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Modulation of Dynamics and Reactivity of Water in Reverse Micelles of Mixed Surfactants
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In this contribution, we attempt to correlate the change in water dynamics in a reverse micellar (RM) core
caused by the modification of the interface by mixing an anionic surfactant, sodium bis(2-ethylhexyl)
sulfosuccinate (AOT), and a nonionic surfactant, tetraethylene glycol monododecyl ether (Brij-30), at different
proportions, and its consequent effect on the reactivity of water, measured by monitoring the solvolysis reaction
of benzoyl chloride (BzCl). The dimension of the RM droplets at different mixing ratios of AOT and Brij-30
(Xgrij-30) has been measured using dynamic light scattering (DLS) technique. The physical properties of the
RM water have been determined using Fourier transform infrared spectroscopy (FTIR) and compressibility
studies, which show that with increasing Xgsj;-30, the water properties tend toward that of bulk-like water. The
solvation dynamics, probed by coumarin 500 dye, gets faster with Xgj.30. The rotational anisotropy studies
along with a wobbling-in-cone analysis show that the probe experiences less restriction at higher Xgyjj.30. The
kinetics of the water-mediated solvolysis also gets faster with Xgyj.30. The increased rate of solvolysis has
been correlated with the accelerated solvation dynamics, which is another consequence of surfactant headgroup-

water interaction.

Introduction

Reverse micelles (RMs) provide local hydrophilic moiety in
an organic phase, which is an attractive model system for
biomolecules since they can mimic several important and
essential features of biological membranes. The entrapped water
inside the RM core has properties interestingly different from
those in the bulk.!? This unique feature of entrapped water inside
the RM can be exploited fruitfully in various applications in
the field of biotechnology. The physicochemical properties
of the entrapped water has been found to be strongly dependent
on the chemical nature of the dispersant phase (oil), surfactant
and also on the hydration level of the RM (wy = [water]/
[surfactant]). Solubilization of biological macromolecules (pro-
teins, DNA, enzymes) in RM has recently gained much
importance.>~ !9 The three governing factors for solubilization
are electrostatic, hydrophobic and interactions of the RM
interface with specific moiety or segments of solubilized
biological macromolecules (proteins, enzymes, DNA etc.). The
most widely studied RM for protein encapsulation is that made
by the anionic surfactant sodium bis(2-ethylhexyl) sulfosuccinate
(AOT) as it can form spherical RMs over wide range of wy
values.'!12 In this system, the protein uptake is governed by
the electrostatic interaction between AOT anion and the positive
charge of the protein at a pH lower than the isoelectric point.
However, difficulties arise for proteins that are solubilized in
the RM by hydrophobic interactions. Also electrostatic interac-
tion can compete with the biospecific interaction to disturb the
high selectivity in the extraction of proteins. A unique remedy
of this problem is to dope the interface with nonionic surfactants,
since they have weaker interaction with proteins compared to
the ionic surfactants. The most commonly used nonionic
surfactant is the poly(oxyethylene) alkyl ether (C;E)) family in
which the hydrophilic—lipophilic balance (HLB)'? can easily
be tuned by changing i and j. Modification of the interface by
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mixing the surfactants produces considerable changes in the
elastic rigidity of the interface which in turn affects the water
solubilization capacity and microvisocosity of entrapped water
of the RMs depending upon the extent of penetration of the
nonionic surfactant in the interphase. But whether such a
modification of the interface produces considerable effects on
the dynamics of the confined water is a question yet to be
addressed. Previous studies of RM systems involving more than
one surfactant using solubilization,!#~1° conductivity,?0=2* vis-
cosity,? spectroscopic,?0~28 SANS,?*~3! FTIR and NMR mea-
surements>? identify significant modification of the interface and
water structure in RM systems. However, the effect of mixing
of surfactants on the dynamics of water has never been explored.
It has recently been reported that addition of nonionic surfactant
into the interface of ionic surfactants produces significant
modification of enzyme activity in the RM core,*~3 polymer
synthesis, 3 nanoparticle synthesis3” etc. However, a proper
understanding of the process involved is still lacking. The
probable reasons might be either the change in the reactivity of
the entrapped water or the modified interaction of the biomol-
ecules with the interface or both. It is well-known that the
dynamics of water molecules inside RM is highly restricted. A
recent study3® has shown that the confinement of water in the
RM interior is responsible for the observed slow relaxation
dynamics, irrespective of the charge of the interface. But still
significant differences have been observed between the dynami-
cal nature of water in RM containing ionic surfactant and
nonionic surfactant. Levinger et al.**~*! reported the ultrafast
solvation dynamics of both ionic (AOT) and nonionic (Brij-
30) RM systems and compared the results to find that solvation
dynamics of the former is slower than that of the latter. A
possible source for the observed difference might be the
difference in the interaction of water with the charged and
uncharged interface. An interesting question that emerges from
these reports is whether one can tune the dynamics of confined
water in RM by mixing the two types of surfactants. It is known
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that by varying the hydration level of RM one can easily tune
the dynamics, but the additional advantage of mixing the
surfactants lies in the fact that encapsulated biomolecules would
experience less interaction with the interface, and it might be
possible to tune the rate of chemical reaction in RM core keeping
the water content constant. Another interesting question is that
if one tunes the dynamics of the entrapped water by mixing
surfactants, would that also modify the reaction affinity (nu-
cleophilicity or electrophilicity) of it. Very recently Singh et
al.*? has reported that in a surfactant-polymer supramolecular
assembly (mixed micelle), the chemical reactivity of a reactant
dissolved in it can be tuned substantially by changing the
composition of the supramolecular assembly. However, to the
best of our knowledge no group has ever attempted to correlate
the dynamics and reactivity of entrapped water in RM consisting
of mixed surfactant systems.

In the present contribution we have tried to understand the
change in solvation dynamics of water in RMs constituted of
an anionic surfactant (AOT) and a nonionic surfactant (Brij-
30) in isooctane with different mixing ratios using time-resolved
fluorescence spectroscopy probed by coumarin 500 (C500). Brij-
30 (commercial analogue to Cj2E4) is a well studied nonionic
surfactant*>=* that can form RM without the addition of any
cosurfactant. The choice of the probe is based on the fact that
when excited at 409 nm, only the probes residing at the interface
and/or facing the polar core get excited.*>*” Thus the spectro-
scopic information could be assumed to be responses from the
interfacial region only. Since our study is focused on the change
in the dynamics of water with the modification of interface,
the choice of the probe finds its validity. To understand the
geometrical restriction of the probe at the interface, rotational
relaxation dynamics of the dye in different RM systems have
also been determined. Phase mapping the oil-rich zone of the
ternary system has been carried out and the dynamics has been
measured for the wy = 2.5 system with different mixing ratios
of AOT and Brij-30. The micellar sizes at different mixing ratios
have been measured by dynamic light scattering (DLS) tech-
nique. The physicochemical characteristic of the entrapped water
has been determined using Fourier transform infrared spectros-
copy (FTIR) and compressibility measurements. Finally, to
correlate the dynamics with reactivity, we measure the kinetics
of solvolysis of benzoyl chloride (BzCl) in the RMs of different
surfactant composition.

Materials and Methods

Sodium bis(2-ethylhexyl) sulfosuccinate (AOT) and tetra-
ethylene glycol monododecyl ether (Brij-30) [Scheme 1] were
products of Sigma and isooctane (i-Oc) was a product of
Spectrochem. Benzoyl chloride (BzCl) was purchased from
Merck. All the chemicals were used without further purification.
Coumarin-500 (C-500) [Scheme 1] was obtained from Exciton.
AOT and Brij-30 were dissolved in i-Oc at a concentration of
200 mM to prepare two stock solutions and then mixed in
desired proportions. The mole fraction of Brij-30, Xggj30 =
[Brij—30]/([AOT] + [Brij—30]) was varied from O to 1.
Calculated amount of water was injected into it to produce the
reverse micelles (RMs) of wy = 2.5. Steady-state absorption
and emission were measured with Shimadzu UV-2450 spec-
trophotometer and Jobin Yvon Fluoromax-3 fluorimeter respec-
tively. The kinetics of solvolysis of BzCl was measured in
Shimadzu UV-2450 spectrophotometer by monitoring the time
dependent change in the absorbance of BzCl at 288 nm. To
determine the phase behavior, water is added in small volumes
to a surfactant-oil mixture. The initial concentration of the
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SCHEME 1: Molecular Structure of Coumarin 500,
AOT, and Brij-30
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surfactant(s) in oil was fixed at 200 mM. After each addition
of water, the system was shaken vigorously in a vortex shaker
and kept for at least 5 min in a water bath. The transparency of
the system is checked visually. The phase boundary contains
an uncertainty of & 10%. DLS measurements were carried out
with Nano-S Malvern-instrument employing a 4 mW He—Ne
laser (A = 632.8 nm) equipped with a thermostated sample
chamber. All the scattered photons were collected at 173°
scattering angle. The scattering intensity data were processed
using the instrumental software to obtain the hydrodynamic
diameter (dy) and the size distribution of the scatterer in each
sample. The instrument measures time dependent fluctuation
in the intensity of light scattered from the particles in solution
at a fixed scattering angle. Hydrodynamic diameter (dp) of the
micelles was estimated from the intensity autocorrelation
function of the time-dependent fluctuation in intensity. dp is
defined as

L kT
™ 3anD

e))

where k;, is the Boltzmann constant, # is the viscosity, and D is
the translational diffusion coefficient. FTIR spectra were
recorded on a JASCO FTIR-6300 spectrometer (absorption
mode) using CaF, window.

Volume and compressibility of the mixtures have been
calculated using the density and sound velocity values measured
by a density meter; model DSA5000 from Anton Paar (Austria)
with an accuracy of 5 x 107° g cc™! and 0.5 ms™! in density
and sound velocity measurements, respectively. The calculations
for volume and compressibility determinations are made in the
following manner “873 adiabatic compressibility () of the
mixture can be determined by measuring the solution density
(p) and the sound velocity (u) and applying the Laplace’s
equation
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Adiabatic compressibility of water in the present study is
calculated to be 4.47 x 10719 Pa~!, which is close to the
literature value of 4.5 x 10719 Pa~! for bulk water. The apparent
specific volume of the solute (water), ¢,, is given by
1, P~ P
¢1/ = +
Po  €Po
where c is the concentration of water, pg and p are the densities
of the dry RM (wy = 0) and RM at wy = 2.5 respectively. The
partial apparent adiabatic compressibility (¢) of water is
obtained from the following relation

3)
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Po
where [u] is the relative specific sound velocity increment given
by,

u—u,

(&)
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where up and u are the sound velocities in dry RM (wy = 0)
and RM at wy = 2.5, respectively.

Fluorescence transients were measured and fitted by using
commercially available spectrophotometer (LifeSpec-ps) from
Edinburgh Instrument, U.K. (excitation wavelength 409 nm, 80
ps instrument response function (IRF)). The details of time-
resolved measurements can be found elsewhere.*>! The time
dependent fluorescence Stokes shifts, as estimated from TRES,
were used to construct the normalized spectral shift correlation
function or the solvent correlation function C(¢) defined as

(@) — (o)

o= 0= v ©
where, ¥(0), v(f) and v(c) are the emission maximum (in cm™")
at time zero, ¢, and infinity, respectively. The v(e) values had
been taken to be the emission frequency beyond which an
insignificant or no spectral shift was observed. The C(¢) function
represents the temporal response of the solvent relaxation
process, as occurs around the probe following its photo
excitation and the associated change in the dipole moment. For
anisotropy (r(f)) measurements, emission polarization was
adjusted to be parallel or perpendicular to that of the excitation
and anisotropy is defined as

[l a®— G X1, )]

r(p) = —L° b )
Uprd®+2%xG X1, (0]

G, the grating factor was determined following longtime tail
matching technique.’> All the anisotropies were measured at
the emission maxima.

Results and Discussion

For a pseudoternary RM system consisting of mixed surfac-
tant, it is important to have an idea of the phase diagram of the
system. We construct the phase diagram of the AOT/Brij-30/
i-Oc/water system in the oil-rich region as a function of wy and
is depicted in Figure 1. In this system the single-phase region
can be assumed to have an L, configuration (water-in-oil
microemulsion). It can be observed that AOT/i-Oc RM (Xgyij-30
= () can solubilize water up to wy ~ 22 whereafter a cloudy
region (optically not transparent) occurs. On further addition
of water, the system becomes clear at wy ~ 30 and can solubilize
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Figure 1. Phase diagram of the system AOT/Brij-30/isooctane/water
at 25 °C with different mixing proportions of AOT and Brij-30. 1¢
and 2¢ indicate single-phase and biphasic systems, respectively. The
dotted region lying between the two 1¢ regions is the cloudy region.

water up to wy ~ 65. This cloudy region consists of several
mesophases like, viscous and gel-like phases. Such a phase
behavior is not very often encountered in the literature.
Appearance of a such a cloudy region in between two
monophases has previously been reported for the AOT system
[AOT/1-butanol/eucalyptus oil/water>® (see Figure 2 of the
reference)]. Due to its cone like shape, AOT is one of the most
suitable surfactants to form RM with. However, depending upon
the content of water, the initial hydration of the headgroup region
may vary, which can induce the formation of different meso-
phases like liquid crystalline phase, lamellar phase, bicontinuous
phase etc.’*%> Addition of further water then gradually produces
water-in-oil microemulsions, and when a solubilization limit is
reached, the RM droplet coalesce to extract the excess water
into a separate phase (formation of the biphasic region). For
the nonionic surfactant C,E4, a similar observation has earlier
been reported by Merdas et al.’® (C;E4/dodecane/water RM
systems, see Figure 1 of the reference). They identified the two
isotropic phases as the water poor and water rich phases. Since
our main objective of the phase study is only to ascertain the
water solubilization capacity of mixed RM to get monophasic
systems, no attempt has been made to make an elaborate study
to identify the exact boundary of such mesophases. As the
interface is progressively doped with Brij-30, the solubilization
capacity decreases. Such a decrease in solubilization capacity
with increasing Brij-30 content has previously been reported
by Chatterjee et al.?” The solubilization capacity of RM systems
depends upon various parameters like oil, temperature, ionic
strength of the aqueous phase, interfacial composition etc.!”.!857
In the present system, keeping other parameters constant, the
only variable is Xgj30, which might be assumed to be the
governing factor of the significant alteration of solubilization
capacity. The decreased solubilization capacity of the nonionic
system is indicative of greater interaction between the micelles,
which could arise due to the increased chain length of nonionic
surfactant resulting in an enhancement of the droplet coagulation
followed by phase separation. A decrease in the conductance
percolation threshold for the AOT/Brij-30 mixed RM system
compared to the AOT system?’ supports the droplet coagulation
at smaller water content. The penetration of nonionic surfactant
in the interface plays a decisive role on the fluidity of the
interface.?! If the nonionic surfactant headgroup is less polar, it
can penetrate less efficiently into the aqueous phase and would
interact less efficiently with the entrapped water. This fact
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Figure 2. (a) Hydrodynamic diameter of AOT/Brij-30/isooctane/water
mixed reverse micellar systems at wo=2.5 as a function of Xgj.30. The
broken line is a guide to the eye. Typical DLS signals for all the systems
are shown in the inset. (b) FTIR spectra of AOT/isooctane/water at wg
=2.5. The black curve is the experimental one, red curve is the overall
fitted curve and the blue curves are the deconvoluted curves. A similar
spectra for the mixed system at Xgijj-30 = 0.6 is shown in the inset. (c)
Compressibility data for the AOT/Brij-30/isooctane/water mixed reverse
micellar systems at wyo = 2.5 as a function of Xgj.30. The broken lines
are guide to the eye.

corroborates well with the present finding that solubilization
capacity of mixed RM decreases with increasing Xpyij-30. It is
evident from figure 1 that Brij-30/isooctane system can form
RM up to wy ~ 20, but in the wy = 5—10 region, it fails to
form isotropic solution and a DLS measurement in this region
produces inconsistent result of size distribution pointing out to
the instability of the system. Such phase behavior restricts us
from choosing any wy value (up to 20, as it is the maximum
solubilization limit of Brij-30/isooctane system) for the study
and it is found that wy = 2.5 is the most suitable one as all the
mixed systems form clear monophasic dispersions. It could also
be noted that for Cj,Es/hydrocarbon systems, the shape of RMs
deviate from spherical beyond wo = 4.3 Such a small value of
wop has an additional advantage in the present system. As wy
increases, the waterpool size in a RM and consequently the
extent of bulk-like water increases and the solvation dynamics
of a probe in such systems become faster.*! For such ultrafast
process our picosecond-resolved TCSPC system does not resolve
a large portion of the dynamical Stokes shift and it would have
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been difficult to compare the change in the Stokes shift for
different mixed systems.

Figure 2 depicts the characterization of the mixed RM systems
using different techniques. The sizes of the RMs are determined
using the DLS measurements (Figure 2a). It can be observed
that AOT/i-Oc system produces spherical and monodispersed
droplets with hydrodynamic diameter of 3.4 nm. SAXS mea-
surements confirms the water pool radius of AOT/i-Oc RM
system of ~0.9 nm at wy = 3,° and assuming the AOT chain
length to be ~1 nm, the observed hydrodynamic diameter in
the present study is in good agreement with the previous results.
As Xgiij-30 is increased, the hydrodynamic diameter of the droplet
increases. Such an increase in the droplet size with increasing
Brij-30 content has previously been reported by Liu et al.? It
could be noted that Brij-30 has a longer tail length of 12 carbon
atoms compared to the 8 carbon atoms in AOT. A molecular
dynamics simulation study involving Brij-30 RMs** shows that
the carbon atoms can form “all-trans” or “helix” conformation,
which can in turn induce ellipticity in the droplet configuration.
The overall increase in the hydrodynamic diameter might
reflect the extended tail part of the micelles as well as an increase
in the water core radius of the micelles. Pant et al.* previously
showed that the radius of Brij-30/cyclohexane RM system at
wo = 2.5 is 2.6 nm. Assuming i-Oc to be a less penetrating oil
molecule compared to cyclohexane,'® a larger droplet size could
be assumed. MD simulation shows that for wg = 3, Brij-30
produces a water core radius of 1.5—1.9 nm. Time resolved
fluorescence quenching studies by Vasilescu et al.*? identified
a polar core radius of 2—3 nm for C;;E4/decane system in the
wo range of 1.3—4.0. The present DLS study shows a slow
increase in the hydrodynamic diameter of the droplets up to
Xgiij-30 = 0.8, and assuming the hydrophobic tail of Brij-30 to
contribute significantly in the increased size, the water core
radius can be assumed to increase marginally with Xggj-30.
However, for the Brij-30 system (Xpsj30 =1.0), the large
increase in the droplet size can be due to the deformed shape
of the droplets (as has been observed for the Brij-30/dodecane
system*3-9) as well as increased hydration of the surfactant
headgroup.

To understand the physical nature of water molecules
entrapped in the RM core, we carry out FTIR measurements to
determine the O—H stretching frequency in different mixed RM
systems. To get rid of the C—H stretching frequency, the
observed spectra at wy = 0 has been subtracted from the wy =
2.5 spectra, and the differential spectra have been analyzed. A
representative result is depicted in Figure 2b. It is known that
different types of hydrogen bonded water molecules exist in
RM,>%€0 although there are reports '3 that point out that these
water molecules can broadly be classified into two major classes,
namely headgroup bound and bulk-like water molecules. The
differential IR spectra obtained in the present study have been
deconvoluted into two peaking at ~3500 and ~3300 cm™!,
corresponding to the O—H stretching frequency of the head-
group bound and bulk-like water, respectively. For the AOT/
i-Oc RM system, it can be observed that the area under the
3500 cm™! curve is larger than the corresponding 3300 cm™!
curve, reflecting that the fraction of bound water molecules is
higher than that of the bulk-like water molecules. At such a
low level of hydration most of the water molecules solvate the
polar headgroup of AOT. With increasing Xgsij30, the peak at
3300 cm ™! strengthens at an expense of the 3500 cm ™! peak.
A representative figure for the Xgj30 = 0.6 has been shown in
the inset of Figure 2b. It is evident that almost equal amount of
both type of water exists in this mixed RM. As the amount of
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water is fixed (fixed wyp), it can be assumed that the water
molecules are interacting less strongly with the nonpolar
headgroup in comparison to the AOT headgroup. In a previous
study,% using nonylphenyl polyoxyethylene (IGEPAL) surfac-
tant RMs in cyclohexane, the FTIR spectra in the 3100—3700
cm™! range was deconvoluted into three curves peaking at 3542,
3425, and 3329 cm™!, with the relative contribution of the red
peak to be the most prominent one indicating the presence of a
large fraction of bulk like water in the RMs. Although the
nonionic surfactant used in the present study structurally differ
from that of IGEPALSs due to the presence of phenyl ring in
the latter, but the overall feature of the FTIR spectra of the
former corroborates well with the present study.

To further support this observation, we perform the com-
pressibility study of the mixed RM systems. The results are
shown in Figure 2c and a table containing all the measurements
can be found in the Supporting Information section (Table S1).
It can be observed that the apparent specific volume of water is
low in the AOT/i-Oc RM and increases regularly with increase
in Xgrij-30 and reaches a bulk-like value of 1.003 x 1073 m’kg L.
A similar increase in ¢, has previously been reported for both
AOT and Brij-30 RM with increase in the water content.’® The
increase in the ¢, with increasing Xgij30 indicates more
intermolecular hydrogen bond formation between water mol-
ecules and poor interaction between Brij head groups and water
molecules as the system reaches a bulk-like behavior. On the
other hand, the apparent specific adiabatic compressibility (¢x)
decreases regularly with increasing Xggj-30. The ¢ values
obtained in the present study for the single surfactant systems
are in good agreement with previously reported results.° It could
be noted that the ¢y values for the AOT system are higher in
magnitude than the Brij-30 systems. The decrease in ¢y with
Xgiij-30 indicates that the water molecules tend toward a bulk-
like behavior. This observation supports the results obtained
from FTIR measurements that Brij-30 headgroup interacts less
strongly with the water molecules as does the AOT headgroup,
thereby increasing the ratio of bulk-like to bound type water
molecules.

The above discussion confirms that the change in interfacial
composition affects the physical properties of water significantly.
Now we investigate how this change affects the dynamics of
the trapped water molecules. In earlier studies, the probe C500
has been demonstrated to be a potential reporter of the solvation
dynamics in AOT/i-Oc system.*>#” Here, we study the solvation
dynamics of the probe in the mixed RM systems with varying
Xgrij-30. Figure 3a shows the fluorescent transient of C500 in
AOT/RM at three different wavelengths of 420, 490, and 590
nm. It could be noted that the transient at the blue end is
associated with decay components of 0.2 (51%), 1.2 (27%), and
3.4 ns (22%), whereas the transient at the red end is character-
ized with the presence of a significant rise component of 1.5 ns
along with a decay component of 5.8 ns. Such a phenomenon
is a clear indication of solvation of the probe molecule. As
evidenced from the figure, the emission spectrum suffers a
consistent red shift with time corresponding to a significant
amount of dynamical Stokes shift (Table 1). We construct the
solvent correlation function, C(#) according to eq 6 and two
representative curves are shown in Figure 3b. All the curves
are fitted biexponentially and the results are presented in table
1. Some of the curves provide with better y2-square values when
fitted with triexponential functions, but the average solvation
time [#,[) expressed as [#,00= }; a;7; (where a; is the pre-
exponential factor and 7; is the time constant), does not change
appreciably by a triexponential fitting. Thus we prefer to fit the
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Figure 3. (a) TRES of C500 in AOT/isooctane/water mixed reverse
micelle at wo=2.5. The transients at 420, 490 and 590 nm are shown
in the inset. (b) Solvent correlation function of AOT/isooctane/water
and Brij-30/isooctane/water reverse micelles at wy=2.5. The corre-
sponding time-resolved anisotropies are shown in the inset. The solid
lines are the best fitted curves.

TABLE 1: Solvation Dynamics of C500 and Reaction
Kinetics of Solvolysis of Benzoyl Chloride in AOT/Brij-30/
Isooctane/Water Mixed Surfactant Reverse Micellar Systems
at wog = 2.5

Kobs X 105

Xpijzo a1 T (ns) a7 (ns) [@0(ns) Av (cm™) (s™
0 0.28 030 0.72 2.15 1.63 1900 1.99
0.2 029 026 0.71 1.70 1.28 1880 2.26
0.4 030 020 0.70 1.40 1.04 1870 3.29
0.6 035 0.17 0.65 1.30 0.90 1840 5.06
0.8 044 0.14 056 1.10 0.67 1800 7.27
1.0 047 0.12 053 1.00 0.59 1760 12.3

curves with biexponential function. It could be observed from
the table that the time constants are in the order of hundreds of
picoseconds and a few nanoseconds. Such a slow relaxation of
the entrapped water inside the RM has previously been argued
to be due to the solvation of the probe by interfacially trapped
water molecules.!24647.65 Tt could be noted that an ultrafast
component of the solvent response, which is due to the
relaxation of bulk-like water (of the order of a few picosec-
onds*#1:69) is not resolvable in our experimental setup. But since
we are concerned with the effect of the change in interfacial
composition on the solvation dynamics, such a loss would not
significantly affect our conclusions. The change in the average
time constant [#,[with Xgj.30 is plotted in Figure 4. It could be
observed that with an increase in Xgj.30, (L gradually decreases,
indicating that the nonionic interface is offering faster relaxation
of the water molecules. It has been reported earlier that the
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Figure 4. Change in C(f) of AOT/Brij-30/isooctane/water mixed
reverse micellar systems at wyp = 2.5 as a function of Xgyij30. The
corresponding diffusion coefficient values obtained from wobbling-in-
cone analysis is shown in the inset. The broken lines are guide to the

eye.

TABLE 2: Fluorescence Anisotropy Decays (r(f)) and

Wobbling-in-Cone Data of C500 in Mixed RM at Xg,j.30

XBiij-30 o Tfast Tslow Dy x 108 (s
0 0.25 0.44 (52%) 2.70 (48%) 2.19
0.2 0.24 0.43 (58%) 2.20 (42%) 2.46
0.4 0.24 0.41 (61%) 1.90 (39%) 2.66
0.6 0.24 0.27 (55%) 1.73 (45%) 3.79
0.8 0.26 0.21 (58%) 1.50 (42%) 5.36
1.0 0.26 0.17 (62%) 1.21 (38%) 7.17

“The figures in parentheses of the columns Tpy and T, signify
the relative percentage of the components in the total anisotropy.

confinement of water molecules brings about the slow relaxation
in RM irrespective of the charge type of the surface.?® However,
it should also be considered that, depending upon the polar
headgroup type and size, its interaction with water molecules
might differ. In the present system, the nonionic surfactant Brij-
30 has four oxyethylene (EO) groups, each having different level
of hydration.** The present solvation result shows that the
interaction of the EO groups with the water molecules is less
strong than the corresponding AOT-RMs. Such an observation
has previously been reported from the Levinger group using
coumarin 153 as the probe.?

To ascertain the geometrical restriction of the probe in the
interfacial region, we measure the time-resolved rotational
anisotropy of the mixed surfactant systems. Typical anisotropy
decay has been shown in the inset of Figure 3b. The decay
transients have been fitted biexponentially and the results are
shown in Table 2. It can be observed that the time constants
are of the order of hundreds of picoseconds and a few
nanoseconds, which is in the same order of magnitude as
previously reported for AOT-RM systems.**#767 It could be
noted that the ry values reported in the present systems are
smaller than the ideal value of 0.4°2 (Table 2). The limited
resolution of our picosecond resolved experimental setup (~80
ps IRF) is unable to detect the ultrafast components of the
rotational motion, which eventually reduces the ry values. With
an increase in Xgj-30, the time constants become faster indicating
the probe experiencing less restriction at the interface. To
understand the effect of Xpj.30 on the rotational relaxation
process of the probe inside the RM water core in a more
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quantitative manner, the biexponential anisotropy decay has been
analyzed using the two-step wobbling-in-cone model.%8~70
Assuming that the slow and fast motion associated with the
anisotropy decay are separable, the slow (Ty,y) and fast (Tyg)
rotational time constants can be related as,

L1
Tsl()w B TL - IM (8)

‘Lffast Tw Tstow

where, 7, and Ty are the time constants for the lateral
diffusion and the wobbling motion of the probe, respectively.
Ty 1s the time constant for the overall rotation of the RM and
is given by the Stokes—Einstein—Debye equation

v,

‘L’M—m (10)

where Vj, is the hydrodynamic volume of the RM, # is the
viscosity of the dispersing solvent. It could be noted that 7y,
values are order of magnitude higher than the 7y, and Tgow
values. Hence, the overall rotation of the RM does not contribute
to the decay of the anisotropy. In view of this, Ty and T
essentially represent the time constants for wobbling motion
and lateral diffusion respectively.

According to this model, the rotational anisotropy decay
function is denoted as,

= rylfe” " 4 (1 — Bre” "] (11)

where 8 = $2, 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 diffusion coefficient for
wobbling motion Dy can be obtained from the following
relation,

1 A 402 (1+x, 1—x
= + +
w (1_52)TW[ 2(x—1)1n( 2 ) 2 }

l j—
24
where x = cosfy, the semicone angle given by, S = !/, cos
Ow(1 + cos Oy). The calculated diffusion coefficients (Dy) as
a function of Xg;ij-30 are given in Table 2 and Figure 4 (inset).
The obtained Dy values are of the same order of magnitude as
reported earlier for AOT-RM systems.*”%7 It can be observed
from Table 2 and Figure 4 that Dy gradually increases with
increasing Xgyij-30 indicating that the probe experiences less
restricted rotation in the RM and the microviscosity in the
interfacial region decreases gradually. This might be due to the
faster movement of the interfacial water at higher Xgy;;.30 values,
once more indicating to a lesser interaction of the headgroup
with water, confirming the previous solvation, FTIR and
compressibility studies.

From the above discussions, it is evident that the change in the
interfacial composition brings about change in the water dynamics
for the AOT/Brij-30 mixed RM system. Now we question whether
this change is reflected in the reaction property of the confined
water molecules. To answer this we study the kinetics of a simple
solvolysis reaction of benzoyl chloride (BzCl). The reaction is a
well studied one in the restricted medium 7'~73 and is reported to
follow a simple first order kinetics. BzCl is solubilized in i-Oc

X6+ 8x— x> — 126° — 7x4)] (12)



12952 J. Phys. Chem. B, Vol. 112, No. 41, 2008

0
o
c
©
£
o
@
o
g o Xgijao=0.
g 9 Xgao =02
g Xgija0 = 04
‘Z:’ Xariva0 i 0.6

<© XBrij-30 =08

Xoria0 = 1.0 =
0 500 1000 1500 2000 2500 3000
Time (s)
16

o /
o /
‘S 8- §//
o .
X v
j/
4 4 e
_
o ——— 9"
0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Xari-30

Figure 5. (a) Time dependent change on the absorbance of benzoyl
chloride monitored at 288 nm for different mixed RM systems. The
solid lines are fitted curves. (b) The rate of solvolysis (k) of benzoyl
chloride in AOT/Brij-30/isooctane/water mixed reverse micellar systems
at wo=2.5 as a function of Xgij.30. The broken line is a guide to the
eye.

and then added into the RM, wherein it gets compartmentalized
into the organic phase and the interphase (with a partition coefficient
of K). The interfacial water acts as a nucleophile to cleave the
C—Cl bond. The reaction can be monitored as the rate of decay of
the absorbance of BzCl at 288 nm. The decay kinetics of the mixed
RM systems is shown in Figure 5. The corresponding observed
rate constants (kops) Of the reaction are given in Table 1 and are
plotted against Xgyj30 in the same figure. The observed rate
constants obtained for the single surfactant systems are comparable
to the intrinsic rate constants obtained earlier,”!:”> which are in turn
much slower than that in pure water (k = 1.1 s71).7% It can be
found that with increasing Xgyij-30 the reaction kinetics becomes
faster indicating that incorporation of the nonionic surfactants into
the AOT interface not only increases the dynamics of the water
molecules, it also makes a nucleuophilic reaction to occur with a
faster rate constant. It has been reported earlier,”’:? that the rate
of the solvolysis reaction increases as wy increases, which might
be due to the increase in the amount of bulk-like water in the RM
core. In the present study, increase in Xgyij-30 increases the same,
which in turn accelerates the reaction rate. Thus the faster dynamics
of water molecules as evidenced from the solvation study, which
is due to the weaker interaction of the nonionic surfactant with the
water molecules as evidenced from FTIR and compressibility study,
is manifested in the faster kinetics. It is to be noted that the rate
constants reported in the present study are the observed rate
constants (koqhs) and the change in the observed rate constants are
rationalized as a function Xggjj.30. As mentioned earlier, the observed
rate constant (kops) is a function of the partition constant of the
reactant between the oil phase and interphase (Ky;).”!’* To have a
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proper estimate of K,; for different mixed systems, kqbs should be
measured at different wy values. In the present mixed systems, it
is difficult to measure kqps at different wy as there are nonisotropic
regions in these systems at various wy values (see Figure 1).
However, the values of K,; do not differ much for the pure AOT
(Koi = 1.8 at wp = 37") and pure Brij-30 (K = 1.5 at wp = 2.57%)
RM systems, and it could be assumed that mixing of these two
surfactants would not significantly affect the K,; values. In this
respect our discussion on the effect of Xp;;-30 on the reaction kinetics
can be rationalized in the light of the ko values (Table 1).

The rate of solvolysis in the mixed surfactant system (Table 1)
increases with increasing Xpgj.30. A similar effect can also be
obtained by increasing the wy of single surfactant systems. Let us
now compare the rate of hydrolysis in these two cases. As observed
from the earlier report by Garcia Rio et al.”! the rate of solvolysis
of BzCl in AOT-RM is dependent on wy, but the dependency is
quite complex in nature. From wy = 2.0 to 10.0, the value of k
does not change significantly. But beyond wy = 10, it shows an
exponential growth to saturate at wy = 40. It could be noted that
the size of the waterpool of AOT-RM increases linearly with
increasing wy. Thus a 5-fold increase in wy (from wy = 2 to 10)
proportionally increases the RM size and if the size of the RM is
supposed to be the key factor to control the reaction rate, a
proportionate increase in k would also have been envisaged. Also
the exponential increase in k upon 4-fold increase in wy (from wy
= 10 to 40) could not be explained solely from the increase in
size. In the present study, the rate of solvation shows a regular
increasing trend with Xgyj30 at a fixed wy of 2.5 (Figure 5). A
1.7-fold increase in the size of the RM from Xggj.30 = 0 to 0.8
(Figure 2a) causes a 3.6-fold increase in k (Table 1). Thus one can
use the mixing of surfactants to modulate the nucleophilicity of
the entrapped water in a more efficient manner than to increase
the wo of AOT-RM. It might be mentioned here that Brij-30 RMs
are bigger in size than the AOT RMs (DLS study, Figure 2a) and
the aggregation number of the former is much higher than the latter
one for a fixed wy, which means that there are more water inside
a single RM droplet for Brij-30 RM relative to the AOT RM. So,
a manifold increase in the reaction rate of solvolysis of BzCl is
expected for the former case, which indeed has been observed in
the present study (Table 1). In case of mixed systems, as evidenced
from the DLS study (Figure 2a), there is a systematic increase in
the waterpool size with Xgy;j30, which in turn indicates an increase
in the aggregation number in the RM, and correspondingly the
reaction rate increases (Table 1). The systematic increase in the
droplet size (and also of the aggregation number) of the mixed
RM with Xgyjj30 is the key feature of the present study which in
turn could be exploited to modulate the water structure, dynamics
and reactivity. To generalize the effect of nonionic surfactant on
the dynamics and functionality of confined water, an elaborate study
involving nonionic surfactants of varying carbon chain length and
polar headgroup size is needed, and such a study is underway in
our laboratory.

Conclusions

Our studies explore the change in the dynamics of water
entrapped in a RM core with the change in the composition of the
interface by mixing of surfactants of different charge types. It is
found that the hydrodynamic diameter of RM droplets suffers a
small increase when Xpj.30 increases. FTIR and compressibility
studies show that the entrapped water reaches more bulk-like
behavior as Xgyj.30 increases, which is due to the weaker interaction
of Brij-30 headgroup with water compared to the charged head-
group of AOT. Solvation dynamics of C500 becomes faster with
increasing Xgyij-30. Rotational anisotropy study and wobbling-in-
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cone analysis confirms that the diffusion coefficient of water at
the interface increases with Xpyjj.30 which is manifested in the faster
solvation dynamics. Also the solvolysis of BzCl becomes faster
with Xgyij-30 indicating the increased nucleophilicity of the entrapped
water caused by the faster diffusion of water molecules as
evidenced from the solvation studies. Our study opens a new
window to tune both the dynamics and reactivity of confined water
molecules in RM only by altering the interfacial surfactant
composition. This study will be helpful in further development of
this microheterogeneous environment in the field of biomimicing
science and technology.
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