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ABSTRACT: In this contribution we have tried to investigate
whether the mechanical properties of the reverse micellar
(RM) interface dictate the physical properties of entrapped
water molecules in the RM waterpool. We choose AOT/
Igepal-520/cyclohexane (Cy) mixed RM as a model system
which exhibits synergistic water solubilization behavior as a
function of interfacial stoichiometry. Such a phenomenon
associates systematic modification of the interface curvature.
Dynamic light scattering (DLS) studies reveal linear increase in
the droplet size and aggregation number of the RMs with
increasing XIgepal (mole fraction of Igepal in the surfactant mixture). FTIR study in the 3000−3800 cm−1 region identifies that the
relative population of the surface-bound water molecules is higher in AOT RM compared to that in Igepal RM, and in mixed
systems it also follows a linear trend with XIgepal. Water relaxation dynamics as probed by time-resolved fluorescence spectroscopy
using Coumarin-500 also reveals an overall linear trend with no characteristic feature around the solubilization inflation point.
Our study clearly identifies that the physical properties of water in RM are mostly governed by the interfacial stoichiometry and
water content, and merely bares any dependence on the mechanical properties of the interface.

■ INTRODUCTION

Aggregates of surfactants in oil continuum exhibit the
remarkable ability to solubilize a large amount of water to
form reverse micelles (RM), which offers a unique platform to
realize several constrained environments like living cells.1 The
physical and chemical properties of water molecules localized in
the interior of the RMs are different from those of pure water,
the difference becoming progressively smaller as the water
content in the micellar system increases. When the RM size is
small, the interface strongly interacts with most of the water
molecules making them “highly structured”. Since hydrogen
bond dynamics is a concerted process requiring the rearrange-
ment of the hydrogen bonds of many water molecules, the
dynamics become relatively slow. This constraint is partially
relaxed at higher hydration and the system approaches pure
water-like behavior. Solubilization capacity of RM and
physicochemical properties of the entrapped water have been
found to be strongly dependent on the chemical nature of the
dispersant phase (oil), surfactant, and also the hydration level
of the RM (w0 = [water]/[surfactant]).2,3 Surfactant mixtures
often give rise to enhanced performance over the individual
components, and such mixtures could potentially be employed
in a wide range of practical applications. It has recently been
reported that addition of nonionic surfactant into the interface
of ionic surfactants produces significant modification of enzyme
activity,4−6 polymer synthesis,7 nanoparticle synthesis,8 and
chemical activity9 in RM. A proper rationale of such modified
behavior is strongly demanding especially in many biophysical

applications that depend on the extent of electrostatic and
hydrophobic interactions of the RM interface with specific
moiety or segments of solubilized biological macromole-
cules.10−12

Modification of the interface by blending of surfactants
brings about considerable changes in the elastic rigidity of the
interfacial film. Earlier studies with RM systems involving more
than one surfactant using solubilization,13−16 conductivity,15,17

interfacial composition,18 viscosity,19 spectroscopic,20−22

SANS,23−25 and FTIR and NMR measurements26,27 identify
significant modification of the mechanical properties of the
interface and consequently of the water structure in RM
systems in comparison to the corresponding single surfactant
systems. These findings summarize that the effects of surfactant
blending on solubilization and other physical properties are a
direct consequence of mixing and physicochemical interactions
in interfacial films.
It is well-known that water inside RMs is highly structured

and its dynamics is highly restricted.28,29 A recent study30 has
concluded that confinement of water in the RM interior is
responsible for the observed slow relaxation dynamics,
irrespective of the charge of the interface. On the other hand,
Levinger et al.31−33 compared the ultrafast solvation dynamics
of ionic (AOT) and nonionic (Brij-30) RM systems and find
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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 interfaces. However, the effect of mixing of
surfactants on the relaxation dynamics of water has only rarely
been explored.34,35

In a previous study,36 we attempted to correlate the
structure, dynamics, and reactivity of entrapped water in RM
consisting of a mixture of ionic (AOT) and non-ionic (Brij-30)
surfactant in isooctane, which has a high molecular volume and
less penetrability in the surfactant interface. This leads the
solubilization capacity of AOT/isooctane RM systems to be
limited by the interdroplet interaction effect.13 AOT/Brij-30
mixed system in isooctane does not offer any synergistic effect
in terms of water solubilization capacity. The physical
properties of water also showed a linear trend with mixing
and it was found that the entrapped water reaches a pure water-
like behavior as XBrij‑30 (mole fraction of Brij-30 in the
surfactant mixture) increases, which is due to the weaker
interaction of Brij-30 headgroup with water compared to that of
the charged headgroup of AOT. To complement this study, we
study the structure and dynamics of a mixed system in which
synergistic modification of the surfactant monolayer in terms of
solubilization capacity could be realized. The mixture of ionic
surfactant AOT and nonionic surfactant Igepal-520 in cyclo-
hexane (Cy) offers such a platform.16 Both AOT37 and Igepal
CO-52038 are well-studied surfactants that can form RM
without the addition of any cosurfactant. In the present
contribution we have studied the structure and slow (sub-ns)
relaxation dynamics of water in RMs constituted of AOT and
Igepal CO-520 in Cy at different mixing ratios with the key
objective to reveal whether the synergistic geometric
modification of the interface affects the physical nature of
entrapped water. The micellar sizes at different mixing ratios
have been measured by the dynamic light scattering (DLS)
technique. The physical properties of the entrapped water have
been determined using Fourier transform infrared spectroscopy
(FTIR), densimetric measurements, and solubility study.
Relaxation dynamics of water inside RM has been probed by
time-resolved fluorescence spectroscopy using Coumarin 500
(C500) as the fluorophore. This spectroscopic technique,
especially the slow relaxation process, which essentially
represents the coupled rotational−translational orientation of
water molecules, has recently evolved as a potential tool to
understand the interaction of confined water molecules with
the interface.36,39−44 Using a fluorophore that essentially resides
at the water−surfactant interface, the extent of modification of
water dynamics in response to any change in interfacial
morphology could be rationalized by probing such relaxation
processes. The choice of the probe is based on the fact that,
when excited at 409 nm, only the probe molecules residing at
the interface and/or facing the polar core get excited.40 Thus
the spectroscopic information obtained is essentially the
responses from the interfacial region only, which is a
prerequisite for our study. To understand the geometrical
restriction of the probe at the interface, rotational relaxation
dynamics of the dye in different RM systems have also been
determined. All the measurements have been done at six
different mixing ratios of AOT and Igepal with the mole
fraction of Igepal in the mixture (XIgepal = [Igepal]/([AOT] +
[Igepal])), varying as 0, 0.2, 0.4, 0.6, 0.8, and 1 at three
hydration levels, namely, w0 = 5, 10, and 15.

■ MATERIALS AND METHODS
Sodium bis(2-ethylhexyl) sulfosuccinate (AOT), polyoxy-
ethylene (5) nonylphenyl ether (Igepal-520), cyclohexane
(Cy), and Coumarin-500 (C-500) (Scheme 1) were products

of Sigma-Aldrich. All the chemicals were used without further
purification. AOT and Igepal 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,
XIgepal = [Igepal]/([AOT] + [Igepal]), was varied from 0 to 1.
Calculated amount of water was injected into it to produce the
reverse micelles (RMs) of w0 = 5, 10, and 15.
Water solubilization capacity of these RM systems was

determined by titrating a 3 mL surfactant/oil stock solution
with dropwise addition of water followed by vigorous shaking
in order to ensure the attainment of complete equilibrium.
Appearance of persistent visual turbidity and/or phase
separation was considered to be the solubilization limit.
Average of three successive measurements was taken as the
final result.
DLS measurements were carried out with Nano-S Malvern

instrument employing a 4 mW He−Ne laser (λ = 632.8 nm)
equipped with a thermostatted sample chamber. The details of
DLS measurement could be found in our earlier study.40

FTIR spectra in the 3000−3800 cm−1 window were recorded
on a JASCO FTIR-6300 spectrometer (transmission mode)
using CaF2 window. It is important to note that Cy has
negligible absorbance in this studied frequency range (data not
shown). We herein report difference absorbance spectra, which
are the differences between the measured absorbance of the
samples and that of the stock solution (at w0 = 0). For the
sample with highest water content (w0 = 15), 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 the investigated RM systems is negligible.
Therefore, the difference spectra can be attributed to the water
molecules present in the RM systems only.
High precision density and sound velocity were measured by

a density meter: model DSA-5000 from Anton Paar (Austria)
with an accuracy of 5 × 10−6 g cc−1 and 0.5 m s−1 in density
and sound velocity measurements, respectively. Aggregation
number of RM systems was calculated considering the
formulations developed in ref 45. The details of the calculation
could be found in the Supporting Information section.

Scheme 1. Molecular Structure of AOT, Igepal, and
Coumarin 500



Adiabatic compressibility (β) of the mixture can be
determined by measuring the solution density (ρ) and the
sound velocity (u) and applying the Laplace’s equation
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The apparent specific volume of the solute (water) ϕv is given
by46
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where c is the concentration of water in the solution, ρ0 and ρ
are the densities of the dry RM (w0 = 0) and wet RM,
respectively. The partial apparent adiabatic compressibility (ϕk)
of water is obtained from the relation47
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where u0 and u are the sound velocities in dry RM and wet RM,
respectively.
Steady-state absorption and emission were measured with

Shimadzu UV-2450 spectrophotometer and Jobin Yvon Horiba
Fluorolog fluorimeter, respectively. All the measurements were
carried out at 298 K. Fluorescence transients were measured
and fitted by using commercially available spectrophotometer
(Life Spec-ps) from Edinburgh Instrument, U.K. (excitation
wavelength 409 nm, 80 ps instrument response function
(IRF)). The details of the time-resolved measurements can be
found elsewhere.39 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
photo excitation 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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where G, the grating factor, was determined following the long-
term tail matching technique.48 All the anisotropies were
measured at the emission maxima.

■ RESULTS AND DISCUSSION
Solubilization Capacity Measurements. Figure 1 depicts

the maximum water solubilization capacity of mixed AOT/

Igepal/Cy RM systems. Both AOT and Igepal are fairly soluble
in Cy and both these systems solubilize water in the w0,max
range of 20−25, which is in good agreement with the data
reported in the literature.16 The mixed surfactant systems
exhibit a considerable synergism in the water solubilization
capacity wherein w0,max (maximum solubilization capacity)
initially increases with increasing XIgepal to pass through a
maximum at XIgepal = 0.4 beyond which it decreases. Such
synergistic solubilization behavior has previously been reported
in a few mixed surfactant systems.14−16,24,25,49 The extent of
water solubilization in general can be explained in light of a
theoretical model developed by Hou and Shah.13 Solubilization
capacity of water in RM is geometrically related to the radius of
curvature of the surfactant film separating the water droplets
from the oil continuum. This in turn is thermodynamically
related to the stability of the RM. The stability of a RM is
primarily decided by the entropic contribution of droplet
dispersion, curvature effect, and the interaction between the
droplets.50,51 The radius of curvature and hence water
solubilization capacity decreases as the chain length of oil
decreases, chain length of cosurfactant increases, or size of the
polar headgroup of the surfactant increases.
AOT/Cy is a system consisting of a rather rigid interface

(owing to the low molecular weight of Cy (∼180 Å3) and high
penetration of Cy in the interfacial region making the attractive
strength small and favoring greater spontaneous curvature)
with very low values of Δρ (difference between densities in the
continuous phase and in the penetrable length of the interfacial
layer) and ξ (penetrable length of the interfacial layer during
interpenetration of droplets). In such a case the interaction
among the droplets is very weak compared to the curvature
effect, and solubilization capacity is essentially limited by the
radius of curvature. Solubilization capacity can be improved if
the interface is doped with a second surfactant (herein Igepal
520) which decreases the spontaneous curvature of the
interfacial film making the interface more fluid. However, in
doing so both Δρ and ξ increase, which in turn increases the
interaction between the droplets. The increase in w0,max is

Figure 1.Maximum solubilization capacity (w0,max) of AOT/Igepal/Cy
mixed reverse micellar systems as a function of XIgepal.



limited as the spontaneous radius of curvature approaches the
critical radius Rc. Beyond this point the increase in Δρ and ξ
decreases w0,max. The observed synergism is thus a consequence
of systematic alteration of the mechanical properties of the
interfacial monolayer which is optimized at XIgepal = 0.4. It is
now interesting to investigate whether such a modification
imprints the physical properties of the encapsulated water
molecules inside the RMs.
DLS, Aggregation Number, and Compressibility

Measurements. We measure the size of the RM droplets
using DLS technique and the results are depicted in Figure 2a
and Table S1 (Supporting Information). The data analysis
essentially assumes the droplets to be spherical in nature, and
for small w0 (≤15) values, such an assumption holds well. As
observed from the figure, droplet size increases with increase in
w0 as well as XIgepal. The w0 dependency is a clear consequence
of the increasing water load.40,52 Igepal forms larger droplets
compared to AOT19,38 and this accounts for the increased
droplet size of mixed RM systems with increasing XIgepal. No
anticipated deviation from linearity in the XIgepal = 0.4 region is
unambiguously noticed. This increase in droplet radius with
XIgepal is consistent with the hard sphere model of AOT/Cy
system as has been discussed earlier. We also measure the
droplet size at XIgepal = 0.4 with increasing w0 values (data not
shown). The size increases linearly with w0 clearly indicating
that addition of water increases droplet size rather than forming
multiple droplets.
We calculate the aggregation number (nagg) of RM systems

and the results are depicted in Figure 2b and Table S1. It is
found that Igepal RM systems have higher aggregation number
compared to the AOT RM systems. The nagg values obtained
for AOT are in good agreement with those reported by Maitra
et al. using the NMR technique.53 It is interesting to note that
as Igepal is mixed with AOT nagg increases, which is a
consequence of the reduced electrostatic repulsion between the
charged head groups of AOT, thereby accommodating more

surfactant molecules at the interface. Since surfactant
concentration is fixed at 0.1 M, an increase in aggregation
number at a fixed w0 value is indicative of a decrease in the
number of water droplets which provides additional support to
the increased droplet size as evidenced from DLS measure-
ments (Figure 2a). No considerable change in the aggregation
behavior is realized at XIgepal = 0.4. We also calculate the
apparent specific volume (ϕv) and partial apparent adiabatic
compressibility (ϕk) of water in these RM systems (Figure 2c,d
and Table S1). The obtained ϕv values are in the same order of
magnitude as obtained for other RM systems36,54,55 and is
smaller than that of pure water (1.003 × 10−3 m3 kg−1). On the
other hand, all the calculated compressibility values are higher
than that of pure water (4.5 × 10−10 Pa−1), which essentially
indicates the highly structured nature of water inside RM. In all
these systems ϕv increases with increasing w0, which is in
accordance with previous observations55 and accounts for the
fact that the abundance of high density interfacial water at
lower hydration is responsible for the reduced ϕv. The ϕv
values do not exhibit any distinct feature with the mixing ratio;
it only reduces marginally as Igepal concentration is increased
(Figure 2c). AOT RM systems offer higher ϕv values compared
to nonionic RM systems55 which corroborates the present
observation of decreasing ϕv with increasing nonionic content.
The ϕk values also exhibit good agreement with previous
reports36,54,55 and offer an overall increasing trend with
increasing Igepal concentration. The compressibility data thus
provide evidence that water structure is essentially perturbed
inside RM due to its interaction with the charged/polar
interface; however, the overall linear behavior of the
compressibility values indicates that the interfacial stochio-
metric optimization at XIgepal = 0.4 with regard to water
solubilization capacity is not reflected in the physical properties
of water.

FTIR Measurements. To obtain a deeper insight into the
water structure we measure the MIR FTIR spectra of all the

Figure 2. (a) Hydrodynamic radius (RH) of AOT/Igepal/Cy mixed reverse micellar systems as a function of XIgepal. The inset shows a typical
normalized scattering intensity profile of XIgepal = 0 (red), 0.4 (green), and 1.0 (blue) RM systems. (b) The aggregation number (nagg) of the mixed
reverse micelles as a function of XIgepal. (c) Specific volume, ϕv, and (d) partial apparent adiabatic compressibility, ϕk, of water in these mixed reverse
micelles at different w0 values as a function of XIgepal.



mixed RM systems. In all these measurements we subtract the
data of w0 = 0 (dry RM) systems from the hydrated systems,
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.56,57 The overall spectrum of
water in this frequency window could be deconvoluted into
three Gaussian sub-bands peaking at ∼3600, 3460, and 3330
cm−1 regions with relative weightage of ∼5%, 30%, and 65%,
respectively (data not shown). The peak at ∼3600 cm−1, i.e.,
the high frequency component, enjoys the major contributions
from the “multimer”26 water molecules which do not produce
strong hydrogen bonds with neighboring water molecules58 and
have generally been realized in extreme hydrophobic environ-
ments.59 The second component peaking at 3460 cm−1

involves the so-called “intermediate” water molecules which
are unable to form fully developed hydrogen bonds and
somewhat connected to other water molecules with distorted
H-bonds.26 Finally, the third kind of water molecule, i.e., the
lower frequency component (peaking at 3330 cm−1) emanates
from the “network” (sometimes called “bulk type”) water
molecules which are fully hydrogen bonded with the
neighboring water molecules and contributes 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 (Figure S1, Supporting Information). A free
fitting often produces more accurate contributions; however,
fixing the peak positions allows comparison of the change in the
relative weightage of each component at variable interfacial
compositions. We plot the relative contribution of each curve
toward the total spectra and plot it as a function of XIgepal
(Figure 3). This relative contribution is proportional to the
fraction of water molecules belonging to that particular
stretching mode. As evidenced from the figure, the relative
abundance of the fully hydrogen bonded water molecules are
fewer in RM systems compared to that in pure water; this
observation is rather intuitive taking into consideration the
interaction of water molecules with both ionic and nonionic
RM interfaces.26,60,61

The “multimer” water molecules, often identified as the
“bound type” water molecules, show characteristic slow
dynamics compared to the “network” or “bulk-type” water
owing to their strong interaction with the RM interface.62,63 It
can be observed from Figure 3c that the relative abundance of
the “multimer” water molecules in AOT RM systems is twice as
large as that in pure water. With progressive inclusion of Igepal
in the interface, abundance of the “multimer” water decreases.
This leads us to conclude that the interaction of water
molecules with the polar uncharged headgroup of Igepal is
weaker in comparison to that of ionic AOT. With increasing
wIgepal, the content of “multimer” water molecules decreases and
at high XIgepal it eventually reaches a value comparable to that in
pure water. The population corresponding to the “intermedi-
ate” water (peaking at 3460 cm−1) shows a marginal variation
with both interfacial stoichiometry as well as water content.
However, an overall weak decreasing trend is observed with
increasing XIgepal.
Let us now consider the population of “network” water

(peaking at 3330 cm−1); it is observed that in AOT RM
systems the population of such type of water molecules is
considerably lower than that in pure water (Figure 3a). This

lower population is compensated by the abundance of
“multimer” water in RM. It can also be observed that the
relative content of “network” water increases considerably with
increasing w0. On the other hand, Igepal systems show behavior
more comparable to that of pure water and an increase in w0
offers only marginal effect on the relative abundance of
“network” water content. It can be argued that the interaction
of the water molecules with the hydroxyl headgroup of Igepal64

is comparable to that of the water−water hydrogen bonded
network which eventually results in the elevated population of
“network” water. It can also be observed that, with increasing
content of Igepal, the relative abundance gradually moves
toward that of pure water clearly indicating a linear effect of
mixing of surfactants at the interface. The present FTIR
measurements strongly corroborate the finding of Brubach et
al.26 who reported that for nonionic fluorocarbon RMs with
increasing w0 and at high surfactant content the fraction of
“multimer water” (3600 cm−1 region) molecules decreases,
which is compensated by increasing “network water” (3330
cm−1 region). It is worth mentioning here that such a trend,
which is observed in RM systems, is strikingly opposite than
that of water confined in “hard” medium. Le Caer̈ et al.65

recently studied the infrared spectra of water confined in pore
glasses as a function of the pore size ranging from 8 to 320 nm
in the 30−4000 cm−1 spectral range using the attenuated total

Figure 3. Relative area under curves peaking at 3330 cm−1 (a), 3460
cm−1 (b), and ∼3600 cm−1 (c) for AOT/Igepal/Cy mixed reverse
micellar systems at w0 = 5, 10, and 15.



reflection (ATR) technique. When the pore size of silica
decreases the intensity of the “network” water (∼3310 cm−1)
component increases and that of the “intermediate” water
component (3450 cm−1) decreases, while the contribution of
“multimer” water (∼3590 cm−1) remains practically unchanged.
But in RM, the variations are opposite; i.e., the “intermediate”
water contribution decreases with the micelle hydrodynamic
radius, whereas the “network” water contribution increases and
the “multimer” water component (∼3600 cm−1) also decreases.
The observed difference may arise due to the more rigid silica
walls, as compared to the smoother RM surface. It can be
concluded from the IR spectroscopic studies that the synergistic
modification of the mechanical properties of the interface does
not significantly influence the hydrogen bonded structure of
water.
Fluorescence Measurements. A comprehensive under-

standing of the dynamics of encapsulated water is obtained
from steady state and time-resolved fluorescence studies using
C-500 as the fluoroprobe. It has been shown that, in RM
systems, selective excitation at 409 nm excites the C-500
molecules at the interface only40 which justifies the choice of
the probe. Figure S2 (Supporting Information) depicts the
emission spectra of the mixed RM systems at w0 = 10. The
corresponding emission maxima (λmax) are presented in Table
1. C-500 in water produces an emission maximum at ∼505 nm,
and in AOT/isooctane RM systems it has been reported to
suffer a progressive blue shift with decreasing w0.

40 AOT/Cy
RM system at w0 = 5 produces an emission peak at 495 nm
which suffers a red shift of ∼4 nm at w0 = 15 (Table 1). The
observed red shift with increasing w0 is quite intuitive keeping
in mind that, once the surfactant headgroup is solvated, the rest
of the water molecules only populate the well-structured water
pool, thereby increasing the polarity in the vicinity of the

surfactant imposing the observed red shift. The emission peak
suffers a progressive blue shift with increasing Igepal content
along with a broadening of the emission profile. The
broadening of the spectral shape could be due to multiple
locations of the probe molecules, namely, in “bulk type” water,
interfacial water, and deep into the interfacial layer. It should be
remembered that C-500 is only sparingly soluble in water and
selective excitation of the probe at 409 nm excludes the
contribution from the “network” water molecules. We
deconvolute the observed spectra of XIgepal = 1 into two
Gaussian components with one peak fixed to appear at 500 nm
(in accordance with the peak position of the probe residing at
the waterpool) and found that the other peak is centered at
∼478 nm (Figure S2, Supporting Information). The area under
the latter curve is half of that obtained for the former. This
relative weighting is found to be invariant of w0 indicating that
the distribution of probe molecules at the Igepal/Cy interface is
independent of the water content in the RM.
C-500 has extensively been used as a fluorophore to study

the relaxation dynamics of water in confined medium.40,41,43 In
the present study the decay transients of the probe in the blue
end of the spectrum could be fitted with multiple decay
components, whereas those in the red end could be fitted only
by considering an added rise component (Figure S3,
Supporting Information). Such an observation is indicative of
the solvation of the probe66 and we construct the solvent
correlation function, C(t), following eq 5. Some representative
C(t) plots for different XIgepal values at w0 = 10 are shown in
Figure 4a. All the C(t) curves are fitted biexponentially and the
time constants are presented in Table 1. As 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

Table 1. Emission Maximum (λmax), Biexponential Fitting Parameters of the C(t), and Rotational Anisotropy Decay Curves of
C-500 in AOT/Igepal/Cy/Water Mixed RM Systems at Different w0 and Mixing Ratios

solvation dynamics anisotropy

w0 λmax (nm) τ1 (a1) (ns) τ2 (a2) (ns) ⟨τsol⟩ (ns) τr1(a1) (ns) τr2 (a2) (ns) ⟨τr⟩ (ns)

XIgepal = 0
5 495 0.12 (0.22) 0.78 (0.78) 0.63 0.46 (0.29) 2.04 (0.71) 1.57
10 497 0.11 (0.23) 0.51 (0.77) 0.42 0.43 (0.37) 1.63 (0.63) 1.18
15 499 0.10 (0.23) 0.48 (0.77) 0.39 0.42 (0.37) 1.24 (0.63) 0.94

XIgepal = 0.2
5 494 0.20 (0.48) 1.14 (0.52) 0.69 0.27 (0.46) 1.41 (0.54) 0.88
10 496 0.20 (0.58) 1.05 (0.42) 0.56 0.25 (0.50) 1.20 (0.50) 0.72
15 498 0.21 (0.65) 0.96 (0.35) 0.47 0.23 (0.48) 1.13 (0.52) 0.70

XIgepal = 0.4
5 494 0.22 (0.52) 1.35 (0.48) 0.76 0.29 (0.52) 1.35 (0.48) 0.80
10 496 0.22 (0.58) 1.18 (0.42) 0.62 0.24 (0.49) 1.16 (0.51) 0.71
15 498 0.21 (0.64) 1.11 (0.36) 0.53 0.24 (0.50) 1.18 (0.50) 0.71

XIgepal = 0.6
5 494 0.22 (0.57) 1.28 (0.43) 0.67 0.27 (0.53) 1.31 (0.47) 0.76
10 496 0.21 (0.58) 1.10 (0.42) 0.58 0.24 (0.50) 1.25 (0.50) 0.74
15 497 0.20 (0.60) 1.08 (0.40) 0.55 0.30 (0.62) 1.57 (0.38) 0.78

XIgepal = 0.8
5 493 0.23 (0.57) 1.52 (0.43) 0.78 0.18 (0.55) 1.24 (0.45) 0.66
10 495 0.22 (0.54) 1.31 (0.46) 0.72 0.18 (0.50) 1.13 (0.50) 0.66
15 496 0.21 (0.57) 1.29 (0.43) 0.67 0.23 (0.51) 1.16 (0.49) 0.68

XIgepal = 1
5 490 0.20 (0.46) 1.49 (0.54) 0.89 0.21 (0.52) 1.31 (0.48) 0.74
10 492 0.19 (0.49) 1.32 (0.51) 0.77 0.20 (0.55) 1.08 (0.45) 0.60
15 492 0.20 (0.50) 1.24 (0.50) 0.72 0.18 (0.57) 0.95 (0.43) 0.51



emission spectra (TRANES)67 for all these systems. A
representative illustration is shown in Figure S3(c). No
apparent iso-emissive 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 micro-
environment experienced by the probe. As can be observed
from Table 1, the time constants are on the order of hundreds
of ps and a few ns, which are orders of magnitude slower than
that observed in pure water.68 It should be taken into
consideration that the sub-ps orientational dynamics of water
is considerably restricted in the confined systems like RMs.
Selective photoexcitation of interfacial probe molecules coupled
with the limitation of our instrumental resolution (IRF ∼ 80
ps) held us back from detecting the signals responsible for the
ultrafast dynamics of water molecules. The reported time scales
thus have the sole contribution of water molecules residing at
the RM interface only, which is in accord with the essence of
this study. We obtain an average Stokes shift of 1000 ± 100
cm−1, which is only ∼25% of the Stokes shift calculated from
the steady state measurements as intuited from the loss of
ultrafast fluorescence signals. We plot the average time

constant, ⟨τsolv⟩ = ∑iaiτi as a function of XIgepal at three
different w0 values (Figure 4b). It is observed that, with
increasing w0, solvation dynamics gets faster for all these
systems. For pure AOT systems the ⟨τsolv⟩ values are in
comparable agreement with those obtained in AOT/isooctane
RM systems using the same fluorophore.40 At w0 = 5, a
considerable fraction of water molecules solvate the RM
interface and thus exhibit restricted dynamics as evidenced
from high ⟨τsolv⟩ values. At w0 ≥ 10, a well-defined RM water-
pool is built up45,69,70 and the relative fraction of the slow-
moving water molecules gets reduced resulting in an overall
faster solvation. It has been observed that ⟨τsolv⟩ is faster in pure
AOT systems compared to that in pure Igepal systems. This
retardation is attributed to the possible contribution of the
terminal hydroxyl groups of Igepal toward the measured
relaxation dynamics. ⟨τsolv⟩ does not offer any remarkable
pattern around XIgepal = 0.4; instead, an overall increasing trend
with XIgepal is registered.
In order to understand the nature of geometrical restriction

imposed on the probe molecule by the interfacial layer, we
determine the rotational anisotropy of all these systems, and
some representative decay transients are shown in Figure S4
(Supporting Information). All the rotational decay transients
can be fitted biexponentially and the time constants (τr) are
presented in Table 1. The observed τr values are in comparable
agreement with AOT/isooctane systems using the same
fluorophore.40 C-500 in water produces a rotational anisotropy
decay time constant of ∼70 ps.71 The observed slow rotational
relaxation implies a considerable hindrance inside the RM water
pool as experienced by the probe molecules, which reaffirms
the solvation dynamics results. It can be observed that the
rotation of the probe is eased as w0 is increased. The restriction
is more prominent in the AOT systems, and decreases as Igepal
is doped into the interface. The imposed restriction in the AOT
system might arise out of the strong interaction of the probe
with the surfactant charged interface. As also evidenced from
Figure 4c, the change in the average rotational time constant
⟨τr⟩ = ∑iaiτri follows a fairly linear trend, with a weak
dependence on w0.

General Discussion. In the present contribution we have
made a systematic spectroscopic investigation to emphasize any
possible correlation between the mechanical properties of a RM
interface and physical properties of its adjacent water
molecules. Optimization of solubilization capacity of RM is a
much anticipated field of research in surface science as high
water uptake of RMs is often beneficial for many biophysical
applications of RM. It has now been established that increased
solubilization capacity involves suitable modification of the
mechanical properties of the surfactant monolayer and also of
the interaction between the RM droplets.13 Several previous
studies have shown that such an improvement could easily be
achieved by blending of surfactants. Mixture of surfactants also
brings about desired modification in many applications.4−9

However, a proper rationale of the process involved is still not
vividly understood. In this regard it was pertinent to investigate
whether such a modification in the surfactant interface is
reflected in the physical properties as well as dynamics of the
entrapped water molecules. In our previous study,36 using
mixed surfactant system AOT/Brij-30 in isooctane we
concluded that the physical properties and dynamics of water
follow a linear trend with mixing. However, in such a system
solubilization capacity was limited by the droplet interaction
effect as isooctane is a less penetrating hydrocarbon into the

Figure 4. (a) Representative solvent correlation function, C(t) curves
of C-500 for AOT/Igepal/Cy reverse micellar systems at w0 = 10 for
different XIgepal values. The solid lines are biexponential fittings. (b)
Average solvation time constant ⟨τsol⟩ as a function of XIgepal. (c)
Average rotational time constant ⟨τr⟩ as a function of XIgepal.



interface. Also, the solubilization behavior did not show any
synergistic effect and hence a linear trend in water properties
was much intuited. It remains to be answered whether physical
properties of water follow a nonlinear trend of interface
curvature with mixing.
AOT/Igepal/Cy mixed RM system exhibits synergistic water

solubilization behavior with maximum solubilization occurring
at a XIgepal = 0.4 mixing ratio (Figure 1). Since the interface of
AOT/Cy RM is rigid and noninteracting, the solubilization
capacity is primarily governed by the curvature effect. Addition
of Igepal induces fluidity in it, which increases its solubilization
power. However, in doing so it in turn increases the inter
droplet interaction, which eventually limits the extent of
solubilization. Thus the interface undergoes a systematic
geometric modification with XIgepal. Such a nonlinear behavior
allows the system to be a perfect platform to investigate the
water structure and dynamics.
DLS studies show a linear increase in droplet size with

increasing Igepal doping into the RM interface. Such a linear
trend is also noticed in the aggregation number and partial
molar volume calculations (Figure 2). O−H stretching
vibration as obtained from FTIR measurements in the 3000−
3800 cm−1 region show three different types of water molecule
inside the RMs and progressively follows the linear mixing
behavior of the surfactants (Figure 3). FTIR study identifies
that the relative population of multimer water component, i.e.,
water molecules, residing in totally hydrophobic environment is
larger in AOT RM compared to that in Igepal RM, and it
follows an overall linear trend with XIgepal and eventually
resembles the values of pure water. No marked deviation from
the linear trend is observed in the maximum solubilization
region. Sub-ns relaxation dynamics of the entrapped water as
revealed by the time-resolved fluorescence spectroscopy using
C-500 as the probe identifies the confined nature of the
entrapped water in all the studied systems, a behavior markedly
different from that in pure water. The dynamics, however,
shows a gradual change with the change in interface
stoichiometry and any characteristic feature around the
solubilization inflation point is not unambiguously noticed. It
therefore emerges that changes in the mechanical properties of
surfactant film merely affect the structure and relaxation
dynamics of the entrapped water molecules, which is believed
to essentially be governed by the water content and the surface
charge type only.

■ CONCLUSIONS
In AOT/Igepal/Cy mixed surfactant systems a 5-fold increase
in solubilization capacity is obtained compared to that of the
constituent surfactants at XIgepal = 0.4. DLS studies show a
linear increase in the droplet size with XIgepal. Densimetric and
acoustic measurements also do not reveal any characteristic
feature around the maximum solubilization point. FTIR study
in the 3000−3800 cm−1 region identifies that the relative
population of “multimer” water component, i.e., water
molecules residing mostly in hydrophobic environment is
larger in AOT RM compared to that in Igepal RM, and it
follows a linear trend with XIgepal. Sub-ns relaxation dynamics of
the entrapped water as revealed by C-500 also exhibits a more
or less linear trend with no characteristic feature around the
solubilization inflation point. These results conclude that the
changes in the mechanical properties of RM interface barely
affect the slow relaxation dynamics of the entrapped water
molecules.
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