
Direct Observation of Coupling between Structural Fluctuation and
Ultrafast Hydration Dynamics of Fluorescent Probes in Anionic
Micelles
Susobhan Choudhury,† Prasanna Kumar Mondal,† V. K. Sharma,‡ S. Mitra,‡ V. Garcia Sakai,§

R. Mukhopadhyay,‡ and Samir Kumar Pal*,†

†Department of Chemical, Biological & Macromolecular Sciences, S. N. Bose National Centre for Basic Sciences, Block JD, Sector III,
Salt Lake, Kolkata 700 098, India
‡Solid State Physics Division, Bhabha Atomic Research Centre, Mumbai 400085, India
§Science and Technology Facilities Council, Rutherford Appleton Laboratory, Didcot, OX11 0QX, U.K.

ABSTRACT: The coupling of structural fluctuation and the dynamics
of associated water molecules of biological macromolecules is vital for
various biological activities. Although a number of molecular dynamics
(MD) studies on proteins/DNA predicted the importance of such
coupling, experimental evidence of variation of hydration dynamics with
controlled structural fluctuation even in model macromolecule is sparse
and raised controversies in the contemporary literature. Here, we have
investigated dynamics of hydration at the surfaces of two similar anionic
micelles sodium dodecyl sulfate (SDS) and sodium dodecylbenzene-
sulfonate (SDBS) as model macromolecules using coumarin 500 (C500)
as spectroscopic probe with femtosecond to picosecond time resolution
up to 20 ns time window. The constituting surfactants SDS and SDBS
are structurally similar except one benzene moiety in the SDBS may offer additional rigidity to the SDBS micelles through π-
stacking and added bulkiness. The structural integrity of the micelles in the aqueous medium is confirmed in dynamic light
scattering (DLS) studies. A variety of studies including polarization gated fluorescence spectroscopy and quasielastic neutron
scattering (QENS) have been used to confirm differential structural fluctuation of SDS and SDBS micelles. We have also
employed femtosecond-resolved Förster resonance energy transfer (FRET) in order to study binding of a cationic organic ligand
ethidium bromide (EtBr) salt at the micellar surfaces. The distance distribution of the donor (C500)−acceptor (EtBr) in the
micellar media reveals the manifestation of the structural flexibility of the micelles. Our studies on dynamical coupling of the
structural flexibility with surface hydration in the nanoscopic micellar media may find the relevance in the “master−slave” type
water dynamics in biologically relevant macromolecules.

■ INTRODUCTION

Exchange of dynamical information between biological macro-
molecules and water molecules in their vicinity (hydration
water) is found to be key for the biological function of water as
the “matrix of life”.1−4 The ubiquitous dynamical role of
hydration water in various biological processes including charge
transfer,5−7 productive enzyme substrate complex formation,8,9

and protein folding10,11 is well documented in the early and
recent literature. Master role of water molecules at surface12

and interior13 of biologically relevant macromolecules in the
control of macromolecular dynamics has also been proposed.
Whereas the influence of hydration water on the dynamics and
function of several biologically relevant macromolecules is
evidenced14 and believed to be slave to those of the solvent, yet
to date, how dynamical coupling between the hydration water
and biologically relevant macromolecules occurs remains
unclear.15−18 This is because of experimental difficulties in
directly accessing hydration water dynamics.15,19 The usefulness
of femtosecond resolved electronic spectroscopy in the

exploration of the dynamics of hydration in various biological
macromolecules is evidenced and reviewed.14,20

In the present work we have used two anionic micelles
sodium dodecyl sulfate (SDS; C12H25SO4Na) and sodium
dodecylbenzenesulfonate (SDBS; C12H25C6H4SO3Na) as
model macromolecule. SDBS monomer has the same alkyl
moiety as SDS with an extra phenyl ring linked to a sulfonate
group. Although SDBS and SDS micelles are very similar from
a structural point of view, their dynamical behavior differs
significantly. Dynamic light scattering (DLS) studies confirm
structural integrity of the micelles in our experimental
condition. Recent molecular dynamics21 studies clearly show
that the dynamics of SDBS micelles are more restricted
compared to SDS micelles. The structure factor indicates that
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the alkyl chains are more flexible in SDS compared with
SDBS.22 The restricted structural flexibility of the SDBS
micelles is believed to be due to the π-stacking of two benzene
moieties of two adjacent surfactants,23 though other possibil-
ities including increase in the molar mass of SDBS cannot be
completely ruled out. Results of our QENS study reveal
restricted internal motion in the case of SDBS micelle
compared to that of the SDS micelle.
We have employed temperature dependent polarization

gated fluorescence anisotropy of a well-known fluorescence
probe coumarin 500 (C500)24 in the micelles revealing
microviscosity of the immediate probe environments and
associated energetics. The strategy of investigating water
dynamics in similar micellar systems using time-resolved
dynamics Stokes shift is well documented in the literature.25

Femtosecond resolved Stokes shifts of a well-known solvation
probe C500 in the micelles have been followed for the
investigation of hydration dynamics at the micellar surface. A
coupling of the structural flexibility of the micelles with their
dynamics of hydration is evident from our studies. We have also
employed femtosecond resolved Förster resonance energy
transfer (FRET) for the investigation of nonspecific binding of
a cationic dye ethidium bromide (EtBr) salt to the micellar
surface. A strong spectral overlap of the emission of C500 with
the absorption spectrum of EtBr reveals the possibility of
energy transfer from C500 (donor) to the acceptor EtBr
through dipole−dipole coupling.26 The distribution of the
donor−acceptor distances in the micelles clearly reveals a
correlation of the structural flexibility of the micelles in their
molecular recognition by a small organic ligand (EtBr). Overall,
our present study is an attempt to explore the coupling of
structural flexibility with the dynamics of hydration of
nanoscopic micellar systems using femtosecond to picosecond
resolved electronic spectroscopy.

■ MATERIALS AND METHODS
Materials. Sodium dodecyl sulfate (SDS; C12H25SO4Na)

and s od i um dod e c y l b e n z e n e s u l f o n a t e ( SDBS ;
C12H25C6H4SO3Na) were products of Sigma (purity
≥99.0%). For QENS studies, micellar solution was prepared
separately in D2O (99.9% atom D purity) for both the
surfactants. Coumarin 500 (C500) and ethidium bromide
(EtBr) are from Exciton and Molecular Probes, respectively.
The water is from Millipore system.
Optical Studies. Steady-state absorption and emission

spectra of the corresponding systems are measured with
Shimadzu UV-2450 spectrophotometer and Jobin Yvon
Fluorolog fluorimeter, respectively. Femtosecond-resolved
fluorescence is measured using a femtosecond upconversion
setup (FOG 100, CDP) with full width at half-maximum
(fwhm) of 185 fs. The samples were excited at 400 nm, and
more details of the system can be found elsewhere.27 Time-
resolved emission spectrum (TRES) and solvent correlation
function, C(t), anisotropy r(t), were constructed following
earlier published work.7,27,28 FRET distance between donor−
acceptor (r) was calculated from the equation r6 = [R0

6(1 −
E)]/E, where E is the energy transfer efficiency between donor
and acceptor and following the procedure published else-
where.29 Distance distribution function P(r) was calculated
using nonlinear least-squares fitting procedure using SCIEN-
TIST software to the following function p(r) = {1/[σ-
(2π)1/2)]}exp{−1/2[(r ̅ − r)/σ]2}, where r ̅ is the mean of the
Gaussian with a standard deviation of σ, and r is the donor−

acceptor distance. Detailed theory and calculations of distance
distribution can be found elsewhere.29−31

Dynamic Light Scattering (DLS). Hydrodynamic diame-
ter (dh) of the micelles was calculated using the equation dh =
(kBT)/(3πηD), in which kB, η, and D are Boltzmann constant,
viscosity, and translational diffusion coefficient, respectively, at
absolute temperature T. Details of DLS setup and experiment
can be found elsewhere.32 Following modified Stokes−
Einstein−Debye equation,32 τr = (ηmVm f C)/(kBT) micro-
viscosity (ηm) can be calculated, where τr is rotational time
constant of the probe in the micelles and kB and Vm are
Boltzmann constant and molecular volume of the probe (198
Å3) at absolute temperature T. C represents solute−solvent
coupling constant, whereas f is the shape factor. Here we have
considered the values of C and f to be unity.

Quasielastic Neutron Scattering (QENS). A 0.3 M
micellar solution was prepared separately in D2O (99.9%
atom D purity) for both surfactants. Experiments were carried
out using the IRIS time-of-flight spectrometer at the ISIS
pulsed neutron facility, U.K. IRIS is an inelastic neutron
scattering instrument that works on inverted geometry with an
array of pyrolytic graphite analyzer crystals situated near
backscattering geometry. PG (002) analyzer provides an elastic
resolution of 17.5 μeV at a final energy of 1.84 meV over wave
vector transfer (Q) range from 0.44 to 1.83 Å−1 with an energy
window from 0.35 to 1.2 meV (in offset configuration). In
order to achieve no more than 10% scattering, the samples were
placed in a cylindrical aluminum can with an internal spacing of
1 mm. QENS measurements were carried out on a micellar
solution in D2O at temperatures of 300 K. Since we are
interested in the dynamics of the micelles, we subtract the
scattering contribution from D2O after measuring the QENS
spectra for pure D2O. Data reduction involving background
subtraction and detector efficiency corrections were performed
by using the ISIS data analysis package, MODES.33

■ RESULTS AND DISCUSSION
Steady-State Optical Studies. Figure 1a shows steady

state absorption and emission spectra of the probe (C500) in
solvents of different degrees of polarity. The emission peak in
cyclohexane at 417 nm moves to 510 nm in water. The
absorption spectra of the probe in the two solvents do not show
much change (data not shown) revealing significantly larger
transition dipole moment upon excitation.34 The emission
maxima of the probe C500 in the SDS and SDBS micelles are
found to be 505 and 508 nm, respectively, indicating the
location of the probe at the micellar interface. Similar spectral
width of the emission profiles of the probe C500 in the micellar
media and bulk water rules out significant heterogeneity in the
location of the probe in the micelles. A slight but reproducible
shift of emission spectrum of the probe C500 in SDBS
compared to that in SDS is indicative of more polar
environment in the vicinity of the probe in SDBS micelle.
Relatively higher steady state fluorescence anisotropy value of
the probe C500 in SDBS micelle (∼0.05) compared to that in
SDS micelle (∼0.03) is evident from Figure 1b, which suggests
a more restricted environment of the probe in the former
medium. The persistency of the steady state anisotropy values
in a range of emission wavelengths (470−530 nm) in the
micelles is also indicative of less heterogeneity in the probe’s
microenvironments in the micelles. Dynamics light scattering
(DLS) experiments on the micelles (Figure 1c) reveals similar
and almost monodispersed distribution of the SDS and SDBS
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micelles with hydrodynamic diameters of 4.1 and 4.8 nm,
respectively, consistent with earlier reported values.35,36

Quasielastic Neutron Scattering (QENS). Neutron
scattering data from a micellar system have dominant
contribution from hydrogen atoms present due to their high
incoherent cross-section compared to other elements. The
measured scattering intensity can therefore be written as37

σ
ω

σ ω= ∂
∂Ω ∂

∝I
k
k

S Q( , )
2

i

f
inc inc

(1)

where Sinc(Q,ω) is the dynamical scattering function describing
single particle motion. Here Q (=ki − kf) is the wave vector
transfer, ki and kf are the incident and scattered neutron wave
vectors, respectively, and ℏω is the energy transfer. To
minimize the scattering contribution from the solvent,
deuterated water was used. In order to obtain the contribution
from the micelles alone, data from the pure solvent were
subtracted from that of the micellar solution. Figure 2 shows
QENS spectra measured for SDS and SDBS micelles
(contribution of D2O subtracted) at Q = 1.0 Å−1. Observed
quasielastic broadening for SDS micelles is found to be

significantly larger in SDS compared to SDBS, suggesting
slower dynamics in SDBS compared to SDS micelle.
Varieties of motions are plausible in a micellar system, such

as global motion (which includes translational and rotation of
the micelles), internal motions of different CH2 units, and fast
torsional motion within the micelle.38 It is these dynamical
processes that are expected to contribute within the time scales
of the neutron scattering technique used (10−9−10−12 s).
Therefore, QENS spectra shown in Figure 2 consist of all these
motions, and to find out the contribution from different
dynamical processes, we need to model the total dynamical
scattering function. Assuming that these dynamical processes
are independent of each other, the scattering law, Smicelles(Q,ω)
can be expressed as a convolution of the global and internal
motions of the micelles.22 It may be noted that “global” motion
of the micelle involves both translational and rotational motion
of the whole micelle. It has been shown that the total scattering
law comprising both translational and rotational motion can be
described by a single Lorentzian function for dispersed
spherical nanometer sized macromolecules.39 Therefore, the
scattering law for global motion can be written as37

ω ω
π ω

= Γ =
Γ

Γ +
S Q L( , ) ( , )

1
G G G

G

G
2 2

(2)

Here ΓG is the half width at half maxima (hwhm) of the
Lorentzian function corresponding to global motion and is
proportional to the global diffusivity, DG, of the micelles. Perez
et al.39 have also showed numerically that the DG, obtained with
single Lorentzian description, is higher compared to the self-
diffusion coefficient, Ds.
Apart from the global motion the data also have contribution

from internal motion of the surfactant monomers. This
scattering law consists of an elastic component and a
quasielastic component. The scattering law for the internal
motion, Sin(Q,ω) can be expressed as22

ω δ ω ω= + − ΓS Q A Q A Q L( , ) ( ) ( ) (1 ( )) ( , )in in in (3)

The quasielastic component is approximated as a single
Lorentzian function, Lin(Γin,ω) with hwhm, Γin. Elastic
incoherent structure factor (EISF),22 defined as the fraction
of the elastic scattering out of total scattering, is useful to
understand the geometry of a dynamical motion and can be
identified as A(Q) in eq 3. As mentioned above, the scattering
law for micelles is the convolution product of the global and
internal motions, which can be written as22

Figure 1. (a) Steady state emission spectra of fluorescence probe C500
in various solvent and in SDS and SDBS micelles. Steady state
anisotropy of the probe in SDS and SDBS micelles are shown in (b)
and (c) respectively. (d) Typical DLS spectra of both micelles showing
their corresponding hydrodynamic diameter.

Figure 2. Typical QENS spectra for 0.3 M SDS and SDBS micellar
solution at Q = 1.0 Å−1. The instrument resolution is shown by dashed
line. All the spectra are normalized to peak intensities.
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ω ω ω= Γ + − ΓS Q A Q L A Q L( , ) [ ( ) ( , ) (1 ( )) ( , )]micelles G G tot tot

(4)

Here, Ltot (Γtot,ω) represents the total contribution from global
and internal motions and Γtot = ΓG + Γin. The program DAVE40

developed at the NIST Center for Neutron Research is used to
analyze the QENS data. The parameters A(Q), ΓG, and Γtot are
obtained by least-squares fit with the measured data after
convoluting the above scattering law (eq 4) with the
instrumental resolution function. It is found that the model
function (eq 4) could fit the observed QENS spectra very well
at all the Q values. Typical fitted spectra for SDS and SDBS
micelles are shown in Figure 3 at some typical Q values. The
variation of the hwhm, ΓG, of the first Lorentzian for SDBS is
shown in Figure 4a along with that of SDS micelles. Larger ΓG
for SDS suggests that the global motion is faster in SDS than
SDBS micelles. It is clear that the global diffusion follows Fick’s
law (ΓG = DGQ

2, DG being the global diffusion coefficient) for
both micellar systems as shown by solid lines in Figure 4a. DG =
(1.9 ± 0.3) × 10−6 is obtained for SDBS, whereas for SDS
micelle, it is found to be (3.4 ± 0.4) × 10−6 cm2/s.22 Self-
diffusion constant for pure translational motion of the micelles,
Ds, can be calculated using Stokes−Einstein relation, Ds = kBT/
(6πηR). Here R is the hydrodynamic radius of micelles, η, the
viscosity of D2O, and T, the temperature of the solution. For
SDS micelles having radius R = 20.5 Å, ηD2O = 0.9 cP 41 at T =
300 K, the value of Ds obtained as 1.2 × 10−6 cm2/s which is
between the value reported by Hayter and Penfold42 and the
present work. Although several studies including MD
simulation studies21 on SDS and SDBS estimated the similar
sizes of SDS and SDBS micelle, global diffusivities obtained
from QENS study are found to be significantly different in SDS
and SDBS micelles.

Figure 3. Typical fitted S(Q,ω) for 0.3 M SDS and SDBS micelles at different Q values, assuming the scattering function given in eq 4.

Figure 4. (a) Variation of half width at half maxima (hwhm), ΓG,
corresponds to global motion, with Q2 for SDBS and SDS micelles. (b)
Variation of the hwhm, Γin, which corresponds to the internal motion
of the monomer for SDS and SDBS micelle with Q2.
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Γin corresponding to internal motion is obtained by
subtracting ΓG (as already known from the first Lorentzian in
eq 4) from Γtot. The values of Γin obtained for SDS and SDBS
are shown in Figure 4b. It is evident from the figure that the
internal motion is faster in SDS than SDBS. More compact or
denser hydrophobic core of the SDBS micelle compared to
SDS micelle leads to the constriction in the internal motion in
SDBS micelle. As stated earlier, the π stacking between the
aromatic rings of the adjacent surfactants is one of the
possibilities for the compactness. In effect, more “viscous”
(dense) medium in SDBS micelle (because of increase in
packing density) provides the basis for constrained dynamics of
mobile protons in SDBS than in SDS.
The obtained A(Q), which represents the EISF for the

internal motion for both of the micelles, is shown in Figure 5. It

is evident that the EISFs for SDBS micelles are higher than that
of SDS micelles, indicating that alkyl chains in SDS are more
dynamic than in SDBS micelles. The main feature of the
internal motions in a structured system is the confinement of

the species within a certain volume of space. The exact shape of
this volume is not well-known but in a first approximation is
assumed as spherical. Volino and Dianoux43 had derived the
scattering law for diffusion of particles within a sphere with an
impermeable surface. It may be noted that all the hydrogen
atoms might not be dynamically active at a given temperature,
considering the same, a factor Px is introduced, representing
fraction of hydrogen atoms which are dynamically inactive at a
given temperature. This methodology is widely used in a
number of systems including vesicles,44 proteins,39 hemoglo-
bin,45 etc. to describe the hydrogen mobility in long chain
systems. The modified EISF can then be written as

= + −
⎡
⎣⎢

⎤
⎦⎥P P

j Qa

Qa
EISF (1 )

3 ( )

( )x x
1

2

(5)

Here, j1(Qa) is the spherical Bessel function of the first order
and a is the radius of the confining volume. Solid lines in Figure
5 shows the least-squares fit of the experimentally obtained
EISF using the above equation. It is found that in the case of
SDS micelles, about 48(±2)% of the hydrogen atoms are
dynamically inactive, while in case of SDBS micelles it is about
62(±2)%. The radius of confinement for both SDS and SDBS
is found to be 2.9(±0.2)Å. This suggests that the spatial
domain of dynamics of the hydrogen atoms is ∼6 Å in both
micellar systems.

Polarization-Gated Fluorescence Anisotropy. In order
to investigate the physical movement of the probe C500
molecule in the micelles during the course of hydration
relaxation around the probe, we have measured the
fluorescence anisotropy of the probe in the micelles as shown
in Figure 6a,b. The fluorescence anisotropy decays depict
rotational relaxation time constants of C500 in SDS and SDBS
micelles of 283 and 342 ps, respectively. The observed time
constants are much slower and are consistent with those
measured from picoseconds resolved time correlated single
photon counting (TCSPC) technique. In order to calculate π-

Figure 5. Variation of EISF for SDS and SDBS micellar solution with
Q. Solid lines are fitted curves assuming eq 5.

Figure 6. Femtosecond fluorescence anisotropy decays of C500 in SDS (a) and SDBS (b) are shown in log−log plot. The room temperature
picoseconds resolved anisotropy of C500 in SDS (c) and SDBS (d) are also shown. Inserts shows parallel and perpendicular polarization gated
decays for the corresponding systems.
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stacking energy in the case of SDBS micelle, we have measured
temperature dependent anisotropy of both the micelles with
TCSPC. Figure 6c,d shows the anisotropy decay of the probe in
SDS and SDBS micelle at 293 K temperature, respectively. The
corresponding parallel and perpendicular polarization gated
decays are shown in the respective insets. Anisotropy at 278
and 343 K of both the SDS and SDBS micelle are shown in the
inset of Figure 7a,b, respectively. As observed from Figure 7a,b

rotational time constant (τrot) becomes faster upon increasing
temperature for both systems. We have estimated micro-
viscosities at different temperature for the corresponding
systems, given the hydrodynamics diameter of the probe is
7.6 Å as reported earlier32 and plotted with 1/T (K−1) as shown
in Figure 7c. The plots are distinct and out of the experimental
uncertainty (5%). Linear fit of both plots provide activation
energy 22.8(±1.1) kJ/mol and 24.1(±1.2) kJ/mol for SDS and
SDBS, respectively, using the equation46 η = η0 exp[Eη/(RT)],
where Eη is the energy barrier for viscous flow. The relatively
higher activation energy in the SDBS micelles compared to that

in SDS micelle is probably the manifestation of less flexibility of
the alkyl chains due to π-stacking (1.3 kJ/mol) in the former
medium.47

Femtosecond-Resolved Dynamics of Hydration. To
correlate the fluctuations with hydration dynamics of the
micelles, we have performed femtosecond solvation dynamics
of both micelles. The femtosecond resolved fluorescence
transients of C500 in SDS and SDBS micelles at three
characteristic wavelengths (440, 480, and 560 nm) across the
emission wavelengths are shown in Figure 8a and Figure 8b,

respectively. An ultrafast decay component in the blue end is
eventually converted into a rise component of similar time
constant in the red end for both the micelles. The observation
is consistent with the solvation of the probe C500 in the
media.24 The constructed time dependent Stokes shifts
(TDSSs) of the C500 emission at different times are shown
in Figure 9a and Figure 9b, with a spectral shift of 1260 and
1080 cm−1 for SDS and SDBS micelles, respectively, in a 1 ns
time window. The hydration correlation functions [C(t)] for

Figure 7. Plot of rotational time constant (τrot) against temperature for
SDS (a) and SDBS (b) micelle. Inserts are showing anisotropy at
initial and final temperature for the respective systems. (c) Arrhenius
plots of microviscosity for SDS and SDBS micelles are shown (with
5% error bar).

Figure 8. Femtosecond resolved fluorescence transients of C500 in
three representative detection wavelengths (440, 480, and 560 nm) for
SDS (a) and SDBS (b) micelles are shown. The circles are
experimental data, and the solid lines are best multiexponential fit
(see text).
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the SDS and SDBS micelles up to 150 ps as shown in Figure 9c
can be fitted with biexponential decay functions. C(t) up to 1 ns
for SDS and SDBS as shown in inset is nonexponential because
of contribution of fluctuation of the micellar headgroup. Up to
150 ps for SDS micelles the decay time constants are 1.48 ps
(59%) and 27 ps (41%), and for SDBS micelles the obtained
time constants are 1.75 ps (48%) and 39 ps (52%). Our result
is consistent with earlier femtosecond resolved study48 on the

dynamics of hydration in TX-100 micelle reported hydration
time constants of 2.9 ps (45%) and 58 ps (55%).49 It has to be
noted that the correlation functions for both micelles show
nonexponential behavior after 150 ps up to a time window of 1
ns. The nonexponential behavior of biologically relevant
macromolecules including DNA has been well documented at
a time window from femtosecond until microsecond.50 Earlier
it has been concluded that the faster response in the C(t) is a
consequence of the movement of counterions away from their
average position through the electric field at the probe. On the
other hand relatively slower components are from various kinds
of motions of the host system itself.50,51 Overall, a variety of
dynamical events are likely to be included in the solvation
response and the relaxation dynamics must be treated as a
collective response of the whole system. The faster dynamics of
hydration in SDS than that in SDBS micelle is clearly evident
from the study. The structural flexibility of the SDS and SDBS
micelles is also evident from polarization gated fluorescence
anisotropy studies (Figure 6), revealing higher rigidity in the
latter case. Thus, our observation of faster hydration dynamics
in structurally flexible SDS micelle may find a correlation
between the dynamics of hydration water and internal motion
of the micelles.

Femtosecond-Resolved Förster Resonance Energy
Transfer (FRET). In Figure 10 we have shown the molecular
complexation of a cationic dye EtBr with the anionic micelles
SDS and SDBS using FRET techniques.52 Figure 10a shows the
overlap (overlap integral value of 3.37 × 1014 M−1 cm−1 nm4)
between the emission spectrum of C500 (donor) and the
absorption spectrum of EtBr (acceptor) in the SDS micelle.
The overlap for the SDBS micelles remains almost unchanged
(overlap integral value of 3.1 × 1014 M−1 cm−1 nm4; data not
shown in the figure). Femtosecond resolved fluorescence
transients of C500 at 500 nm in the micelles before and after
the complexation with the acceptor EtBr is shown in the Figure
10b and Figure 10c. A significant faster component of 409 fs
(32%) in the case of SDS micelles upon complexation with
EtBr is clearly evident. In the case of SDBS micelle the faster
component is found to be 475 fs (10%). The estimated Förster
distance (R0) values of the donor−acceptor pair for the SDS
and SDBS micelles are 34.61 and 34.14 Å, respectively. The
calculated donor−acceptor distances in the two micelles are
found to be 33.64 and 45.0 Å, respectively. The higher donor−
acceptor distance in the case of SDBS compared to that in SDS
micelle may not be due to the distant location of the donor
C500 from the micellar surface, as the fluorescence spectrum of
the donor probe shows similar characteristics revealing
insignificant change in the polarity around the probe. In the
case of deep insertion of the probe from the surface, lower
polarity around the probe is unavoidable. Thus, the observation
can be rationalized in terms of different position of the acceptor
EtBr at the surface of the SDBS micelle compared to that of the
SDS. The intrinsic micellar fluctuation, as evidenced in
microviscosity (described above), is also substantiated in our
FRET studies on the molecular recognition of EtBr by the two
micellar systems. The distribution of donor−acceptor distances
in the micelles is also shown in Figure 10d revealing relatively
less broadening in the case of SDBS (half width of 2.5 Å)
compared to that in SDS (half width of 3.4 Å). The observation
of high width in the donor−acceptor distance distribution in
case of SDS micelle compared to SDBS micelle can be
rationalized in terms of dynamical fluctuation of the host
micelles.31,53 The calculated half width values, revealing

Figure 9. Time dependent emission spectra (TRES) of fluorescent
probe C500 in SDS (a) and SDBS (b) micelles are shown. The dotted
lines are the steady state fluorescence spectra of the corresponding
systems. Δυ̅ is the spectral shift for the micellar system in 1 ns time
window. (c) Hydration correlation functions for the SDS and SDBS
are shown up to 150 ps. The solid lines are the best biexponential fit to
C(t). Inset shows the correlation function in long time range.
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heterogeneity or fluctuation in the observed distances between
the donor and the acceptor, thus correlated with the dynamics
of hydration.

■ CONCLUSION

Here we employed femtosecond resolved electronic spectros-
copy for the exploration of hydration dynamics of a well-known
solvation probe C500 in two structurally similar anionic
micelles SDS and SDBS. Dynamic light scattering (DLS)
reveals the structural integrity of the micelles. We have used
polarization gated fluorescence anisotropy for the estimation of
structural flexibility of the micelles. We have found SDBS is
more compact than SDS. The extracted dynamics of hydration
in the micelles reveal slower water motion at the less flexible
SDBS micelle compared to that in SDS micelle. The
comparison of the dynamics of hydration across two micelles
of different compactness reveals a gradient of coupling between
hydration water and internal micellar motions, which is
stronger in relatively flexible SDS and weaker in compact
SDBS micelles. Slower internal motion in SDBS compared to
SDS micelle is also confirmed from QENS studies. We have
also used femtosecond resolved FRET in order to investigate
the molecular recognition of the micelles by a small cationic
ligand EtBr. Relatively broad distribution of EtBr at the micellar
surfaces with respect to the probe C500 in the case of SDS
micelle compared to that in SDBS micelle is evident. The
observation is correlated with the internal flexibility of the
micelles. Thus, our present study can be considered as an
exploration of a coherent picture of structure, dynamics, and
function of molecular recognition at physiologically relevant
important nanoscopic micellar environments.
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