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ABSTRACT: Synergism in several physical properties as
realized in many mixed surfactant reverse micellar (RM)
systems often manifests optimum hydrophilic−lipophilic
balance (HLB), interdroplet interaction, or both. Such
synergism is often desired for specific applications of RM
systems; however, a proper rationale on the effect of such
phenomenon imparted on the structure, dynamics, and activity
of water molecules in RM waterpool is strongly demanded. In
the present contribution we have investigated how the
optimum HLB condition of mixed RM composed two
nonionic surfactants (Igepal 210 and Igepal 630) affects the
physical properties of entrapped water molecules in the RM
waterpool. The studied mixed RM exhibits synergistic water
solubilization behavior as a function of the mixing ratio with a
maximum in solubilization capacity being reached at XIg630 = 0.3. Dynamic light scattering (DLS) studies show a bimodal
distribution of droplet size in this region, whereas it is monomodal in terminal compositions. Fourier transform infrared
spectroscopy (FTIR) study in the 3000−3800 cm−1 region identifies a linear trend in which the content of “bound” water
increases at the expense of the “network” water as the content of the hydrophilic surfactant Igepal 630 is increased in the mixture.
Subnanosecond relaxation dynamics of the entrapped water as revealed by the fluoroprobe coumarin 500 corroborates a similar
linear trend as observed in the FTIR measurements as the rotational diffusion gets retarded with the increase of ethylene oxide
chain length of Igepal. Reaction kinetics of solvolysis of benzoyl chloride reaction, however, does not offer any linear trend as it
gets slower in the optimum HLB region, the nonlinearity being a consequence of the distribution of the substrate in the different
phases.

■ INTRODUCTION
Reverse micelles (RMs) are stable dispersions of otherwise
immiscible water droplets in oil continuum, the stability being
rendered by the monolayer of surfactant(s) at the droplet
interface.1 RMs have witnessed the ever spreading application
in various fields of science and technology. Often RMs
composed of mixture of surfactants are found to be
advantageous over the corresponding single surfactants and
can display properties superior to the individual ones.2−5 One
of the most desired properties of RM is its high water
solubilization capacity, and mixing of surfactants can induce a
many fold enhancement in it. The hydrophilic−lipophilic
balance (HLB)6 of mixed surfactant systems can efficiently be
tuned in order to provide better solubilization behavior.7,8

However, a proper rationale of such modified mixing behavior
is still demanded and needs a more generalized approach to
optimize the mixing stoichiometry in order to yield the
maximum effect. There have been several explanations offered
for the observed synergistic solubilization behavior, mostly
based on either the interplay between the surfactant monolayer

curvature and interdroplet interaction or establishment of an
optimum HLB or both.7−10 Most of the earlier studies on
mixed RMs have been carried out using anionic (mostly 1,4-
bis(2-ethylhexoxy)-1,4-dioxobutane-2-sulfonate, AOT) and
nonionic (mostly polyoxyethylene ethers) surfactants, and
these mixed RM systems have offered substantial modification
in enzyme kinetics,3,11,12 polymer synthesis,13 nanoparticle
synthesis,14 and chemical activity.5,15 Our group has also put
forward a systematic study to underline the effect of mixing of
surfactants of different charge types on solubilization
behavior,16 conductivity,17 interfacial property,18,19 etc. It has
been observed that the maximum solubilization capacity often
shows synergistic effect whereas various physical and chemical
properties of the mixed RM systems follow an overall linear
relationship with the mixing ratio.7,8,16,20 This makes dynamics
and activity easily tunable by tuning the surfactant mixing ratio
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only. The many-fold increase in the solubilization capacity is
certainly associated with considerable perturbation of the
mechanical properties of the surfactant monolayer, and one can
envisage a consequent impact on the physical properties of the
entrapped water in the waterpool. Our previous study has
unambiguously revealed that modulation of interface does
hardly affect the physical properties of water, which rather is
governed by the polarity of the interface and the content of
different types of water molecules present in the waterpool.20

However, this conclusion has been drawn on the basis of the
mixture of surfactants having two different charge types, viz.,
anionic AOT and nonionic Igepal-520, and thus the interaction
of water with the interface could not have been generalized
because such interaction is mostly assisted by the charge type of
the interface. In order to appear at a more general and
comprehensive understanding, it is therefore important to carry
out the investigation with surfactant mixture of the same charge
type, as it could eliminate the possible effect of the charge type
on the observed behavior. In accordance with that, we have
investigated the effect of mixing two nonionic surfactants of
different HLB numbers on the physicochemical properties of
water encapsulated in the RM.
Igepal (nonylphenylpolyethylene oxide based surfactants)

series of surfactant provides a wide range of amphiphilicity that
can easily be tuned by changing the ethylene oxide (EO) chain
length, and HLB systematically varies from a very small value of
∼4 to as high as ∼13. Most importantly many of the Igepal
series surfactants are capable of forming RM in hydrocarbon
oils. The Igepal based RM systems have previously been
investigated using percolation phenomenon,21 droplet cluster-
ing,22 small angle neutron scattering technique,23 ultrafast
relaxation dynamics,24−26 and preparation of nanomateri-
als.27−29 Owing to a wide distribution of polar EO chain
length in Igepal surfactants (from ∼1.5 to 10), the RM interface
can substantially be modified by blending them for specific
applications, and this justifies the choice of this set of
surfactants. In the present contribution, we have used the
blend of two terminal surfactants, namely, Igepal-210 (HLB ≈
4) and Igepal-630 (HLB ≈ 13) in cyclohexane (Cy). The
interfacial polarity as well as the HLB of this system has
systematically been varied by changing the mixing ratio. As this
particular blend is expected to offer synergism in the
solubilization behavior,8 the essence of the present investigation
is to identify whether such nonlinear behavior is also reflected
in the structure, dynamics, and activity of the water molecules
in the RM waterpool. The micellar sizes at different mixing
ratios (XIg) and hydration level (w0, defined as the ratio of the
molar concentration of water to that of surfactant(s)) have
been measured using dynamic light scattering (DLS) technique.
The physical properties of the entrapped water have been
determined using high precision densimetry measurements.
Hydrogen-bonded structure of water inside RM has been
investigated using mid-infrared FTIR spectroscopy. The slow
(subnanosecond) subdiffusive relaxation dynamics of water
inside RM has been probed by picosecond-resolved fluo-
rescence spectroscopy technique using coumarin 500 (C-500)
as the fluorophore with an excitation wavelength of 409 nm in
order to extract specific information on the water molecules
residing at the interface. To understand the geometrical
restriction of the probe at the interface, rotational anisotropy
of the probe in different RM systems has also been determined.
Finally, to correlate the dynamics with activity, we measure the

kinetics of solvolysis of benzoyl chloride (BzCl) in the RMs at
different surfactant compositions.

■ MATERIALS AND METHODS
Igepal CA 210 (polyoxyethylene (2) isooctylphenyl ether, Ig-
210), Igepal CA 630 ((octylphenoxy)polyethoxyethanol),
coumarin 500 (C-500) (Scheme 1), cyclohexane (Cy), and

benzoyl chloride (BzCl) were purchased from Sigma-Aldrich.
All the chemicals were of the highest purity grade and used
without further purification. Igepals were dissolved in Cy at a
concentration of 0.1 M to prepare two stock solutions and then
mixed in desired proportions. The mole fraction of Igepal-630,
XIg630 = [Ig-630]/([Ig-210] + [Ig-630]), was varied from 0 to 1.
The calculated amount of water was then injected into it to
produce the reverse micelles (RMs) of desired w0. All the
measurements were carried out at 20 °C.
Water solubilization capacity of these RM systems was

determined following a titration method discussed earlier.20

DLS measurements were carried out with Nano-S Malvern
instrument employing a 4 mW He−Ne laser (λ = 632.8 nm)
equipped with a thermostated sample chamber. The details of
DLS measurement could be found in our earlier study.30 FTIR
spectra in the 3000−3800 cm−1 window were recorded in a
JASCO FTIR-6300 spectrometer (transmission mode) using
CaF2 window. Cy has negligible absorbance in the studied
frequency range. In order to discard the absorbance of the
surfactant(s), we subtract the measured absorbance of the dried
RM solution (w0 = 0) from those of the wet RM solutions (w0
= 2.5−25). This ensures that any change in the absorption
spectra is due solely to the encapsulated water within the RM.
High precision density and sound velocity were measured in

a density meter, model DSA-5000 from Anton Paar (Austria)

Scheme 1. Molecular Structures of Igepal 210, Igepal 630,
and Coumarin 500
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with an accuracy of 5 × 10−6 g cc−1 and 0.5 m s−1 in density
and sound velocity measurements, respectively. Adiabatic
compressibility (β) of the mixture can be determined by
measuring the solution density (ρ) and the sound velocity (u)
and applying the Laplace equation,
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The apparent specific volume of the solute (water) ϕv is given
by31
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where c is the concentration of water in the RM solution and ρ0
and ρ are the densities of the dry RM (w0 = 0) and wet RM,
respectively.
Steady-state absorption and emission spectra were measured

with a Shimadzu UV-2450 spectrophotometer and Jobin Yvon
Horiba Fluorolog fluorimeter, respectively. Fluorescence
transients were measured and fitted by using a commercially
available spectrophotometer (Life Spec-ps) from Edinburgh
Instrument, U.K. (excitation wavelength of 409 nm, 80 ps
instrument response function (IRF)). The details of the time-
resolved measurements can be found elsewhere.32 The time
dependent fluorescence Stokes shifts, as estimated from time-
resolved emission spectra (TRES), were used to construct the
normalized spectral shift correlation function or the solvent
correlation function C(t) defined as
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where ν(0), ν(t), and ν(∞) are the emission maximum (in
cm−1) at time zero, t, and infinity, respectively. The ν(∞)
values had been taken to be the emission frequency beyond
which an insignificant or no spectral shift was 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. For anisotropy, r(t) measurements, emission polar-
ization was adjusted to be parallel or perpendicular to that of
the excitation and anisotropy is defined as
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G, the grating factor, was determined following a long time tail
matching technique.33 All the anisotropies were measured at
the emission maxima.
The kinetics of BzCl solvolysis reaction was determined by

measuring the temporal change in the absorbance of BzCl
monitored at 313 nm using a Shimadzu UV-2450 spectropho-
tometer as discussed in our earlier studies.5,34 The initial BzCl
concentration was kept constant at ∼10 μM.

■ RESULTS AND DISCUSSION
Solubilization Measurements. Figure 1 depicts the

solubilization profile of the mixed RM systems as a function
of the surfactant mixing ratio (XIg630). Both the surfactants are
fairly soluble in Cy and can solubilize only a small volume of
water in the w0,max (maximum solubilization capacity) range of
2−3. The mixed surfactant systems, however, display a
considerable synergism in the water solubilization capacity

wherein w0,max increases sharply with increasing XIg630 to pass
through a maximum at XIg630 = 0.3. Such synergism is generally
expected for ionic−nonionic surfactant mixtures7,16,20 wherein
Columbic, ion-dipole or hydrogen bonding interaction among
polar headgroups dominate the solubilization phenomenon. In
the case of nonionic surfactants the intermolecular interactions
are minimal and only a subtle synergistic effect can be
envisaged. The observed synergism in the present system can
thus be explained on the basis of the H−L balance of the mixed
surfactant system.8 Ig-210 is a low HLB surfactant and tends to
solubilize in oil continuum, whereas Ig-630 is hydrophilic.
Unlike the widely used AOT RM in which nearly all surfactant
molecules reside in the RM shells,35 the high individual
monomeric solubility makes Igepal less available at the oil/
water interface, thus making the RM inefficient to solubilize a
large volume of water. An ideal surfactant system is required to
have an HLB in the range of 8−10 to offer the maximum
solubilization capacity; for the present system we calculate the
HLB of the mixture by following a model proposed by Huibers
et al.,8 assuming that the surfactants distribute at the interface in
proportion to their relative mole fractions. As can be observed
from Figure 1, the maximum in solubilization capacity is
observed at XIg630 = 0.3 wherein the HLB passes through the
specified range of 8−10. The observed nonlinearity in the
solubilization capacity thus shows strong correlation with the
partition of the surfactant at the interface; however, other
effects like the interplay between the optimum radius of
curvature of the surfactant films and interdroplet interaction7

could not a priori be ruled out. It now is interesting to
investigate whether the notable synergistic effect as observed in
solubilization capacity is reciprocated in the physical behavior
of the mixed RMs.

DLS Measurements. The results of the DLS measurements
are depicted in Figure 2. It is interesting to note that the droplet
size of the Igepal based system does not always hold a linear
relationship with w0, since a significant portion of the surfactant
molecules are in a free state, i.e., dissolved in the oil phase and
do not associate with the RM.23,36 Also there can be a
possibility of the formation of nonspherical aggregates
depending upon the composition of the RM.37 However, for
a simpler understanding of the effect of mixing of surfactants on
the droplet size we estimate the size of the RM droplets,
assuming them to be spherical in nature.38 Figure 2a depicts a
representative scattering intensity distribution for the mixed
systems at a fixed w0 = 5. The choice of this particular w0 value

Figure 1. Maximum solubilization capacity (w0,max) and HLB number
of Igepal-210 + Igepal-630 mixed reverse micelles in cyclohexane as a
function of the surfactant mixing ratio.
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lies in the fact that at w0 = 5, all the mixed systems form stable
RMs. It is found that in the range of XIg630 = 0.2−0.6, the size
distribution is distinctly bimodal with an intense peak appearing
at ∼10 nm and the other weak distribution is observed at ∼200
nm. For the terminal compositions, the distribution is
essentially monomodal with a single peak appearing at ∼10
nm. The observed droplet size of ∼10 nm is in good agreement
with those obtained with other Igepal RM systems;20,37,38

however, the appearance of the second peak at a bigger size
distribution is quite intriguing. We plot the droplet size (of the
smaller RMs) as a function of XIg630 for different w0 values (up
to w0 = 10) in Figure 2b. It is evident that within the
experimental w0 range, the droplet size increases linearly with
increasing w0, a feature rather common in conventional dilute
RM solutions,20,37−39 revealing that the RMs are special and
noninteracting.37 However, a distinct feature in the droplet
profile is observed in which the size passes through a minimum
at XIg630 ≈ 0.4. This result is in sharp contradiction with our
previous studies involving ionic−nonionic mixtures wherein a
linear change in the droplet size was observed as a function of
the surfactant mixing ratio.5,20 It is interesting to note that the
minimum in the droplet size distribution is realized in a mixing
ratio where exactly the maximum in solubilization capacity
(optimization of HLB) is observed (Figure 1) and DLS shows a
distinct bimodal distribution (Figure 2a) with the appearance of
a second peak at ∼100 nm (Figure 2a). Since the formation of
cylinder-like aggregates40 can be discarded in Igepal RM
because of the high solubility of the surfactants in the
continuous phases,38 the ∼100 nm size distribution indicates
the possible formation of larger sized RM droplets in addition
to the smaller ones. Owing to the high oil solubility, a relatively
large fraction of the surfactant molecules remain in the
monomeric form and do not essentially participate in the RM
formation at lower w0 values. In the case of the terminal

mixtures the high monomeric surfactant solubility restricts the
formation of larger RMs; however, for the intermediate mixing
fractions the surfactants are more partitioned at the interface
(optimum HLB), resulting in the observed high water
solubilization capacity. In order to obtain better insight, we
carry out DLS measurements for a fixed XIg630 = 0.3 at different
w0 values. The results are depicted in Figure 2c,d. It is found
that the size distribution remains bimodal up to w0 = 15, with
the peak intensity being dominant for the smaller droplets. For
w0 = 15, the peak intensities are comparable indicating an even
distribution of the droplets, and at higher hydration only the
peak at ∼100 nm persists. The hydrodynamic diameter
increases linearly in the low hydration region and then
increases sharply to ∼100 nm at w0 ≥ 15 (Figure 2d). This
result indicates that at low hydration, there occurs a distribution
of surfactants between the smaller and larger droplets, and a
linear increase in droplet size corroborates the fact that more
surfactant partitions into the interface to accommodate more
water in individual droplets. At w0 = 15, the distribution is
optimum, and with further increase in hydration, larger sized
droplets prevail over the smaller ones.

Viscosity and Densimetry Measurements. We measure
the bulk viscosity of the RM systems in order to realize any
possible intermediate structural modification other than the
droplet type. Figure S1a (Supporting Information) shows the
viscosity profile of the mixed RM systems as a function of XIg630
at a constant w0 = 5, and Figure S1b (Supporting Information)
shows the viscosity profile of the mixed RM systems as a
function of w0 at a constant XIg630 = 0.3. The viscosity profile as
a function of w0 reveals a sudden ∼2-fold increase at w0 = 15,
wherein the much intuited droplet size transition has been
realized in the DLS measurements (Figure 2d). The profile
depicted in Figure S1a (Supporting Information) shows a
continuous increase in viscosity with Ig-630 content, with no

Figure 2. (a) Scattering profiles of mixed reverse micelles with different mixing ratios at a fixed w0 = 5. (b) Average hydrodynamic diameter of mixed
RM at different mixing ratios and different water content (w0). (c) Scattering profiles of mixed reverse micelles with different w0 values at XIg630 = 0.3.
(d) Average hydrodynamic diameter of mixed RM at different water content (w0) with XIg630 = 0.3.
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characteristic feature in the XIg630 = 0.3 region, indicating no
major structural transition to occur in this region, a behavior
much consistent with AOT/Igepal mixed RM systems.20 We
also calculate the apparent specific volume (ϕv) of water in
these RM systems using eq 2 (Figure S1c,d) (Supporting
Information). The obtained ϕv values are found to be of the
same order of magnitude as those obtained for ionic−nonionic
mixed RM systems20,41 and are smaller than that of pure water
(∼10 × 10−4 m3kg−1), which essentially indicates the highly
structured nature of water inside the RM. For XIg630 = 0.3
systems, ϕv shows a linear increase with w0, and at w0 = 25, it
approaches a value comparable to that of bulk water. On the
other hand, when Ig-630 concentration is increased at fixed w0
= 5, ϕv decreases linearly up to XIg630 = 0.5 (Figure S1c)
(Supporting Information), beyond which the change is only
marginal. It is thus evident that an Ig-210 rich mixed RM
system (XIg630 = 0.1) offers higher ϕv values compared to the
Ig-630 rich mixed RM system (XIg630 = 0.9), possibly indicating
that Ig-210 forms less intermolecular hydrogen bonds with the
RM waterpool than in Ig-630, which seems quite intuitive
keeping in mind the longer EO chain of the latter compared to
that in the former one. The densimetry measurements thus
confirm that the water structure is considerably perturbed
inside RM because of its interaction with the interface;
however, there is no distinct feature correlating the synergistic
behavior of water solubilization capacity. More direct
information on the water structure is therefore extracted from
FTIR measurements.
FTIR Measurements. For in depth understanding of the

water structure inside the mixed RM systems we measure the
MIR FTIR spectra of these systems. In all these measurements
we subtract the data of w0 = 0 (dry RM) solutions from the
corresponding hydrated solutions, and thus, the signals
essentially provide information from water molecules embodied
in the RM water pool. We focus our attention in the 3000−
3800 cm−1 frequency window, as this is a fingerprint region for

the symmetric and asymmetric vibrational stretch of O−H
bonds in water.20 The overall spectrum of pure water in this
frequency window could be deconvoluted into three Gaussian
sub-bands peaking at ∼3600, 3460, and 3330 cm−1. The peak at
∼3600 cm−1 (ν3) is due to the “bound type” water molecules
which make bonds with the interface and thus do not produce
stable hydrogen bonds with the neighboring water mole-
cules.42,43 The second component peaking at 3460 cm−1 (ν2)
involves the so-called “intermediate” water molecules which are
somewhat connected to neighboring water molecules with
distorted hydrogen bonds.42 The third kind of water molecule
[peaking at 3330 cm−1 (ν1)] originates from the “network” or
“bulk type” water molecules which are fully hydrogen-bonded
with the neighboring water molecules and contribute its
majority of share in pure water. We deconvolute the MIR
spectra of all the RM systems into three Gaussian components,
keeping the peak positions fixed as those of pure water for the
purpose of a better comparison (two such representative
deconvolutions are shown in Figure 3a and Figure 3b).20 We
plot the relative contribution of each curve toward the total
spectra as a function of XIg630 (Figure 3c) at a fixed w0 = 5 and
as a function of water content (w0) at XIg630 = 0.3 (Figure 3d).
This relative contribution is essentially proportional to the
fraction of water molecules belonging to that particular
stretching mode, and in pure water their relative abundance
is 5% (bound water), 29% (intermediate water), and 66%
(network water).
It can be observed from Figure 3c that the relative abundance

of the “network” water molecules decreases at the expense of an
increase in the content of “intermediate” and “bound” water
molecules as the content of the hydrophilic surfactant Ig-630
increases in the mixture. The relative abundance of “network”
water decreases from 65% (XIg630 = 0.2) to 47% (XIg630 = 0.9)
with a concomitant increase in “bound” water content from
13% to 19% and “intermediate” water from 22% to 34%. It can
be argued that the interaction between water and the EO chains

Figure 3. FTIR spectra of Igepal 630 + Igepal 210 mixed RM systems at two different mixing ratios, XIg630 = 0.3 (a) and XIg630 = 0.8 (b). The broken
lines are the deconvoluted curves. The gray dotted lines represent the overall fits. (c) Relative area under each deconvoluted curve as a function of
XIg630 at a fixed w0 = 5. (d) Relative area under each deconvoluted curve as a function of w0 at a fixed XIg630 = 0.3 with ν1, ν2, and ν3 corresponding to
network, intermediate, and bound water, respectively.
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of Igepal, which eventually is responsible for the appearance of
ν2 and ν3, increases with increasing Ig-630 content, thereby
decreasing the extent of hydrogen bond formation between the
neighboring water molecules (ν1 contribution). The interaction
of water molecules with the polar headgroup of Ig-630 is
stronger in comparison to that of Ig-210, as the former has a
bigger EO chain which increases the abundance of “network”
water contribution in the Ig-210 rich system. At the same
hydration level (w0 = 5), anionic AOT/Cy offers 49%
“network”, 29% “intermediate”, and 22% “bound” water.20

These values are quite comparable to those obtained in Ig-630
rich RM systems, indicating that the water molecules are highly
structured in these RM systems. On the other hand, for XIg630 =
0.3 system (Figure 3d), with increasing w0, the content of
“network” water molecules increases only marginally, compen-
sated with a slight decrease in the content of “intermediate”
water molecules while the contribution from the “bound” water
molecules remains almost unaltered. As has been noted earlier,
a huge change in the droplet conformation is observed in the w0
profile (Figure 2d); however, the water structure does not
suffer any considerable modification. Therefore, synergistic
modification of the mechanical properties of the interface does
not significantly influence the hydrogen-bonded structure of
water inside RM.
Fluorescence Measurements. We estimate the dynamics

of the encapsulated water molecules from steady state and time-
resolved fluorescence studies using C-500 as the fluoroprobe. It
has previously been shown that in AOT RM systems, selective
excitation at 409 nm excites the C-500 molecules at the
interface only.30 To ensure whether the same observation is
validated in the Igepal based systems too, we measure the
difference absorption spectrum of C-500 in which the
absorption spectrum of the dry RM w0 = 0 solution is
subtracted from that of the w0 = 5 solution (Figure S2a
(Supporting Information)). The difference spectrum thus
provides specific information on the interfacial water molecules
only. As observed from the figure, the difference absorption
spectrum produces a peak at ∼420 nm, with a positive value at
∼409 nm. Such a phenomenon is consistent with that obtained
in the AOT/isooctane RM system.30 Thus, the choice of the
excitation wavelength is justified and provides specific
information on the dynamics of the interfacial water molecules.
Figure S2b (Supporting Information) depicts the emission
spectra of C-500 as a function of the surfactant mixing ratio,
while Figure S2c (Supporting Information) represents that as a
function of w0. C-500 produces an emission peak at 480 nm
with XIg630 = 0.1, which then suffers a 4−5 nm red shift as the
content of Ig-630 increases in the mixture. The peak position is
considerably blue-shifted in comparison to that in ionic
surfactant AOT/Cy RM20 and in bulk water.44 This
observation strongly validates the fact that water inside Igepal
RMs is highly structured compared to the other conventional
RMs, and mixing of two surfactants of different HLB values has
minimal effect on it. In order to probe the dynamics of the
encapsulated water, we study the time-resolved emission
spectroscopy.
A representative emission decay transient of C-500 at three

different wavelengths in mixed RM is shown in Figure S3a
(Supporting Information). The decay transients of the probe in
the blue end of the spectrum (430 nm) could be fitted with
multiple decay components having time constants of 150 ps
(46%), 850 ps (43%), and 4000 ps (11%), whereas that in the
red end (600 nm) could be fitted only after considering an

additional rise component of 270 ps along with two decay
components. Such an observation is suggestive of the solvation
of the probe,45 and we construct the corresponding time-
resolved emission spectra (a representative plot is shown in
Figure S3b (Supporting Information)). From the TRES, we
construct the solvent correlation function, C(t) following eq 3.
Some representative C(t) plots for different XIg630 values at w0 =
5 and different w0 at XIg630 = 0.3 are shown in Figure 4a and

Figure 4b, respectively. All the C(t) curves are fitted with a
multiexponential decay model, and the corresponding time
constants are summarized in Table 1. In this context it is
important to check whether the observed time-resolved spectral
shift is associated with any internal photophysics of the probe
itself. In order to do so, we construct the time-resolved area
normalized emission spectra (TRANES);46 a representative
plot is shown in Figure S3c (Supporting Information).
Appearance of any isoemissive point in the TRANES profile
indicates the presence of multiple species of the probe, and in
the present system the absence of any such isoemissive point
strongly affirms the probe to remain only as a single “species”.
Therefore, the observed time dependent spectral shift can be
attributed solely to the inhomogeneity of the microenviron-
ment experienced by the probe. The multiple time constants
are due to the multiple locations of the probe as well as
solvation by the different types of water molecules as evidenced
from FTIR measurements. As can be observed from Table 1,
the time constants are of the order of hundreds of picoseconds
and a few nanoseconds, which in turn are orders of magnitude
slower than that observed in pure water.47 The measured
dynamic Stokes shift (∼1200 cm−1) is also much smaller

Figure 4. (a) Solvent correlation function of C-500 in mixed reverse
micelles as a function of XIg630 at a fixed w0 = 5. The inset shows the
average solvation time constant. (b) Solvent correlation function of C-
500 in mixed reverse micelles as a function of w0 at a fixed XIg630 = 0.3.
The inset shows the average solvation time constant.
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compared to the steady state Stokes’ shift (∼3000 cm−1). It is
important to note here that the subpicosecond rotational
dynamics of pure water is considerably restrained in confined
environments like in RMs.48,49 Moreover, selective photo-
excitation of the interfacial probe molecules allows the
detection of signals from slow relaxation (subdiffusive in
nature) at the interface only. The ultrafast relaxation (of
subpicosecond time scale) is beyond the resolution of our
present setup; we thus restrict our discussion based on the
subdiffusive translational relaxation of water at the RM interface
which occurs on the subnanosecond time scale. The essence of
the present investigation is to underline the effect of the
interfacial perturbation on the water relaxation dynamics, and
thus, the discussion made on the slow relaxation dynamics is
valid enough.
We plot the average time constant, ⟨τ⟩ = ∑iaiτi as a function

of XIg630 at w0 = 5 (inset of Figure 4a) and as a function of w0 at
XIg630 = 0.3 (inset of Figure 4b). The obtained values are found
to be of comparable magnitude but marginally slower than
those obtained with conventional ionic AOT RM systems.30 It
is observed that at a fixed composition of XIg630 = 0.3, solvation
dynamics gets faster with increase of w0 to w0 = 15, beyond
which the change is marginal. Such a hydration dependent
acceleration of solvation time scale in RM has previously been
observed for both single30 and mixed5,20 surfactant systems and
can be interpreted on the basis of increasing fraction of the fast
solvating “bulk” water molecules in the RM waterpool. As has
been observed from the DLS measurements, there occurs a
huge increase in the droplet size at w0 ≥ 15 and further addition
of water does not change the size considerably (Figure 2d).
The ⟨τ⟩ values also do not exhibit much change beyond this
threshold, confirming that the added water does only form
newer RMs without significantly perturbing the structure of

individual RM droplets. The solvation dynamics thus follows a
trend corroborating the droplet size distribution. It is
interesting to note here that the ⟨τ⟩ value for w0 = 15 is
much slower compared to that of ionic AOT RM at identical
conditions20 in spite of the fact that AOT RM offers a higher
abundance of “bound” water (13%) compared to the mixed
Igepal RM systems (7%). This perhaps invokes the fact that the
EO polar headgroup does participate in the solvation process in
the Igepal systems, making the overall dynamics slower. On the
other hand, it is observed that ⟨τ⟩ increases gradually with
progressive increase in Ig-630 content in the surfactant mixture
(Figure 4b). The DLS profile has shown a distinct bimodal
distribution of droplet size in the intermediate mixing region,
whereas it is monodispersed in the terminal mixtures.
Moreover, the droplet size also passes through a minimum
when plotted against XIg630. The nonlinearity in the droplet size
as observed from DLS is thus unable to explain the observed
linearity in the ⟨τ⟩ profile and can rather be rationalized in the
view of the FTIR measurements. FTIR measurements have
revealed that the extent of the “network” water decreases at the
expense of “bound” water with increasing hydrophilic
contribution in the mixture as more water molecules participate
in the bond formation with the polar headgroup of the
surfactant. Thus, the interaction of water with the head groups
outplays the effect of size.
In order to understand the geometrical restriction imposed

on the probe molecule by the interface, we fit the rotational
anisotropy decay transients biexponentially (a representative
decay is shown in Figure S4 (Supporting Information)) and the
time constants (τr) are presented in Table 1. The observed
rotational time scale of the probe in RM is an order of
magnitude slower compared to that in pure water (∼70 ps),44

affirming the restriction imposed on the probe inside the RM.

Table 1. Solvation Dynamics Parameters for C-500 in Igepal 210 and Igepal 630 Mixed Surfactant Systems

system τ1 (ns) τ2 (ns) τ3 (ns) ⟨τ⟩ (ns) τr1 (ns) τr2 (ns) ⟨τr⟩ (ns) DW × 108 (s−1)

X = 0.1, w0 = 5 0.18 (38%) 0.75 (32%) 2.34 (30%) 1.01 0.22 (57%) 1.61(43%) 0.82 5.02
X = 0.3, w0 = 2.5 0.26 (36%) 1.07 (34%) 2.49 (30%) 1.20 0.25 (44%) 1.81 (56%) 1.12 3.28
X = 0.3, w0 = 5 0.29 (36%) 0.86 (31%) 2.30 (33%) 1.13 0.27 (55%) 1.89 (45%) 1.0 3.89
X = 0.3, w0 = 10 0.23 (40%) 1.03 (37%) 2.24 (23%) 0.99 0.24 (49%) 1.70 (51%) 0.98 3.84
X = 0.3, w0 = 15 0.22 (33%) 0.61 (32%) 1.89 (34%) 0.92 0.25 (52%) 1.63 (48%) 0.91 3.89
X = 0.3, w0 = 20 0.18 (35%) 0.87 (46%) 2.25 (19%) 0.89 0.24 (52%) 1.58 (48%) 0.88 4.06
X = 0.3, w0 = 25 0.33 (58%) 1.66 (42%) 0.90 0.24 (54%) 1.62 (46%) 0.87 4.26
X = 0.5, w0 = 5 0.23 (36%) 1.09 (36%) 2.26 (28%) 1.10 0.21 (42%) 1.59 (58%) 1.05 3.34
X = 0.7, w0 = 5 0.18 (33%) 0.88 (30%) 2.54 (37%) 1.26 0.31 (44%) 1.98 (56%) 1.25 2.58
X = 0.9, w0 = 5 0.20 (35%) 0.82 (18%) 2.48 (47%) 1.39 0.33 (40%) 1.96 (60%) 1.30 2.15

Figure 5. (a) Average anisotropy rotational time constant C-500 in mixed reverse micelles as a function of XIg630 (blue symbols) and w0 (red
symbols). (b) Diffusion coefficient of water (as obtained from eq 7) in mixed reverse micelles as a function of XIg630 (blue symbols) and w0 (red
symbols).
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The average rotational time constant, ⟨τr⟩ = ∑iaiτri, follows a
trend similar to that obtained in the solvation dynamics
measurements (Figure 5a). It can be observed that the rotation
of the probe is eased as w0 is increased, while the restriction
increases as Ig-630 is added into the interface. The imposed
restriction in the Ig-630 rich mixtures might arise out of the
strong interaction of the probe with the long EO chain of the
surfactant. A rough estimate of the local microviscosity (ηm) as
experienced by the probe can be obtained assuming a Stokes−
Debye−Einstein relation in which the rotational time constant
is expressed in the form50,51 τr = (ηmV)/(kbT) where V is the
hydrodynamic volume of the probe and τr is the slow rotational
time constant. Assuming a molecular volume of ∼198 Å3 for C-
500,44 we estimate a microviscosity of ∼35 cP experienced by
the probe, which is considerably higher than the bulk viscosity
and increases slightly with increase in the Ig-630 content in the
mixture. To understand the effect of surfactant mixing on the
rotational relaxation process of the probe inside the RM water
core in a more quantitative manner, the biexponential
anisotropy decay has been analyzed using a two-step
wobbling-in-cone model.52,53 According to this model, the
rotational anisotropy decay function is defined as

β β= + −τ τ− −r t r( ) [ e (1 )e ]t t
0

/ /slow fast (5)

where β = 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 a value from
zero (for unrestricted rotation of the probe) to 1 (for
completely restricted motion). The semicone angle θW is
related to the ordered parameter as

θ θ= +S
1
2

cos (1 cos )W W (6)

The diffusion coefficient for the wobbling motion, DW, can be
obtained from the following relation,
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where x = cos θW and τW is defined as (1/τW) = (1/τfast) − (1/
τslow). The obtained DW values are presented in Table 1 and
Figure 5b. The DW values are found to be of the same order of
magnitude as has been reported earlier for AOT/Brij-30 mixed
RM systems.5 DW gradually decreases with increasing XIg630,
corroborating the fact that the probe experiences progressively
more restricted rotation in the RM. The smaller DW values at
higher XIg630 also indicate that diffusion gets slower at higher Ig-
630 content which eventually results in a slower solvation
dynamics (Figure 4b), which in turn is a manifestation of the
higher abundance of “bound” water as revealed from the FTIR
measurements (Figure 3c).
Reaction Kinetics Measurements. We study the kinetics

of solvolysis of benzoyl chloride (BzCl) to underline the
activity of water in the mixed RM systems. The reaction is a
well studied one in the restricted medium and is reported to
follow simple first order kinetics.54,55 BzCl is first solubilized in
Cy and then added into the RM, wherein it gets
compartmentalized into the organic phase and the interphase;
the interfacial water molecules act as nucleophiles to cleave the

C−Cl bond. The reaction is monitored following the rate of
decay of the absorbance of BzCl at 313 nm. The normalized
absorbance transients of BzCl in the mixed RM systems is
shown in Figure 6a as a function of XIg630 at a fixed w0 = 5. It is

observed that the rate vs XIg630 profile offers an inverted bell
shaped pattern in which reaction gets slower in the XIg630 =
0.3−0.5 region compared to the terminal mixing ratios. The
reaction gets marginally faster with increasing hydration level
from w0 = 2 to w0 = 15 (Figure 6b). It is interesting that the
rate of the reaction is orders of magnitude slower compared to
that in pure water (1.1 s−1)56 and comparable to that obtained
in earlier studies in RM systems including nonionic
surfactants.5 The considerably retarded reaction kinetics in
RM compared to that in pure water clearly suggests that
nucleophilicity of water molecules gets reduced as it forms
bonds with the polar head groups at the interface. In this
context, it is important also to consider the partition of the
substrate into the different phases. BzCl is preferentially
partitioned into the oil phase and the interface, with a
distribution constant of Koi. Another partition could also be
considered in which BzCl is distributed between the interface
and the aqueous phase (Kiw). The overall reaction rate is
accumulation of the rates at the two different phases. Since the
reaction is very fast in water, Kiw eventually does not affect the
overall slow kinetics. Also, the solvation dynamics of water,
which manifests the nucleophilic behavior of water,34 does
exhibit a regular retarded dynamics at higher Ig-630 content
owing to the higher polarity of the surfactant headgroup
compared to that of Ig-210 (Figure 4a) and progressive
acceleration with increase in the hydration level from w0 = 2 to
w0 = 15 (Figure 4b). Both these results are unable to explain
the observed nonlinearity in the reaction kinetics trend, which
is much in contradiction with AOT/Brij-30 mixed RM systems
in which reaction kinetics did follow a trend predictable from

Figure 6. (a) Normalized absorbance transient of BzCl in mixed RM
as a function of XIg630 at a fixed w0 = 5. The inset shows the observed
rate constant as a function of the mixing ratio. (b) Normalized
absorbance transient of BzCl in mixed reverse micelles as a function of
w0 at a fixed XIg630 = 0.3.
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the solvation dynamics studies.5 The present study unambig-
uously indicates that it is the Koi that governs the overall
kinetics with Kiw imposing only minimal effects. As intuited
from the DLS measurements as well as HLB calculations, in the
XIg630 = 0.3−0.5 region the surfactants are more partitioned at
the interface compared to the corresponding terminal mixing
ratios, which eventually affects Koi and hence the reaction rate.

■ CONCLUSIONS
Ig-210/Ig-630/Cy mixed surfactant RM system provides a 10-
fold increase in the water solubilization capacity at XIg630 = 0.3
compared to the constituent individual surfactants (Figure 1).
The individual surfactants are either very lipophilic or
hydrophilic and can solubilize only limited volume of water
owing to their high monomeric partitioning in the dispersed
phases. The HLB of the system is tuned by mixing these two
surfactants, and at XIg630 ≈ 0.3, it offers an optimum HLB value
because a large fraction of surfactants is eventually partitioned
at the oil−water interface. DLS measurements show a distinct
bimodal distribution of droplet size in this optimum HLB
region, whereas in the terminal HLB regions the droplets are
essentially monodispersed (Figure 2). At a fixed XIg630 ≈ 0.3 the
smaller droplets prevail at low w0 with a gradual increase in the
size with w0; however, at w0 ≥ 15, addition of water
preferentially produces the bigger droplets. Such a feature is
considerably different from the ionic−nonionic mixed
surfactant systems in which the droplet size grossly follows a
linear trend with the mixing ratio.5,20 Bulk viscosity of the
mixed RM system shows a XIg630 dependency and expectedly
offers a considerable increase at w0 ≥ 15, corroborating the
bigger droplet formation. It thus is interesting to identify
whether the physical properties of water inside the RMs
reciprocate a similar trend. FTIR measurements provide an
insight of the structure of the encapsulated water, and it is
observed that it follows an overall linear trend as the content of
“bound” water increases at the expense of the “network” water
with increasing content of the hydrophilic surfactant Ig-630 in
the mixture. The increase in w0 at a fixed composition
marginally increases the share of “network” water (Figure 3).
The change in the water dynamics also traces the FTIR trends
as the slow (subdiffusive) relaxation dynamics of water gets
linearly retarded with progressive increase in the content of
hydrophilic Ig-630 in the mixture, corroborating the increase in
the content of “bound” water as evidenced from the FTIR
studies. Unlike the solubilization and DLS results, the water
structure and the slow relaxation dynamics follow a linear trend.
Since the choice of the probe provides us with the selective
information on the interface only, the present observation
clarifies that the slow relaxation dynamics of water is solely
governed by its interaction with the interface and is almost
indifferent to the geometry of the interface.20 On the other
hand, the reaction kinetics of a simple nucleophilic reaction
does not offer any linear trend and the rate gets slower in the
optimum HLB region. This observation is striking compared to
the ionic−nonionic mixed system, wherein a linear trend had
been realized.5 As the solvolysis reaction largely depends on the
distribution of the substrate between the oil phase and the
interface, a highly concentrated interface perhaps disturbs the
distribution resulting in a retarded kinetics. The physical
features of nonionic surfactant(s) mixture thus appeared to be
different from ionic−nonionic mixture and provide some
unusual nonlinear behavior that can be explained only by
considering the monomeric solubility of the individual

surfactants in the bulk phases. The observed linear trend in
most of the ionic−nonionic mixed RM systems provides the
privilege to predict its physical properties as well as the
flexibility to tune it in accordance with the desired applications;
however, for nonionic−nonionic mixed RM systems one has to
be more careful in doing so.
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