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In this contribution we attempt to correlate the dynamical states of water molecules in reverse

micelles with a solvolysis reaction in accordance with the activation energy barrier crossing model

at the micellar interface. Precise measurement of the different dynamical states of water molecules

at the reverse micellar interface with various degrees of hydration is achieved through

temperature-dependent solvation dynamics of coumarin 523. The rotational anisotropy studies

along with a wobbling-in-cone analysis show that the probe residing at the micellar interface

pointing towards the core water experiences less microviscosity at elevated temperature.

The consequences of the dynamical freedom of the water at elevated temperature in the

solvolysis reaction of benzoyl chloride have also been explored. The accelerated rate of solvolysis

has been correlated with the increased solvation dynamics, both of which are associated with a

temperature-induced transition of bound to free type water molecules at the micellar interface.

Introduction

Reverse micellar (RM) systems have evolved as a potential

reaction medium to carry out various chemical reactions

otherwise difficult to control in homogeneous media due to

highly structured water molecules present in the system.1–7 In

recent years, there have been a number of applications of RMs

for controlled enzymatic reaction,8,9 biomedical informatics,10

DNA hybridization11 and its sequence-selective extraction,12

and size-selective preparation of nanoparticles.13,14 It is

concluded that dynamical freedom of the water molecules

present in the RM is responsible for the precise control

of the reactions. The two clearly differentiated phases

(aqueous and organic) present in the RMs allow compart-

mentalization of solubilized species at the microscopic level.

Different types of surfactants (like non-ionic, anionic, cationic,

zwitterionic etc.) have been used to formulate RMs, however,

the most extensively used surfactant is bis(2-ethylhexyl)-

sulfosuccinate (AOT) because it can form spherical RMs

in many nonpolar solvents over a wide range of w0 values

(w0 = [water]/[surfactant] and radius of water pool (r in Å) is

empirically defined as r E 2w0
3).15,16 The structures of AOT

RMs have been extensively studied using several methods

such as 1H NMR,17,18 IR,19,20 ESR,21 photon correlation

spectroscopy,22 SANS,23,24 dielectric studies,25 densimetry,26

calorimetry27 and molecular dynamics simulations.28,29

Fluorescence spectroscopy has been used to efficiently

determine the viscosity, binding site rigidity and proximity

of water in the nano-pool.30–32 Water present inside the RM

can broadly be distinguished as bound type (water molecules

hydrogen bonded to the interface) and bulk type. However,

a study using FT-IR revealed the existence of four different

kinds of water molecules in AOT/isooctane (AOT/i-Oc) RMs,

namely, free monomers, dimers at the interface, monomers

bonded to the interface, and the bulk type.33 All these studies

reveal that at very low w0, the water molecules in the pool

remain very close and strongly attracted to the polar head

groups of the surfactants and hence are rather slow moving.

As w0 increases, the size of the water pool increases, and in

such large water pools, the mobility of water molecules

becomes relatively high, particularly at the central region of

the water pool. This change in mobility of the entrapped water

molecules inside the RM has also been reported to affect the

reaction kinetics occurring in the RM.34,35

Dynamical measurements have been used to characterize

the intramicellar water in RMs by various research

groups.36–43 Haseawa et al.44 have measured the micro-

viscosity inside RMs of varying size using a viscosity sensitive

probe. For w0 o 10, the water inside RMs has a higher

microviscosity than that of bulk water due to the presence of

a large fraction of water bound to AOT polar head groups.

For RMs with w0 4 10, the viscosity decreases slowly as the

size of RMs increases. Solvent reorganization with fluorescent

probes in RMs45,46 reveals two different solvation rates inside

the RMs and these time scales are attributed to water bound to

the polar head groups of AOT and bulk-like water. While

ordinary water molecules relax in the subpicosecond time

scale,47 the solvation dynamics of interfacial water molecules

are several times slower and occur in the nanosecond time

scale.41,48 These slow solvation dynamics play an important

role in many natural biological processes e.g. electron transfer,

ion transport, molecular recognition in hydrophilic cavities of

proteins and membrane lipid bilayers.49,50 The origin of the
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slow component is associated with a dynamical equilibrium

between bound and free types of water molecules51 and this

equilibrium is extremely sensitive to the external environments

such as pressure, temperature etc. The transition of bound

water to free type at the micellar interface with temperature is

governed by an Arrhenius type of activation energy barrier

crossing model.51–53

Despite the large number of attempts made to study the

structure and dynamics of water inside RMs and their effect on

ordinary chemical reactions and enzymatic activities, no such

attempts have been made to show the reflection of bound to

free water transition directly on a chemical reaction occurring

inside RMs. Our group has recently initiated a series of studies

to investigate the dynamics of water in a micro-heterogeneous

system (micelle and RM) as a function of temperature. For

these systems, the bound to free water transition has been

observed to follow an Arrhenius type barrier crossing

model.40,53–55 In a recent paper, we have shown that the

modulation of water dynamics at the RM interface by mixing

of surfactants also changes the reaction kinetics at the

interface.56 It is therefore interesting to investigate how a

temperature-induced modification of the dynamics of

interfacial water affects the reaction kinetics at the RM

interface. In the present study, we have explored the

picosecond-resolved solvation dynamics of the probe coumarin

523 (C-523) in AOT/i-Oc RMs with varying degrees of

hydration (w0 = 5, 10 and 20) at different temperatures

(278, 288, 298, 308 and 328 K) within the structural integrity

of the RMs as evidenced from earlier dynamic light scattering

(DLS) studies.40 The choice of w0 values is justified by the

fact that AOT/i-Oc RMs form a well defined water pool at

w0 = 10. At a lower hydration level, the water molecules

hydrate only the polar head groups of AOT and at w0 Z 10,

the added water goes into the central water pool to increase its

size. To explore the geometrical restriction of the probe,

rotational relaxation dynamics of the dye in different RM

systems at different temperatures has also been determined by

using picosecond-resolved anisotropy decay. To correlate the

dynamics of water with its reactivity, we have measured the

solvolysis kinetics of benzoyl chloride (BzCl) in the RM nano-

environment at different w0 values and temperatures.

Materials and methods

Sodium bis(2-ethylhexyl)sulfosuccinate (AOT) and isooctane

(i-Oc) were purchased from Sigma-Aldrich and used as

received. Benzoyl chloride (BzCl) was purchased from Merck.

Coumarin 523 (C-523) (Scheme 1) was a product of Exciton.

The RM solutions of C-523 were prepared by adding requisite

volumes of aqueous solution of C-523 into a given volume of

100 mM AOT solution in isooctane with vigorous stirring to

achieve RMs with the required degree of hydration, w0.

Steady-state absorption and emission were measured with a

Shimadzu UV-2450 spectrophotometer and a Jobin Yvon

Fluoromax-3 fluorimeter, respectively with a temperature-

controlled attachment from Julabo (Model: F32). Fluorescence

transients were measured and fitted by using a commercially

available spectrophotometer (LifeSpec-ps) from Edinburgh

Instruments, UK (excitation wavelength 445 nm (for C-523

in RM systems) and 409 nm (for C-523 in i-Oc), 80 ps

instrument response function (IRF)). The details of

time-resolved measurements can be found elsewhere.53 The

time-dependent fluorescence Stokes shifts, as estimated from

TRES (time-resolved emission spectroscopy), were used to

construct the normalized spectral shift correlation function

or the solvent correlation function, C(t), defined as

CðtÞ ¼ nðtÞ � nð1Þ
nð0Þ � nð1Þ ; ð1Þ

where n(0), n(t) and n(N) are the emission maxima (in cm�1)

at time zero, t and infinity, respectively. 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 polarization

is adjusted to be parallel or perpendicular to that of the

excitation, and anisotropy is defined as

rðtÞ ¼ Ipara � GIperp

Ipara þ 2GIperp
: ð2Þ

G, the grating factor, was determined following the long time

tail matching technique.57 All the anisotropies were measured

at the emission maxima. For the kinetics study of BzCl

hydrolysis, a known volume of BzCl in i-Oc was added to

1 ml 100 mM AOT RM such that the overall concentration of

BzCl remains 100 mM. The kinetics of solvolysis of BzCl was

monitored by time dependent change in the absorbance of

BzCl at 288 nm.

Results and discussion

Our main focus of the present study is to correlate the reaction

kinetics inside an RM with the solvation dynamics as a

function of temperature. As a first step towards this, we

investigate the steady-state photophysics of the probe.

Fig. 1a shows the absorption spectra of C-523 in i-Oc, water

and RMs of w0 = 5, 10, and 20. The absorption peaks of

C-523 in i-Oc and bulk water are obtained at 425 and 455 nm,

respectively. On addition of water to the AOT/i-Oc solution,

the absorption spectrum shows a shoulder at around 440 nm.

The inset of Fig. 1a shows the difference absorption spectra of

C-523 in AOT/i-Oc RM at different w0 values at 298 K, in

which the absorption spectrum of C-523 in i-Oc has been

subtracted from that of C-523 in AOT/i-Oc RM. It is evident

from the figure that a single absorption peak around B440 nm,

which is close to that of the probe in bulk water, is obtained

for all the three RM systems. This fact supports the choice ofScheme 1 Molecular structure of coumarin 523.
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445 nm wavelength as the excitation source for the time-

resolved studies as one would expect information coming only

from the aqueous phase or the interphase. The temperature-

dependent steady-state fluorescence spectra of C-523 in

AOT/i-Oc RM excited at 445 nm at different w0 values and

different temperatures have been measured and one such

representative illustration for w0 = 5 at 278, 288, 298, 308

and 328 K is presented in Fig. 1b. The corresponding emission

peaks (lmax) of the emission spectra are presented in Table 1.

The fluorescence maximum of C-523 in water is at 498 nm; and

that in w0 = 5, 10, and 20 systems are at 494, 496, and 496 nm,

respectively at 298 K. For w0 = 5, a B3 nm red shift is

observed when the temperature is increased from 278 to 328 K

(Table 1). For w0 = 10 and 20 systems, the emission spectra

remain practically unchanged with increase in temperature.

A progressive red shift of the fluorescence peak with increasing

w0 is observed (Table 1) which indicates the location of the

probe to be at the RM interface pointing towards the core

water and signifies that the probe senses a more polar

environment at higher hydration level. Wong et al.58,59

concluded that for AOT/i-Oc RM the polarity of the water

pool increases as the RM radius increases (dielectric constant

values of the interface change from e = 31 (for w0 = 1) to

e=47 (for w0 = 45.2)). They attributed this increased polarity

to an increase in the number of bulk type water molecules in

the RM interior. In addition, the micropolarity experiments

of Correa et al.60 reveal an increase in the polarity of

RM-entrapped water up to w0 = 10 to reach a plateau. The

observed slight (B3 nm) red shift for w0 = 5 system on

increasing the temperature indicates that the probe senses a

more polar environment at elevated temperatures. This is

due to the fact that the interfacial bound water molecules

hydrating the polar head groups become labile upon increase

in temperature. The peak shift is negligible for w0 = 10 and

20 RMs (Table 1).

Let us now concentrate on the dynamics of the water

molecules inside the RMs. In i-Oc, the fluorescence decays

of C-523 are found to be independent of emission wavelengths,

the lifetime being 2.6 ns (lex = 409 nm). This indicates that

C-523 exhibits no time dependent Stokes shift in i-Oc. Fig. 2a

shows the fluorescence transients of C-523 in the w0 = 10 RM

system at 278 and 328 K at three selected wavelengths of 460,

500 and 600 nm. The transient at 460 nm can be fitted

tri-exponentially with time components of 0.14 ns (36%),

0.75 ns (47%) and 3.9 ns (17%). For the extreme red wave-

length (600 nm), a distinct rise component of 0.58 ns is

obtained along with a decay component of 4.2 ns. The

presence of faster decay components at the blue end and a

rise component at the red wavelength is consistent with the

picture of solvation in RM. As the temperature is increased to

328 K, the transients still show wavelength dependency with a

decrease in the time constants. Such faster decay transients

with increasing temperature indicates the increased mobility

of the solvating species at elevated temperatures. A similar

trend is also observed at different temperatures for RMs with

w0 = 5 and 20. With increase in w0, the transients at a

particular wavelength and temperature become faster. This

observation is attributed to the increased solvent mobility as

the micellar interior expands, leaving proportionately less

water bound to the micellar interface.

Using the decay transients at different wavelengths, we

construct TRES for different w0 values at different temperatures.

A representative TRES for C-523 in AOT/i-Oc RM at 298 K

with w0 = 10 is presented in Fig. 2b where a significant

dynamic fluorescence Stokes shift of 514 cm�1 in 10 ns

is observed. Fig. 2c shows one representative C(t) plot of

w0 = 10 at five different temperatures, and the solvation time

constants of various RMs at five different temperatures are

presented in Table 1. All these curves are well fitted with

bi-exponential decay functions. It is evident from Table 1 that

one of the solvation time constants is of the order of several

hundreds of picoseconds, while the other is of the order of a

few nanoseconds. At low water content (w0 = 5 at 298 K) the

decay consists of a slow time constant of 4.0 ns and a fast time

constant of 1.0 ns. At high water content (w0 = 20 at 298 K)

the decay of C(t) is still bi-exponential, but distinctly faster

and consists of a component of 0.62 ns and another of 0.11 ns.

Both the observed time constants (one slow and the other fast)

are much slower than the subpicosecond solvation time

Fig. 1 (a) Absorption spectra of C-523 in i-Oc, water and reverse

micelles with w0 = 5, 10, and 20. Difference absorption spectra of

C-523 in AOT/i-Oc RMs (with respect to C-523 in i-Oc) with w0 = 5,

10 and 20 at 298 K is presented in the inset. (b) Emission spectra of

C-523 in i-Oc (lex = 409 nm), water (lex = 445 nm) and AOT/i-Oc

reverse micelles with w0 = 5 at different temperatures (lex = 445 nm).
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constant of bulk water.47 The observed slow and fast

components are attributed to the interfacial bound type and

free type water molecules, respectively present in the RM. The

time constants are consistent with those reported earlier for

RM systems.40,41,43,61 It is to be noted that, due to our

limited instrumental resolution (IRF B80 ps), an ultrafast

component, which is due to the fast moving bulk-like water

molecules, is missed in our measurements. But this ultrafast

component is mainly attributed to the fast moving bulk type

water molecules present in the RM core. Since our focus of the

present work is to correlate the kinetics of a reaction occurring

at the interface of the RM with the dynamics of water

molecules, our discussion would still be meaningful if

made on the interfacial slow moving water molecules

detectable with our TCSPC setup. The overall decrease of

htsi (htsi = a1t1 + a2t2) on increasing temperature for all

the three systems reveals that an increase in temperature

accelerates the solvation process at the interface irrespective

Table 1 Solvent correlation data for C-523 in AOT/i-Oc RMs of various w0 values at different temperaturesa and activation energy values for
w0 = 5, 10 and 20

Temperature/K Fluorescence peak/nm a1 t1/ns a2 t2/ns htsi/ns Eact/kcal mol�1

w0 = 5
278 491 62 1.30 39 4.4 2.52 5.1
288 494 73 1.10 27 4.2 1.94
298 494 87 1.01 13 4.0 1.39
308 494 85 0.63 15 3.7 1.09
328 494 71 0.44 29 1.0 0.60
w0 = 10
278 495 36 0.52 64 2.14 1.55 6.5
288 495 57 0.47 43 1.67 0.99
298 496 33 0.30 67 0.80 0.63
308 496 32 0.11 67 0.58 0.42
328 496 37 0.07 63 0.38 0.26
w0 = 20
278 496 53 0.54 47 2.26 1.35 7.4
288 496 62 0.36 38 1.71 0.87
298 496 34 0.11 66 0.62 0.45
308 496 39 0.07 61 0.50 0.33
328 496 49 0.05 51 0.30 0.18

a t represents the solvent correlation time constants, a represents its relative percentage.

Fig. 2 (a) Fluorescence decay transients of C-523 in AOT/i-Oc reverse micelles with w0 = 10 at 278 and 328 K. (b) Time-resolved emission spectra

(TRES) for w0 = 10 RM at 298 K. (c) Solvation correlation function, C(t), of C-523 in RM (w0 = 10) at different temperatures.
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of the water pool size. Different experimental evidences

indicate that even in a larger water pool (w0 Z 10), the

properties of the confined water differ from those of the bulk

water.62–64 Thus, almost bulk-like behaviour of water inside

the pool is not expected even at higher w0 values. The slow

timescales observed in the present systems are due to the slow

moving, interfacially bound water molecules that become

faster upon an increase in the temperature.

The temperature-induced acceleration of solvation dynamics

of water in AOT/i-Oc RM, can be explained with the

help of the multishell continuum model proposed by

Bagchi et al.51,65–68 for RMs and proteins. In this model, a

dynamic exchange between free and bound water molecules is

assumed. The energetic of the exchange depends upon the

strength and the number of hydrogen bonds among the water

molecules at the interface. The bound to free type transition of

water molecules with temperature is assumed to be governed

by an Arrhenius type of activation energy barrier crossing

model.51–53 We fit an Arrhenius plot using the htsi values

listed in Table 1 for all the three systems (Fig. 3). Plots

of ln (1/htsi) vs. 1/T produce good linear fits with corres-

ponding activation energy values of 5.1 � 0.5, 6.5 � 0.6, and

7.4 � 0.7 kcal mol�1 for w0 = 5, 10 and 20 RMs, respectively

(Table 1). The Eact value of 5.1 kcal mol�1 for w0 = 5 system is

of the order of 2.4–4 kcal mol�1, the energy barrier calculated

for the transition from bound type water (hydrogen bonded to

polar head group of RM, denoted as IBW, Scheme 2) to free

type water (not directly hydrogen bonded to head group,

denoted as IFW, Scheme 2) at the RM and micellar

interface.53,69 In a previous study, we obtained an Eact value

of 3.4 kcal mol�1 using a C-500 probe40 for the same system. It

is to be noted that C-500 is sparingly soluble in water and

therefore resides mainly at the RM interface, and thus can

precisely report the Eact value corresponding to the transition

occurring at the RM interface. C-523, on the other hand, has

considerable water solubility and thus the Eact value obtained

at w0 = 5 is higher than that expected (2.4–4 kcal mol�1). For

the hydrated systems (w0 Z 10), wherein the RM water

pool is formed, the probe senses a transition from bound

to free or bulk type water molecules (water molecules in

the core of the RMs, denoted as FW, Scheme 2) which is

associated with a higher energy barrier (7–8 kcal mol�1)52 and

the Eact values obtained in the present study (6.5 and

7.4 kcal mol�1) are in an excellent agreement with that.

Eact values are comparable for w0 = 10 and 20 systems, as

in both of these systems, the probe experiences a bound to

bulk type transition, with the latter system richer in the bulk

type water molecules.

To have a further idea of the temperature-mediated

modification of interfacial water dynamics, we measure the

temporal anisotropy decay, r(t), of the probe in AOT/i-Oc

RMs at different w0 values and temperatures. A representative

diagram for the w0 = 10 system at 278 and 328 K is given in

Fig. 4a. The rotational correlation time constants for all the

systems are given in Table 2. The time constants obtained for

the w0 = 10 systems at 298 K are in good agreement with

those reported by Mitra et al.40 and Majumdar et al.39 It is

found that the slower time constant decreases with increasing

w0 and temperature for all the studied systems, similar to that

reported earlier,40,61 indicating that the probe is more free to

move in larger RMs and at higher temperatures. To account

for the effect of temperature on the rotational relaxation

process of the probe inside the RM, the bi-exponential

anisotropy decay is analyzed using the two-step wobbling-

in-cone model.70–73 Assuming that the slow and fast motions

are separable, the slow (tslow) and fast (tfast) rotational time

constants can be related as

1

tslow
¼ 1

tl
þ 1

tm
;

1

tfast
¼ 1

tw
þ 1

tslow
;

ð3Þ

where, tl and tw are the time constants for the lateral diffusion

and the wobbling motion of the probe, respectively. The time

constant for the overall rotation of the RM, tm, is given by the

Stokes–Einstein–Debye equation:

tm ¼
ZVh

kBT
; ð4Þ

where, Vh is the hydrodynamic volume of the RM and Z is the

viscosity of the dispersing solvent. Note that tm values are an

order of the magnitude higher than the tfast and tslow values

and, thus, the overall rotation of the RM does not contribute

to the decay of the anisotropy. In view of this, tfast and tslow
essentially represent the time constants for wobbling motion

and lateral diffusion, respectively.

According to this model, the rotational anisotropy decay

function is denoted as

r(t) = r0[b e�t/tslow + (1 � b) e�t/tfast] (5)

where b = 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 one

(for completely restricted motion). The semicone angle, yw is

related to the ordered parameter as

S = 1
2
cosyw (1 + cos yw). (6)

Fig. 3 Plot of ln (1/htsi) against 1/T for AOT/i-Oc RM with w0 = 5,

10 and 20, with linear fits.
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The diffusion coefficient for wobbling motion, Dw, can be

obtained from the following equation

Dw ¼
1

ð1� S2Þtw
x2ð1þ xÞ2

2ðx� 1Þ ln
1þ x

2

� �
þ 1� x

2

� �"

þ 1� x

24
ð6þ 8x� x2 � 12x3 � 7x4Þ

�
;

ð7Þ

where x = cos yw. The results obtained from the analysis are

summarized in Table 2 and Fig. 4b. As evidenced from

Table 2, the wobbling cone angle (yw), which is the semicone

inscribed by C-523 at the RM interface, increases with increase

in temperature for all the w0 (= 5, 10 and 20) values. The

diffusion coefficient (Dw) values are of the same order

of magnitude as reported earlier for RM systems40,61 and

increases with increasing temperature for all the w0 values.

The increase in yw and Dw implies that with increasing

temperature, the probe experiences less restricted rotation at

the RM interface which might be due to the faster movement

of the trapped water at elevated temperatures and/or diffusion

of the probe toward the central bulk type water of the RMs.

Such an increase in Dw is associated with a decrease in the

microviscosity at the RM interface51,74,75 which corroborates

the conversion of surface bound water to free water.51,69,76

This change causes the observed faster solvation dynamics at

elevated temperatures. Note that the yw and Dw values are

comparable in w0 = 10 and 20 systems at all temperatures.

Thus, the probe experiences a similar type of micro-

environment in these two systems and is in agreement with the

steady-state and solvation dynamics results.

Scheme 2 Correlation between the dynamics and reactivity of water at the AOT–isooctane reverse micellar interface. IBW, IFW and FW stand

for interfacially bound water, interfacial free water and free water, respectively. Eact(solv) and Eact(rcn) denotes the activation energies calculated

from temperature dependent solvation dynamics studies (Table 1) and reaction kinetics studies (Table 3). Note that benzoyl chloride (BzCl) reacts

with either IFW or FW at the micellar interface to produce benzoyl hydroxide (BzOH).
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Knowing about the temperature-activated modification of

the water dynamics at the RM interface we now focus on the

kinetics of the solvolysis reaction at the RM interface. In order

to investigate whether the transition of surface-bound to free

type water molecules inside the RMs has any effect on the

activation energy of a reaction taking place inside the RM, we

measure the kinetics of a well studied34,35,77–79 solvolysis

reaction of benzoyl chloride (BzCl) in w0 = 5, 10 and

20 RMs at 288, 298, 308, 328 and 348 K. BzCl is solubilized

in i-Oc and then added into the RM, wherein it gets compart-

mentalized into the organic phase and the interphase.

According to the pseudo-phase model proposed by

Garcia-Rio et al.,34,77–79 assuming a zero solubility of BzCl

in the aqueous phase, the reaction rate can be written in the

form, rate = ki [BzCl], where [BzCl] is the concentration of

BzCl at the interface and ki is the intrinsic rate constant given

as ki = kobs (1 + Z/Koi), where Z is the ratio of molar

concentration of i-Oc and AOT, which has been kept constant

throughout our study, kobs is the observed rate constant, and

Koi is the distribution constant for the BzCl distribution

between the oil phase and the interface. Determination of

Koi needs a detailed study of kobs at different Z. However,

previous studies35 show that for the AOT/i-Oc system, Koi for

BzCl does not change appreciably (Koi is 2.5 at w0 = 5, and

varies between 4.0 to 4.2 for w0 = 6 to 50). Also Koi changes

only marginally with temperature for different substituted

benzoyl chlorides,78 and the Koi values are comparable for

AOT and non-ionic Brij-30 RM systems.80 So, for a first

approximation, we can assume kobs does not depend on Koi

and made our further discussion on the light that the reaction

follows a first order kinetics with a rate constant of kobs.

The reaction is monitored by measuring the time-dependent

decrease in the absorbance of BzCl at 288 nm. Fig. 5a shows

representative decay kinetics of BzCl at w0 = 10 at different

temperatures. kobs of the hydrolysis reaction in different sized

RMs at different temperatures are given in Table 3. It is

important to point out that the values of kobs for higher w0,

as well as for smaller w0, are smaller than the value observed in

bulk water (k = 1.1 s�1)80 indicating that the reaction is

occurring at the interface of the RM. It is observed that the

rate of hydrolysis of BzCl increases with increase in w0 at a

particular temperature (Table 3). It has been reported

earlier34,35 that this increase has its origin in the increase in

the fraction of interfacial free type water molecules and, hence,

the increase in the possibility to solvate the leaving group

(here Cl�) inside the RM. Thus, the faster dynamics of the

water molecules as evidenced from the solvation study are also

manifested here in the form of faster kinetics. The overall

decrease of kobs with increase in temperature for all the three

w0 values indicates that an increase in temperature accelerates

the nucleuophilic reaction at the interface. From the previous

studies of Garcia-Rio et al.,35 it can be noticed that the rate

constant of the solvolysis of BzCl in AOT/i-Oc RM does not

change appreciably up to w0 o 10, and then increases steadily

with increase in w0. It could be recalled here that the

contribution of IFW is negligible in the w0 o 10 region, and

starts increasing beyond w0 Z 10, only after the hydration of

the AOT headgroup is complete and a well-defined water pool

is formed inside the RM. This correlation confirms the fact

that the free type interfacial water molecules act as the

nucleophile in the solvolysis reaction. The observed acceleration

of kobs with temperature (Table 3) is due to the acceleration

of the slow moving interfacial water molecules at elevated

temperature as has been observed in the present solvation

Fig. 4 Time-resolved anisotropy decay, r(t), of C-523 in AOT/i-Oc

RMs of w0 = 10 at 278 and 328 K. (b) Diffusion coefficient for

wobbling-in-cone motion (Dw) of C-523 in RMs at different temperatures.

Table 2 Fluorescence anisotropy decay and wobbling-in-cone data of
C-523 in AOT/i-Oc RMs at different w0 and temperature values
(r0 defines anisotropy at time t = 0)

Temperature/K r0 afast tfast/ns aslow tslow/ns yw/1
Dw �
10�8/s�1

w0 = 5
278 0.29 0.32 0.29 0.68 1.99 28.6 2.0
288 0.31 0.41 0.23 0.59 1.60 33.1 3.2
298 0.29 0.43 0.20 0.57 1.18 34.0 3.8
308 0.27 0.46 0.18 0.54 0.93 35.9 4.5
328 0.26 0.52 0.13 0.48 0.63 38.7 7.0
w0 = 10
278 0.29 0.36 0.29 0.64 1.80 30.7 2.2
288 0.29 0.44 0.26 0.56 1.40 35.0 3.0
298 0.27 0.46 0.22 0.54 1.00 35.8 3.6
308 0.25 0.48 0.16 0.52 0.80 36.7 5.2
328 0.25 0.54 0.12 0.46 0.54 40.0 7.8
w0 = 20
278 0.30 0.35 0.25 0.65 1.60 30.0 2.5
288 0.28 0.44 0.23 0.56 1.20 35.0 3.4
298 0.28 0.50 0.21 0.5 0.96 37.8 4.1
308 0.28 0.58 0.17 0.42 0.80 41.8 6.0
328 0.22 0.71 0.15 0.29 0.70 49.6 8.8
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dynamics study. At low temperature, most of the interfacial

water molecules are involved in the solvation of the

anionic head group and therefore are not available to assist

nucleophilic attack at the acyl carbon. With increase in

temperature, the fraction of free water in the RM interphase

increases and hence also the kinetics become faster. In order to

determine the dependency of the rate of the reaction on

temperature, we apply the Arrhenius model and plotted ln

(kobs) against 1/T for all the RMs (Fig. 5b). Good linear

fits in all the RMs are obtained with Eact values of 9.8 � 1.0,

13.7 � 1.4 and 14.3 � 1.4 kcal mol�1 for w0 = 5, 10 and 20,

respectively. Note that the Eact values obtained from the

kinetic measurements (Eact(rcn)) are higher than those

obtained from the solvation measurements (Eact(solv)). Also,

the Eact(rcn) values are comparable for w0 = 10 and

20 systems, a fact corroborating our present solvation

dynamics studies, wherein comparable Eact(solv) values are

obtained for w0 = 10 and 20 systems. To establish the

dependency of reaction kinetics with w0, we determine the

values of DHa and DSa by fitting the kobs data in an Eyring

equation,

ln
kobs

T

� �
¼ ln

kB

h

� �
þ DSa

R
� DHa

RT
; ð8Þ

where kB and h are Boltzmann and Plank constants,

respectively, DSa and DHa are the activation parameters.

We plot ln (kobs/T) against 1/T and all the three systems

produce good linear fits (Fig. 5b, inset) and the corresponding

DHa values obtained are 8.9, 13.2 and 13.7 kcal mol�1 for

w0 = 5, 10 and 20 systems, respectively. These values are in

close agreement with those obtained by Fernandez et al.78 for

different substituted benzoyl chlorides. Fernandez et al.,78

however, used ki, whereas we have used kobs in the Eyring

equation, and the proximity of the obtained DHa values

supports our assumption of considering Koi to be a constant

for all the systems and the solvolysis reaction to follow a

pseudo first order kinetics. The DSa values are obtained to be

�34, �19 and �16 cal K�1 mol�1 for w0 = 5, 10 and 20

systems respectively, which are also in the same order of

magnitude as obtained by Fernandez et al.78 The gradual

increase in the DSa values indicates the ease of the reaction

with increasing w0, as has also been observed from the kobs
values (Table 3).

The solvolysis process in the RM systems could be assumed

to be divided into two steps (Scheme 2); as an initial step, free

water molecules are formed at the RM interface. This process

is dependent on w0 and the corresponding Eact(solv) values are

of B3–4 kcal mol�1 for the less hydrated system (w0 = 5) and

B6–8 kcal mol�1 for hydrated systems (w0 = 10 and 20). As a

following step, these free water molecules act as nucleophiles

to bring about the solvolysis process. This process is supposed

to be independent of the hydration of RM. If we take the

difference of Eact(solv) and Eact(rcn), an almost constant

value of DEact (B7 kcal mol�1), a value responsible for the

formation of the solvolysis product and supposed to be

irrespective of the level of hydration in RM, is obtained for

the w0 = 10 and 20 systems. However, for the w0 = 5 system,

the observed difference is rather low (4.6 kcal mol�1). It is to

be noted here that the Eact(solv) obtained for w0 = 5 in the

present study is somewhat larger compared to an Eact(solv)

Fig. 5 (a) Decay kinetics of solvolysis of benzoyl chloride monitored

at 288 nm for w0 = 20 RMs at different temperatures. (b) Arrhenius

(ln (kobs) vs. 1/T) plot for solvolysis of benzoyl chloride inside RMs,

w0 = 5, 10 and 20. The Eyring plots for the same systems are shown in

the inset.

Table 3 Rate constants (observed, kobs) for solvolysis of benzoyl chloride in RMs at different w0 and temperatures and activation energy values
for w0 = 5, 10 and 20

Temperature (K)

w0 = 5 w0 = 10 w0 = 20

kobs � 104/s�1 Eact/kcal mol�1 kobs � 104/s�1 Eact/kcal mol�1 kobs � 104/s�1 Eact/kcal mol�1

288 0.4 9.8 0.5 13.7 0.8 14.3
298 0.8 1.0 1.4
308 1.4 1.6 3.3
328 2.5 8.5 20
343 7.0 23 35
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value of 3.4 kcal mol�1 obtained in our previous study40

using coumarin 500 as the fluorophore for an identical system.

For a less hydrated system like w0 = 5, the expected value

of Eact(solv) should vary between 2.4–4 kcal mol�1, and the

higher value obtained in the present study might be due to the

considerable solubility of C-523 in water as has been discussed

in earlier sections. Considering an ideal Eact(solv) value of

3.4 for the w0 = 5 system, the DEact value comes out to be

6.4 kcal mol�1 which is in good agreement with those obtained

for the other RM systems. It could also be noted here that

the solvolysis reaction proceeds through a dissociative

mechanism for w0 Z 10 RM systems, whereas for the

w0 = 5 RM system, the associative mechanism prevails, which

might also account for the observed discrepancy in the

DEact values at low hydration. The Eact(rcn) values obtained

experimentally include both Eact(solv) and DEact values

(Scheme 2). The former one is dependent on the w0 values,

whereas the latter one is independent of w0. The DEact value

corresponds to the reaction of the free water molecules with

BzCl and thus does not depend upon any other factor.

It is only the availability of the free interfacial water molecules

that governs the Eact(rcn) values, which in turn depends

upon the Eact(solv) values. The difference in Eact(rcn) values

for w0 = 5 and w0 Z 10 systems (B4–5 kcal/mol) is

thus found to be in excellent agreement with the

difference between the calculated difference of IBW to IFW

(2.4–4 kcal/mol) and IBW to FW (7–8 kcal/mol) transition. It

is interesting to note that Eact(rcn) are comparable for w0 = 10

and 20 systems since their Eact(solv) values are also

comparable and in both of these systems, a well defined water

pool persists. Thus the dynamics of water molecules at the

RM interface (depending upon the degree of hydration and

temperature) is correlated with the observed reaction kinetics

at the interface.

Conclusion

Our report explores the temperature-dependent dynamics of

solvation of a probe, C-523, in AOT/i-Oc RM with various

degrees of hydration. The observed acceleration of solvation

dynamics with temperature supports the general view that the

mobility of the water molecules in RM increases with

temperature due to the transition of surface bound water to

free water at elevated temperature. Assuming an Arrhenius

energy barrier crossing model, the Ea is found to be

5 kcal mol�1 for w0 = 5, indicating exchange between inter-

facially bound type water molecules to interfacially free type

water molecules. For the hydrated RMs (w0 = 10 and 20,

wherein a definite water pool is formed), Ea values are higher,

indicating a bound to bulk type transition of water molecules.

The rotational anisotropy study also corroborates with this

result as the probe experiences less microviscosity at elevated

temperatures. Applying the Arrhenius model to the solvolysis

of BzCl shows that the differences between activation energy

barriers for the solvolysis at different w0 values are attributed

to the formation and availability of free water molecules at the

interface, which in turn depends upon w0. Our present study is

expected to find a general application in the control of various

reactions in the nano-environment of RM.
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