Langmuir2008,24, 49-56 49

Temperature-Dependent Solvation Dynamics of Water in Sodium
Bis(2-ethylhexyl)sulfosuccinate/Isooctane Reverse Micelles

Rajib Kumar Mitra, Sudarson Sekhar Sinha, and Samir Kumar Pal*

Unit for Nano Science and Technology, Department of Chemical, Biological, and Macromolecular
Sciences, S.N. Bose National Center for Basic Sciences, Block JD, Sector lll, Salt Lake,
Kolkata 700098, India

Receied August 22, 2007. In Final Form: October 3, 2007

In this paper, for the first time, we report a detailed study of the temperature-dependent solvation dynamics of a
probe fluorophore, coumarin-500, in AOT/isooctane reverse micelles (RMs) with varying degrees of hydvgtion (
of 5, 10, and 20 at four different temperatures, 293, 313, 328, and 343 K. The average solvation time constant becomes
faster with the increase imp values at a particular temperature. The solvation dynamics of a RM with aviixealue
also becomes faster with the increase in temperature. The observed temperature-induced faster solvation dynamics
is associated with a transition of bound- to free-type water molecules, and the corresponding activation energy value
for thewp = 5 system has been found to be 3.4 kcal Tholvhereas for the latter two systems, it kcal mol?,
Dynamic light scattering measurements indicate an insignificant change in size with temperature for RMig with
= 5 and 10, whereas forw, = 20 system, the hydrodynamic diameter increases with temperature. Time-resolved
fluorescence anisotropy studies reveal a decrease in the rotational restriction on the probe with increasing temperature
for all systems. Wobbling-in-cone analysis of the anisotropy data also supports this finding.

Introduction technique$—1° A study using FT-IR reveals 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-t§p&e study

Reverse micelles (RMs) provide an attractive model system
for biomolecules since they can mimic several important and
essential features of biological membranes. One of the most L .
important features of RMs is the presence of highly structured _reveals that with increasing values, the amount of bulkwat(_er
yetheterogeneous water molecules, which represent an interestin1c'€ases at the expense of monomer water. After a cesain
model of water molecules present in biological systems such asValueé, all four types of water molecules remain in constant
membranes. The physical and chemical properties of the entrappedroportion. However, there are several other studies in the
water are markedly different from those of bulk water but similar literaturé’=22 that question the possibility of such amounts of
in several aspects to those of biological interfacial water as found different kinds of water in the RMs. All these studies show that
in membranes or protein interfack$. The key structural there is bound water until the polar head of the surfactant and
parameter of RMs is the molar ratio of water and surfactant their counterions are completely solvated, after which the water
(degree of hydrationy, = [water]/[surfactant]), which determines  starts to form a bulk-type water pool. While much attention has
the micellar size as well as the unique physicochemical propertiesbeen paid to the structural features of such systems, relatively
of the entrapped water. Thus, RMs are a unique type of molecularless is known about the dynamical properties of the entrapped

assembly that offers the unique advantage of monitoring the water. Only a few groups of researchers have so far reported the
dynamics of embedded molecules with varying degrees of

hydration®® : — — —
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relaxation dynamics of the probe. Molecular simulation

The ability of solvent molecules to move in response to a changing studie§®-53reveal that water is largely immobilized at the micellar
electric field has been shown to be important for understanding interface by strong interactions with polar head groups and

a range of fast chemical procesgé®olar solvation dynamics

follow the change in environment following the instantaneous

change of a charge distribution of a reporter probe moletule.
The studies made so far using different kinds of RM systems

counterions. Water trapped in this ionic layer at the surfactant
surface or bound to the ionic layer shows a decreased mobility.
Aswpincreases, a bulk-like water pool is formed in the micellar
interior. The bulk-like characteristic appears within a few

reveal a consistent result that regardless of RM medium and monolayers of the surfactant surface. The solvation response in
molecular probe, the dynamics appear to be significantly slowed RMs becomes faster ag increases.

down by the confined environment of the RI%*° As reported
by Levinger et al23-25a dramatic slowing down of the solvation

dynamics occursinside the AOT/RM regardless of the counterion.

To the best of our knowledge, no group has ever attempted
to study the solvation dynamics of RM as a function of
temperature, whereas there are some reports on the effect of

This group has also reported fast relaxation in several systemsemperature on the solvation dynamics of micellar syst&n#.

indicating ultrafast bulk water relaxation. For AOT/RM, the
amplitude of fast relaxation increasesgéncreases. For lecithin
and nonionic RMs, the fast solvation is more prominent when
the RMs have a spherical morpholo§y2® Corbeil and Lev-

This might be due to the fact that the structural integrity of RMs
is notassured over this temperature range. Itis known that several
RM systems are very sensitive toward temperat#teDepending
upon the nature of the oil and water content, the flexibility of

inger's recent report suggests that the solvent reorganization inyhe jnterfacial film changes with temperature. Oils that penetrate

quaternary microemulsion systems is significantly slower than
the ternary RM systeni$.Bhattacharyya et &332 have made
a significant effort in understanding the solvation dynamics in

various RM systems using picosecond-resolved fluorescence

spectroscopy. Sarkar et@“6have studied solvation dynamics
of various probes in water-in-oil microemulsions and reverse
micelles. Majumder et & studied the solvation dynamics of
coumarin-500 (C-500) in AOT/i-Oc RM witl = 10 at room
temperature using a picosecond-resolved fluorescence techniqu
They showed that when excited &k = ~400 nm, the probe
molecules residing at the AOT/i-Oc polar interface become
selectively excited. They observed slow solvation and rotational
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deep into the interfacial layer make the film rigid and thus
insensitive toward temperature, whereas long chain alkanes that
cannot penetrate deep into the interfacial layer make the interface
more fluid with increasing temperature at a fixegivalue0-52

It is not clearly known as to whether this also changes the
physicochemical characteristics of the entrapped water. Arecent
reporf suggests that the hydrogen bond strength of interfacial
water increases as the temperature is lowered. RMs are less
Susceptible to temperature related perturbation than bulk water.
Thus, itis important to understand the nature of the temperature-
dependent solvation dynamics of water entrapped in RMs. As
a primary step toward an exploration in this arid field, we herein
report the solvation dynamics of the probe C-500 in AOT-in-
isooctane (i-Oc) RMs with varying degrees of hydratiog €

5, 10, and 20) at four different temperatures, 293, 313, 328, and
343 Kusing a picosecond-resolved TCSPC technique. The choice
of wp value is justified by the fact that AOT/i-Oc RMs form a
well-defined water pool atip = 10. At a lower hydration level,

the water molecules only hydrate the polar head groups of
AOT, and atwp > 10, the added water goes into the water pool
to increase its size. We attempted to study the temperature-
dependent solvation dynamics in all these three levels of hy-
dration. The structure of these RMs at different temperatures
was determined using the dynamic light scattering (DLS)
technique. The choice of the probe is justified due to its unique
property that when excited at400 nm, the probe molecules
residing at the polar interface (water/AOT head group) are
selectively excited? and we obtain information solely coming
from the interface and its immediate vicinity. Rotational relaxa-
tion dynamics of the dye in different RM systems at different
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Scheme 1. Molecular Structure of C-500
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Materials and Methods —e
Sodium bis(2-ethylhexyl)sulfosuccinate (AOT) and isooctane (i- 0 T T T T T
Oc) were products of Sigma and Spectrochem, respectively, and 290 300 310 320 330 340
were used without further purification. C-500 (Scheme 1) was Temperature (K)

obtained from Exciton. AOT was dissolved in isooctane to a

concentration of 100 mM, and then the calculated amount of water Figure 1. Hydrodynamic diameters of AOT/isooctane reverse
was injected into it to produce the reverse micelles (RMs) of desired Micelles of different hydrationsag) as a function of temperature.
hydration (v). Temperature-dependent steady-state absorption andS0lid lines are guide to eyes. Typical DLS signals for different RM
emission were measured with a Shimadzu UV-2450 spectropho- SyStems at 293 K are presented in the inset.

tometer and Jobin Yvon Fluoromax-3 fluorimeter, respectively, with

temperature controller attachments from Julabo (Model: F32). DLS WhereG, the grating factor, was determined following a longtime
measurements were performed with a NanoS Malvern instrumenttail matching techniquét All the anisotropies were measured at the
employirg a 4 mW He-Ne laser { = 632.8 nm) equipped witha  €mission maxima.

thermostated sample chamber. All the scattered photons were

collected at a 173scattering angle. The scattering intensity data Results and Discussion

were processed using the instrumental software to obtain the . . S

hydrodynamic diametedf) and size distribution of the scatterer in F'gwe 1 depicts the h_ydrodynam|c diame) Of the_ RMs
each sample. The instrument measures the time-dependent fluctuatiof Variouswo values at different temperatures as obtained from
in the intensity of light scattered from the particles in solution ata DLS measurements. As evident from the inset of Figure 1, the
fixed scattering angle. The hydrodynamic diamedgrdf the micelles RMs are essentially monodisperse in nature. The diameter of the
was estimated from the intensity auto-correlation function of the RMs increases with increasing, value. This finding is in

time-dependent fluctuation in intensitgl, is defined as accordance with the previous DLS measurements reported from
our group®®>From the temperature-dependent DLS measurements,
q = i B it is evident that temperature has a little or insignificant effect
" 3ayD on thewp = 5 and 10 RMs. However, with they = 20 RM,
the micelle grows in size with an increase in temperature, and
whereks, is the Boltzmann constang,is the viscosity, an® is the dnincreases from 9.6 to 23.5 nm when the temperature is increased

translational diffusion coefficient. In a typical size distribution graph - from 293 to 343 K (Figure S1 in the Supporting Information).
from the DLS measurement, theaxis shows a distribution of size |t can be noted that for percolating RM systems, the size of the
classes in nanometers, while tpexis shows the relative intensity  pps increases in the vicinity of the percolation threshold
of the scattered light. . __temperature due to the coalescence of droffeSich droplet
Fluorescence transients were measured and fitted by using 8 usion in RMs d d diff t ohvsicochemical conditi
commercially available spectrophotometer (LifeSpec-ps) from Ed- usion in RIVIS depends upon difiérent pnysicochemical conditions
inburgh Instrument (excitation wavelength 409 nm and 80 ps such as the nature of the oil (aliphatic, aromatic, and hydrophilic),
instrument response function (|RF)) with an attachment for tem- SUrfaCtant, temperature, etc. TO Coalesce,the SurfaCtaﬂt m0n0|ayer
perature-dependent studies (Julabo, Model F32). The details of time-0f @ RM should be fluid, and a region of positive curvature must
resolved measurements can be found elsewfi@iee time-dependent  be generated in i Interfacial fluidity increases with increasing
fluorescence Stoke’s shifts, as estimated from TRES, were used towater loading i) and/or temperature for the interacting RMs.
construct the normalized spectral shift correlation function or the AOT/i-Oc RM systems are prone to such kinds of droplet

solvent correlation functio€(t) defined as coagulatiorf® In the present case, the temperature-induced
increase in the droplet size of thg = 20 RM is a signature of
c(t) = v(t) — v() @) the onset of such a process. For the other two systems, the non-
v(0) — () interacting hard sphere nature of the droplets prevails at all the
studied temperatures as the sizes of these RMs do not change
wherev(0), v(t), andv(«) are the emission maximum (in ct) at with temperature. Thus, the DLS study confirms the structural

time zero,t, and inf!nity, respectively. The(c) vz_ilues h.ad‘be.e.n integrity of thewo = 5 and 10 RM systems and an increase in
taken to be the emission frequency beyond v_vh|ch an insignificant the size of thawo = 20 system with respect to temperature.
or no spectral shift was observed. T@&) function represents the

temporal response of the solvent relaxation process as it occurs
around the probe following its photoexcitation and the associated

(64) O’Connor, D. V.; Philips, DTime Correlated Single Photon Counting
Academic Press: London, 1984.

change in the dipole moment. For anisotropf)j measurements, (65) Shaw, A. K.; Pal, S. KJ. Phys. Chem. R007, 111, 4189-4199.
the emission polarization was adjusted to be parallel or perpendicular  (66) Moulik, S. P.; De, G. C.; Bhowmik, B. B.; Panda, A. K.Phys. Chem.
to that of the excitation, and anisotropy is defined as B 1999 103 7122-7129.

(67) Fletcher, P. D. I.; Howe, A. M.; Robinson, B. Bl.Chem. Soc., Faraday
Trans. 11987 83, 985-1006.
[Ipara— Glpe”} (68) Paul, B. K.; Mitra, R. K.; Moulik, S. P. liEncyclopedia of Surface and
—_— (3) Colloid ScienceSomasundaran, P., Ed.; Taylor and Francis Books: New York,
[lparat 2Glerd 2006; pp 3927 3956.
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Table 1. Solvation Correlation Data for C-500 in AOT/i-Oc RM

0.05 - gl))z?iasi w=10  (a) at Different wp and Temperature Value$
(iii) 328K fluorescence
(iv) 343K temp peak 7 . B0 F Ak
000 R =i (K) (nm) a (ns) a (ns) (ns) f (ns)
8 Wo:5
= -0.05 1 293 490 0.31 0.11 0.67 1.72 1.18 0.73 0.86
313 493 0.46 0.25 052 1.30 0.79 0.70 0.55
G0} 008 () W= 328 493 049 021 048 121 068 066 0.45
0.10 EI':IJ]\’:_}::;% 343 493 0.44 0.16 054 1.03 0.63 059 0.37
015 Wo= 10
i ikl Al 293 495 055 042 044 134 082 0.68 0.55
g T T 313 497 0.77 0.29 0.23 1.06 0.47 0.64 0.30
300 350 400 430 500 328 496 0.73 0.17 0.27 0.90 0.37 057 0.21
Havsknothtn) 343 496 064 016 035 055 033 048 0.16
W0:20
=5 b 293 498 0.48 0.22 051 0.86 054 0.61 0.33
U] Wo~ (b) 313 499 0.77 0.21 0.22 0.73 0.32 0.56 0.18
(i) 293K 328 499 078 015 022 0.60 025 052 013
l (i) 313K 343 498 085 015 015 070 023 039 0.09
(iv) (iif) 328K a7 represents the solvent correlation time constamepresents its
(iv) 343K relative weight, and; represents the fraction of Stokes shift recovered

from our experimental setup.

suffers an~3 nm red shift when the temperature is increased to
343 K. For thewp = 10 and 20 systems, the emission maxima
are obtained at 495 and 498 nm, respectively, and remain
unchanged upon an increase in temperature. The progressive red
shift of the emission peak with increasimg signifies that the
probe senses a more polar environment at higher hydration.
According to the static spectroscopic studies of Wong éPé¥.,
Figure 2. (a) Difference absorption spectra of C-500 in AOT/ the polarity of the water pool increases as the micellar radius
isooctane reverse micelles (with respect to C-500 in i-Oc) with  increases. They attributed this increased polarity to an increase
= 10 at different temperatures. Difference absorption spectra of iy the number of bulk-type water molecules in the water pool.

C-500 in AOT/isooctane reverse micelles with= 5, 10, and 20 i i i _
at 293 K is presented in the inset. (b) Emission spectra of C-500 in The peak shift is significantly small foo = 10 and 20 RMs.

AOT/isooctane reverse micelles with= 5 at different temperatures. ~ WVater present in the small RMvg = 5) hydrates the surfactant
head groups. With a progressive loading of water, bulk-type
Figure 2a depicts the difference absorption spectra of C-500 water begins to form, and any further addition of water increases
in AOT/i-Oc RM of differentw, values at 293 K (inset of Figure  the water pool size by increasing the amount of bulk-type water.
2a) and withw, = 10 at different temperatures, in which the ~Calorimetric studie$-*3suggest that beyone, = 10, any further
absorption spectrum of C-500 in i-Oc has been subtracted fromloading of water is identified as bulk-type. Also, the studies of
that of C-500 in AOT/i-Oc RM. A representative absorption Belletéte et al’* confirm that the effective dielectric constant at
spectra of C-500 in AOT/i-Oc RM withvg = 10 at different the water/surfactant interface increaseg@sicreases reaching
temperatures has been provided in the Supporting Information plateau awo = 12. The micropolarity experiments of Correa
(Figure S2). As evidenced from the figure, a single absorption etal’?reveal an increase in the polarity of RM-entrapped water
peak at~400 nm was obtained for all three RM systems. The Up towp = 10 to reach a plateau.
appearance of the peak-a#00 nm, which is close to that of the Our present steady-state emission spectra also confirm this
probe in bulk water, signifies the absorption by the C-500 fact that the interface can hardly differentiate the water polarity
molecules present atthe polar AOT/i-Oc interfé&t€he spectral beyondwp = 10. It should be noted that the dye C-500 is sparingly
feature and peak position does not change with temperature soluble in water and produces an emission peak&it5 nm in
indicating that no ground state phenomenon is associated atwater, whichisin close proximity to the emission peaks obtained
elevated temperatures. The temperature-dependent emissiofor wo = 10 and 20 systems, indicating the bulk-like nature of
spectra of C-500 in AOT/i-Oc RM excited at 409 nm at different the water present in the pool. It should be mentioned here that
wo values and different temperatures have been determined, andbsorption and emission spectra of the probe C-500 in water do
one such representative illustration fay= 5 at 293, 313, 328, not depend on the temperature. A sma#3(nm) red shift is
and 343 K is presented in Figure 2b. The corresponding emissionnoted for thewp = 5 system, and it can be argued that at a low
peaks {max Of the fluorescence spectra are presented in Table hydration limit (v), water molecules present within the RM are
1. Insignificant spectral changes of C-500 in RMs with various essentially hydrating the polar head groups by making hydrogen
W values as evidenced from the inset of Figure 2b indicate that bonds. With an increase in temperature, these partially im-
the absorption spectrum reaches an equilibrium position even in
RMs with the lowest hydratiomp = 5). It has been reported (69) Wong, M.; Thomas, J. K.; Nowak, J. Am. Chem. Sot977,99, 4730~
ear_ligr that upon excitation aj‘c400 nm, the C-500 molecules (7(')) Wong, M.: Thomas, J. K.. Graetzel, M. Am. Chem. Sod976 98,
residing at the interface selectively become exciféchus, these 2391-2397.
emission spectra report a microenvironment of the interface and76 gggigeﬁ!e, M.; Lachapelle, M.; Durocher, Gl Phys. Chem199Q 94,
its immediate polar vicinity. As evidenced from Tablevi, = (72) Corr.ea, N. M.; Biasutti, M. A.; Silber, J. J. Colloid Interface Scil995
5 RM produces an emission peak of 490 nm at 293 K, which 172 71-76.

Fluorescence Intensity (Arb. Unit)

450 500 550 600
Wavelength (nm)
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Figure 3. Fluorescence decay transients of C-500 in AOT/isooctane reverse micelleagnittb at 293 and 343 K.

mobilized water molecules become free (due to the weakening A representative figure showing the time dependence of the
of the hydrogen bonds with interface), and the probe senses aransient frequency maximum for the = 10 system at 293 K
more polar environment, producing a red shift of the peak position. is depicted in the Supporting Information (Figure S4). Some of
It should be noted that the fluorescence intensity of C-500 the curves provide bettg? values when fitted with triexponential
decreases with increasing temperature for all RM systems. It canfunctions, but the average solvation tifagl] expressed ads[]
be argued that the quantum yield of the probe increases when= 3 ai7i, does not change appreciably by a triexponential fitting.
introduced in a restricted environment of RMs as compared to Thus, we prefer to fit the curves with biexponential functions.
that in the bulk water. As the temperature increases, the surfacedt could be noted that the subpicosecond component, which is
bound waterin the RMs becomes converted into bulk-type, which due to solvation of the probe by the bulk water, is missed by our
might in turn decrease the quantum yield of the probe resulting instrumental resolution. The solvation obtained in the present
in adecrease in the fluorescence intensity. Thus, the steady-statstudy is broadly due to the bound water molecules (with different
fluorescence measurement concludes that the emission maximunstrengths of hydrogen bonding interactions) present in the RM.
suffers a red shift for thew, = 5 system, whereas for the other Inthisregard, one could average out the slow and fast components,
two systems, the peak position does not change with temperaturewhich in turn are both slower as compared to the bulk water
The probe senses an almost similar (bulk-like) polar microen- solvation. It is evidenced from Table 1 that one component is
vironment when a water pool is formed irrespective of whether of the order of several hundreds of picoseconds, while the other
the RM retains its structural integrity = 10) or not (vo = 20). is of the order of a few nanoseconds. The time constants are
In an early study, the probe C-500 has been demonstrated toconsistent with the reportétresults on C-480 in AOT/i-Oc
be a potential reporter of the solvation dynamics in the AOT/ RMs. Such slow time components have recently been reported
i-Oc system at room temperatui¥-ere, we study the solvation ~ from our group using a water soluble dye acridine orange (AO)
dynamics of the probe in AOT/i-Oc RM at different levels of in AOT/i-Oc RM.55 It could be noted that Riter et &t.reported
hydration (vp) and temperature. Figure 3 shows the fluorescence the ultrafast component (of the order of several hundreds of
decay transients of C-500 iney = 5 RM system at 293 and  femtoseconds to a few picoseconds) of C-343 in AOT/i-Oc RM.
343 K at three selected wavelengths of 420, 480, and 600 nm.They found that such a fast component was missing in arelatively
It is evidenced from Figure 3 that the decay pattern is strongly dry RM (wp = 1.1) and increases progressively with increasing
wavelength dependent. At 293 K, the blue end decays with the hydration. At very high hydration, the ultrafast solvation is
fitted triexponential time constants of 0.25 ns (58%), 1.1 ns essentially governed by the hundreds of femtoseconds component,
(31%), and 3.0 ns (11%). The transients become slower with which is identical to the solvation of the probe C-343 by water
increasing wavelength. For the extreme red wavelength (600 as reported by Jimenez et'4Because of our limited instrument
nm), a distinct rise component of 1.2 ns with a negative pre- resolution (IRF=~80 ps), we miss such an ultrafast component,
exponential value is produced along with a decay component of especially at elevated temperatures. As evidenced from Table 1,
5.3 ns. As the temperature is increased to 343 K, the transientsthe [#[value is 1.18 ns for thep = 5 system at 293 K and with
still show wavelength dependency with a decrease in the time an increase in temperature, it decreases: first rapidly and then
constants. Such faster decay transients with increasing temperaturenoderately up to 343 K. Such a trend is more prominent for the
indicate the increased mobility of the solvating species at elevatedwy = 10 and 20 systems. This observation is supported by our
temperatures. The decay transients ofthe 10 and 20 systems  steady-state experiments, wherein only a marginal red shift of
are presented in the Supporting Information (Figure S3). As AmaxOccurs with an increase in temperature (Table 1). It could
evidenced from the figures, with an increasaithe transients also be noted that in this system, a significant part of solvation,
at a particular wavelength become faster. This observation iswhich is due to the fast moving bulk-like water molecules, is
attributed to the increased solvent mobility as the micellar interior missed by the present experimental setup, which might cause the
expands:1°7Aswyincreases, the core water pool grows, leaving apparent solvation saturation. Thigllvalue obtained fong =
proportionately less water bound to the micellar interface. 10 at 293 K in the present study is in good agreement with that
A representative TRES for C-500 in AOT/RMs at 293 K with  reported by Majumder et &f.for the same RM system at room
Wo = 5 is presented in Figure 4a. It can be seen that the emissiontemperature. The overall decreaseigion increasing temperature
peak undergoes red shift with time. TG&) curves are obtained  for all three systems indicates that an increase in temperature
for all the systems at four different temperatures and are presentedaccelerates the solvation process at the interface irrespective of
in Figure 4b-d. All the curves are fitted with biexponential the water pool size. Numerous experimental evidence indicates
functions, and the fitting parameters are presented in Table 1.that even in a large water poakd >10), the properties of the

(73) Cho, C. H.; Chung, M.; Lee, J.; Nguyen, T.; Singh, S.; Vedamuthu, M.; (74) Jimenez, R.; Fleming, G. R.; Kumar, P. V.; MaroncelliNéature (London,
Yao, S.; Zhu, J.-B.; Robinson, G. W. Phys. Chem1995 99, 7806-7812. U.K.) 1994 369 471-473.
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Figure 4. (a) Time-resolved emission spectra (TRES)figr= 5 RM at 293 K. (b-d) Solvation correlation functiorC(t), of C-500 in
AOT/isooctane reverse micelles witthy = 5 (b), 10 (c), and 20 (d) at 293 and 343 K.

confined water differ from those of the bulk watér/” Thus, 1Pen(0) using eq 4) is presented in Table 1 for all the systems.
almost bulk-like behavior of the water inside the pool is not Sen et ab*previously reported a 31% loss in Stokes shift using

expected even at higheg values. The observed slow timescales 2,6-toluidinonapthalene sulfonate (TNS) in AOT/heptane RM

(inthe order of a few nanoseconds) of the present system are duevith wo = 56 at room temperature. Since the contribution of the

to the slow moving interfacially bound water molecules that subpicosecond component of the solvation dynamics to the
become faster upon an increase in temperature. average solvation times is very small, the corrected solvation

As mentioned earlier, we miss a considerable fraction of Stokestime (@s9°") is given by?®

shift due to our limited instrumental resolution, and we determined

the loss in the dynamic Stokes shift using the procedure developed
by Fee and Maroncell wherev(0) can be calculated by the
following equation:

" ~ £ @0 )

We calculate[#9°" for all the systems, and these data are
presented in Table 1. It should be noted that the possibility of
ground state hydrogen bonding of the probe with the solvent
might affect the observed Stoke’s shift. To understand this
possibility, we carried out photophysical studies of the dye in
wherevPaps ¥™aps andv™em are the absorption peak in polar  two polar aprotic solvents, namely, acetonitrile and dioxane.
solvent, absorption peak in nonpolar solvent, and emission peakThe fluorescence decay lifetime of C-500 in these two solvents
in nonpolar solvent, respectively. In the present study, we use closely resembles that in water. Thus, such a possibility and a
cyclohexane as the nonpolar solvent with absorption and emissionconsequent effect on the solvation dynamics could be overruled.
maxima of C-500 at 360 and 410 nm, respectively. Waterisused = The observed temperature-induced acceleration of solvation
as the polar solventin which C-500 produces an absorption peakdynamics in AOT/i-Oc RM must be associated with the bound-
at390 nm. We calculate a 27% loss in the dynamical Stokes shift to free-type transition of water molecules with temperature, which
for wo = 5 at 293 K. The loss is 41% at 343 K. For the more in turn is governed by an Arrhenius type of activation energy
hydrated systems, the loss is higher, andvigr= 20, the loss  barrier crossing modéf:57.8%We fit an Arrhenius plot using the

is 39% at 293 K and 61% at 343 K. The fraction of Stokes shift [z goryalues listed in Table 1 for all three systems, and the result
recovered from our experimental setdy) (i.e., the ratio ofAv is depicted in Figure 5. As evidenced from Figure 5, all three
(¥(0) — v(x)), obtained by using(0) to that obtained by using  systems exhibit a good linear fit, and the estimatgdalues are
3.4+ 0.3, 4.9+ 0.5, and 5.1 0.5 kcal mot? for wo = 5, 10,

Vpem(o) = Vpabs_ [Vnpabs_ Vnperv]

(4)

(75) Amararene, A.; Gindre, M.; Le, Huerou, J.-Y.; Nicot, C.; Urbach, W.;

Waks, M.J. Phys. Chem. B997, 101, 10751-10756.

(76) D’Angelo, M.; Fioretto, D.; Onori, G.; Palmieri, L.; Santucci, Rhys.
Rev. E 1996 54, 993-996.

(77) Carlstroem, G.; Halle, BLangmuir 1988 4, 1346-1352.

(78) Fee, R. S.; Maroncelli, MChem. Phys1994 183 235-247.

and 20 systems, respectively. The 3.4 kcalthehlue obtained

(79) Roy, D.; Mondal, S. K.; Sahu, K.; Ghosh, S.; Sen, P.; Bhattacharyya, K.
J. Phys. Chem. R005 109, 7359-7364.
(80) Nandi, N.; Bagchi, BJ. Phys. Chem. B997, 101, 10954-10961.
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Figure 5. In(1/ ") against 1T plot for AOT/i-Oc RM with wy m WS
=5, 10, and 20. Straight lines are linear fits. 10 1

for thewp = 5 system is in good agreement with that obtained

for the interfacial water transition process in SDS micellds.

should be noted that ay = 5, the water molecules present in

AOT/i-Oc RM is essentially of interfacial type and that a

temperature-induced transition between the different kinds of ‘;57 -
| 2

D, x 10%(s™)

water present at the surfactant interface is associated with an 4 -
energy barrier of 2.44 kcal mol 181 For the hydrated systems

(Wp =10), wherein the RM waterpool is formed, the transition
is bound to the bulk-type, which is associated with a higher 280 300 310 320 330 340 350
energy barrier (78 kcal moi1). In the present study, we found

anEgvalue of~5 kcal mol%, which might be due to an averaged
effect as a significant fraction of the dye molecules is still

associated with the interface even at elevated temperatures. I@iﬁusion coefficient for wobbling motion@y) of C-500 in AOT/
. . _ W, B
could also be noted that ti& values are identical foro = 10 isooctane reverse micelles at different temperatures. Dotted lines

and 20. As observed from the steady-state experiments, the probgre guide to eyes.

can hardly differentiate the water type in these two RMs producing

identicalE, values. The DLS study reveals that for thig= 20 Table 2. Fluorescence Anisotropy Decay (t)) and
system, the micellar size increases with an increase in temperature Wobbling-in-Cone Data of C-500 in AOT/i-Oc RM at Different
This implies an increase in the radius of curvature of the AOT Wo and Temperature Values

Temperature (K)

Figure 6. (a) Time-resolved anisotropy decayt), of C-500 in
OTl/isooctane reverse micelles witly = 5 at 293 and 343 K. (b)

interfacial monolayer and a corresponding decrease in the rigidity Dy x 10°
of the film. But, the similar effect of temperature on the solvation €MP (K)  ro Trast (NS) Taow (NS)  Ow(deg) (s
dynamics of this system with that of the& = 10 system and Wo=5
identical E values indicates that the mechanical properties of 293~ 0.26  0.20(35%) 1.70(65%)  30.15 3.256
the interfacial monolayer has no or an insignificant effect on the 313 025 0.18(45%) 1.26(55%) 35.26 4.641
. . . . . 328 0.24 0.13(49%) 0.92 (51%) 37.29 7.091
_obser\_/ed _solvatlo_n dynam|cs._A deta|!ed study into this aspect, 343 024 012 (54%) 072(44%) 40.92 8.700
including interacting and non-interacting RM droplet systems, Wo= 10
would be of much interest and is underway in our laboratory. 59 027 018(43%) 1.27 (57%) 34.24 4.416
We measured the temporal anisotropy decéy;,of the probe 313 0.26 0.13(48%) 0.77 (52%)  36.79 6.705
in AOT/i-Oc RMs at differentwg values and temperatures, and 328 0.24 0.11(54%) 0.58(46%) 39.87 8.846
a representative diagram for tiag = 5 system at 293 and 343 343 0.24 0.11(63%) 0.46(37%) 44.68 9.968
K is presented in Figure 6a. The rotational correlation time Wo= 20
constants are given in Table 2. It can be observed from Table 293 0.26 0.18 (46%) 1.20(54%) 35.77 4,718
2 that the slower component decreases with increaginglues g%g 8-% g-ﬁ gng; 8-2? 8(7)2//0; gggé g-zg%
H S i . . (1] . 0 : B
at constant temperature, which is identical to that reported by 343 024 011(62%) 044(38%) 4413 9638

Shaw and P&? for the AO in the AOT/i-Oc RM system. The
time constants obtained for the = 10 system at 293 K are in
good agreement with those reported by Majumder &tfal: the
same system at room temperature. It can also be noted that the . L . .
time constant of the slower component decreases with increasingf'a.noIDOOI n a more quantltatlvg manner, the b|exponenF|aI
temperature for all the studied systems. This certainly indicates anisotropy decg%gvas analyzed using the two-step and wobbling-
that the probe is more free to move in larger micelles and at in-cone modef? ©°Assuming that the S'OV.V and_fast motion are
elevated temperatures. To understand the effect of temperatureS eparable, the slowdos) and fast ¢s) rotational time constants

on the rotational relaxation process of the probe inside the RM

@ Numbers in parenthesesm®f:andrsiqow columns signify the relative
percentage of the components in the total anisotropy.

(82) Lipari, G.; Szabo, AJ. Chem. Phys1981, 75, 2971-2976.
(83) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104, 4546-4559.
(84) Lipari, G.; Szabo, ABiophys. J.198Q 30, 489-506.

(85) Wang, C. C.; Pecora, R. Chem. Phys198Q 72, 5333-5340.

(81) Pal, S.; Balasubramaian, S.; Bagchi,B.Phys. Chem. R003 107,
5194-5202.
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can be related as of the probe toward central bulk-type water of the RMs. It can
be seen from the table that tAhg andD,, values are comparable
1 _1 4 1 (6) in wp = 10 and 20 systems at all temperatures. Thus, the probe
Tsow T Tm experiences a similar kind of microenvironment in these two
systems, which corroborates well with the steady-state and
1 _1, 1 ) solvation dynamics results.
Trast Tw  Tsiow It should be noted from Tables 1 and 2 that the average solvation

_ . _ time constaniz{and average rotational time constaritlecrease
where, 7 andzy are the time constants for the lateral diffusion with an increase in temperature for all the RM systems (Figure

and the wobbling motion of the probe, respectively.is the S5 in the Supporting Information). Thus, the change in
time constant for the overall rotation of the RM and is given by microviscosity at the micellar interface might have caused the
the Stokes-Einstein-Debye equation observed temperature-induced change in the solvation dynamics.
The diffusion coefficient for wobbling motioriy,) of the probe
o= ’7_Vh ®) increases with an increase in temperature (Table 2). Such an
™k, T increase i, is associated with a decrease in the microviscosity
atthe micellar interfact87which corroborates to the conversion
where, \, is the hydrodynamic volume of RM angl is the of surface bound water to free waf@1-88This change causes
viscosity of the dispersing solvent. It could be noted that the observed faster solvation dynamics at elevated temperatures,
values are an order of magnitude higher thantthgand zgow and the calculateé, value corroborates with the transition of
values. Hence, the overall rotation of the RM does not contribute surface-bound to free-type water molecules, which consequently
to the decay of the anisotropy. In view of thigss: and 7sjow decreases the microviscosity at the interface.

essentially represent the time constants for wobbling motion and
lateral diffusion, respectively.

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

Conclusion

Our studies explored the temperature-dependent dynamics of
solvation of a probe, C-500, at the polar surfaces of AOT/
isooctance RMs with various degrees of hydratieg)( The

rt) =ryf ﬁeft/rsmw +(1- ﬂ)e7Uffas€| 9) nature of temperature-dependent structural changes of the RMs
with various sizes has also been explored by using DLS studies.
wheref = < and S is the generalized order parameter that Our studies have confirmed that for all the RMs, the solvation

describes the degree of restriction on the wobbling-in-cone dynamics of the probe become faster with an increase in

orientational motion. Its magnitude is considered as a measurel€Mperature. We correlate the faster dynamics with the trans-

of the spatial restriction of the probe and can have a value from formation of interfacially bound v.vater.into bulkwateratelevatgd
zero (for unrestricted rotation of the probe) to 1 (for completely temperatures. A more guantitative picture of the transformation

restricted motion). The semicone anglgs related to the ordered 1S révealed in an energy barrier crossing model. For the less
parameter as hydrated systemwp = 5, where a definite water pool is not

present), the activation energy is found to be 3.4 kcal ol
indicating a temperature-induced interchange between the
interfacial water molecules. On the other hand, for hydrated
RMs (o = 10 and 20, where a definite waterpool is present),
The diffusion coefficient for wobbling motidD,,can be obtained  theE,value is higher, indicating a bound to bulk-type transition

S= % cosé,(1+ cosé,) (20)

from the following relation of water. The rotational anisotropy study also corroborates with
this result as the probe experiences a less restricted environment
_ 1 x2(1 + x)2 | 1+ 1-— at elevated temperatures. To our understanding, the temperature-
W (1 82)1 2(x— 1) { n( 2 X) + 2 X} + dependent dynamical studies of the probe in the restricted
w

environments of RMs are important to unravel the diffusion of
entrapped water in biologically relevant environments under the
influence of temperature.

1—x
24

wherex = cos 6. The results obtained from the analysis are _ Acknowledgment. We thank DST for a financial grant (SR/
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the wobbling cone angléy) for all the systems increases with Supporting Information Available: Figures (S+S5) men-

increasing temperature. The difoSion coefficiedt,) values tioned in the text. This material is available free of charge via the Internet
are of the same order of magnitude as reported by Shaw andat http://pubs.acs.org.
PaPs for AO in AOT/i-Oc RM and increases with increasing

. LT LA7025895
temperature for all the systems (Figure 6b). This signifies that
with increasing temperature, the probe experiences less restricted (gg) Butt, g E'j' EEyS- gﬂem- 3883 183 zllggg_ﬁzéggﬂ-
rotation in the micelle. This might be due to the faster movement ) Dutt, G. B.J. Phys. Chem. 2005 109 '

. ’ (88) Pal, S.; Balasubramaian, S.; BagchiJBChem. Phy2002 117, 2852~
of the trapped water at elevated temperatures and/or diffusion2gs9.

(6+8x—x*—12¢ — 7x4)] (11)




