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Exploration of the intermolecular binding energy in nanometer-sized small water clusters in hydrophobic
solvents and its evolution with the increase in the cluster size until bulk-type geometry is reached constitute
a fascinating area of research in contemporary chemical/biological physics. In this contribution we have used
femtosecond/picosecond-resolved solvation dynamics and fluorescence anisotropy techniques to explore the
dynamical evolution of water clusters in dioxane continuum as a function of water concentration. We have
also used temperature dependent picosecond-resolved solvation dynamics in order to explore the magnitude
of the intermolecular bonding energy in the water clusters in bulk dioxane.

Introduction

Water has anomalous properties that emanate from its
hydrogen-bond-induced structure (clusters). Most of the unique
properties of water are related to the network of strong three-
dimensional hydrogen bonds that interconnect the water
molecules.1,2 According to Stillinger,3 water has a preferential
three-dimensional tetrahedral structure containing a few free or
single-bonded water molecules. Liquid water represents a
disordered ensemble of highly polar molecules linked through
a fluctuating network of intermolecular hydrogen bonds on
femtosecond to picosecond time scales as evidenced from the
pioneering works by Elsaesser et al.,4-7 Wiersma et al.,8,9

Voehringer et al.,10 Fayer et al.,11 Tokmakoff et al.12 using
ultrafast vibrational spectroscopy and MD simulation studies,
and Bekker et al.13,14 using time-resolved pump-probe laser
spectroscopy measurements. The slowest component of the
fluctuations is associated with the global structural rearrange-
ment of the hydrogen bond network.15 It is known that water
molecules tend to form clusters in many organic solvents, and
the existence of clusters even in the presence of a trace amount
of water has recently been proved.16,17 Depending upon the
external environment, the size and geometry of the small clusters
may vary from dimer to octamer with varying geometry.18 The
exact nature of the clusters is still a subject of clarification. There
is strong doubt about the structure of the clusters, whether it is
micelle-like19-22 or not.17 How this change in the cluster
geometry affects water dynamics and water-mediated reaction
are challenging questions to be addressed.

Water in hydrophobic environment forming very small
clusters of 2-10 water molecules23 can give rise to properties
different from the bulk properties24-26 with entropy and weak
Van der Waals interaction playing a crucial role.27-29 Such a
system provides a rare opportunity for studying solution
properties, including the dynamic translational and rotational
motions of water molecules without the effect of hydrogen
bonding to the surrounding water molecules.30 Such a situation
mimics the dynamical behavior of the isolated water molecules
in biological systems like lipid bilayer, protein interior, etc.31

The affinity of polar water molecules toward a hydrophobic

surface is striking, and the dynamics of such isolated water
molecules (or small clusters) are interesting topics of investiga-
tion. Such clusters reorganize themselves in a cooperative way
on ultrafast time scales, typically on the order of picoseconds.
Although such dynamics in neat polar solvents has been studied
bothexperimentally4,32andusingmoleculardynamicsimulation,33,34

those involving more than one solvent are sparse. Earlier studies
involving binary mixtures show that the solvation time scale
varies markedly with the composition of the mixture.35,36

Levinger et al. showed that in a mixture of dipolar and
quadrupolar solvents, the solvation dynamics is strongly affected
by the differences in interaction energies and the relaxation rate
of individual components.37 A similar conclusion was drawn
by Ladanyi et al.38 using MD simulation for the same system.
Only a handful of studies involving water clusters in nonpolar
solvents are reported in the present literature,16,17 especially at
rather low free water concentrations found in moderately polar
(e.g., biological) environments. As the water cluster grows in
size, the initial unfavorable energy of formation of clusters
decreases and hydrogen bond formation initiates between water
molecules.23 Water clusters in 1,4-dioxane (DX) have been
reported to exhibit slow solvation dynamics of the order of a
few hundreds of picoseconds.39-41 This slow solvation has been
explained as due to the translational motion of water, and the
rupture of a hydrogen bond between DX and water has been
identified to be the rate-determining step.

DX has a unique property to solubilize water in all proportions
in spite of its negligible polarity (static relative permittivity of
2.2095), and it also offers a substantial number of noninteracting
hydrophobic sites (-C2H4 segments) to water. This makes the
mixture an interesting environment to study the dynamics of
water in hydrophobic confinement. Also DX can form hydrogen
bonds with water but cannot self-associate to form clusters. The
structural evolution of water clusters in DX continuum as a
function of water concentration has earlier been studied using
the laser light scattering (LLS) technique20 and IR spectros-
copy.42 LLS measurement reveals the presence of nanometer-
sized water clusters in DX continuum at low water concentra-
tions as evidenced from the diffusion constant measurements.
The IR study reveals that with increasing water content, the IR
spectra of the cluster tend toward that of the bulk water. At* Corresponding author. E-mail: skpal@bose.res.in.
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low water concentration, a weak component of free OH bond
at 3685 cm-1 was obtained confirming the presence of weakly
hydrogen-bonded (isolated) water molecules. Beyond a threshold
water concentration corresponding to XW ) 0.2 (where XW is
the mole fraction of water in the mixture), the system provided
the signature of pure liquid water. The observed dramatic
increase in the integral water extinction coefficient in a narrow
range of water concentration (XW ) 0.2) indicates the formation
of new hydrogen bonds between water molecules as the cluster
grows in size as hydrogen bonding leads to a drastically
increased integrated intensity of the OH oscillator stretching
vibration band.43 Thus a change in the water properties in
clusters beyond this threshold XW is expected. How the dynamics
of water evolves with the change in hydrogen bond formation
around this threshold concentration is a question of interest. The
earlier reports39-41 on the slow picosecond-resolved solvation
of water-DX mixture are concerned with the concentrated
regions (XW g 0.22) of the mixture. However, what happens
when the hydrogen bonds are not well established in small
clusters has not yet been studied. How this change in cluster
configuration and a corresponding alteration of hydrogen bond
formation are manifested in the dynamics of water molecules
is the main focus of the present work.

Here we have studied the dynamics of water molecules in
water-DX mixture on femtosecond and picosecond time scales
at different water concentrations (XW ) 0.005, 0.025, 0.2, 0.54,
and 0.826) using a well-known solvation probe coumarin 500
(C500). Note that we have chosen concentrations both below
(XW ) 0.005, 0.025) and above (XW ) 0.54, 0.826) the threshold
concentration (XW ) 0.2) as mentioned above to understand
the nature of solvation as a function of the modification of cluster
size as well as the nature of hydrogen bonding. The choice of
the probe lies in the fact that when excited with a wavelength
of 409 nm, the probes residing in the polar region get selectively
excited.44,45 Insignificant interference of the internal photophysics
of the probe in the exploration of solvation dynamics has already
been discussed in our earlier works.45-48 While femtosecond-
resolved fluorescence upconversion technique explores the
ultrafast rotation/internal motions, the picosecond-resolved time-
correlated single photon counting (TCSPC) method measures
the diffusive translational motion of the water molecules.
Polarization-gated fluorescence anisotropy of the probe mol-
ecules (C500) in the femtosecond and picosecond time regime
has also been measured to explore the local microviscosity of
the water clusters. To understand the energetics of the hydrogen
bond network in the clusters, we have also studied solvation
dynamics of water at different temperatures at XW ) 0.2.

Materials and Methods

1,4-Dioxane (DX) was purchased from Merck and was of
the highest purity available and used without further purification.
The probe coumarin 500 (C500) was a product of Exciton.
Triply distilled water with conductivity less than 2 µS cm-1

was used.
Steady-state absorption and emission spectra were measured

with a Shimadzu UV-2450 spectrophotometer and Jobin Yvon
Fluoromax-3 fluorimeter, respectively, with temperature control-
ler attachment from Julabo (model: F32). Femtosecond-resolved
fluorescence spectroscopy was measured using a femtosecond
upconversion setup (FOG 100, CDP) in which the sample was
excited at 410 nm, using the second harmonic of a mode-locked
Ti-sapphire laser with an 80 MHz repetition rate (Tsunami,
Spectra Physics), pumped by 10 W Millennia (Spectra Physics).
The fundamental beam was frequency doubled in a nonlinear

crystal (1 mm BBO, θ ) 25°, φ ) 90°). The fluorescence
emitted from the sample was upconverted in a nonlinear crystal
(0.5 mm BBO, θ ) 10°, φ ) 90°) using a gate pulse of the
fundamental beam. The upconverted light is dispersed in a
double monochromator and detected using photon-counting
electronics. A cross-correlation function obtained by using the
Raman scattering from water displayed a full width at half-
maximum (fwhm) of 165 fs. The femtosecond fluorescence
decays were fitted using a Gaussian shape for the exciting pulse.
The details of the temperature dependent picosecond-resolved
spectroscopic measurement and the construction of time-
resolved emission spectra (TRES) can be found elsewhere.49

The time dependent fluorescence Stokes shifts, as estimated from
TRES, were used to construct the normalized spectral shift
correlation function or the solvent correlation function C(t),
defined as

where ν(0), ν(t), and ν(∞) are the emission maximum (in
cm-1) at time zero, t, and infinity, respectively. The ν(∞)
values have been taken to be the emission frequency beyond
which an insignificant or no spectral shift is observed. The
C(t) function represents the temporal response of the solvent
relaxation process, as occurs around the probe following its
photoexcitation and the associated change in the dipole
moment. For anisotropy (r(t)) measurements, emission
polarization was adjusted to be parallel or perpendicular to
that of the excitation, and anisotropy is defined as50

Results and Discussion

Figure 1 depicts the steady-state absorption and emission
spetra of C-500 in the different water-DX mixtures studied.
As can be observed from the inset of the figure, the dilute
samples (XW ) 0.005 and 0.025, where XW is the mole fraction
of water in the DX mixture) peak at ∼370 nm, and as the water
concentration in the mixture increases, a progressive red shift

Figure 1. Absorption (inset) and emission spectra of C500 in
water-DX mixture with different concentrations of water: XW ) 0.005
(1), 0.025 (2), 0.2 (3), 0.54 (4), and 0.826 (5).

C(t) ) ν(t) - ν(∞)
ν(0) - ν(∞)

(1)

r(t) )
[Ipara - Iperp]

[Ipara + 2 × Iperp]
(2)
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of the absorption peak is produced. In the emission spectra
(excited at 409 nm), a similar red shift of the peak with
increasing XW is observed. It can be argued that with increasing
water content the probe experiences more polar environment
which produces the observed red shift. Previously, Molotsky
et al.41 and Mukherjee et al.40 reported a similar red shift with
XW in the emission spectra of coumarin 153 and 4-aminopthal-
imide (4-AP), respectively, for the water-DX mixture. It is
observed that the change in emission maximum does not follow
a linear relation with XW (figure not shown). The nonlinearity
might arise from the nonlinear dependence of the dielectric
constant of the mixture on the mole fraction of water.40,51 To
understand the relative contribution of the fluorescence signal
of C-500 coming from its different possible locations, we
deconvolute the emission spectrum of XW ) 0.2 into two curves,
and the spectrum is very well fitted with two curves with peak
positions at 473 and 508 nm, respectively (Figure S1, Supporting
Information). The relative contributions of the curves are 47%
and 53%, respectively. When decovoluted into three curves, it
produces peaks at 466 nm (33%), 495 nm (27%), and 514 nm
(40%). Note that C-500 produces emission peaks at 455 and
508 nm in pure DX and water, respectively (inset of Figure S1,
Supporting Information). We try to force fit the curve into two
with peak positions of 455 and 508 nm. But the fitting produces
very poor results (figure not shown). Also in the three-curve
fitting, the peak positions do not resemble either DX or water.
Thus the deconvolution study confirms that the fluorescence
signal obtained is coming only from either the DX-water
interface (corresponding to a peak position of 473 nm, which
is in between the two bulk phases) or the water phase
(corresponding to a peak position of 508 nm).

To understand the dynamics of water in the mixture, we begin
with the dilute solutions (XW ) 0.005 and 0.02) consisting of
small clusters as evidenced from the LLS20 and IR studies.42

We also studied the size of the clusters using dynamic light
scattering experiments and found that for dilute regions the
cluster size is small (∼1 nm, Figure S2, Supporting Information).
Figure 2a depicts the femtosecond-resolved fluorescence decay
transients of C500 in XW ) 0.005 mixture excited at 410 nm.
It is observed that the fluorescence transient at 440 nm (blue
end) can be fitted with four decay components of 0.4, 2.7, 14.2,
and 1500 ps. On the other hand, the transient at 550 nm is fitted
with two rise components of 1.1 and 110 ps along with a long
decay component of 1700 ps. The observed difference in the
decay pattern of the transients at blue and red ends clearly
indicates solvation of the probe. Figure 2b (inset) denotes the
constructed TRES of the system. The observed Stokes shift is
relatively small (450 cm-1) and eventually finishes at 20 ps.
The constructed solvation correlation function, C(t), can be fitted
biexponentially with time constants of 0.3 ps (60%) and 3.7 ps
(40%) (Table 1). The solvation time constants are also fast for
the XW ) 0.025 system with considerably small Stokes shift
(550 cm-1) and time constants of 0.55 ps (50%) and 5.65 ps
(50%) (Table 1). Thus in the dilute region (XW ) 0.005 and
0.025), the solvation dynamics is fast with time constants of
several hundreds of femtoseconds and a few picoseconds. It is
evident from IR studies42 that the water structure in the dilute
region considerably differs from that in the concentrated region,
wherein the water present in the cluster resembles that of the
bulk water, whereas in the former system weakly hydrogen-
bonded water molecules in the form of small clusters are present
with considerably different geometry than that in the bulk water
due to the breakage of the hydrogen bond network.52

Let us now focus on the origin of the observed solvation
components. The slower of the two components (which is of
the order of a few picoseconds) may be identified with the

Figure 2. (a) Femtosecond-resolved decay transients of C500 at 440
and 550 nm in water-DX mixture with XW ) 0.005. (b) Solvent
correlation function, C(t), of C500 in water-DX mixture with XW )
0.005. The corresponding TRES has been shown in the inset. (c) Solvent
correlation function, C(t), of C500 in water-DX mixture with XW )
0.2. The corresponding TRES has been shown in the inset.

TABLE 1: Femtosecond/Picosecond-Resolved Solvent
Correlation Function Time Scalesa for Water-Dioxane
Mixtures at Different Water Concentrations

Xwater τ1 (ps) τ2 (ps) τ3 (ps) a1 a2 a3

0.005b 0.30 3.70 - 0.60 0.40 -
0.025b 0.55 5.65 - 0.50 0.50 -
0.2b 0.40 5.10 500 0.20 0.20 0.60
0.2c 150 510 - 0.67 0.33 -
0.54c 30 200 - 0.30 0.70 -
0.826c 20 135 - 0.36 0.64 -

a Error in time scale (10%. b Results obtained from femtosecond
setup. c Results obtained from picosecond setup.
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cooperative relaxation of the hydrogen bond network of water
(relaxation time of 8.4 ps in neat water).32 Molecular dynamic
simulation shows that such relaxation originates from the clusters
comprising of 10-40 water molecules.53,54 However, the pres-
ence of DX, which can act as a hydrogen bond donor (but not
an acceptor), affects the hydrogen bond network relaxation
process. 17O NMR studies show that the reorientational cor-
relation time of water is considerably reduced when entrapped
in an isolated form in a hydrophobic solvent (nitromethane) as
the activation energy for such motion is reduced by 2.3 kJ mol-1

due to the confinement.30 In the present study the observed time
constants of 3.7 ps (for XW) 0.005) and 5.65 ps (for XW )
0.02) corroborate with this finding. A recent dielectric relaxation
study16 reports a similar increase in the time scale and amplitude
of this mode of relaxation with increase in water content in the
dilute region of water-DX mixture. The faster subpicosecond
time scale mainly arises due to the relaxation of water molecules
that are not part of the tetrahedral hydrogen bond network52 of
the small water clusters, but reside in the DX-rich region either
in the free state or by forming weak hydrogen bonds with the
ether oxygen of DX,16 which is fast (0.4 ps) in pure water.32

Thus the observed fast component might be due to the water
molecules residing on the surface of the clusters. It could be
noted here that solvation dynamics in pure DX has been reported
by Maroncelli et al.55 using coumarin 153 probe, and it was
found to be an ultrafast process with components of 0.18 and
2.2 ps, a time scale much faster than that reported for the present
mixed solvent systems (Table 1). In the present study, however,
it is expected that the solvation will be governed by the water
molecules rather than the DX molecules since a dipolar solvent
is preferred over a quadrupolar solvent in the solute-solvent
interaction.37

The solvation of relatively concentrated solution (XW ) 0.2)
has been found to be slower. Figure 2c depicts the constructed
TRES and C(t) of the XW ) 0.2 system. As can be observed
from the figure, C(t) can be fitted triexponentially with time
components of 0.36 ps (30%), 5.1 ps (20%), and 490 ps (50%)
(Table 1) with a Stokes shift of 1500 cm-1. To have a better
understanding of the slow dynamics of the concentrated systems,
we perform picosecond-resolved fluorescence spectroscopy of
all the mixed systems using a TCSPC setup. It is observed that
for the dilute systems (XW ) 0.005 and 0.025), there is almost
no change in the decay pattern of the transients in the red and
blue ends (data not shown). The solvation dynamics might be
too fast to be detected in our TCSPC setup. Figure 3a (inset)
depicts the fluorescence transients of the XW ) 0.2 system at
blue and red ends. The decay transient at 430 nm (blue end) is
fitted triexponentially with time constants of 100, 400, and 5100
ps. The 480 nm transient is biexponentially fitted with time
constants of 340 and 5100 ps. The transient in the red end (610
nm) produces a considerable rise component of 310 ps along
with a decay component of 5170 ps. The difference in transients
in the red and blue ends clearly points to the presence of
solvation in the system. Figure 3a depicts the constructed TRES,
and the corresponding C(t) can be fitted biexponentially with
time constants of 150 ps (67%) and 510 ps (33%) (Table 1)
and with a Stokes shift of 750 cm-1. The average time constant
(〈τs〉 ) a1τ1 + a2τ2) of 270 ps is in good agreement with that
reported by Molotosky et al.41 with coumarin 153 for an identical
system. With an increase in the water concentration, the
dynamics becomes faster (Figure 3b). For the XW ) 0.54 system,
the correlation function is fitted biexponentially with time
constants of 30 ps (30%) and 200 ps (70%) (Table 1) with a
Stokes shift of 600 cm-1, whereas for the XW ) 0.826 system

the time constants are 20 ps (36%) and 135 ps (64%) (Table 1)
with a 300 cm-1 Stokes shift. The faster components of these
two systems corroborate well with those observed from the
femtosecond studies (15.3 and 11.5 ps, respectively).

It is interesting to note that for the smaller clusters (XW )
0.005 and 0.02), the dynamics was fast, and as the cluster grows
in size (for XW ) 0.2, the cluster size is of the order of 200 nm,
Figure S2, Supporting Information), a slow component of
hundreds of picoseconds arises, which in turn decreases with
increasing water concentration. Such slow solvation dynamics
in relatively concentrated solutions of a polar fluid in hydro-
phobic solvents has previously been reported.39-41 This slow
component might have its genesis in the translational diffusion
of water into the solvation shell displacing the nonpolar solvent
molecules in the cluster.41,56,57 Also the decrease in τslow with
increasing water content is associated with the increasing
average mutual diffusion coefficient (〈Dm〉) as the increase in
water content in a water-DX mixture increases the number of
hydrogen bonds per oxygen atom and also the relaxation rate.22

It can be argued that the dynamic exchange between the less
mobile bound type (strongly hydrogen-bonded) water molecules
with free type (weakly hydrogen-bonded or partially bonded to
the ether oxygen of DX) in the cluster produces the observed

Figure 3. (a) TRES of C500 in water-DX mixture with XW ) 0.2.
The picosecond-resolved decay transients at 430 nm (1), 480 nm (2),
and 610 nm (3) are shown in the inset. (b) Solvent correlation function,
C(t), of C500 in water-DX mixture with XW ) 0.2 (open circle), 0.54
(open triangle), and 0.826 (open square). (Inset) Femto- and picosecond-
resolved rotational anisotropy for the XW ) 0.005 (open triangle), 0.2
(open circle), and 0.54 (open down triangle) systems.
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slow dynamics. A detailed study of this exchange equilibrium
and the corresponding energetics has been discussed in a later
section.

We measure the rotational anisotropy of the mixtures with
both picosecond- and femtosecond-resolved setup (Figure 3b,
inset). For the dilute mixture (XW ) 0.005), the observed
femtosecond-resolved anisotropy can be fitted single exponen-
tially with a time constant (τr) of 65 ps. If we assume that the
probe is located at the edge of the cluster, then the microvis-
cosity as experienced by the probe at the cluster interface can
be calculated from the τr data by using the well-known
Debye-Stokes-Einstein equation

where η is the microviscosity experienced by the probe and V
is molecular volume of the probe. Assuming the approximate
diameter of the probe to be 0.6 nm and putting the experimen-
tally obtained value of τr in eq 3, the microviscosity is calculated
to be 2.3 cP. This value is on the same order of magnitude as
that obtained in encapsulated water molecules for reverse
micelles.58 It is to be noted that the probe is only sparingly
soluble in water and remains mainly in the DX phase in the
ground state. In the excited state, however, it moves to the
aqueous phase and as discussed earlier (Figure S1, Supporting
Information), the fluorescence signal is generated only by the
probe molecules located either at the DX-water interface or in
the aqueous phase, and thus it experiences a slightly larger
microviscosity than the corresponding bulk phases. It is
important to note that the obtained η value is only the
microviscosity experienced by the probe molecules and might
not reflect the viscosity of the total systems. The anisotropy
decay for the concentrated system (XW ) 0.2) is associated with
a time constant of 110 ps along with a considerable offset value,
which points out that the cluster size is large enough not to be
fully rotated within the experimental time window. We perform
picosecond-resolved anisotropy experiments for the concentrated
systems (Figure 3b, inset) and found that for the XW ) 0.2
system, the decay can be fitted with a time constant of 110 ps
with an offset (34%). The G factor50 used for the anisotropy
measurement has been calculated from the corresponding
femtosecond-resolved measurements. The calculated microvis-
cosity at the interface for this composition is 4.0 cP, which is
about twice the value of the dilute system wherein the hydrogen
bond formation is perturbed, which might cause the lower
microviscosity. With the increase in the number of water
molecules in the cluster, hydrogen bond formation ability
increases resulting in an increase in τr and increased microvis-
cosity. For a more concentrated system (XW ) 0.54), the decay
becomes slower (with time constant of 180 ps) with a consider-
able offset value (38%) indicating the formation of a larger
cluster with higher microviscosity at the interface. The presence
of considerable offset value in the picosecond-resolved rotational
anisotropy decay indicates the size of the cluster to be large.

To understand the nature of hydrogen bond formation and
the possible equilibrium between the two types of water present
in the cluster, we measure solvation dynamics of the XW ) 0.2
system at different temperature (in the temperature window of
15–70 °C) using C500 probe. Such temperature dependent
solvation dynamics study has not yet been reported for the
water-DX mixture. This mole fraction (XW ) 0.2) is of interest
as earlier IR studies revile sharp change in the water stretching
frequencies around this composition.42 The steady-state emission

spectra of the system show a marginal (3-4 nm) blue shift as
the temperature is increased from 15 to 70 °C (figure not shown).
The observed blue shift indicates a less polar environment to
be experienced by the probe at elevated temperature. A possible
breakdown of the hydrogen bond network followed by the
formation of smaller clusters with increasing temperature (Figure
S2, Supporting Information) might have been responsible for
the decreased polarity. Figure 4a, b shows the fluorescence decay
transients of C500 at 15 and 70 °C, respectively. The figure
depicts considerable difference between the decay patterns at
particular wavelengths clearly indicating a temperature depen-
dency on solvation behavior. We construct the TRES at different
temperatures, and the corresponding C(t) values are fitted
biexponentially. A representative figure is presented (Figure 4c),
and the fitting parameters are given in Table 2. It is observed
that solvation dynamics gets faster with increasing temperature,
and the probe molecules are solvated with faster moving water
molecules at higher temperature. It clearly indicates that at
elevated temperature the hydrogen bond network present in the
bulklike cluster breaks down and isolated small clusters consist-
ing of weakly hydrogen-bonded water molecules start growing,
producing the faster solvation dynamics.

In the previous section, we discussed the possible equilibrium
in cluster wherein bound type (strongly hydrogen-bonded) water

τr )
ηV
kbT

(3)

Figure 4. (a) Picosecond-resolved decay transients at 430, 460, and
600 nm of C500 in water-DX mixture with XW ) 0.2 at 15 °C. (b)
The picosecond-resolved decay transients at 430, 460, and 600 nm of
C500 in water-DX mixture with XW ) 0.2 at 70 °C. (c) TRES of
C500 in water-DX mixture with XW ) 0.2 at 15°, 35°, and 70 °C. (d)
Arrhenius plot for water-DX mixture with XW ) 0.2. The solid line is
the best fit straight line. (e) Picosecond-resolved rotational anisotropy
for water-DX mixture with XW ) 0.2 at 15 and 70 °C. (f) Microvis-
cosity of water-DX mixture with XW ) 0.2 as a function of
temperature. The broken line is a guide to the eyes. An Arrhenius plot
for the same has been shown in the inset. The solid line is the best fit
straight line.
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molecules are in equilibrium with free type (weakly hydrogen-
bonded or partially bonded to the ether oxygen of DX). The
rate constant for bound-to-free interconversion (kbf) is related
to the solvation time constant (〈τs〉) according to the following
relations40,59,60

where ∆G is the activation energy for solvation dynamics in
the mixture. Assuming that the bound-to-free water equilibrium
follows an Arrhenius type of barrier crossing model, we plot
ln(1/〈τs〉) as a function of 1/T, and a good linear fit is obtained
(Figure 4d). From the slope of the straight line, the activation
energy (Eact) is calculated to be 3.1 ( 0.3 kcal mol-1. Previously,
Mukherjee et al.40 reported an activation energy of 4.7 kcal
mol-1 for water-DX mixture at XW ) 0.22. This value is on
the order of hydrogen bond energy in bulk water (∼5 kcal
mol-1)61,62 and is in turn slightly higher than the value obtained
in the present study. The observed Eact value is smaller than
the bulk hydrogen bond energy and therefore must be associated
with some other bonding pattern. It should be remembered that
the probe used by Mukherjee et al.40 (4-AP) is different from
that used by us. 4-AP is highly soluble in water and preferen-
tially resides within the core of the water clusters, and
photoexcitation of it provides information on bulk water only.
On the other hand, C500 provides information on the cluster
interface. DX molecules in their chair conformation bind with
water molecules with H(water).....O(ether oxygen of DX) bond
energy of ∼2.3 kcal mol-1,63 which is in turn less than the Eact

value obtained in the present study. As C500 is primarily located
at the cluster edge and moves toward the core of the cluster
upon excitation, it provides integrated information on DX-water
hydrogen bond at the interface and water-water tetrahedral
bond in the bulk. Thus, the observed Eact value of 3.1 kcal mol-1

is in between the two expected values of 2.3 and 5.0 kcal mol-1.
To obtain a better understanding of the microenvironment

of the clusters, we measure the rotational anisotropy of the same
system at different temperatures. A representative figure is
depicted (Figure 4e) for 15 and 70 °C. As observed from the
figure, τr becomes faster upon increasing the temperature. We
measure the microviscosity (η) at different temperatures using
eq 3, and η is plotted as a function of temperature (Figure 4f).
It is observed that η decreases gradually with increasing
temperature revealing that the probe experiences less rotational
hindrance at higher temperature. The breaking of water-water
hydrogen bond might be the reason behind this. Assuming that
microviscosity changes with temperature following the relation

where Eη is the energy barrier for the viscous flow, we plot ln
η against 1/T (inset of Figure 4f), and a good linear fit is obtained
with a calculated Eη value of 2.6 ( 0.3 kcal mol-1. Note that
this Eη value is smaller than that of bulk water (3.9 kcal mol-1).
This difference in Eη values confirms our previous conclusion
that at the cluster interface there exists heterogeneous hydrogen
bonding between the ether oxygen of DX and water along with
water-water hydrogen bond, and breaking-remaking of such
bonds contributes to the slow solvation in concentrated water-DX
mixture.

Conclusions

Our studies follow the modification of solvation dynamics
of water molecules in nonpolar DX with the structural changes
in the clusters and temperature. The fast solvation dynamics
observed in the small clusters (for low water concentration
systems) is due to the various modes of rotational relaxation of
water molecules present in the isolated small water clusters.
On the other hand, the slow dynamics of the concentrated
solutions is due to the translational diffusion of water molecules
along the large clusters. Solvation dynamics becomes faster with
increasing temperature for the concentrated system due to the
breakage of tetrahedral hydrogen bond network in the clusters.
The activation energy for the process has been calculated to be
3.1 kcal mol-1, which is smaller than the hydrogen bond energy
in bulk water but larger than the water-DX hydrogen bond
energy, confirming the presence of both kinds of bond at the
cluster interface.
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