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We have studied the surfactant concentration dependence and solvent isotope effect on the slow solvation
dynamics and orientational dynamics of solvatochromic coumarin dyes in the aqueous sodium dodecyl sulfate
(SDS) micelle solutions using picosecond fluorescence spectroscopy. The solvation time constants for SDS
micelle H2O solutions are about 130 ps and 2.5 ns. Both the faster and slower solvation time constants do not
depend on the SDS concentration in the range 16.2-810 mM, though the observed solvation component
becomes larger with increasing of SDS concentration. The solvation dynamics in SDS micelle D2O solutions
is about 1.2 times slower than that in SDS micelle H2O solutions. The retardation of the solvation dynamics
in micelle solutions could be due to the slower process of the hydrogen bond dynamics in the hydration layer
around the micelle, as well as simple hydrogen-bonding liquids. The surfactant concentration dependence
and solvent isotope effect on the orientational dynamics of the fluorescence probe is correlated with those on
the solvation dynamics in SDS micelle solutions.

1. Introduction

Hydration water shows the very different properties, such as
viscosity, polarity, pH, freezing point, and mobility, compared
with those of bulk water due to the specific interactions and
microenvironments and the presence of salts and ions.1-3

Because the water molecules in hydration play a key role on
controlling the structure, dynamics, functionality, and activity
in biological systems, the dynamical process of water in complex
systems has been extensively studied.3-8 Especially, the dynam-
ics of water in surfactant self-organized molecular assembly
systems has been paid great attention, because they are simple
models of biological membranes.7

Micelles, the subject of this work, are one of the typical
surfactant self-organized molecular assembly systems.9,10 It is
well-known that some amphiphilic surfactants in water form
micelles due to the hydrophobic interaction. The hydration layer,
so-called the Stern layer, exists in the interface between the
hydrophobic micelle core and bulk water. This layer consists
of the ionic headgroups, counterions, and hydrated water
molecules. The layer should play an important role for the
structural stability and dynamical property of micelles in
water.

One of the effective and useful methods to characterize the
dynamical feature of condensed phases is the time-dependent
fluorescence Stokes shift measurement of a solvatochromic
fluorescence probe.11-13 When a suitable fluorescence molecule,
which shows a linear correlation between the fluorescence
maximum and a solvent polarity, is used as a probe, the time-

dependent spectral correlation functionS(t) is given by

whereνfl(t), νfl(0), andνfl(∞) are the frequencies of fluorescence
maximum at timet, 0, and∞, respectively. Namely,t ) 0 is
the time at which the electronic excitation occurs andt ) ∞
corresponds to the time when the equilibrium of the solvent
reorganization process of the medium molecules around the
excited-state probe molecule has been reached. Because of the
recent availability of the short pulse light source, it has made it
possible to observe the solvation dynamics of pure solvents at
ambient temperature.12-17 The interest in the solvation dynamics
is now extended to complex systems7,8,18-22 including surfactant
assembly systems, such as micelles,23-29 reverse micelles,30-52

vesicles,53-56 Langmuir layers,57-60 and micelle-polymer
complexes.61-63

The extremely slow solvation dynamics in normal micelle
solutions was experimentally found by Bhattacharrya and co-
workers.23,24They measured the solvation dynamics in anionic
sodium dodecyl sulfate (SDS), cationic cetyl trimethylammo-
nium bromide (CTAB), and neutral Triton X-100 (TX-100)
micelle solutions. The solvation dynamics in micelle solutions
is variable by the hydration layer. The component of the slow
solvation dynamics due to the hydration layer in the TX-100
micelle solution is the largest among these three micelle
solutions. This is because the hydration layer in the TX-100
micelle solution is much thicker than that in SDS and CTAB
micelle solutions, because TX-100 has the large hydrophilic part
of the (-CH2CH2O-)n (n ) 9.4). Within the good agreement
with their result, Frauchiger et al. observed the large component
of the slow solvation dynamics in an amphiphilic starlike
macromolecule, which is composed mostly of poly(etlylene
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oxide), solution.64 Very recently, the femtosecond solvation
dynamics in CTAB and TX-100 micelle solutions was reported
by Mandal et al.25 Zewail and co-workers also measured the
ultrafast solvation dynamics in CTAB and TX-100 micelle
solutions as the mimics of the hydration layers of biological
systems.65,66

The retardation of the orientational dynamics of water
molecules in micelle solutions was also observed in the
molecular dynamics simulation results. Recently, Bagchi and
co-workers studied the dynamical feature of water molecules
in cesium pentadecafluorooctanoate micelle solution.27-29 In-
terestingly, they suggested that the retardation of the water
dynamics near the micelle surface could be due to the contribu-
tions of the extended hydrogen bonds in water molecules with
the headgroups of surfactants and of the quasi-bound water
molecules. Berkowitz and co-workers reported the dynamical
feature in SDS micelle solution.67 They found that although the
translational diffusion coefficient of water molecules in the first
solvation shell around the micelle is reduced by less than a half
of that in bulk water, the slow reorientation is slowed by 1 or
2 orders of magnitude.

Although there are some reports regarding the solvation
dynamics in aqueous micelle solutions as mentioned above, the
effects of the physical and chemical conditions, such as
surfactant concentration, temperature, alkyl chain length, etc.,
on the solvation dynamics in micelle solutions are still unknown.
In this work, we have investigated the surfactant concentration
dependence and medium deuterium isotope effect on the
solvation dynamics in SDS micelle solutions to understand the
details of the solvation process in SDS micelle solutions. It is
well-known that nearly spherical micelles in the spherical
assembly concentration region do not show the surfactant
concentration dependence on the diameter and surfactant
aggregation number of a micelle, though the density of micelles
and the mean distance between micelles vary. When the mean
distance between micelles is competitive to the diameter of
micelle, the hydration water molecules of a micelle should
interact with the hydration water molecules of the other micelles.
On the other hand, the hydration water of micelles in a dilute
solution can access to the bulk water molecules for the long
mean distance between micelles. It is interesting to see how
the dynamics of the hydration water of micelles is affected by
the surfactant concentration. We have also studied the solvent
deuterium isotope effect on the solvation dynamics in SDS
micelle solutions, because the deuterium isotopic substitution
study is a useful method to investigate the role of hydrogen
bonds on the static and dynamic features of hydrogen-bonding
molecular systems.1,13,68,69

2. Experimental Section

SDS (Nacalai Tesque,>99%), laser-grade coumarin 102 and
coumarin 153 (C102 and C153, both Exciton) were used without
further purification (Figure 1). H2O with the conductivity of
18.2 MΩ cm was obtained from a MilliQ system. D2O (Isotech,
99.9%D) and Na2SO4 (Wako Pure Chemicals) were used as
received. The concentration of coumarin dyes in micelle
solutions were kept at about 0.02 mM, except for C102 in neat
H2O and D2O (about 0.01 mM). The sample solutions were
mixed by sonication and filtered through a 0.45µm pore PTFE
filter. The steady-state absorption and fluorescence spectra of
the coumarin dyes in SDS micelle solutions were measured with
a JASCO V-570 UV/vis/near-IR spectrometer and a JASCO
FP-777 spectrofluorometer, respectively. The diameters of the
micelles were estimated by dynamic light scattering measure-

ments (Otsuka Electronics, DLS-70). The diameter of the SDS
micelle is about 5.6 nm (5.0( 1 to 6.3( 2 nm) and does not
vary with the SDS concentration and the deuterium substitution
of medium within experimental error.

Details of the picosecond laser apparatus system were
reported elsewhere.70 Briefly, the fundamental light of a
femtosecond titanium:sapphire laser (Spectra Physics, Tsunami)
at about 800 nm with an average power of about 350 mW was
used as the light source. A combined type doubler and pulse
picker (Spectra Physics, Model 3980) was used to reduce the
repetition frequency (from 82 to 4 MHz) and to produce the
second harmonic light at about 400 nm. The sample was excited
by the second harmonic light after passing though a Glan-Laser
polarizer to set at the vertical polarization angle. The fluores-
cence of the sample was passed though a 2 mmslit attached
with a 1 cm cell, a Glan-Laser polarizer set at the magic,
horizontal, or vertical angle to the polarization of the pump
beam, and a polychromator (Jobin Yvon CP-200) and was
detected by a streak camera (Hamamatsu Photonics, C4334).
The full widths at half-maxima of the instrument’s responses
were 20-30 ps for the 2 ns full-scale detection, 35-45 ps for
the 5 ns full-scale detection, and 200-300 ps for the 20 ns full-
scale detection. All the measurements were made at ambient
temperature (295( 2 K).

3. Results

3.1. Steady-State Absorption and Fluorescence Spectra of
Coumarin Dyes in SDS Micelle Solutions.Figure 2 shows
the SDS concentration dependence on the steady-state absorption
and fluorescence spectra of (a) C102 in SDS/H2O solutions.
The critical micelle concentration of SDS in H2O is 8.1 mM,
and even the highest SDS concentration of the samples used in
the present study (810 mM) shows spherical micelles in
solution.71 It is clear from Figure 2a that both the absorption
and fluorescence maxima of C102 shift dramatically at the SDS
concentration of 8.1 mM, which is the critical micelle concen-
tration for SDS in water. The absorption maximum shifts to
the longer wavelength, and the fluorescence maximum shifts
to the shorter wavelength when the SDS concentration is beyond
the critical micelle concentration. Both the absorption and
fluorescence maxima of C102 in SDS micelle solutions with
SDS concentrations ofg16.2 mM show only a tiny shift.
Although C153 is not very soluble in pure water, C153 is highly
soluble in SDS micelle solutions. The SDS concentration
dependence of the steady-state absorption and fluorescence
spectra of C153 in SDS micelle solutions ([SDS]) 8.1, 16.2,
81.0, 405, and 810 mM) shows features similar to those of C102.
The steady-state absorptionνabs and fluorescenceνfl maxima
and Stoke shift∆ν ()νabs - νfl ) of C102 and C153 in SDS
micelle solutions are listed in Table 1. We have also estimated
the excitation light wavelength dependence on the steady-state

Figure 1. Chemical structures of sodium dodecyl sulfate (SDS),
coumarin 102 (C102), and coumarin 153 (C153).
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fluorescence spectra of C102 (370, 400, and 420 nm) and C153
(400, 435, and 470 nm) in aqueous SDS micelle solutions with
[SDS] ) 16.2 and 405 mM. They do not depend on the
excitation light wavelength within experimental error. The
steady-state absorption and fluorescence spectra of C102 in
cyclohexane, methanol, and glycerol are also shown in Figure
2b as the references.

The saturated concentrations of C102 in aqueous Na2SO4

solutions with several Na2SO4 concentrations have been mea-
sured. Because Na2SO4 is a simple model compound of the
headgroup of SDS, it can estimate the effect of the ionic

environment. Figure 3 shows the steady-state absorption spectra
of the saturated C102 in aqueous Na2SO4 solutions with [Na2-
SO4] ) 0 (pure water), 0.01, 0.10, and 1.0 M. The solubility of
C102 in aqueous Na2SO4 solution is decreasing with the higher
Na2SO4 concentration, as shown in Figure 3. The ion concentra-
tion of the Stern layer in SDS micelle solutions is nearly similar
to that of the aqueous Na2SO4 solution with the highest
concentration.

Figure 4 shows the steady-state absorption and fluorescence
spectra of C102 (a) in SDS/H2O (solid lines) and SDS/D2O
(broken lines) with [SDS]) 405 mM and (b) in pure H2O (solid
lines) and D2O (dotted lines). As shown in Figure 4 (a), the
steady-state absorption and fluorescence spectra of C102 in SDS/
D2O are almost identical with those in SDS/H2O within
experimental error. Another concentration sample ([SDS]) 16.2
mM) also shows no deuterium isotope effects on the steady-
state absorption and fluorescence spectra of C102 in SDS
micelle solutions. The steady-state absorption and fluorescence
spectra of C102 in pure D2O are also almost identical with those
in pure H2O (Figure 4b). The steady-state absorption and
fluorescence spectra C153 in SDS micelle solutions also show

Figure 2. Steady-state absorption and fluorescence spectra of C102
in (a) aqueous SDS solutions with [SDS]) 0, 4.05, 8.10, 40.5, 405,
and 810 mM (from bottom to top) and (b) pure solvents: cyclohexane
(dots), methanol (solid lines), and glycerol (broken lines).

TABLE 1: Steady-State Absorption νabs and Fluorescenceνfl
Maxima and Stokes Shifts∆ν of C102 and C153 in SDS/
H2O and SDS/D2O

dye
[SDS]
(mM) medium

10-3νabs/cm-1

(λabs/nm)
10-3νfl /cm-1

(λfl /nm)
10-3∆ν/

cm-1

C102 0.00 H2O 25.48 (392.5) 20.48 (488.2) 5.00
1.62 H2O 25.45 (392.9) 20.50 (487.7) 4.95
4.05 H2O 25.42 (393.4) 20.52 (487.4) 4.90
8.10 H2O 25.20 (396.8) 20.84 (479.8) 4.38

16.2 H2O 25.19 (397.1) 20.96 (477.1) 4.23
40.5 H2O 25.20 (396.9) 20.96 (477.0) 4.24
81.0 H2O 25.21 (396.7) 20.96 (477.0) 4.25

405 H2O 25.24 (396.2) 20.97 (476.8) 4.27
810 H2O 25.26 (395.9) 20.98 (476.6) 4.28

C153 16.2 H2O 22.96 (435.6) 18.72 (534.3) 4.24
40.5 H2O 22.96 (435.5) 18.72 (534.3) 4.24
81.0 H2O 22.96 (435.5) 18.72 (534.2) 4.24

405 H2O 23.01 (434.6) 18.73 (533.9) 4.28
810 H2O 23.05 (433.8) 18.74 (533.6) 4.31

C102 0.00 D2O 25.48 (392.4) 20.48 (488.2) 5.00
16.2 D2O 25.19 (397.1) 20.96 (477.1) 4.23

405 D2O 25.25 (396.1) 20.97 (476.8) 4.28
C153 16.2 D2O 22.97 (435.4) 18.71 (534.4) 4.26

405 D2O 23.02 (434.4) 18.73 (534.0) 4.29

Figure 3. Concentration dependence on the steady-state absorption
spectra of saturated C102 in aqueous Na2SO4 solutions. Solid line,
dotted line, broken line, and dotted and broken line indicate [Na2SO4]
) 0.0 (pure water), 0.01, 0.1, and 1.0 M, respectively.

Figure 4. Steady-state absorption and fluorescence spectra of C102
in (a) SDS micelle solutions with the SDS concentration of 405 mM
(solid lines for H2O medium and broken lines for D2O medium) and
(b) pure H2O (solid lines) and D2O (broken lines).
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no deuterium isotope effects. The steady-state absorption and
fluorescence maxima and Stokes shifts of C102 and C153 in
SDS/D2O are listed in Table 1.

3.2. Fluorescence Depolarization Decays of Coumarins in
SDS Micelle Solutions. The orientational dynamics of a
fluorescence probe can be estimated by the fluorescence
anisotropy decay measurements.72

whereIII(t) andI⊥(t) are the tail-matched fluorescence transients
polarized parallel and perpendicular to the polarization of the
excitation light. To get the tail-matched fluorescence transients,
the measured perpendicular fluorescence transients were mul-
tiplied by the calibration factor for the detector sensitivities to
the polarized lights (1.13). Figure 5 shows ther(t) of C102 in
SDS micelle solutions with [SDS]) 16.2 and 405 mM. As
shown in the figure, the fluorescence anisotropy decays of C102
in the SDS micelle solutions with [SDS]) 16.2 and 405 mM
are almost overlapped. The biexponential fit curves (ar1 exp-
(-t/τr1) + ar2 exp(-t/τr2)) are also shown in Figure 5. The
reorientation time constants of C102 in SDS micelle solutions
are about 70 and 500 ps (Table 2). The time constants of the
fluorescence anisotropy decay for C153 in SDS micelle solutions
are about 70 and 550 ps, and the orientational dynamics of C153
is also insensitive to the SDS concentration.

Figure 6 shows ther(t) for C102 in SDS/H2O and SDS/D2O
with [SDS] ) 405 mM. The reorientation of C102 in SDS/
D2O is slower than that in SDS/H2O. Another fluorescence probe
molecule C153 and the different SDS concentration sample
([SDS]) 16.2 mM) also show similar deuterium isotope effects
on the orientational dynamics of the fluorescence probes. The
average reorientation time〈τr〉, which is defined as (ar1τr1 +

ar2τr2)/(ar1 + ar2), of the coumarins in SDS/D2O is about 1.2
times larger than that in SDS/H2O (Table 2). Ther(t) for C102
in pure H2O and D2O can be expressed by a single-exponential
fit. The reorientation time constants for C102 in pure H2O and
D2O are 59 and 72 ps, respectively.

3.3. Dynamic Fluorescence Stokes Shifts of Coumarins in
SDS Micelle Solutions.Figure 7a shows the time-resolved
fluorescence spectra of C102 in SDS micelle solution with
[SDS] ) 405 mM at times of 0.03, 0.12, 0.30, 1.0, and 3.0 ns.
The fluorescence maximum shifts to the longer wavelength with
the time evolution. The time-dependent Stokes shift of the
fluorescence spectrum of C102 in pure H2O is not observed as
shown in Figure 7b, because the solvation dynamics in pure
H2O occurs much faster than the instrument’s temporal response
of the spectroscope used in this study.15 The fluorescence
maximum of the time-resolved fluorescence spectrum at each
time is estimated from the fit by a log-normal line shape
function.73

Figure 5. Fluorescence anisotropy decaysr(t) of C102 in SDS micelle
solutions with the SDS concentrations of 16.2 mM (filled circles) and
405 mM (open circles). Biexponential fit curves are also shown.

TABLE 2: Reorientation Parameters for C102 and C153 in
H2O, D2O, SDS/H2O, and SDS/D2O

dye
[SDS]
(mM) medium ar1

a
τr1

(ps)a ar2
a

τr2

(ps)a
〈τr〉
(ps) 〈τr〉D/〈τr〉H

C102 0.00 H2O 0.38 59 59
D2O 0.39 72 72 1.22

16.2 H2O 0.22 67 0.16 492 246
D2O 0.19 75 0.19 548 312 1.27

405 H2O 0.22 66 0.17 496 253
D2O 0.19 72 0.19 558 315 1.25

C153 16.2 H2O 0.21 69 0.19 553 299
D2O 0.20 74 0.19 651 355 1.19

405 H2O 0.23 70 0.17 550 274
D2O 0.20 71 0.18 565 305 1.11

a Experimental error is(10%, except for pure H2O and D2O ((5%).

Figure 6. Comparison between the fluorescence anisotropy decays
r(t) of C102 in SDS H2O and D2O solutions with the SDS concentration
of 405 mM (solid lines for H2O medium and broken lines for D2O
medium). Biexponential fit curves are also shown.

Figure 7. Time-resolved fluorescence spectra of C102 in (a) 405 mM
SDS micelle solution att ) 0.03, 0.12, 0.30, 1.0, and 3.0 ns and (b)
water att ) 0.03, 0.30, 1.0, and 3.0 ns.

If(ν) ) If0 exp[- ln(2)(ln[1 + 2b(ν - νp)/∆]

b )] (3)

r(t) )
I|(t) - I⊥(t)

I|(t) + 2I⊥(t)
(2)
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where If0, νp, b, and ∆ are the peak height, peak frequency,
asymmetric parameter, and width parameter, respectively. When
2b(ν - νp)/∆ is less than-1, If(ν) is taken as 0. The log-normal
function fit curves are also shown in Figure 7.

Figure 8 shows the temporal shift of the time-resolved
fluorescence maximum with the offset of the fluorescence
maximum at the infinite time,νfl (t) - νfl (∞), for (a) C102 and
(b) C153 in SDS micelle solutions with [SDS]) 16.2, 81.0,
and 810 mM. Although all the data are in the 0-10 ns time
range, we show the 1-1.5 ns time window for an easy view to
understand the differences. The biexponentail fit (as1 exp(-t/
τs1) + as2 exp(-t/τs2); as1 + as2 ) 1) is made at the 1-10 ns
time range, and data sets are also shown in Figure 8. The fit
parameters are listed in Table 3. Because the instrument’s
response of the spectrometer used in this study is about 30 ps,
the components of the observed solvation process in the whole
solvation process are estimated by Fee and Maroncelli’s
method.74 The magnitude of the observed solvation components

in this study are listed in Table 3. The missing solvation
component should contain the faster solvation dynamics due to
the contributions of the dynamics of free water molecules and
the other faster dynamics of water in the interface between the
Stern layer and bulk region. The notable points of the results
of the solvation dynamics in SDS micelle solutions are (i) the
time constants of the solvation dynamics are independent of
the SDS concentration and (ii) the observed solvation component
is increasing with the higher SDS concentration (Table 3).

Figure 9 shows the comparison between the solvation
dynamics of C102 in SDS/H2O and SDS/D2O with [SDS] )
405 mM. The solvation dynamics in SDS/D2O is slower than
that in SDS/D2O. The other SDS concentration sample ([SDS]
) 16.2 mM) also shows the retardation of the solvation
dynamics by deuterium isotopic substitution of the solvent
medium. From the biexponential fit, the solvation time constants
for SDS/D2O are about 1.2 times larger than those for SDS/
H2O. The solvation dynamics parameters for the deuterated
samples are also summarized in Table 3. Another fluorescence
probe C153 also shows the similar deuterium isotope effect on
the solvation dynamics in SDS micelle solutions.

4. Discussion

4.1. Static Properties.First of all, we discuss the features
of the static solvation in SDS micelle solutions, because the
steady-state absorption and fluorescence spectra contain im-
portant information of the microenvironment around the probe.
The solvent reorganization energyλs can be estimated by the
following equation.75

where∆ν and∆νref are the fluorescence Stokes shifts in target
polar solvents and in a reference nonpolar solvent (about 2200
cm-1 in cyclohexane). The∆ν for the coumarins in SDS micelle
solutions is about 4250 cm-1. The ∆ν for C102 in methanol,
ethylene glycol, and glycerol are 4450, 4320, and 4090 cm-1

and for C153 in methanol, ethylene glycol, and glycerol are
4800, 4630, and 4120 cm-1. The solvent reorganization energy
of the coumarins in SDS micelle solutions is between those in
ethylene glycol and glycerol.

Because the micelle solutions are microheterogeneous, one
might need to consider the microenvironment around the
fluorescence probe molecule. The fluorescence spectra of the
coumarins in SDS micelle solutions do not depend on the
wavelength of the excitation light, as described above. The result
indicates that each coumarins is in a similar microenvironment

Figure 8. The time-dependent fluorescence maximum frequency shifts
of (a) C102 and (b) C153 in SDS micelle solutions. Circles, triangles,
and diamonds show [SDS]) 810, 81.0, and 16.2 mM, respectively.
Biexponential fit curves are also shown.

TABLE 3: Dynamic Solvation Parameters for C102 and
C153 in SDS/H2O and SDS/D2O

dye
[SDS]
(mM) medium as1

a
τs1

(ns)b as2
c

τs2
(ns)d

〈τs〉 (ns)
(〈τs〉D/〈τs〉H)

obsd
component

C102 16.2 H2O 0.89 0.15 0.11 2.46 0.40 0.23
40.5 0.87 0.15 0.13 2.46 0.45 0.24
81.0 0.87 0.14 0.13 2.34 0.43 0.25

405 0.89 0.15 0.11 2.68 0.43 0.28
810 0.88 0.14 0.12 2.54 0.43 0.29

C153 16.2 0.89 0.12 0.11 2.57 0.39 0.18
40.5 0.87 0.13 0.13 2.62 0.45 0.19
81.0 0.87 0.13 0.13 2.43 0.43 0.22

405 0.88 0.13 0.12 2.57 0.42 0.25
810 0.89 0.12 0.11 2.52 0.38 0.26

C102 16.2 D2O 0.89 0.18 0.11 3.16 0.51 (1.28) 0.24
405 0.88 0.17 0.12 3.20 0.53 (1.23) 0.30

C153 16.2 0.88 0.15 0.12 2.88 0.48 (1.23) 0.18
405 0.87 0.14 0.13 3.05 0.52 (1.24) 0.22

a Experimental error is(5%. b Experimental error is(10%. c Ex-
perimental error is(10%. d Experimental error is(15%.

Figure 9. Time-dependent fluorescence maximum frequency shifts
of C102 in 405 mM SDS micelle solutions (open circles for H2O
medium and filled circles for D2O medium). Biexponential fit curves
are also shown.

λs ) (∆ν - ∆νref)/2 (4)
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of the solution in the fluorescence probing time scale. If we
assume that the microenvironment of the coumarins is homo-
geneous, there are three possibilities of the coumarin’s micro-
environment in aqueous micelle solution: bulk water region,
hydrophobic micelle core, and Stern layer. Because the steady-
state absorption and fluorescence spectra of C102 in SDS
micelle solution are different from those in pure H2O, C102
should not be in the bulk water region. Further, the solubility
of C153 in pure water is less. On the other hand, the coumarins
could also not exist inside the SDS micelle hydrophobic core,
because the steady-state fluorescence spectra show the microen-
vironment around the coumarins is very polar. The remaining
possibility is the Stern layer. Because the micropolarity around
the coumarins is rather high in comparison with the common
organic solvents, the coumarins could be in the Stern layer.
However, C102 is rather insoluble in the ionic environment
(Figure 3). It can hardly be believed that the coumarins are freely
in the Stern layer (without any interaction with the micelles).
Therefore, one could think that the coumarins attach on the
surface of SDS micelle in the fluorescence probing time scale.
We also note that the thickness of the Stern layer and the axis
size of coumarins used are competitive. Therefore, the bulklike
water molecules should contribute to both the solvation and
probe reorientation. We will further discuss the microenviron-
ment of the coumarins in the later section.

As shown in Figure 2a, both the steady-state absorption and
fluorescence spectra of C102 in SDS micelle solutions change
dramatically in the critical micelle concentration. Above the
critical micelle concentration, both the steady-state absorption
and fluorescence spectra of C102 and C153 in SDS micelle
solutions only slightly shift to the shorter wavelength. The
fluorescence Stokes shifts of C102 and C153 become slightly
smaller with the higher SDS concentration: 4230-4280 cm-1

for C102 and 4240-4310 cm-1 for C153 in SDS micelle
solutions with [SDS]) 16.2-810 mM. The result indicates
that the coumarins in SDS micelle solutions with the higher
SDS concentration are more energetically stabilized than in the
lower SDS concentration micelle solution. This is a trend
opposite to the normal case, because the polarity of water is
larger than that of the SDS micelle. We also observed the similar
spectral feature in C153 in aqueous 1-propanol solutions: the
larger∆ν with the larger 1-propanol mole fraction.76 The origin
of this feature in aqueous 1-propanol solutions should be due
to the incomplete contribution of water for the solvent stabiliza-
tion arising from the coumarin’s strong hydrophobicity. How-
ever, we note that the SDS concentration dependence on the
steady-state absorption and fluorescence spectra of C102 and
C153 in SDS micelle solutions is very small.

The steady-state absorption and fluorescence spectra of the
coumarins in SDS micelle H2O and D2O solutions are almost
identical, as shown in Figure 4a. The steady-state absorption
and fluorescence maxima of some solvatochromic fluorescence
molecules in simple hydrogen-bonding liquids, such as wa-
ter,77,78 methanol,78 and anilines,79 also do not change by the
deuterium isotopic substitutions of the hydrogen-bonding sources
in hydrogen-bonding molecular liquids within experimental
error. Although the present system is a complex micelle solution,
the contribution of the medium deuterium substitutions is too
small to affect on the static solvent reorganization energy of
the coumarins, as well as simple hydrogen-bonding liquids.

4.2. Probe Reorientation in SDS Micelle Solutions.To
understand the microenvironment around the fluorescence probe,
the fluorescence anisotropy decays of coumarins in micelle
solutions are investigated. The fluorescence anisotropy decay

r(t) of a fluorescence probe molecule in micelle solutions is
often expressed by a biexponential function,

where r0 is the anisotropy at time zero. In the case of the
coumarins, the value of ther0 is close to 0.4.80 The biexponential
reorientation feature in micelle solutions is well analyzed by
the wobbling-in-cone model,81,82 including the lateral diffusive
motion along the micelle surface.83-90 Although it is possible
to think that the biexponential anisotropy feature arises from
the reorientational motion of the fluorescence probe and the
micelle entire rotation, the time constant for the whole rotational
motion of a micelle is much larger than the time constant
obtained by the fluorescence anisotropy decay measurement
(vide infra).

According to the wobbling-in-cone model including the lateral
diffusion,83 the anisotropy decay arises from the following three
distinct motions: (i) the entire rotation of micelle, (ii) the
translational diffusive motion of the dye along the spherical
micelle surface, and (iii) the wobbling motion of the dye in a
cone. The relationships of the time constants between the
experimental observation and the model are

and

whereτm, τt, andτw are the time constants for the whole rotation
of a micelle, the translational diffusive motion of the dye along
the micelle surface, and the wobbling motion of the dye in a
cone, respectively. The amplitudeâ is directly related to a
generalized order parameterS: â ) S2. On the basis of the
wobbling-in-cone model,S is given by

whereθ is the semicone angle. Equation 5 can be rewritten by

The reorientation time of the spherical micelleτm is calculated
from the Stokes-Einstein-Debye equation.

whererm is the radius of the micelle,η is the medium viscosity,
kB is the Boltzmann constant, andT is the absolute temperature.
Because the thickness of the Stern layer of the ionic micelle is
about 0.6-0.9 nm,7,91 the rm in here is tentatively 2.0 nm (the
average diameter of the micelle measured in this study is 5.6
nm). The translational diffusion timeτt along the micelle surface
converts to the diffusion coefficientDt:

The wobbling diffusion coefficientDw is given by

wherex ) cosθ. The values ofτfast, τslow, andâ are used as

r(t) ) r0[(1 - â) exp(-t/τfast) + â exp(-t/τslow)] (5)

1/τslow ) 1/τm + 1/τt (6)

1/τfast ) 1/τw + 1/τm + 1/τt (7)

S) cosθ(1 + cosθ)/2 (8)

r(t) ) r0{S2 + (1 - S2) exp(-t/τw)} exp{-t/(τt + τm)} (9)

τm )
4πrm

3η
3kBT

(10)

Dt ) rm
2/6τt (11)

Dw ) {τw(1 - S2)}-1{-x2 (1 + x)2 [ln{(1 + x)/2} +

(1 - x)/2]/{2(1 - x)} + (1 - x)(6 + 8x - x2 - 12x3 -
7x4)/24} (12)
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the averageτr1, τr2, andar2/(ar1 + ar2) measured in the different
concentration samples ([SDS]) 16.2 and 405 mM).

Table 4 summarizes the parameters analyzed by the above
model for the reorientation of coumarins in SDS micelle
solutions. The obtained parameters for coumarins in SDS micelle
solutions are quite similar to those of tryptophan derivatives in
SDS micelle solutions.90 It is well suggested that the translational
diffusion along the micelle surface of a probe is related to the
self-diffusion of the surfactants. According to the NMR experi-
ments, the values of the self-diffusion coefficients of surfactants
are about 10-10 m2 s-1.92,93Kelepouris and Blanchard reported
that theDt of the oppositely charged probe/micelle systems is
similar to that of the self-diffusion coefficient of surfactant in
micelle. Because the coumarins used in this study are interacted
hydrophobically with the SDS micelles, the translational dif-
fusions of the probes might be faster than the self-diffusion of
the surfactant in micelle.

From the deuterium substitution study, it becomes clear that
the entire micelle motion, the translational diffusive motion of
the probe along the micelle surface, and the probe wobbling
motion of C102 becomes slower by the deuterium isotopic
substitutions of the medium solvent. The negligible deuterium
isotope effect of C153 wobbling motion may be due to the
strong hydrophobicity of C153. The result of the deuterium
isotope effects on the translational and wobbling motions in
SDS micelle solutions indicates that the frictions for the
rotational and translational diffusions of the probes in the
deuterated hydration layer around SDS micelle are larger than
those in the undeuterated hydration layer around the micelle.

4.3. Solvation Dynamics in SDS Micelle Solutions.4.3.1.
SDS Concentration Dependence.The micelle density and mean
distance between micelles of the surfactant solution in the
spherically assembly concentration region vary with the change
of the surfactant concentration without the changes of the shape
and diameter of micelle. To study the wide concentration range,
we can understand the solvation dynamics of hydration water
around micelles, which are isolated from the other micelles
(dilute condition) and interact with the other micelles (concen-
trate condition). Because the dynamical model, which includes
the effect of the interaction between micelles, is less, it will
help for the detailed understanding of the hydration water
dynamics.

The notable points of the experimental result of the SDS
concentration dependence on the solvation dynamics in micelle
solutions (Figure 8) are the following: (i) The observed
solvation component is increasing with the higher SDS con-
centration of the micelle solutions [(C102) 0.23 for [SDS])
16.2 mM and 0.29 for [SDS]) 810 mM; (C153) 0.18 for [SDS]
) 16.2 mM and 0.26 for [SDS]) 810 mM]. (ii) The time
constants for the solvation dynamics of the coumarins in SDS
micelle solutions are independent of the SDS concentration
within experimental error.

The shape and aggregation number of the micelles in the
spherical micelle forming the concentration region of the
solutions (8.1× 10-3 to ∼1.4 M in the case of SDS)71 are not
much varied by the change of the surfactant concentration.

However, the number density of the micelles in solution varies
by the change of the surfactant concentration. Namely, the
component of bulk water in the micelle solution decreases and
the fraction of hydration water in the micelle solution increases
with the higher SDS concentration and the larger number density
of micelle. When the aggregation number of the SDS micelle
(74)94 and the critical micelle concentration of SDS in water
(8.1 mM)71 are taken into consideration,10 the mean distances
between SDS micelles in water with [SDS]) 16.2 mM and
810 mM are about 21.6 and 5.3 nm, respectively (the ratio
between the hydration space and the bulklike water region is
∼0.95 for [SDS]) 810 mM and∼0.004 for [SDS]) 16.2
mM). Because the coumarins are probing of the microenviron-
ment in micelle solution (micelle surface), it is not directly
correlated with the ratio between the volume ratio of the Stern
layer and bulklike water region. However, the qualitative feature
of the SDS concentration dependence on the observed solvation
component should come from the distance between micelle
hydration layers.

On the other hand, both the faster and slower solvation time
constants are almost independent of the SDS concentration, as
well as the reorientation time constants of the fluorescence
probe. Because the mean distance between micelle and micelle
(and hydration layer and hydration layer) depends on the SDS
concentration of the solution, it may change the intermolecular
interactions of hydration water molecules around micelles. If
the interaction strength in hydration water varies with the change
of the SDS concentration, the solvation time constants arising
from the hydration water should change. Therefore, the present
result indicates that the interaction strength of hydration water
around micelles is rather insensitive to the SDS concentration
(distance between micelles). This solvation dynamics result is
well consistent with the result of the probe reorientation.

4.3.2. Comparison between H2O and D2O EnVironments
around Micelles.Because micelles are hydrophobically formed
in water, the deuterium substitution of the medium water gives
a different feature. For example, the critical micelle concentra-
tion in D2O is lower than that in H2O.95 This feature occurs
due to the hydrophobic effect. Here, the deuterium isotope effect
on the solvation dynamics is examined to see the contribution
of hydrogen bonds to the reorganization process of the hydration
layer around micelles.

As shown in Figure 9, the solvation dynamics in SDS micelle
D2O solutions is slower than that in SDS micelle H2O solutions.
Both the faster and slower solvation time constants for SDS
micelle D2O solutions are about 1.2 times larger than those for
SDS micelle H2O solutions, as shown in Table 3. It is reported
that the diffusive solvation dynamics of coumarins in simple
hydrogen-bonding liquids, such as water,96,97 methanol,98 and
anilines,79,99,100 becomes slightly slower by the deuterium
isotopic substitutions of the hydrogen-bonding sources. The
similar deuterium isotope effect in hydrogen-bonding liquids
was also observed in the dielectric relaxation101 and polariz-
ability anisotropy relaxation.102,103

Hydrogen bond becomes more stabilized by deuterium
isotopic substitution, because the zero-point energy for the
deuterated hydrogen bond is lower than that for the ordinary
hydrogen bond due to the heavier mass of deuterium than that
of hydrogen.104 The making and breaking processes of the
hydrogen bond thus becomes slower by the exchange from
hydrogen to deuterium. As a result, the solvation dynamics and
the other relaxation process related to the motion of hydrogen
bonds in hydrogen-bonding liquids show the retardation by the
deuterium isotopic substitutions of hydrogen-bonding sources.

TABLE 4: Analytical Reorientation Parameters for C102
and C153 in SDS/H2O and SDS/D2O

dye medium
τw

(ps)
τt

(ps)
τm

(ns) |S|
109Dt (m2 s-1)

(DtD/DtH)
θ0

(deg)
10-9Dw (s-1)

(DwD/DwH)

C102 H2O 78 529 7.3 0.648 1.26 42 1.68
D2O 85 589 9.0 0.707 1.13 (0.90) 38 1.31 (0.78)

C153 H2O 80 597 7.3 0.671 1.12 40 1.49
D2O 83 652 9.0 0.693 1.02 (0.91) 39 1.41 (0.95)
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In other words, the stabilized hydrogen bond by deuterium
isotopic substitution gives the larger friction for the mobility
of molecules and molecular collective motions.

Although aqueous micelle solution systems are not a simple
hydrogen-bonding molecular system, the similar deuterium
isotope effect on the solvation dynamics is observed in aqueous
SDS micelle solutions. The present result indicates that the origin
of the deuterium isotope effect on the solvation dynamics in
aqueous SDS micelle solutions could be similar to that in simple
hydrogen-bonding liquids though the dynamical feature of the
hydration layer around micelle is very much different from that
of bulk water. Though the hydrogen bond in the hydration layer
around the micelle core is more stabilized than that in bulk
water, the stabilization effect of the hydrogen bond by deuterium
substitution is due to the different zero-point energies. This effect
should give the similar retardations of the hydrogen-bonding
making and breaking process in hydration water with bulk water
and the exchange process between bulk water molecules and
hydration water molecules. The similar deuterium isotope effect
on the solvation dynamics of the hydration water in reverse
micelles35 and around nanoparticles97 were also reported.

As well as the concentration dependence result, the deuterium
isotope effect result shows some similarity between the solvation
dynamics and the probe orientation dynamics in SDS micelle
solutions. These results imply that the diffusive motions
(translational motion along micelle surface and wobbling
rotation) of adsorbed molecule on micelle are influenced by
the collective motion of the hydration water. The collective
motions of the biological hydration water might also affect on
the mobility of protein, ion, and other molecules in biological
lipid membrane, just like micelle case.

5. Conclusion

The solvation dynamics and orientational dynamics of cou-
marins 102 and 153 in SDS micelle solutions have been
investigated using the picosecond time-resolved emission
spectroscopy. In this study, we have focused on the SDS
concentration dependence and the solvent deuterium isotope
effect on the solvation dynamics. The observed solvation
dynamics in SDS micelle solutions is expressed by a biexpo-
nential function (about 130 ps and 2.5 ns). Both the faster and
slower solvation time constants are independent of the SDS
concentration, whereas the observed solvation component is
increasing with the higher SDS concentration of the solution.
The experimental results suggest that the observed solvation
component is coming from the amount of the hydration water
of micelles. However, the interaction between the hydration
layer and hydration layer could not depend on the SDS
concentration, because both the faster and slower solvation time
constants are insensitive to the SDS concentration. From the
solvent deuterium substitution experiments, we have found that
both the faster and slower solvation time constants in SDS
micelle D2O solutions are about 1.2 times larger than those in
SDS micelle H2O solutions. The solvation dynamics in the
hydration layer around the hydrophobic micelle core is influ-
enced by hydrogen bonds, as well as simple hydrogen-bonding
liquids. The surfactant concentration dependence and solvent
isotope effect on the orientational dynamics of the coumarins
have also been investigated. The result of the orientational
dynamics of the coumarins in aqueous micelle solutions has
been analyzed by the wobbling-in-cone model including the
lateral diffusion. Both the surfactant concentration dependence
and solvent isotope effect on the orientational dynamics show
features similar to those on the solvation dynamics. These results

imply that the hydration water dynamics in micelles affects on
the diffusive motions of the adsorbed molecule on the micelle.
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