrogen bond dynamics, we perform additional FTIR
and THz experiments.
FIR FTIR measurements: In order to investigate on the collective dynamics of water
molecules encapsulated in the RM systems, we carry out FIR FTIR measurements of all the
studied systems. Some representative results are depicted in Figure 5.12.a-c. The FIR spectra
for all these systems are found to be considerably changed compared to that of bulk water. In
pure water, two characteristic peaks can be found in this frequency range, one in the 200
cm-1 and the other one in the 600 cm-1 region. The peak at ~200 cm-1 is essentially an
optimized hydrogen bond stretching band (SB) contributed by one symmetric stretching (at
~160 cm-1) and several antisymmetric stretching modes (~220 and 290 cm-1) of hydrogen
bonded network at the first solvation shell of water.78
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Figure 5.12. (a-c) FIR-FTIR spectra of AOT, DDAB and Igepal RM systems at three different w 0 values (2, 5
and 10). The FIR spectrum of pure water in this frequency region is shown as black broken line in an adjusted
scale for comparison (d) The deconvoluted FIR spectrum of AOT RM (grey solid line). The black line is the
overall fitted curve, the blue and orange broken lines are the two Gaussian decomposition curves designated as
SB and LB, respectively.

The band at ~600 cm-1 results from the librational motion of water molecules in a hydrogen
bonded connected network, called the ―librational band‖ (LB).11,

78, 111

Position of LB

depends upon the strength of hydrogen bond in network structure of water, whereas SB arises
from the longitudinal motion of the hydrogen atom along the hydrogen bond axis (i.e.,
hydrogen-bond stretching) and therefore characterizes the level of hydrogen bonding between
neighbouring water molecules. In order to obtain a quantitative information about the SB in
the RM system the FIR absorbance spectra in the 30–650 cm-1 region is fitted as a sum of two
Gaussian functions in which the position of the low energy Gaussian (near 200 cm-1) is
related to the strength of the SB and consequently on the extent of the collective hydrogen
bonded network structure of water.
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Figure 5.13. (a) The deconvoluted stretching band (SB) of water in different RM systems at w 0=10. The broken
line represents the SB for pure water. (b) SB of water in AOT RM at different w 0 values. (c) Peak position of SB
for different RM systems and pure water.

A representative graph for deconvoluted AOT RM system is presented in Figure 5.12.d. We
plot the deconvoluted Gaussian SB curves for different RM systems at w0=10 in Figure
5.13.b. It is evident from Figure 5.13.b that in RM the SB shows a clear red shift compared to
that of pure water, the effect being more prominent in case of AOT RMs. Such a red shift in
the SB band indicates that the stretching modes of network water are strongly affected by
confinement. A similar red shift in the librational band of water (at ~670 cm-1) was
previously been observed in case of AOT RM.80 It can be observed from the Figure 5.13.c
that SB appears at ~180 cm-1 for DDAB and Igepal at w0=10, while for AOT it is further red
shifted to ~160 cm-1. The enhanced red shift in AOT clearly suggests a decrease in the
collective hydrogen bonding of water inside the RM system as a considerable fraction of
water molecules are associated with the interface.
Figure 5.13.a depicts the SB of water in AOT nano-pool with varying hydration (w0).
The position of the SB peak as a function of w0 for all the three surfactant systems has been
plotted in Figure 5.13.c. It is observed that at each hydration level, AOT RM offers the
largest red shift compared to DDAB and Igepal with DDAB being little more distorted than
Igepal. The SB position remains highly red shifted up to w0=5, beyond which a progressive
blue shift of the peak is observed with increasing hydration.
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THz-TDS measurements: THz spectroscopy was used to investigate ultrafast collective
dynamics of water in RM systems. We performed the THz-TDS measurements on all the RM
systems in the frequency range of 0.2-2.0 THz.
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Figure 5.14. (a) and (c) show absorption coefficient and refractive index as a function of frequency of water
inside AOT, DDAB and Igepal RM at a hydration level of w 0=10. The same values for water have been given for
comparison. (b) and (d) show absorption coefficient and refractive index as a function of frequency of water
inside AOT RM for different level of hydration.

Optical parameters of water (absorption coefficient and refractive index) in various
RM systems are shown in Figure 5.14. As observed from the Figure 5.14.a the absorption
coefficient (α) of water in the RM is decreased compared to that of pure water in the low
frequency region (0.2 to 0.7 THz), whereas it is increased in the higher frequency region. A
similar trend has previously been observed for AOT/heptane RM systems 112 and oil-water
interface,113 and can be explained on the basis of a high-frequency shift of the fast water
relaxation and a simultaneous low frequency shift of the hydrogen bond stretching mode
compared to that of pure water.113 This can be interpreted in terms of a significant exposure
of water molecules towards more hydrophobic/hydrophilic environment as has previously
been observed during protein folding/unfolding process.114

95

8
5

im

real

6

(b)

3
2

5

25

AOT
Igepal
DDAB

4

20



7

(a)

0.4

4

0.8 1.2 1.6
Frequecncy (THz)

15

3

10

2
0.4

1.2

1.6

6

(c)

9

w0

12

15

(d)

0.25

0.20

2(ps)

(ps)

6

0.8

Frequecncy (THz)

4

0.15
2

0.10

6

9

w0

12

15

6

9

w0

12

15

Figure 5.15. (a) THz-TDS dielectric relaxation spectra and fitted spectra using Double Debye relaxation model
of water inside RM for AOT, DDAB and Igepal RM at w 0=10. (b) Dielectric strength (Δε 1=s-2) as a function of
w0 for different RM systems. (c) and (d) show the relaxation times as a function of w 0 for all the RM systems.

In order to obtain the dynamics of entrapped water, the dielectric response of water
has been fitted using a two component Debye model as,
( )

( )

( )

(5.3)

where i is the time constant for the i-th relaxation mode and i is the corresponding
relaxation strength,  is the high frequency dielectric constant. The slower time constant 1
is associated with a cooperative reorientation of an ensemble of molecules (~8 ps for pure
water) whereas the slower one, 2, emanates from hydrogen bond formation and dissociation
(~200 fs for pure water).115, 116 Some representative double Debye fits are shown in Figure
5.14a and the corresponding fitting parameters have been plotted as a function of w0 (Figure
5.15.b-d). It can be observed from the Figure 5.15. that the time constant 1 as well as the
corresponding relaxation strength (1=s-2, where s is the static dielectric constant of pure
water, 1~73 for pure water) are considerably smaller in RMs compared to those of bulk
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water, the effect being more prominent in case of AOT followed by DDAB and Igepal. A
similar decrease in 1 and 1 has previously been reported for AOT/heptane RM systems by
Mittelman et al.112 The observed decrease suggests that the confinement strongly perturbs the
large-scale collective modes, which are predominantly observed in pure water.78 Even weak
confinement has also been reported112 to significantly perturb the collective117 hydrogen bond
bending (TA phonon) mode of liquid water which appears at ~50 cm-1.118 The reduction in
the dielectric constant stems from a change in the hydration bond dynamics. As observed
from Figure 5.15, the extent of change in 1 and 1 are comparable for all the three RM
systems at low hydration (w0=5) indicating a highly perturbed structure at low hydration. The
perturbation is released at higher hydration, specially to a considerable extent in the Igepal
RM. The THz study thus corroborates with the FIR results which concluded the disruption of
hydrogen bonded network structure inside RM as manifested in the observed decrease of
connectivity network and a consequent faster relaxation dynamics. The distortion is found to
be governed by the charge type of the interface with the effect being more severe for AOT
followed by DDAB and Igepal.

5.3. Conclusions:
The initial objective of the present study has been to investigate the influence of the elastic
properties of RM surface on the relaxation dynamics of water, more specifically the coupled
rotational-translational relaxation dynamics of the interfacially bound water molecules at the
RM water-pool. Unlike many conventional surfactants, DDAB is insoluble in both Cy and
water, and thus resides at the RM interface only having negligible monomer abundance.59, 119
DDAB/alkane/water systems offer an unusual phase behavior in which a connected
cylindrical structure prevails at low water concentration and discrete droplet type
formulations evolve with increasing hydration.55, 61, 65-68, 70 Such decrease in the overall RM
dimension with increasing hydration is quite contrary to that in conventional systems wherein
size generally increases with w0. Since the change in phase is directly related to the
modification of the elastic properties and curvature of the surfactant monolayer,54 the present
system offers a wide range of surface geometry, both with hydration and with temperature,
keeping the constituent composition unaltered. FTIR-MIR measurements reveal that the
partial population of water molecules with strongly structured hydrogen bond (1) increases,
whereas that of the distorted water molecules (2) decreases with increasing w0 and reach
values comparable to that of bulk water, a scenario resembling conventional globular RM
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systems.11-14, 120 This similarity supports our conclusion that interfacial morphology has only
a marginal effect on the hydration structure. FIR-FTIR studies confirm that the collective
hydrogen bonded network dynamics in water molecules adopts a bulk like behavior with
increasing w0 and temperature. Existence of a slow (sub-ns) relaxation dynamics as evident
from time resolved fluorescence studies is attributed to a ‗confinement effect‘5, 6 similar to
what has been observed in conventional RM systems.40 It is interesting to note that in all
these systems the average solvation time constant <> decreases marginally with increasing
w0 (Table 5.2.1), in spite of the transition from interconnected cylinder like structures (large
radius of curvature) towards discrete droplet like structure (small radius of curvature) with an
additional constrain in the translational degree of freedom. This points us to the fact that it is
the load of water rather than the surface geometry that determines the overall water structure
and dynamics for a fixed surface stoichiometry.
In order to understand the effect of interfacial charge on the water inside RM we have
carried out time-resolved fluorescence, FIR-FTIR and THz-TDS spectroscopic studies of
water present inside anionic, cationic and nonionic RMs. The TRFS study unambiguously
confirmed a restricted dynamics of the entrapped water molecules irrespective of the nature
of the interface. The slow solvation dynamics of water is also correlated with the change in
its diffusive motion as evident from the time resolved anisotropy measurements. However,
the extent of water structure perturbation seems not very conclusive from the TRFS study
owing to the location specific information obtained from the different fluoroprobes. FIR
measurement also supports this result by recording a red shift of the hydrogen bond stretching
band (SB) when the interface changes from nonionic to cationic to anionic. Dielectric
relaxation study in the THz region confirms the fact that the collective dynamics is highly
perturbed at low hydration in all the RM systems, and the perturbation is released upon
increasing hydration, the release being more prominent in Igepal compared to the two ionic
surfactants. All these measurements thus suggest that anionic AOT RM interface has the
largest influence on the hydration bond dynamics, followed by DDAB and Igepal. The
primary motivation of these works was to understand the effect of interfacial morphology of
RM on the structure and dynamics of encapsulated water. Our results conclude that different
morphology has negligible influence on the properties of water, however, it follows a
systematic trend with the charge of the RM surface having a larger effect than the cationic
and nonionic surface.
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Chapter 6: Structure and Dynamics of Water in
Hydrophobic Environment
6.1. Introduction:
Water, unlike conventional liquids, possesses several fascinating properties owing to its
unique intermolecular hydrogen bond network1 and this makes this apparently innocent
molecule to play ‗the key‘ role in many biological and chemical processes.2,

3

While the

various dynamical modes of water in its pure state has been well understood,4 its behaviour in
the vicinity of an amphiphilic (i.e. partly hydrophilic and partly hydrophobic) molecule or
macromolecular fragment has still been a popular subject of scientific interest. 5 A proper
apprehension of such model ‗hydrophobic hydration‘6 is of prime importance in order to
understand its behaviour in the real biological milieu. The polymer poly(oxyethylene) (POE)
is a perfect candidate to model such systems owing to its varied conformational properties,7
amphiphilic character and high solubility in water.8 The interaction pattern of water with POE
changes with the composition of the mixture,9 and this phenomenon provides with a unique
opportunity to study water dynamics in varied hydrophobic environments without essentially
altering the chemical nature of the system. In the present investigation we have studied the
hydrogen bonded structure by Fourier transform infrared (FTIR) spectroscopy and
cooperative dynamics by THz time domain spectroscopy (TTDS) of water in its mixture with
1,2-dimethoxyethane (DME) at varied compositions.
DME is the simplest member of the POE family and the choice of this solvent is
justified from its unlimited solubility in water which allows probing the whole range of
concentration in which water evolves from being a solute to a solvent. Moreover, DME (CH3O-CH2-CH2-O-CH3) is structurally related to two hydrophobic and water insoluble polymers:
poly-(oxymethylene), with one -CH2 group less in the monomer unit, and poly(oxytrimethylene), with one -CH2 group more.10 DME-water mixture has been a subject of
various experimental

investigations

including NMR

relaxation,11 FTIR,12

Raman

spectroscopy,13-15 volumetric and thermodynamic measurements16 as well as several
theoretical and simulation studies.17-22 It has been revealed that many macroscopic
thermodynamic parameters of this binary mixture, e.g., viscosity,23 partial molar volume16
including some microscopic parameters like diffusion coefficient22 pass through an inflation
point in the composition profile, which clearly identifies the micro-heterogeneous
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environment of the mixtures. While most of these aforementioned studies have been carried
out addressing the conformational changes of DME, less attention has been paid on the
associated changes in the structure and dynamics of water itself. In the present investigation
we have tried to explore the structure and dynamics of water in its mixture with DME
covering the whole concentration range, with special attention paid to the very low water
content region in which water is expected to be present mostly in its isolated form; such an
environment experimentally reproduces the notion of ‗hydrophobic hydration‘.
The structure of water in this binary mixture has been obtained using FTIR
spectroscopy in the mid-IR region while its collective dynamics is explored using TTDS
technique in the frequency window of 0.3-1.6 THz. TTDS has recently been evolved as a
potential tool that label free estimates the collective hydration dynamics which extends
beyond the first few hydration layers of an interface and essentially leaves its imprint in this
elusive frequency region only.24, 25 This technique thus offers a unique advantage to examine
the fate of the H-bonded network dynamics of water in otherwise less polar environments
including biological interfaces.26-29 Various frequency-dependent optical parameters of the
solution (viz. absorption coefficient, (), complex refractive index, ̃ ( ), complex
dielectric constants,

̃()) etc. can be extracted from a single measurement30 and the

dynamics of water can be obtained following a Debye relaxation model.31 In the present
investigation the composition of the mixture is varied carefully and since one of our major
emphases is on the low water content region, several compositions have been considered in
the concentration range of Xw=0 to 0.1 (where Xw is the mole fraction of water in the
mixture). Xw is then increased in regular interval, and again several data points are considered
in the water rich region (Xw=0.8 to 1.0). It has been observed that the collective dynamics of
water show a non-monotonous behaviour as a function of the mixture composition.

6.2. Results and Discussions: (Non-Monotonic Dynamics of Water in
its Binary Mixture with 1, 2-Dimethoxy Ethane: A Combined THz and
FTIR Study)
MIR study: The O-D vibrational stretch of HOD (4% D2O in pure water) in the 2400 −2700
cm−1 frequency window is an ideal tool to study solute hydration and is highly sensitive to its
local intra-molecular H-bond.32 It is important to note that the difference absorbance data
reported in the present study (Figure 6.1.) involve explicitly the signature of water and the
composition dependent MIR features correspond to the changes in the structure of water only.
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Figure 6.1.a represents the O-D stretching of HOD in pure water and in water-DME mixtures
at different Xw. Pure water produces an absorption peak at 2505 cm-1 (designated as w)33 and
this peak suffers progressive blue shift coupled with asymmetric deformation of the
absorption profile with increasing DME content, especially in the low water content region.9,
14, 27, 34
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Figure 6.1. (a) FTIR absorption spectra of the OD stretch of HOD in water for water/DME mixtures at different
mole fractions of water (Xw) ranging from 0.03 to 1.0. The arrow indicates increasing water content. (b)
Deconvoluted O-D stretching spectrum of HOD in water-DME mixture at Xw=0.03 and 0.6. The orange broken
line is centred at 2505 cm-1 and corresponds to bulk water. The black broken line represents the overall fitting.
(c) Peak frequency 2 as a function of Xw. (d) Relative population of different types of water present at different
water/DME mixing ratios.
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The observed blue shift can be explained in terms of the reduction of the electric field along
the O-D stretch35 as well as weakening of the H-bond strength,9,

11

the effect being more

prominent in the low water content region where enhanced DME-water H-bond formation
prevails. In order to obtain a quantitative insight about the H-bonding state we deconvolute
the absorption spectra of DME-water mixtures into different Gaussian sub-bands and for a
comparative understanding we keep one sub-band peak fixed at 2505 cm-1.14,

27

Two such

representative spectra for Xw=0.03 and 0.6 are presented in Figure 6.1.b. For all the systems
with Xw  0.8, the observed spectra can be fitted with two such Gaussian sub-bands; apart
from the bulk water (2505 cm-1) band, a new blue shifted band appears (designated as 2)
furnishing the evidence of water-DME H-bond formation which in turn weakens the waterwater H-bonds. The frequency 2 gradually increases with decreasing Xw (Figure 6.1.c)
which signifies greater number of DME-water H-bond formation with increasing DME
content. At low water content (Xw0.6), the total spectra could only be fitted considering a
new band (designated as 1) appearing around ~2610 cm-1 region. This band is associated
with the vibrational stretch of isolated or uncoordinated water molecules that share Hbonding with DME oxygen atoms only or water molecules that do not share any H-bond with
any neighbouring molecule.36,

37

The DME-water mixed system thus corresponds to three

types of water molecules associated with three different Gaussian peaks, w, 2 and 1. The
relative abundance of these three types of water could approximately be estimated by
calculating the relative area under each individual curve towards the total spectra. The
relative population profile is provided in Figure 6.1.d. At high water content, the population
is effectively governed by the bulk water (w) with a steady grow of the 2 population. On the
other hand, the contribution of w is notably small in the low water content region, the
population been mostly governed by 2 and 1.
At low DME concentrations (0.8 ≤Xw ≤1) DME molecules fit themselves into a
slightly distorted network structure of liquid water. Brillouin light scattering and sound
velocity experiments have revealed that the average maximum hydration number per ether
oxygen of DME is ~ 1.8,38 which corresponds to Xw~ 0.8. It can be concluded that in this
region all the DME molecules are fully hydrated and can fit themselves in a slightly
deformed H-bonded water cage. On further increase in the DME content the bulk water
contribution decreases considerably only to be compensated with a concomitant increase in
the 1 water content, 2 population being increased modestly. It could be noted that with
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increasing DME concentration the number of water molecules available to hydrate DME
molecules decreases, as a result the fully H-bonded water network structure melts down to
form 2 and 1 water molecules.11 At Xw<0.1 the 1 water contributes significantly with
negligible abundance of bulk water. However, a notable abundance of 2 type of water even
in this small water content indicates the presence of discrete water clusters9, 14 at higher DME
concentrations.
THz TDS study: The various optical parameters of water-DME mixtures obtained from
TTDS measurements in the frequency range of 0.3 to 1.6 THz are summarized in Figure 6.2.
The frequency dependent absorption coefficient, (), of water and DME-water mixtures are
presented in Figure 6.2.a. () increases gradually with increasing Xw, the observed increase
is rather intuitive considering the replacement of low absorbing DME molecules with high
THz absorbing water.39
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Figure 6.2. (a) Frequency dependent absorption coefficient of water-DME mixture. The arrow indicates
increasing water content. (b) Absorption coefficient () measured at 1 THz as a function of X w. The broken line
represents calculated ideal of the mixture assuming an ideal mixing. The inset shows the extent of deviation
from the calculated values as a function of Xw. (c) Real (εreal) and imaginary (εimg) dielectric constant of waterDME mixtures at different mole fractions of water in the THz region. The solid lines represent the triple Debye
relaxation fittings. The arrows indicate increasing water mole fraction in the mixture. (d) Debye relaxation time
scales (1 and 2) as a function of X w. The broken line is a measure of cooperative hydrogen bond relaxation
time of pure water.
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In order to obtain a quantitative outlook, we plot the absorption coefficient measured at 1
THz for different mixed systems and is plotted as a function of Xw (Figure 6.2.b). For an
ideal mixture the absorption coefficient (ideal) can be calculated using the following
relation27, 40
∑

( )

(6.1)

where i is the volume fraction of the i-th species, real is the measured density of the mixture
. We include the ideal values in the same plot for comparison, and it is

∑

and

observed that the measured values suffer significant deviation from the calculated ones,
specially in the low water content region. In the inset of Figure 6.2.b we plot the relative
deviation of  (=ideal-real) as a function of Xw, and the non-ideal behaviour of the
mixture seems evident from it. Such non-idealistic behaviour in the low water concentration
region has previously been reported for dioxane-water27 and water-acetonitrile40 mixtures. On
the other hand, the high water content region appears to behave more or less ideally with only
marginal deviation from the ideal values (Figure 6.2.b, inset). The deviation of this ideal
behaviour at low Xw also reciprocates the MIR results which show clear evidence of the
existence of isolated or uncoordinated water. It would be interesting to investigate whether
this observed non-ideal to near-ideal makeover would also be reflected in the corresponding
hydration dynamics.
The frequency dependent real and imaginary permittivity profiles of water-DME
mixtures at different compositions are presented in Figure 6.2.c. Both real and img show
gradual increase with increasing Xw. The complex dielectric profiles have been fitted using
the triple Debye relaxation model

31, 41, 42

as describe below to extract the hydration

dynamics:
̃( )
where,

∑

is the relaxation time for the j-th relaxation mode,

(6.2)
is the static dielectric constant,

are the dielectric constants for different relaxation processes,

is the extrapolated

dielectric constant at a very high frequency, and m describes the number of relaxation modes.
We have fixed the value of the static dielectric constant (s) from the literature.43 The fitted
parameters are presented in Table 6.1. Dielectric relaxation of pure water in THz region
produces three relaxation time constants of ~8 ps, ~200 fs and ~90 fs. The ~8 ps timescale of
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water explicitly associates with the spontaneous restructuring of the H-bond network,44,

45

whereas the ~200 fs timescale emanates from either quick jumps of under-coordinated water
or a small angular rotation preceding a large angle jump.46, 47 The ~80 fs timescale has its
origin rooted to the 60 cm-1 vibrational band due to the H-bond bending and the related
transverse acoustic phonons which propagate in a direction normal to the H-bonds in between
two neighbouring water molecules.48, 49 Let us discuss the observed timescales in details. We
plot 1 and 2 as a function of Xw in Figure 6.2.d. The 1 profile has two very distinct features.
At Xw0.6, the 1 values lie well below 1,water and increases linearly with increasing Xw. As
discussed earlier this mode is specifically assigned to the cooperative relaxation of H-bond
network and a distinctly smaller timescale compared to that of pure water unambiguously
identifies the rupture of the tetrahedral H-bonding network as had also been observed in
reverse micellar water pool.50
Table 6.1. Triple Debye relaxation fitting parameters with error bars for water-DME mixtures at different
compositions. We have fixed the value of 3.
Xw
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2.38
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47.46
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1.64

62.55

3.80
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4.04
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78.40

1.00

1.98

79.05

4.37

3.76

8.13±0.077

227.6±43.6

71.89
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At such low water content the dynamics is found to be 3-4 fold faster which indicates the lack
of any cooperative H-bonded network and supports the notion of the formation of un- or
under-coordinated water or the formation of some dangling OH bonds as a result of the bond
ruptures. With increase in Xw, more water molecules participate in the H-bond network which
eventually forms larger water clusters and increases 1.27 The region Xw>0.6, on the other
hand, evidences an intriguing retardation of the dynamics compared to 1,water, and at
Xw=0.85, it becomes as slow as ~12 ps. The retardation in 1 could be correlated with DME
hydration by solvent water molecules wherein DME-water interaction slows down the
cooperative rearrangement of water network as has previously been observed for sucrose
hydration.41
The changes in 2 (Figure 6.2.d, inset) are, however, not much remarkable. In the
moderate to high water concentration region (Xw0.3) the obtained 2 values are more or less
comparable to that of 2,water and the changes are within the error limit. However, in the low
Xw region the observed values of 2 are somewhat slower than that of 2,water, a behaviour
contrary to what has been observed for 1. This apparent dissimilarity can be rationalized
from the different origins of these two timescales. As mentioned earlier, while a cooperative
rearrangement is responsible for 1, 2 essentially originate from a small angular rotation of
water molecules followed by a jump. At low water content, the water molecules are mostly
bonded to one or more DME molecules, which perhaps hinders the small rotation and jump
dynamics and thus slows down 2. At a higher Xw, when the formation of water cluster
predominates, the jump motion gradually gets eased and 2 approaches 2,water.
The FTIR study shows strong modification of intramolecular hydrogen bonded
structure of water and TTDS studies establish non-monotonous dynamics as water switches
from being solute to a solvent in the mixture. Such transition can be explained by
apprehending a structural transition from small water cluster to fully grown H-bonded
structure.

6.3. Conclusions:
The structure and dynamics of water in its binary mixture with a less polar liquid DME are
investigated by FTIR and THz spectroscopy study. MIR-FTIR measurements reveal the
existence of essentially under-coordinated water molecules in DME continuum with dangling
O-H bonds at low water concentrations. Such systems successfully imitate the hydrophobic
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environment in the interior of carbon nanotubes. With increasing Xw bulk like water evolves
with the establishment of H-bonded network. The collective H-bond relaxation dynamics, as
determined from THz Debye relaxation, is found to be accelerated in the low Xw region while
at Xw ~ 0.8 region it is intriguingly slower than that of pure water. The accelerated dynamics
at higher concentration of DME (Xw < 0.6) can be explained by complete breakdown of the
tetrahedral H-bond structure and formation of small water clusters, leading to acceleration of
the relaxation dynamics. However at Xw ~ 0.8 where all the DME molecules are essentially
completely hydrated and form an extended hydrogen bonded network leading to slower
collective relaxation dynamics. We assume hydrogen bonding nature between solute and
solvent are function of composition which is central key to such non-monotonous behaviour
of water-DME binary mixture.
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Chapter-7: Activity of Water in Bio-Mimicking
Environments
7.1. Introduction:
Enzymes are the class of protein molecules that implement important role to preserve
functionality and ability of biological systems through their catalytic activity.1-3 In-vitro
studies of enzyme activity are usually carried out in water, however, inside a living cell
enzyme activity mostly takes place on the surface of biological membranes or in many
heterogeneous environments. Water plays a key role in various biological activities3-5 and the
physical properties of water get altered in these heterogeneous medium as it interacts with
many types of interfaces.6-9 Water can influence enzyme activity in the following way:
stability of enzyme requires a strong hydration layer around it,10 in hydrolytic reactions water
takes part as a reactant and availability of water changes the enzyme specificity,11 for
example, a minimum of amount of water is required in order to achieve the maximum
enzyme activity in hydrophobic solvents.12
Micellar enzymology has become a popular mode to replicate the enzyme kinetics
study in heterogeneous media or to mimic the in vivo conditions.13-17 Most of the enzymatic
assays have so far been carried out in reverse micellar medium where the enzyme molecules
are encapsulated inside the water pool of reverse micelles (RM).13, 14, 17 It has been observed
that enzymes retains their activity while present at the core of the RMs and bell-shaped
activity curve has been observed with respect to the hydration (w0) of RM.17-19 Presence of
surfactant may either lead to activation20, 21or deactivation15, 22 of enzymes. The phenomenon
of enzymes showing higher efficiency in presence of organized assemblies compared to that
in pure water is often termed as ‗superactivity‘; the phenomenon can be explained in terms of
several factors arising out of the heterogeneous environment created by organized assemblies.
Higher efficiency of enzymes in RM systems has occasionally been explained by the
presence of specific hydrogen bonding states of water,23 however, the role water in enzyme
activity at micellar medium has not yet been well addressed.
Superactivity in micellar environment has been observed both in pre- and postmicellar concentration,24, 25 enzyme assays of α-chymotrypsin (CHT) show an increase in the
enzyme turn over number in micellar environment.26 Such enhanced activity can be explained
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assuming higher efficiency of the enzyme towards the micellized substrate compared to the
free substrate in bulk water.15, 21, 26 It has been concluded that longer the hydrophobic tail of
the surfactant lesser is the efficiency of the enzyme.24 This phenomenon has been explained
based on the fact that surfactant monomers with longer chain length are more likely to form
micelle rather than interacting with enzymes.24 Due to non-specific interaction between
surfactant and enzyme there may exist hydrophobic microenvironment next to the active site,
which may enhance the catalytic activity by increasing nucleophilicity of the concerned
amino acid residue.26 However, the extent of superactivity of an enzyme strongly depends
upon the length of the substrate also.26
Properties of micelle strongly depends on the nature of the surfactants, counter ion27
and solvent continuum. The free energy of micellization decreases with increasing
hydrocarbon chain length,28 indicating higher chain length surfactants to have greater
tendency towards micelle formation. As the hydrocarbon chain length increases so does the
aggregation number, and size of the micelle.29 The critical micelle concentration (c.m.c) and
fractional charge of the ionic micelles gets lower and thickness of the stern layer decreases
with increasing length of the hydrophobic chain.30 Water present at micellar environment can
be broadly classify into two classes, bound water (water molecules present at interfacial
hydration layer) and bulk water (present at enough distance from the interface to experience
any influence of the interface).31-34The alignment of water molecules at micellar interface
strongly depends on the charge type of the surfactant molecules. Such water mimics the
structure of intercellular water and hydrated water of many biomolecules and have longer
hydrogen bond lifetime compared to water molecules hydrogen bonded with water only.32
-chymotrypsin (CHT) is a well-studied serine protease enzyme with an established
mechanism of action in aqueous media.15 One of the major advantages of it is the wide
selectivity range towards substrate and offers extended binding site for peptide substrates. 26
Depending upon their kinetic parameters CHT substrates can be divided into two types ‗poor‘
and ‗good‘.35 The total kinetic behaviour has been understood by considering the different
types of substrate and enzyme present in the system. The aqueous micellar solution can be
divided into three regions bulk water, interfacial water (hydration layer) and hydrophobic
core.31, 36, 37 The substrate molecules can partition into all three pseudo phases, the enzyme
can only be considered as surfactant bound or free. The substrate molecule located at
hydrophobic core of the micelle cannot participate in hydrolysis reaction. Therefore the
overall reaction rate can be described by the other substrates located in different
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environments.36 Since the free enzyme has the access of free substrate only, the reaction can
occur between bound enzyme with free and bound substrates and between free enzyme and
free substrates.

Enzyme at
Interface

Bulk Water

Sfree
Sbound

Free
Enzyme

SScore
Bound water

Surfactant aggregate

Scheme 1: A schematic representation of enzyme and substrate partition in different phases of aqueous micellar
medium.

Superactivity in micellar medium has been rigorously studied for years using different
surfactants and substrates. However, in most of the cases the observed phenomenon has been
explained by partitioning of the substrate in different pseudo phases and activation of
enzymes. But a comprehensive study addressing the effect of different surfactant molecules
on the enzyme conformational structure and the role of water in aqueous micellar
enzymology have not yet been addressed. In this study we have chosen three different
cationic micelles of varying chain lengths (DTAB, CTAB and OTAB with chain lengths of
12, 16 and 18, respectively) and two different substrates 2-NA and AMC with different
organic residues are used to study the enzyme activity of CHT in micellar environments. In
order to study the influence of micellar interface on the hydrogen bonded structure and
dynamics of water we have performed Fourier transform infrared spectroscopy (FTIR) of –OD stretching of HOD in micellar medium and time resolved fluorescence spectroscopy
(TRFS) using DCM as a probe. DCM shows ultrafast solvation in polar solvent medium,
photo physical study of DCM has revealed that it possesses a considerably high excited state
dipole moment compared to its ground state.38 DCM is insoluble in water, so in micellar
environments it is expected to stay mostly inside the micellar aggregates, however, solvation
dynamics results indicate a considerable exposure of DCM towards the hydration layer of
micelle.39 Previous steady state and time resolved studies of DCM in micellar environment
have identified the location of DCM at the micellar interface rather than in the dry core.38, 39
This makes DCM a good choice to extract information on the hydration dynamics at the
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micellar interface. Circular Dichroism (CD) spectroscopy has been carried out to understand
the effect ionic surfactant on the secondary and tertiary structures of the enzyme. Enzyme
activity studies of CHT for both the substrates are carried out in pre- and post- micellar
concentrations in all the three different micellar medium. The observed superactivity in
micellar environments has been explained on the basis of the involvement of different types
of water, activation of protein structure and partition of substrate in different pseudo phases.

7.2. Result and Discussion: (Role of Water in the Superactivity of αChymotrypsin in Aqueous Cationic Micellar Environments)
FTIR Study: Water gives rise to broad stretching spectrum in the MIR region, such a broad
spectrum arises due to inhomogeneous hydrogen bonding states of water. Instead of pure
water the use of HOD molecule as a probe has been shown to be advantageous, as the O–D
band is decoupled from the O–H band and appears in a region (2300–2800 cm-1) which is
comparatively free from other strong absorptions.40,

41

Figure 7.1.a shows IR absorption

spectra of HOD in aqueous micellar environment which are found to be narrower compared
to bulk water spectrum, indicating an alternation of hydrogen bonding structure of water in
micellar environment compared to its pure form. We observe an elevated intensity in the red
end of the spectrum which indicates the formation of stronger hydrogen bond in the system as
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has previously been reported from multi-curve resolution Raman spectroscopy study.42
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Figure 7.1: (a) MIR –O-D stretching spectra of HOD in pure water and in micellar environments, the inset is a
representative the three component deconvolution of –O-D stretching spectrum of HOD in DTAB micellar
solution. The other inset shows the relative abundance of free water (FW) in different micellar environments. (b)
Fraction of ordered water (OW) and intermediate water (IW, inset) in micellar environments, black symbol
represent its value in water.

The –O-D stretching peak of HOD in pure water appears at ~2515 cm-1. In order to
have a quantitative picture on the hydrogen bonding state of water we have deconvoluted the
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micellar spectrum into three peaks having centers at 2630±5, 2515±5 and 2440±5 cm-1. The
contribution at the blue end (2630 cm-1) arises due to the free water (FW) molecules, which
are not in hydrogen bonded with other water molecules, i.e. water molecules present at the
interface but not hydrogen bonded to the interface or other water molecules and the dangling
water residing between hydrocarbon chains of surfactants of micelle.42 The intermediate peak
(2515 cm-1) arises due to the water molecules which are unable to form strong tetrahedral
network, this is the most abundant type of water and are termed as intermediate water (IW).
The red end peak (2440 cm-1) is due to the more ordered hydrogen bonded water molecules
and are assigned as ordered water (OW), the origin of OW can be understood on the basis of
the alignment of water molecules under the electrostatic field created by the cationic
interface, and formation of extended hydration layer at ionic micellar interface having
hydrogen atoms facing towards bulk water.43 Deconvolution results have been presented in
Figure 7.1.a and b, which demonstrates that the abundance of OW is significantly higher for
DTAB micelle compared to higher chain length CTAB and OTAB micelles. The increased
OW is at the expense of a decreased abundance of IW compared to that in pure water, which
identifies a considerable ordering of water at the micellar interface, the effect being surfactant
specific. The abundance of FW is rather small, however, their abundance is higher in the
longer chain length CTAB and OTAB, while in DTAB its abundance is comparable to that in
water.
Steady State Fluorescence and Solvent Relaxation Study: Figure 7.2.a represents steady
state fluorescence spectra of DCM in different micellar environments, a blue shift in the
emission maximum is observed with increasing surfactant chain length indicating that DTAB
interface is more polar in nature compared to CTAB and OTAB micelles. The decay
transients are found to be wavelength dependent (Figure 7.2b (inset)). The red end decay
consists of a distinct rise followed by a decay, whereas, for the blue only a decay is observed.
Such wavelength dependency of emission decay transients44-46 clearly indicates solvation of
the probe. We have constructed the time resolved emission spectra (TRES) and from the
TRES, we construct the corresponding solvent correlation function, C(t) using equation 2.14.
Some representative C(t) for the studied micellar systems are shown in Figure 7.2.d. In order
to check whether the observed time resolved spectral shift is associated with any internal
photo-physics of the probe itself we construct the time-resolved area normalized emission
spectra (TRANES);47 a representative plot is shown in Figure 7.2.c. No iso-emissive point
appears in the TRANES profile. Absence of iso-emissive point indicates the absence of
multiple species of the probe and affirms the fact that the probe remains as a single ‗species‘
only. Therefore, the observed time dependent spectral shift can be attributed solely to the
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inhomogeneity of the microenvironment experienced by the probe. C(t) vs. time curve is
fitted bi-exponentially and the solvation parameters are summarized in the Table 7.1. The biexponential distribution is observed due to the different relaxation mode of water at micellar
interface. While the faster time scale (hundreds of ps) arises due to the relaxation of water
molecules presence at the extended Stern layer at the micellar interface, the slower
component (thousands of ps) is associated with the relaxation of water molecules strongly
bound to the micellar interface.

Figure 7.2. (a) Steady state fluorescence emission spectra of DCM micellar environment (b) TRES of DCM in
20 mM aqueous DTAB solution (c) TRANES of DCM 20 mM aqueous DTAB solution (d) Bi-exponential fitting
solvation correlation function of DCM in different micellar solution. The inset shows the average solvation time
as a function of carbon chain length of the surfactants.

It can be noted that both the components are slower in comparison to the ∼1 ps relaxation
time scale of bulk water which unambiguously recognizes a considerable fraction of slow
water molecules present in the micellar interface. We plot the average solvation time constant
∑

as a function of the carbon chain length (Figure 7.2.d) and it is observed

that solvation gets faster with increasing hydrophobic chain length of the micelle. The
thickness of the stern layer of cationic micelle gets thinner for surfactants with longer
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hydrophobic chain. FTIR results have confirmed a strong hydrogen bonded ordered water
network at DTAB micellar interface compared to CTAB and OTAB, so the major fraction of
the probe molecule DCM senses slower solvation dynamics.
Table 7.1. Solvation Parameters calculated from bi-exponential fitting of solvation correlation of DCM in
micellar solution.
Systems (

C.M.C (Nagg)29

)

a1

1

a2

2

0.35

(ns)
1.85

<τ>
(ns)
0.72

DTAB (617 nm)

15.4 mM (58)

0.65

(ns)
0.11

CTAB (613 nm)

0.91 mM (98)

0.66

0.12

0.34

1.57

0.61

OTAB (611 nm)

0.39 mM (180)

0.66

0.12

0.34

1.55

0.61

Circular Dichroism (CD) Spectra: The far-UV and near-UV CD spectra provide with
information on the secondary and tertiary structures of -CHT,48 respectively. The Far-UV
CD spectrum of -CHT in buffer has been shown in Figure 7.3.a (Inset) in the region 190-

-4

(a)
CD (mdeg)

0

-5

-6

CD (mdeg)

CD (mdeg) at 222 nm

250 nm.

0
-5
-10
200

220

-5
-10

-7
12

Buffer
DTAB 0.3 mM
DTAB 5 mM
DTAB 10 mM
DTAB 16 mM

-15

240

Wavelength (nm)

0

(b)

16

260

18

No. of C atom in nonpolar chain
5

(c)

0
-5

Buffer
CTAB 0.3 mM
CTAB 1 mM
CTAB 5 mM
CTAB 10 mM

-10
-15

CD (mdeg)

CD (mdeg)

5

280

300

Wavelength (nm)

320

(d)

0
-5
Buffer
OTAB 0.1 mM
OTAB 0.3 mM
OTAB 5 mM

-10
-15
-20

-20
260

280

300

Wavelength (nm)

320

260

280

300

320

Wavelength (nm)

Figure 7.3. (a) Far UV CD signal of α-CHT at 222 nm in presence of DTAB, CTAB and OTAB at their
respective CMCs. Inset: Full spectra of -CHT in buffer (pH 7) at 20 C. (b), (c) and (d) Near-UV CD spectra of
α-CHT in presence of buffer, DTAB, CTAB and OTAB at different concentrations.
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The protein shows two characteristic negative peaks at 202 nm and 232.49,

50

By

deconvolution of the spectrum we obtain that α-CHT is constituted of ~15% α-Helix, ~33%
antiparallel -sheet, ~8% parallel -sheet, ~16% -turn and ~27% random coil.50 In presence
of surfactants (DTAB, CTAB and OTAB) the CD signals are found to be non-reliable in the
<210 nm region. We plot the CD signal at 222 nm as a function of surfactant chain length
(Figure 7.3a) at their respective CMC, the signal decreases with increase in the chain length
of surfactants indicating a concomitant increase in the α-helix content of CHT. Similar
increase in the -helix content has previously been observed in presence of CTAB micelles
indicating an increased folded state of the protein.21
Near-UV CD spectrum (250-320 nm range) of a protein reflects the aromatic amino
acid environment and disulphide bonds between two amino acids. Trp shows absorption near
300 nm, Tyr and Phe show absorption near 280 nm and 260 nm respectively.48 We observe
(Figure 7.3.b) a negative peak at 262 nm and two positive maxima at 287 and 296 nm, which
corroborates earlier studies.49 In presence of DTAB the spectra change only marginally in the
pre micellar concentration whereas at CMC we observe a slight modification, specially in the
260-280 nm regime. For the other two surfactants (Figure 7.3.c, d) the spectra gradually
change with the increase in surfactant concentration and beyond micelle formation a huge
change in the spectra is observed. This result indicates that in presence of CTAB and OTAB
the protein conformation alters, which perhaps decreases its activity (see later).
Enzyme Activity: The activity of CHT was measured in the presence of DTAB, CTAB and
OTAB micellar environment by determining the rate of enzyme-catalysed hydrolysis of
AMC and 2-NA at room temperature. CHT catalysed hydrolysis of AMC and 2-NA are
carried out at both pre- and post- micellar concentration of the surfactants. Figure 7.4.a and b
represent relative activity of CHT (ratio between the rates of hydrolysis in micellar
environment (r) to that in pure water (r0)) as a function of surfactant concentration. The
nature of CHT activity in micellar medium shows a strong dependency on the nature of
surfactant, such type of dependency of enzyme activity on surfactant nature has been
observed in many cases e.g. bigger alkyl head group with higher hydrophobicity produces
noticeable enhancement of CHT activity.15, 24, 51
It has been observed that CHT shows enhanced enzymatic activity for both the substrate
molecules exclusively in DTAB environment, however, a decrease in the catalytic activity is
observed in CTAB and OTAB. The activity of CHT in DTAB environment shows a bell
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shaped curve,15, 20, 21, 24 the initial increase in the rate arises due to the favourable interaction
between the surfactant and enzyme which leads to the activation of the enzyme, as the
surfactant concentration increases the unfavourable partition of the substrate in the micellar
environment increases, which leads to a decrease in the rate of hydrolysis. However, the
observed enhanced activity in DTAB is not very straightforward to only be explained on the
basis of the partition of the substrate, there should be other factors, specially the associated
hydration at the micellar interface, to be considered.
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Figure 7.4. Surfactant concentration dependent r/r0 value of enzyme hydrolysis of AMC (25 μM) (a) and 2-NA
(200 μM) (b) at an enzyme concentration 2 μM.

We first consider the structural perturbation of the protein itself in presence of the
micelles. CD measurements have revealed that the α-helical structure of the protein gets
considerably enhanced in presence of CTAB and OTAB, the effect being most pronounced in
case of OTAB. However, in DTAB, the effect is only marginal; a nominal change is observed
in comparison to the protein in water. If the enhanced structure formation in the longer chain
surfactants be held responsible for the decreased activity of the enzyme, the absence of any
such structure formation in DTAB strongly indicates that the protein structural perturbation is
not responsible for the observed enhanced activity in DTAB. One then has to take into
consideration other factors, which includes the nature of hydration at the micellar surface. It
is interesting to note that the substrates used in the present study are only mildly soluble in
water and thus it can be assumed that most of the active substrates are present at the micellar
interface. This leads to intuit that hydration at the micellar surface does play a major role in
determining the enzyme activity.
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7.3. Conclusions:
FTIR and TRFS studies have confirmed that there exists a considerable fraction of ordered
water at micellar interface, the abundance of such water decreases with increasing length of
the surfactant hydrocarbon chain. The stronger hydrogen bonded layer at DTAB interface
perhaps prevents the enzyme molecules to interact directly with the cationic interface, which
also helps the enzyme molecules to retain its structure in DTAB micellar environment (see
figure 7.3). Earlier studies have concluded that water molecules hydrogen bonded to a
cationic interface offer higher hydrogen bond donor capacity compared to pure water52 which
creates more active water and in turn they lead to a higher activity.
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Chapter 8: Summary and Future Perspective
In this thesis we have investigated the physical properties (structure, dynamics and activity)
of water in various environments like in biopolymers, in reverse micelles, in micelles and in
hydrophobic environments. The ultrafast dynamics of water was measured using two
complementary techniques: (i) time resolved fluorescence spectroscopy (TRFS, with a time
resolution of ns to hundreds of ps) using fluorescent probe like C-343, C-500, ANS and DCM
(details of these probes are given in chapter-2), and (ii) THz dielectric relaxation (with a time
resolution of a few ps to sub-ps). The hydrogen bonded structure of water was obtained by
studying the -O-H stretching band (in the mid-IR region), hydrogen bond stretching and
libration band (in the far-IR region). In order to aquire knowledge about the activity of water
in restricted media we have studied the hydrolysis of benzoyl chloride and hydrolysis of
protease substrates by enzyme.
The TRFS study reveals that the slow relaxation dynamics (~1 ns) of confined water
in cellulose-water mixture undergoes a characteristic transition beyond 20% hydroxyl propyl
cellulose (HPC) concentration, wherein a microscopic phase transition between isotropic to
cholesteric phase take places; such transition is also supported by steady state emission and
deconvolution of the excitation spectra. The calculated activation energy for transition of
bound to bulk type water (Eact) decreases significantly at higher HPC concentrations, which
was explained by the modification in the nature of hydrogen bond structure in the water-HPC
mixture at higher HPC concentration. Time-resolved rotational anisotropy measurements
indicates the restriction imposed by the structure of HPC-water on the rotational motion of C500 is a function of composition of system. The alteration in the structure and dynamics of
water molecules in the mixture is observed also to affect the reactivity of water in the
mixture.
The effect of RM interfacial morphology on the encapsulated water was examined
using DDAB/CY RM, which offers a unique phase behavior in which a connected cylindrical
structure dominate at lower hydration level and discrete droplet type formulations evolve
with increasing hydration. Such a shape transition is directly related to the modification of the
elastic properties and curvature of the surfactant monolayer, therefore this system offers with
a wide range of surface geometry, both with hydration and with temperature, keeping the
constituent composition unaffected. Deconvolution of MIR –O-H stretching measurements of
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water revealed that the relative population of water molecules with strongly structured
hydrogen bond increases, whereas that of the distorted water molecules decreases with
increasing w0 and reach values comparable to that of bulk water, a situation similar to
conventional spherical RM systems. This similarity strongly concludes that interfacial
morphology has only a marginal effect on the hydration structure. FIR studies confirm that
the collective hydrogen bonded network dynamics in water molecules inside DDAB RM
adopts a bulk like behavior with increasing w0 and temperature. From time resolved
fluorescence studies using C-500, a slow (sub-ns) relaxation dynamics has been observed
which is recognized to a ‗confinement effect‘ similar to that observed in case of conventional
RM systems. For DDAB RM systems, with increasing w0 interconnected cylinder like
structures (large radius of curvature) modify towards discrete droplet like structure (small
radius of curvature), which induces additional constrain in the translational degree of
freedom; in spite of that the average solvation relaxation time constant <> decreases
marginally (see Table 5.2.1). The calculated activation energy for bound to bulk transition
(Eact) also shows a negligible effect on this structural transition. All these results point out to
the fact that it is the load of water rather than the surface geometry that determines the overall
water structure and dynamics for a fixed surface stoichiometry.
TRFS, FIR-FTIR and THz-TDS spectroscopic studies have been carried out in
different interfacially charged RMs: AOT (anionic), (DDAB) cationic and Igepal (nonionic)
in a fixed hydrocarbon (cyclohexane). The TRFS study clearly established a restricted
dynamics of the encapsulated water molecules regardless of the nature of the interface of
RM. However, depending on the nature of interface the relative structural perturbation of
water appears not very conclusive from the TRFS study due to the location specific
information obtained from the different probe molecules (C-343 and ANS). Deconvolution of
FIR spectra of water in various RMs shows a red shift of the hydrogen bond stretching band
(SB) when the interface changes from nonionic to cationic to anionic. THz dielectric
relaxation study supports the fact that the collective vibrational dynamics of water is
significantly perturbed at lower hydration in all the RM systems, and the perturbation relaxes
with increasing hydration, the release being more prominent in Igepal compared to the other
two ionic surfactants (AOT and DDAB). All the above studies thus conclude that anionic
(AOT) interface has the largest influence on the hydrogen bond dynamics of confined water,
followed by cationic (DDAB) and neutral (Igepal). So the overall studies on AOT, DDAB
and Igepal RM conclude that different interfacial morphology may have negligible influence
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on the properties of encapsulated water, but, it follows a regular trend with the charge type of
the RM interface indicating that charge type of the interface is an important parameter in
order to assess the properties of water in that system.
DME belongs to the type of molecules which contain both hydrophobic and
hydrophilic segments; FTIR and THz spectroscopy studies of DME-water binary mixture had
been employed to investigate the dynamics and hydrogen bonding states of water in this
binary mixture. FTIR study shows a strong modification of hydrogen bonding nature of water
over the whole composition range. Deconvolution of mid-IR –O-D stretch of HOD in waterDME binary mixture reveals the presence of isolated or under-coordinated water molecules
having dangling O-H bonds at low water concentrations (Xw), however, with increasing Xw
bulk like water evolves with the formation of H-bonded network. The collective hydrogen
bond vibration dynamics of water was determined from THz dielectric relaxation study,
which is found to be faster in the low Xw region while at Xw ~ 0.8 region it is noticeably
slower (~13 ps) than that of pure water (~ 8 ps). The faster dynamics at higher concentration
of DME (Xw < 0.6) can be explained by the complete breakdown of the tetrahedral H-bond
structure and formation of small water clusters leading to faster relaxation dynamics.
However at Xw ~ 0.8 the DME molecules are in completely hydrated state and arrange
themselves like an extended hydrogen bonded network leading to slower collective relaxation
dynamics. The relative change in α (THz absorption coefficient) also shows strong deviation
from the ideal behavior at Xw < 0.6. FTIR and THz study therefore indicate hydrogen
bonding nature between DME and water is a function of composition which is the central key
to such non-monotonous dynamical behavior of water-DME binary mixture.
We have studied water hydrogen bonding and dynamics at three different cationic
micellar interface (DTAB, CTAB & OTAB) of the same head group but different
hydrophobic chain length and used them as a medium to study micellar enzymology. FTIR
and TRFS (using DCM as the fluoroprobe) studies confirmed the building up of an ordered
water structure at the micellar interface, the abundance of such water decreases with
increasing length of the surfactant hydrocarbon chain. α-chymotrypsin catalyzed hydrolysis
of the substrates (2-NA & AMC) shows an enhance activity in DTAB micellar environment,
whereas, a moderate deactivation is observed in CTAB and OTAB micellar environment. The
enhanced hydrogen bonded layer at DTAB micellar interface possibly prevents the enzyme
molecules to interact directly with the cationic interface, which also helps the enzyme
molecules to retain its structure in DTAB micellar environment. The water molecules
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hydrogen bonded to the cationic interface of DTAB offer higher hydrogen bond donor
capacity compared to pure water which in turn they lead to the higher activity.
The motivation of this thesis was to study the restricted water to understand the role
of water in various biological processes following the notion that water present in most of the
biological environments does not stay in its pure form, rather stays under confinement or
interact with various types of interfaces. The presence of water at protein surface plays a
pivotal role during its conformational makeover. It also acts as an integral part in the
intracellular enzyme activity of biological reactions. Therefore it is important to distinguish
the role of different types of interfaces on the properties of water under confinement, also to
understand how water molecules arrange themselves in presence of small and large
hydrophobic molecules which in turn modifies the physical properties water. Along with this
line it is also required to understand the combination of hydrophobicity and charge type of an
interface to regulate an enzyme catalysis reaction where water itself acts as a constituent of
the reaction. The present thesis presents an approach to systematically address some of the
above mentioned concerns and the conclusions drawn herein would facilitate further studies
in this very emerging field of research.
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