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We have measured the hydrogen bonded structure and sub-ns relaxation dynamics of water molecules
encapsulated in the DDAB–cyclohexane (Cy)–water reverse micellar (RM) water-pool dependent on
water concentration (w0 = [water]/[DDAB]) and temperatures. The interfacial film of DDAB–Cy
undergoes significant alteration upon addition of water as the microscopic phase changes from
cylindrical aggregates to discrete droplets which is in contrast to the conventional RM systems. FTIR
spectroscopy in mid-infrared (MIR) and far-infrared (FIR) regions suggests the encapsulated water
molecules to undergo a transition with increasing w0 towards a bulk-like behavior. Time resolved
fluorescence spectroscopy using Coumarin-500 as the fluorophore reveals a decrease in solvation time
constant with increasing w0 as well as with increasing temperature, a behavior consistent with
conventional RM systems. The temperature dependent relaxation dynamics is found to follow an
Arrhenius type behavior with a value for Eact in the range of 2.5–3 kcal mol1 for all the studied
systems. Our results show that phase modification has a marginal effect on the relaxation dynamics.

Introduction
Water encapsulated in a reverse micellar (RM) water-pool often
shows significant diﬀerences in their physical and chemical
properties relative to its bulk properties. This has attracted
major attention in the scientific community as RM systems
often serve as a potential platform to mimic membranes. Such
modifications are attributed to the heterogeneous bonding of
the encapsulated water molecules with the RM interface. Confinement of water molecules in one or many dimensions have
been shown to have important implications in biological and
biochemical phenomena. In this regard it is very important to
underline the water dynamics under such confinement and
much attention has been paid to understand the eﬀect of
confinement on the water dynamics. The water in the vicinity
of the surface was supposed to be highly structured and
a
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retarded in their dynamics.1–7 NMR studies of confining proteins within the nanoscale interior of AOT RM found a significant reduced motion of the hydration water.8,9 Studies have
also shown that the interaction of the surfactant head group
and water does play a pivotal role, however the role of surface
topology and the surfactant film curvature on the hydration
structure and dynamics has been neglected so far.
Structure10–14 and dynamics1,4,15–20 of confined water in RM
systems have been studied in detail using various experimental
techniques as well as MD simulation.21–24 It has been inferred
that the hydrogen bonded water structure gets perturbed upon
confinement resulting in a larger fraction of water molecules
with distorted hydrogen bonding relative to its bulk counterpart. Also it has been shown that dynamics of water molecules
get retarded due to its interaction with the surfactant head
groups. Time resolved IR4,6,17,25 and fluorescence1,26–28 spectroscopic studies have revealed that there exist at least two types of
water species inside the RM water pool, namely ‘bound’ (water
molecules bound to the surfactant head group with a dynamics
significantly slower than that of bulk water) and ‘bulk-type’
(water molecules having a regular tetrahedral hydrogen bonded
network). The ‘bound’ water molecules exhibit a coupled
rotational–translational solvation dynamics which is orders
of magnitude slower than the ultrafast relaxation dynamics

observed in bulk water.19,29–31 In most of these systems, an
Arrhenius type of barrier crossing model defines the temperature
induced cross over between the two types of water molecules.31,32
Most of these earlier studies have been carried out using the
anionic surfactant AOT as it can form spherical RM droplets of
tunable water pool size over a wide range.33 Although there has
been a major thrust in understanding the structure and
dynamics of confined water molecules, there are still a few
aspects yet to be understood clearly, e.g., whether the shape of
the interface matters, whether the chemical nature or charge
type of the interface matters, how do the ions inside the RM
water pool influence the water dynamics, whether the interfacial film curvature and translation degree of freedom
contribute an (if any) identical contribution towards the water
structure and dynamics in all such systems. Recent eﬀorts from
the Fayer group3,34,35 in order to underline such questions have
revealed that the vibrational stretching dynamics of water
molecules (ps to sub-ps order) is indeed dependent on the
nanoscopic dimension of the water pool. It appears therefore
interesting to investigate whether the same conjecture holds
true for the slower relaxation dynamics in such systems. In
addition it is also interesting to investigate how a change in the
morphology of the RM interface aﬀects the water dynamics
inside the RM water-pool.
In order to investigate the eﬀect of modified interfacial
morphology we have studied the structure and the slow relaxation dynamics of water molecules encapsulated in the waterpool of DDAB–Cyclohexane (Cy)–water systems. The choice of
DDAB–alkane–water as a model system is quite deliberate,
since this system exhibits a rather unusual phase behavior
along the water dilution line at a constant surfactant : oil ratio
in the ternary phase diagram.36 The maximum water solubilization capacity, w0 (= [water]/[DDAB]), of this system is usually
smaller than the conventional surfactant systems37 due to the
low hydrophilicity of the quaternary ammonium head group of
DDAB.38 At low hydration the system essentially consists of
cylindrical rod-like aggregated structures. As the water content
is gradually increased, the microstructure changes into discrete
droplet type36,39–49 which strongly corresponds to a substantial
modification of the elastic property of the DDAB monolayer
curving around water in alkane continuum during the course of
microscopic phase transition. Small angle neutron scattering
(SANS) studies for the DDAB–Cy–water system36 have demonstrated that at low hydration (2 o w0 o 8), the system consists
mainly of aggregated rod-like cylinders with length (l) varying
from 14–20 nm, and radius (r) varying from 1.5 to 1.6 nm. At
increased hydration (w0 Z 10) spherical aggregates are formed
having a diameter of B6 nm. Such a transition has successfully
been explained on the basis of a disordered open connected
cylinders (DOC) model.39 The cylindrical rod to sphere transition essentially corresponds to a restricted degree of freedom in
the translational motion, which might enforce a modification
in the relaxation dynamics. Using the NMR Fourier transformed pulsed gradient spin-echo (FT-PGSE) technique, a
steady decrease in the self-diﬀusion coeﬃcient of water was
detected as w0 is increased, which is in contrast to anionic AOT

and nonionic C12E4 RM systems.49 The microscopic phase
transition has also been confirmed by small angle X-ray scattering
(SAXS),46 and 14N NMR relaxation48 studies. Also, in contrast to
conventional RM systems, DDAB RM systems exhibit both ‘volume
induced’ and ‘temperature induced’ reverse percolation of
conductance50–52 which manifests a transition from connected to
discrete structures with increasing w0 as well as with increasing
temperature. This points toward a significant modification of the
mechanical properties of the surfactant monolayer at the water–oil
interface. This rather unusual phenomenon is further supported
by earlier studies38 which revealed a temperature induced decrease
of micellar aggregation number (nagg) and a consequent decrease
in the size of the droplets. The system therefore oﬀers an interesting platform to understand the structure and dynamics of water
molecules in RM systems.
In the present contribution we have studied the structure
and relaxation dynamics of water molecules encapsulated in
the water-pool of DDAB–Cy–water systems at five diﬀerent
hydration levels (w0 = 2, 5, 7.5, 10 and 12.5) and four diﬀerent
temperatures of 293, 303, 313 and 323 K. The DDAB–Cy–water
RM system has a maximum water solubilization capacity of
w0 B 15, which limits the choice of w0. The hydrogen bonded
network structure and dynamics of water molecules in these
systems is investigated using mid-infrared (MIR) as well as
far-infrared (FIR) FTIR techniques. As a complementary information, the relaxation dynamics of water molecules has been
determined by the ps-resolved fluorescence spectroscopic technique
using Coumarin-500 as the fluorophore. Geometrical restriction as
experienced by the probe molecule at the interface is determined
using polarization gated time-resolved fluorescence anisotropy
studies.

Materials and methods
Didodecyldimethylammonium bromide (DDAB, Scheme 1),
Cyclohexane (Cy) and Coumarin-500 (C-500, Scheme 1) with
best available analytical grade were purchased from Sigma
Aldrich and used without further purification. The concentration of DDAB in Cy has been kept constant at 0.1 M. Dry
DDAB is insoluble in Cy,53 we therefore added a specified
amount of water in the DDAB–Cy mixture to prepare a RM
stock solution with w0 = 1. Upon further addition of water, RM
systems with increased w0 could be prepared. The w0 = 5 system
has been found to phase separate at 293 K and thus no
measurements were carried out for this system. In order to
avoid any possible probe–probe interaction the concentration
of C-500 in RM systems was kept very low (B10 mM) which
guarantees that not more than one probe molecule per micelle
is present.
FTIR measurements
FTIR spectra were recorded using a VERTEX 80v FTIR spectrometer (Bruker Optics) at diﬀerent temperatures under nitrogen
gas flow in the sample compartment. The data were collected
and processed using OPUS software. For spectra acquisition
in the MIR region (3000–3700 cm1), we used a built-in

correlation function C(t) which is defined as:
CðtÞ ¼

nðtÞ  nð1Þ
nð0Þ  nð1Þ

ð1Þ

where, n(0), n(t) and n(N) are the emission maximum frequency
(in cm1) at time zero, t and infinity. The n(N) values are the
emission frequency at a time where we find no more changes.
The C(t) function represents the temporal response of the
solvent relaxation process, occurring around the probe following its photo-excitation and the associated change in the dipole
moment. For rotational anisotropy (r(t)) measurements, emission polarization was adjusted to be parallel or perpendicular
to the polarization of the excitation pulse. The anisotropy is
defined as
rðtÞ ¼

½Ijj  GI? 
½Ijj þ 2GI? 

ð2Þ

G, the grating factor was determined following a longtime tail
matching technique.54 All the anisotropies were measured at
the emission maxima.

Results and discussions
Scheme 1 Molecular structure of DDAB and C-500.

MIR source of the spectrometer and an MCT (MercuryCadmium-Telluride) detector. In the FIR region (50 to
650 cm1), a mercury-lamp served as an FIR source, a liquidhelium-cooled silicon bolometer was used as a detector. All
the samples were measured using a liquid cell (model A145,
Bruker Optics) with a thickness of 50 mm, as defined by a Teflon
spacer placed between two parallel windows. Diamond
windows were used for FTIR measurements in the FIR
region while z-cut quartz windows were used for MIR measurements. Thermal equilibration at 0.2 K around the required
temperature had to be obtained before experimental data
collection. The FTIR spectra of the samples correspond to the
diﬀerence absorbance spectra between the measured absorbance of the samples and the measured absorbance of the stock
solution.
Fluorescence measurements
Temperature dependent steady-state absorption and emission
were measured using a UV-2450 (Shimadzu) spectrophotometer
and Fluoromax-3 (Jobin Yvon) fluorimeter, with temperature
controller attachments from Julabo (Model: F32). Fluorescence
transients were measured and fitted using a commercially
available spectrophotometer (LifeSpec-ps) from Edinburgh
Instrument, UK (excitation wavelength 409 nm, 80 ps instrument response function (IRF)) with an additional equipment
for temperature dependent studies (Julabo, Model F32). The
details of the setup of time resolved measurements can be
found elsewhere.32 The time dependent fluorescence Stokes
shifts, as estimated from TRES, were used to construct the
normalized spectral shift correlation function or the solvent

MIR-FTIR
Fig. 1a shows a representative diﬀerence absorbance spectra
(in the 3000–3700 cm1 region) of the DDAB–Cy–water system
at w0 = 2.0 and 10 at two limiting temperatures (293 and 323 K).
It is worth mentioning here that Cy has negligible absorbance
in this studied frequency range (data not shown). The diﬀerence absorbance spectra are the diﬀerences between the
measured absorbance of the samples and that of the stock
solution at w0 = 1. For the sample with the highest water content
(w0 = 12.5), the added volume of water is only 2% compared to
the total volume of the stock solution, indicating that the
reduced volume fraction of the stock solution in all investigated
RM systems is negligible. Therefore, the diﬀerence spectra can
be attributed to the water molecules present in the RM systems.
The MIR spectrum of water at 293 K could be deconvoluted into
three Gaussian curves with peaks at B3590 (n3), 3460 (n2) and
3330 cm1 (n1) (Fig. S1, ESI†). These bands correspond to
isolated, distorted structured and hydrogen-bonded water molecules, respectively.55 With increasing temperature from 293 to
323 K, the peak positions at B3590 and 3330 cm1 change
marginally, whereas that at 3460 cm1 undergoes a considerable
blue shift (Fig. S1, ESI†).55–57 We deconvolute the spectra of
water at diﬀerent temperatures.55 The relative contributions of
each band at 293 and 323 K are depicted as blue and red colored
hollow symbols, respectively, in Fig. 1b. The population of
‘isolated water molecules’ (n3) is expected to be low (o10%)
and does not change appreciably with temperature. When we
increase the temperature from 293 to 323 K, the intensity of the
n2 band increases gradually (from 30% to 34%), whereas that of
the n1 band decreases from 65% to 62%. This change could be
attributed to a decrease in the number of strongly hydrogen
bonded water molecules as with thermal energy a fraction of the
hydrogen bonded water network gets disrupted.

Fig. 1 (a) MIR-FTIR spectra of DDAB–Cy–water reverse micellar systems with w0 =
2 and w0 = 10 at 293 and 323 K (black solid lines). Each spectrum is deconvoluted
into three curves (green broken lines), the red curves represent overall fitting. (b)
The relative area under each deconvoluted curve is shown as a function of w0 and
temperature (blue: 20 1C, green: 30 1C, yellow: 40 1C, red: 50 1C). The arrows
indicate increasing temperature. n1 and n2 represents the curves with peak
frequency at B3300 and 3460 cm1, respectively. n3 stands for the B3400 cm1
curve for w0 = 2 system and B3590 cm1 curve for the remaining systems. The
corresponding values for pure water at 293 (blue) and 323 K (red) are shown in
hollow symbols for comparison. (c) Plot of ln(n1/n2) against 1/T for w0 = 2 (circle),
5 (up triangle), 7.5 (square), 10 (down triangle) and 12.5 (diamond). The solid
lines are linear fits.

For the deconvolution, we have fixed the three peak positions to those of bulk water. Better fitting results could be
obtained when the peak positions were varied; however, when
fixing the peak positions, we obtain information on the relative
change in population of each sub-bands compared to those of
pure water. In the case of the w0 = 2 system no peak can be
found in the B3595 cm1 region, instead a weak peak at
B3400 cm1 can be observed (Fig. 1a). For the other samples,
the curves can be fitted using the peak positions of bulk water
and a representative illustration of the w0 = 10 system is shown
in Fig. 1a. The relative integrated area of each band relative to
the total area is plotted as a function of w0 for four diﬀerent
temperatures (Fig. 1b). This relative contribution is essentially
proportional to the relative abundance of that particular
‘species’ of water molecules. It has been observed that the

water molecules contributing to n3 have a very low population
(r10%), while that for n1 are the most abundant. Such a
population diﬀerence is also evident in bulk water, however,
their relative population is diﬀerent. At small w0 values (w0 r 5),
the intensity of the n1 band is decreased compared to that in
bulk water, whereas, it is found to be increased for the n2 band.
n1 increases while n2 decreases with hydration and at w0 Z 7.5,
the population distribution resembles that of bulk water. The
diﬀerence in the abundance of diﬀerent water species in RM as
compared to bulk water indicates the inhomogeneity in the
bonding of water molecules with the RM interface.10–14,58 At
low hydration, water molecules in contact with the surface are
dominating. This can be correlated with the observed higher
abundance of the distorted H-bond network. We observe a
higher population of n2 species with increasing hydration when
stronger hydrogen bonds between water molecules start building and the n1 population reaches that of pure water. As
observed from the figure, the relative abundance of three types
of water molecules in the systems remains practically unaltered
at and beyond w0 = 7.5. It could be argued that further addition
of water does not modify the interface–water interaction significantly and the structural evolution of water as evidenced in the
lower hydration limit levels oﬀ. Such invariance has also been
observed in the time resolved fluorescence studies (see later).
With increasing temperature, the intensity of the n2 band
increases gradually at the expense of the n1 band for all the w0
systems, while that of n3 remains almost constant with temperature. It can thus be concluded that the eﬀective decrease in
the population of water molecules contributing to n1 is compensated by the increase in those contributing to n2. Such a
temperature induced variation in the relative population corresponds to an activation barrier crossing model.
FIR-FTIR
In order to investigate the collective dynamics of water molecules encapsulated in the RM systems, we have carried out
far-infrared (FIR) FTIR measurements of all the systems at
diﬀerent temperatures. Some representative results are shown
in Fig. 2. In pure water, two characteristic peaks can be found in
this frequency range, one in the B200 cm1 region and the
other in the B600 cm1 region (Fig. S2, ESI†); the former peak
is assigned to the intermolecular collective vibration mode of
water molecules while the latter results from the librational
motion of water molecules in a hydrogen bonded connected
network.59–61 With increasing temperature the peaks undergo a
progressive red shift which is attributed to the weakening of
hydrogen bonding.59 It is interesting to note that in all the
studied RM systems, both the bands are distinctly apparent
confirming the presence of an intermolecular connective water
network even at low w0 values. This agrees well with the
anticipated cylindrical structure of the droplets at low hydration. However, both bands are significantly red shifted
compared to that of bulk water, especially at low w0. The
red shift originates from the perturbation of the hydrogen
bonded network in the RM water-pool caused by the inhomogeneous hydrogen bonding of water molecules with the interface.

Fig. 2 FIR-FTIR spectra of DDAB–Cy–water reverse micellar systems at diﬀerent w0
values at temperatures of 293, 303, 313 and 323 K. The arrows show the trend
for increasing temperature.

As a consequence the hydrogen bonds in the ‘bound’ water
region get weakened due to significant interfacial interaction
and a high degree of orientation relative to the surface head
group.62,63 In pure water the relative intensity of the B200 cm1
peak is 2.3 times smaller than that of the librational peak,
whereas for the RM systems, this ratio is 3.4 for w0 = 2 and 3.1
for w0 = 10 at 293 K, indicating a considerable modification of
the collective hydrogen bonded network in the RM interior.
Both the peak positions show only a marginal shift with
hydration as compared to the conventional AOT RM systems
in which a considerable shift of the librational band was found
with increasing hydration.63 The librational peak undergoes
a small red shift with temperature, whereas that of the intermolecular stretching remains unaltered.
Fluorescence spectroscopy
Steady-state and time resolved fluorescence measurements have
been carried out using Coumarin 500 (C-500), which has extensively been used as a fluorophore to study the relaxation dynamics
of water in confined systems.31,64–67 The absorption spectrum of
C-500 in Cy has a peak at B360 nm along with a shoulder at
B380 nm. C-500 is sparingly soluble in water and produces a peak
at B390 nm. However, in the RM systems this peak is red shifted
as a result of the contribution of the fraction of the C-500
population residing in the interfacial region. When we subtract
the absorbance of C-500 in water from that of the RM we find a
prominent peak at 420 nm (Fig. 3, inset). Therefore, in the present
investigation we excite the probe at 409 nm, which selectively
excites the probe molecules residing at the DDAB interface. In all
the studied RM systems, C-500 (excited at 409 nm) exhibits a single
emission peak which undergoes a B10 nm red shift when w0 is
increased from 2 to 12.5 (Table 1, Fig. 3). It can be observed that at
and beyond w0 = 7.5, there occurs only a marginal change in the
peak maximum, a phenomenon in accordance with MIR-FTIR
studies. A marginal red shift (2–3 nm) is observed when the
temperature is increased. The DDAB RM systems yield 5–6 nm
blue shifted emission maximum of C-500 compared to AOT RM,31

Fig. 3 Steady state fluorescence spectra of C-500 in DDAB–Cy–water reverse
micellar systems at diﬀerent w0 and temperatures. The diﬀerence absorption
spectrum of C-500 is shown in the inset.

Table 1 Fitting parameters of bi-exponential fitting of solvent correlation
function C(t) for C-500 in DDAB–Cy–water RM systems at diﬀerent w0 and
temperatures. lmax represents the emission maximum of C-500 in each system

T (K)

lmax (nm)

w0 = 2
293
480
303
483
313
485
323
482
w0 = 5
293
—
303
487
313
488
323
489
w0 = 7.5
293
488
303
489
313
489
323
491
w0 = 10
293
489
303
491
313
492
323
492
w0 = 12.5
293
490
303
491
313
492
323
492
Watera
283
B505
293
—
307
—
328
B505
a

a1

a2

t1 (ns)

t2 (ns)

hti (ns)

0.38
0.33
0.25
0.50

0.62
0.67
0.75
0.50

0.27
0.21
0.97
0.20

1.45
0.88
0.23
0.75

1.00
0.66
0.41
0.48

—
0.41
0.49
0.66

—
0.59
0.51
0.34

—
0.20
0.20
0.20

—
0.59
0.52
0.56

—
0.43
0.36
0.32

0.23
0.43
0.56
0.67

0.77
0.57
0.44
0.33

0.16
0.20
0.21
0.18

0.51
0.50
0.47
0.53

0.43
0.37
0.32
0.29

0.19
0.51
0.60
0.79

0.81
0.49
0.40
0.21

0.17
0.22
0.18
0.18

0.44
0.43
0.45
0.51

0.38
0.32
0.28
0.25

0.18
0.51
0.65
0.86

0.82
0.49
0.35
0.14

0.15
0.19
0.19
0.18

0.42
0.46
0.43
0.55

0.38
0.32
0.27
0.23

—
—
—
—

—
—
—
—

0.00031
0.00033
0.00038
0.0003

0.001
0.00071
0.00055
—

—
—
—
—

From ref. 70.

which indicates a less polar environment in the former system as
experienced by the fluorophore.
In order to understand the dynamics of the encapsulated
water in these RM systems, we carry out time-resolved fluorescence (TRF) studies. Fig. S3 (ESI†) shows a representative decay

transient of C-500 in the w0 = 10 system at 293 K. The decay
transients are wavelength dependent. For example, with w0 = 10
at 293 K, the transient at 440 nm can be fitted to three decay
components of 165 (50%), 705 (36%) and 3320 (14%) ps,
whereas the transient at 580 nm shows a distinct rise component of 370 ps, along with two decay components of 1600 and
3600 ps. Such a wavelength dependency of decay transients
clearly indicates solvation of the probe by water molecules.
We constructed the time resolved emission spectra (TRES)
(a representative TRES for the w0 = 10 system at 293 K is shown
in Fig. S3, ESI†) and have deduced the solvent correlation
functions, C(t), for all these systems. At a first step, we check
that the observed time resolved spectral shift is not associated
with any internal photophysics of the probe itself. In order to
do so we constructed the time-resolved area normalized emission spectra (TRANES)68 for all these systems. A representative
illustration for w0 = 10 at 293 K is shown in Fig. S3 (ESI†). No
apparent iso-emissive point is recognized in the TRANES
profile, which confirms that the probe contains only a single
‘species’. Therefore, the observed time dependent spectral shift
can be attributed solely to the inhomogeneity of the microenvironment experienced by the probe.
The C(t) curves can be fitted using the following bi-exponential decay function,
CðtÞ ¼ a1 e

t
t
1

t
t
2

þ a2 e

ð3Þ

where t1 and t2 represent two characteristic time scales assigned
to two diﬀerent relaxation processes of water molecules. Some
representative fitted curves at 303 K are shown in Fig. 4a. The
results of all the fits at diﬀerent w0 and temperatures are shown
in Table 1. The relaxation time constants are in the order of a few
hundreds ps, which in turn is an order of magnitude slower than
those of bulk water.69 Earlier studies have revealed the ultrafast
relaxation time constants of C-500 in bulk water to be 0.3 ps and
0.7 ps at 293 K.70 In order to compare the slow dynamics in RM
with the fast dynamics of bulk water, we also show the time
constants of bulk water (as obtained from ref. 70) in Table 1.
Among the observed two slow relaxation timescales in RM
systems, t1 mainly emanates from the hindered rotation of the
water molecules at the RM surface, whereas t2 has its major
share from the corresponding translational motion. The
observed Stokes shift is in the order of 950  50 cm1. The time
resolution of our instrument is B80 ps FWHM. Therefore, we
miss a considerable fraction of the ultrafast fluorescence signal
at faster time scales. The loss can be estimated by calculating the
zero frequency of the fluorescence maximum, npem(0), using the
formula developed by Fee and Maroncelli,71
np
npem (0) = npabs  [nnp
abs  nem]

(4)

np
where npabs, nnp
abs and nem are the absorption peak of the
fluorophore in a polar solvent, absorption peak in a nonpolar
solvent and emission peak in a nonpolar solvent, respectively.
Considering Cy to be the nonpolar solvent, in which
C-500 produces an absorption peak at 360 nm and an emission
peak at 410 nm, and water to be the polar solvent, we estimate

Fig. 4 (a) Solvent correlation function C(t) curves for C-500 in DDAB–Cy–water
reverse micellar systems at diﬀerent w0 values at 303 K. The solid lines represent
biexponential fit of the curves. The obtained average solvation time constants hti
at diﬀerent w0 values at four diﬀerent temperatures are shown in the inset. (b)
The Arrhenius plots of ln(1/hti) against 1/T for all the systems are shown in the
inset. The solid lines are linear fitting. The obtained activation energies are
plotted against w0 in the main figure.

B53% and 58% loss for w0 = 2 and 10, respectively, at 293 K.
The ultrafast fluorescence signal that we missed originates
from the fast relaxation of bulk-like water molecules present
in the system and thus does not significantly aﬀect the conclusion
drawn from the obtained slow relaxation data.
As can be observed from the inset of Fig. 4b, the average
 P

solvation time constant o t 4 ¼ i ai ti decreases first steadily with increasing w0 and then marginally beyond w0 = 7.5. It
has to be considered here that the DDAB–Cy RM size decreases
with increasing w0 and temperature. It has been observed for
the conventional RM systems that the increase in droplet size
(increase in w0) results in an accelerated relaxation dynamics.
In this regard the observation in the present measurement is
contradicting to the previous observation as transition in the
droplet dimension hardly aﬀects the water dynamics.
The slower relaxation time constant (t2) is related to the
diﬀusional motion of the probe through the DDAB–water interface and this allows us to estimate the diﬀusion coeﬃcient (Dw)

of the aqueous environment at the interface. The magnitude of
Dw can be correlated to the rms distance hz2i1/2 travelled by the
probe in time t using:
hz2i = 2Dwt

(5)

in which t can be approximated as t2. For DBAB–Cy–water
ternary systems the measured self diﬀusion coeﬃcient of water
is in the order of Dw = 1010 m2 s1 which then decreases to
Dw = 1–3  1011 m2 s1 at higher hydration.47,51 Using eqn (5)
we obtain the following values of hz2i1/2 (which could roughly be
approximated as the thickness of the bound water layer at the
DDAB interface): 4  0.5 Å at low hydration and 1.7  0.4 Å for
w0 = 12.5. It needs to be considered here that the use of the
mentioned Dw values as obtained from NMR studies gives only
an approximation. However, we can safely conclude that the
‘bound or retarded water’ layer concentration at the DDAB
interface decreases with increasing water concentration. This
explains the accelerated solvation dynamics with increasing w0
in spite of the decreasing size.
In order to understand the geometrical restrictions imposed
on the fluorophore by the local environment, we measure the
time resolved fluorescence anisotropy for all the RM systems at
diﬀerent temperatures. Two representative decay transients at
two terminal temperatures are shown in Fig. 5a. All the decay
transients are fitted using the following equation:


t
t


rðtÞ ¼ r0 be tslow þ ð1  bÞe tfast

ð6Þ

The fitting parameters are listed in Table 2. The average time
constant htri = btslow + (1  b)tfast has been plotted as a function
of w0 and temperature in Fig. 5b. The deduced decay constants
are in the order of a few hundreds of ps up to a few ns,
respectively. For comparison, the probe exhibits a single
rotational time constant of B60 ps in bulk water at room
temperature.70 In the present study the faster component tfast
is of the order of 160–240 ps and is therefore correlated with the
rotation of the probe in a bulk-like environment of the water
pool. The observed 2–4 times retarded value of tfast compared
to that of pure water is explained by the existence of secondary
hydrogen bonding in these water molecules with the interface.
The slower component (tslow) is assigned to the rotation of
the ‘bound water’ molecules. tfast and tslow decrease with
increasing temperature (Table 2), which is explained by the
increased rotational mobility of the probe with increasing
temperature.
In order to obtain a deeper insight into this we analyze the
anisotropy data using the wobbling-in-cone analysis.72,73
According to this model, the rotational anisotropy decay function is expressed as eqn (6), with b = S2, where S is the
generalized order parameter that describes the degree of
restriction on the wobbling-in-cone orientational motion.72,73
Its magnitude is taken as a measure of the spatial restriction of
the probe with values ranging from zero (for unrestricted
rotation of the probe) to one (for completely restricted motion).

Fig. 5 (a) Representative rotational anisotropy transients for C-500 in DDAB–Cy–
water reverse micellar systems with w0 values of 2 and 10 at 293 and 323 K. The
solid lines are biexponential fits. (b) Average rotational time constant htri for
diﬀerent RM systems with w0 = 2 (circle), 5 (up triangle), 7.5 (square), 10 (down
triangle) and 12.5 (diamond) at four diﬀerent temperatures. (c) Diﬀusion
coeﬃcient (Dwob) as measured from wobbling-in-cone analysis for diﬀerent
systems at diﬀerent temperatures. (d) Plot of ln(Dwob) against 1/T. The solid lines
are linear fits. The corresponding activation energies are shown in (e).

The semi-cone angle yW is related to the ordered parameter as
1
S ¼ cosyw ð1 þ cosyw Þ
2

ð7Þ

The diﬀusion coeﬃcient for the wobbling motion Dwob can be
obtained as
"
 

1
x2 ð1 þ xÞ2
1þx
1x
Dwob ¼
þ
ln
ð1  S 2 Þtw 2ðx  1Þ
2
2
ð8Þ

1x
2
3
4
þ
ð6 þ 8x  x  12x  7x Þ
24
where x = cosyw and tw is calculated as
1
1
1
¼

tw tfast tslow

ð9Þ

The calculated Dwob values for all the systems are summarized in Table 2. Dwob obtained in the present study are of the

Table 2 Wobbling-in-cone analysis of anisotropy decay transients for C-500 in
DDAB–Cy–water RM systems at diﬀerent w0 and temperatures

T (K)
w0 =
293
303
313
323
w0 =
293
303
313
323
w0 =
293
303
313
323
w0 =
293
303
313
323
w0 =
293
303
313
323

tfast (ns)

tslow (ns)

b

htri (ns)

Dw  108
(s1)

0.24
0.24
0.23
0.26

1.96
1.69
1.45
1.71

0.64
0.57
0.52
0.33

1.34
1.07
0.86
0.74

2.78
3.30
3.84
5.07

—
0.21
0.20
0.19

—
1.5
1.22
1.02

—
0.56
0.52
0.48

—
0.93
0.73
0.59

—
3.87
4.43
4.92

0.22
0.21
0.20
0.18

1.66
1.38
1.02
0.87

0.58
0.55
0.50
0.47

1.06
0.85
0.61
0.50

3.56
3.94
4.45
5.18

0.21
0.20
0.19
0.16

1.47
1.04
0.92
0.72

0.57
0.52
0.49
0.47

0.93
0.64
0.55
0.42

3.77
4.24
4.69
5.71

0.19
0.18
0.17
0.16

1.28
0.95
0.81
0.70

0.56
0.50
0.48
0.44

0.80
0.57
0.48
0.40

4.26
4.95
5.34
6.04

2

5

7.5

10

12.5

same order of magnitude of those obtained in AOT RM
systems31,74 and are found to increase with temperature
(Fig. 5c and Table 2), which is a clear signature of the ease of
the probe motion with temperature. The increase is explained
by the fact that the probe experiences a less viscous environment at elevated temperature and manifests the breakdown of
the hydrogen bond network as has earlier been evidenced in
FTIR and solvation dynamics studies.
As observed from Table 1, hti decreases with increasing
temperature which is a direct consequence of the temperature
induced inter-conversion between ‘bound’ and ‘bulk’ type
water. Such temperature induced transition could be correlated
with an Arrhenius type of transition in the following manner. It
has been established in earlier studies31,32,66,67,75,76 that the
transition of water molecules at the RM and other microheterogeneous assemblies follows an Arrhenius type barrier
crossing model given as:
Esolv
1
¼ Ae RT
k
hti

ð10Þ

where Esolv is the barrier energy associated with the transition
of diﬀerent types of water molecules. Plotting ln(1/hti) against
1/T (inset of Fig. 4b) and using a linear fit, we obtained Eact
values of 2.8  0.5, 2.4  0.1, 2.6  0.1 and 3.0  0.1 kcal mol1
for w0 = 5, 7.5, 10 and 12.5 respectively (Fig. 4b). For the w0 = 2
system, a linear fit up to 313 K yields an activation energy of 8 
1 kcal mol1. It is interesting to note that the Eact values
obtained for w0 Z 5 systems are comparable or smaller than
those obtained for AOT RM systems using the same probe31
and do not change much with hydration. The Eact values as
obtained in the present study essentially describe the energy cost

associated with the change in coupled rotational–translational
solvent (water) relaxation dynamics upon the transition from
surface bound to unbound state.77,78 Hence, the value of Eact
mostly depends on the probe location as well as on the interaction of the probe molecule with the interface. The observed
Eact values are considerably smaller than those in bulk water
(B8–9 kcal mol1).79 However, they are in good agreement with
that for interfacially bound water (IBW) to interfacially free water
(IFW) transition energy which is of the order of 2.4–4 kcal mol1.77
It is also interesting to note that the values of Eact are not
aﬀected much with a change in hydration and hence in surface
morphology, suggesting its marginal role in the local environment of the probe for the present system.
The exchange of water molecules at the interface essentially
involves the diﬀusion of water molecules. Dwob values as
calculated from the wobbling-in-cone analysis allow us to
estimate the activation energy of this diﬀusion process. In
order to estimate this, we plot ln(Dwob) against 1/T, and we
obtain good linear fits for all the systems (Fig. 5d). The
activation energy of diﬀusion (ED) is 3.6  0.4, 2.3  0.1,
2.3  0.2, 2.5  0.5 and 2.1  0.2 kcal mol1 for w0 values of
2, 5, 7.5, 10 and 12.5 respectively (Fig. 5e). These values are
in excellent agreement with those obtained for the solvent
relaxation process. This agreement strongly suggests that the
temperature induced acceleration of solvent relaxation is
strongly correlated with the diﬀusion of water molecules.
Further information on the process could be made on the
basis of the change in the relative population of water molecules as observed in the temperature dependent MIR spectrum
analysis (Fig. 1a and b). We assume an equilibrium between
bound and bulk water:
nbound
# nbulk
w
w

(11)

where nbound
and nbulk
represent the number of water molew
w
cules in the ‘bound’ and ‘bulk’ states, respectively. The ratio
between nbound
and nbulk
can be described by a Boltzmann type
w
w
population distribution:32,67
Ebound
RT ;

nbound
¼ nw e
w

Ebulk

nbulk
¼ nw e RT
w

ð12Þ

We therefore obtain
DEtr
nbound
w
¼ e RT
bulk
nw

ð13Þ

where nw is the total number of water molecules, DEtr is the
energy associated with the ‘bound’ to ‘bulk’ transition and
should correspond to the activation energy of the water transition as envisaged in the solvent relaxation process (Eact). The
number of water molecules in the ‘bound’ and ‘bulk’ states can
be estimated from the relative area (A) under the band at n1 and
n2 respectively:
DEtr
An 1
¼ e RT
An 2

ð14Þ

When we plot ln(An1/An2) against 1/T, we obtain a linear curve
for w0 Z 5 RM systems (Fig. 1c). The fitted DEtr values are

3.5  0.1, 2.9  0.2, 3.0  0.2 and 3.1  0.2 kcal mol1 for w0
values of 5, 7.5, 10 and 12.5, respectively. It must be taken into
consideration that eqn (14) is a rather simplified approach
based on the assumptions that the ratio nnw1 =nnw2 directly
corresponds to the relative area ratio An1/An2. However, the
similarities between Eact and DEtr are striking. This agreement
supports our analysis and the inherent assumption.

Conclusions
The primary objective of the present study has been to investigate the influence of the elastic properties of the RM surface
on the relaxation dynamics of water, more specifically the
coupled rotational–translational relaxation dynamics of the
interfacially bound water molecules at the RM water-pool.
Unlike many conventional surfactants, DDAB is insoluble in
both Cy and water, and thus resides at the RM interface
only.40,53 DDAB–alkane–water systems exhibit a very unusual
phase behavior in which a connected cylindrical structure
prevails at low water concentration and discrete droplet type
formulations evolve with increasing hydration.36,42,46–49,51 Such
a decrease in the overall RM dimension with increasing hydration is quite contrary to that in conventional systems wherein
size generally increases with w0. Since the change in phase is
directly related to the modification of the elastic properties and
curvature of the surfactant monolayer,80 the present system
oﬀers a wide range of surface geometry, both with hydration
and with temperature, keeping the constituent composition
unaltered. FTIR-MIR measurements reveal that the partial
population of water molecules with strongly structured hydrogen bonds (n1) increases, whereas that of the distorted water
molecules (n2) decreases with increasing w0 and reach values
comparable to that of bulk water, a scenario resembling conventional globular RM systems.10–13,81 This similarity supports
our conclusion that interfacial morphology has only a marginal
eﬀect on the hydration structure. FIR-FTIR studies confirm that
the collective hydrogen bonded network dynamics in water
molecules adopts a bulk like behavior with increasing w0 and
temperature. Existence of a slow (sub-ns) relaxation dynamics
as evident from time resolved fluorescence studies is attributed
to a ‘confinement eﬀect’4,5 similar to what has been observed in
conventional RM systems.31 It is interesting to note that in all
these systems the average solvation time constant hti decreases
marginally with increasing w0 (Table 1), in spite of the transition from interconnected cylinder like structures (large radius
of curvature) towards discrete droplet like structure (small
radius of curvature) with an additional constrain in the translational degree of freedom. This points us to the fact that it is the
load of water rather than the surface geometry that determines
the overall water structure and dynamics for a fixed surface
stoichiometry.
The relaxation dynamics also gradually accelerates with
increasing temperature, in spite of the decrease in the droplet
dimension. In a previous study31 we found that in AOT RM,
increasing temperature has accelerated the relaxation process.
It was argued that in AOT RM systems, the droplet size

increases with temperature, which consequently increases the
fraction of bulk water in the pool, resulting in a faster relaxation dynamics. However, in the present system, the droplet
dimension indeed decreases with temperature and thus it can
be concluded that the ‘bound’ to ‘bulk’ transition is the sole
contribution towards the observed accelerated dynamics. In
summary, we find a significant change of the water relaxation
dynamics with changes in droplet size and temperature.
However, these changes are independent of the topological
curvature.
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