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a b s t r a c t

CdS nanocrystals were synthesized in reverse micelles of water/CTAB + 4-penten-1-ol/benzene. Changing
the micellar environment varied the dynamics in the nanocrystals growths. In “pure micelles”, which
contained only Cd2+ and S2− precursors, the growth was continuous under relatively fast process with the
timescales of several tens of minutes. However, when monomer and cross-linker molecules were loaded
in the micelles, the Ostwald ripening growth was observed under slow process with the timescales of
eywords:
uantum dots
TAB
is-(trimethyldisilyl)sulfide
rowth kinetics
MR

several hours. Besides the nanocrystal growth, thermal polymerizations were conducted in the micellar
system containing of monomer, sodium methacrylic acid, and cross-linker, N,N′-methylenebisacrylamide.
The obtained hybrid materials containing nanocrystals embedded into polymer domains were observed
by TEM.

© 2009 Elsevier B.V. All rights reserved.
anocomposites

. Introduction

The semiconductor nanocrystals have attracted great funda-
ental and technological interests in the last two decades. They

xhibit the quantum confinement effects when their sizes become
omparable to the Bohr exciton radius, which results in an increase
f the band gap energy relative to that of the bulk solid [1–3].
mong the variety of nano-sized semiconductors (quantum dots,
Ds), cadmium sulfide (CdS) has been intensively studied due to

he band-gap energy existing in the visible region, which is suit-
ble for practical applications. The reverse micelle method is a
et synthetic technique for obtaining nanocrystals with defined

izes. Mostly, water-in-oil reverse micelles based on the double-tail
urfactant AOT [sodium bis(2-ethylhexyl)sulfosuccinate] have been
tilized as nano-reactors for the synthesis of QDs [4,5]. The growth
echanism has been reported for CdS QDs [6] and CdSe QDs [7] in

OT micelles. A single-tail surfactant, such as CTAB (cetyltrimethy-
ammonium bromide), in combination with a co-surfactant is far
ess explored. Zhang et al. [8] have reported a procedure for the

reparation of CdS QDs in H2O/CTAB + hexanol/heptane reverse
icelles in various sizes. The synthesis of QDs is achieved by mix-

ng of two micelle solutions with solubilized Cd2+ and S2− ions
n the water phase. However, the temporal evolution of the QDs

∗ Corresponding author. Tel.: +81 48 858 3617.
E-mail address: sei@chem.saitama-u.ac.jp (S. Nakabayashi).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2009.07.002
growth is not clear. This growth mechanism will be the topics of this
article. We synthesized CdS QDs in H2O/CTAB + pentanol/benzene
and investigated the QDs growth kinetics from their temporal
evolution of the absorption spectra. Moreover, upon completion
of QDs growth, a thermal polymerization was conducted in the
reverse micelles solutions in order to obtain nanocomposite materi-
als. Together with CTAB, the co-surfactant, 4-penten-1-ol provided
a double-chain moiety, which adsorbs on the water–oil inter-
face and forms the inner micelle water pool, i.e., the micellar
water core. The sulfur atoms were supplied from the oil phase
(benzene) containing of BTMS (bis-(trimethyldisilyl)sulfide) as
an organo-sulfur compound [9]. Since the halogen–silicon bond
of BMTS is weaker than the carbon–silicon bond [10], BTMS
released sulfur into the water pools. The BTMS hydrolysis pro-
ceeded at the surface of the micellar water core, and reacted
with Cd2+ ions in the core. The growth kinetics of CdS QDs
was investigated at different w (the molar ratio of water to
CTAB).

Depending on the solubilized molecules in the micelle, we
designed two types of studies.

The first series of experiments were the synthesis of CdS QDs in
the absence of monomer and cross-linker molecules. The reverse

micelles were loaded only with Cd2+ ions. Here, the QDs growth
can be described in terms of a two-stage growth model [11]. At
the first stage, the initial nuclei instantaneously increase due to the
surface reaction. As the completion of the precursors in the micelle,
a second stage follows, which involves supply of Cd2+ and S2− ions

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:sei@chem.saitama-u.ac.jp
dx.doi.org/10.1016/j.jphotochem.2009.07.002
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Fig. 1. (a) Plot of the self-diffusion coefficients of CTAB micelles as a function of w.
(b) Plot of reverse micelle radius RM as a function of w. The inset in the top panel
shows a scheme of a reverse micelle.

Fig. 2. Temporal changes in the absorption of light by CdS QDs synthesized in reverse mic
from the absorption spectra. The inset in (a) is a first differential of the absorption spectru
obiology A: Chemistry 207 (2009) 173–180

from the surrounding micelles. The growth of QDs at the second
stage continues until the precursors are exhausted in the overall
system.

The second series of experiments were the synthesis of CdS
QDs in monomer and cross-linker loaded micelles. The QDs growth
was achieved in micelles, containing of Cd2+ ions, monomer and
cross-linkers molecules. Here, some of the instantaneously formed
nuclei of the QDs dissolved and progressively merged into the big-
ger nanocrystals. This progressive process is known as Ostwald
ripening in a colloid system [12].

Further, we incorporate the nanocrystals into polymer domains
by applying in situ polymerization at micellar stage.

2. Experimental

2.1. Sample preparation

The surfactant CTAB was re-crystallized twice in anhydrous
ethanol and dried under vacuum. Benzene was dried using molec-
ular sieves with a pore diameter of 3 Å. The dried CTAB (1.09 g) was
dissolved in benzene (20 ml), and degassed water (0.32 ml) was also
added. The Cd2+ ions were introduced as Cd(NO3)2 (concentration
0.05 M in the aqueous phase). To stabilize the reverse micelles, the
co-surfactant 4-penten-1-ol (1.8 ml) was injected into the mixture.
The molar ratio of 4-penten-1-ol to CTAB was adjusted at 5.5 in
all the experiments. The mixture was stirred in an ultrasonic bath
of power 80 W for 30 min. This allowed the formation of a trans-
parent L2 phase (water-in-oil microemulsion) with w = 6. BTMS

(15 �l) was quickly injected into the above dispersion. Yellow color
instantaneously developed, which confirms the instantaneous QDs
nucleation and growth. The ions of Cd2+ and S2− reacted in 1:5
proportions in all samples. The QDs growth continued for about
20 min.

elles at various w: (a) w = 6; (b) w = 10; (c) w = 14; (d) sizes of CdS QDs calculated
m acquired at 9 min.
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micellar core [23]. The water trapped in the core wall is classified
as “bound water”, which differs from the bulk water [24,25]. There-
fore, we conclude that the intercept in Fig. 1b gives the micelle inner
cavity (water core), but not the surfactant tail [26]. This description
coincided with the geometric model in Appendix A.
S. Emin et al. / Journal of Photochemistry an

As the second experiments, i.e., the preparation of monomers
nd cross-linkers rich micelles, NaMA (sodium methacrylic acid)
as used as a monomer and MBA (N,N′-methylenebisacrylamide)

s a cross-linker. A typical procedure was as follows: CTAB
1.09 g) was dissolved in benzene (20 ml), followed by the
ddition of degassed water (0.32 ml) containing [Cd2+] = 0.05 M,
NaMA] = 0.05 M and [MBA] = 0.04 M. In similar ways of the first
xperiments, the reverse micelles were prepared, in which the
BA concentration was adjusted at 0.09 M. The ratio w (w =

H2O]/[CTAB]) was varied by changing the amount of water. BTMS
15 �l) was injected to the reverse micelle solution. The BTMS pre-
ursor was synthesized following the literature [13].

The polymerization was carried out in a flask equipped with
condenser at temperature of 45 ◦C, where the reaction continued

or about 10 h. To activate the radical polymerization, initiator AIBN
2,2′-azobis[2-methylpropionitrile]) was used (5% v/v to NaMA).
ince the initiator AIBN is known to be soluble in non-polar sol-
ents, the polymerization would occur at the interface of oil and
ater.

.2. Characterization

The diffusion coefficient of the surfactants was measured by
he Pulsed-Field-Gradient-Spin-Echo (PFGSE) method using Bruker
RX spectrometer (400 MHz). In the PFGSE-NMR method, the
ulsed gradient field was applied as the radio frequency pulses in
spin-echo sequence [14]. The intensity of each resonance signal
ecays exponentially according to the equation:

I(g)
I(0)

= exp
[
−(�gı)2(� − ε)D

]
(1)

here g is the square of the gradient amplitude; � is the
tejskal–Tanner diffusion time; D is the self-diffusion coefficient
f surfactant; I(0) is the proton echo intensity of (N+–(CH3)3) in the
bsence of gradient; � is the gyromagnetic ratio (4.257 × 103 Hz G−1

or a proton); ı is the gradient pulse duration, and ε is the correction
actor that depends on both ı and the pulse sequence used. The field
radient g was varied from 0.67 to 32 G/cm in 25 steps; the diffusion
oefficient D is obtained from the semilog plot of I(g)/I(0) versus g2.
he values of ı and � were set at 2–30 and 60–140 ms, respectively.
he samples temperature was maintained at 298 K (25 ◦C) during
he measurements.

The sizes of QDs, synthesized in NaMA and MB rich micelles,
ere determined from photographs obtained by transmission elec-

ron microscope (TEM) Hitachi 7500 operating at 100 kV. The
bsorption spectra were recorded by UV/VIS spectrophotometer,
ASCO V580. The photoluminescence (PL) and photoluminescence
xcitation (PLE) spectra were acquired by JASCO FP6300 spectroflu-
rometer.

. Results and discussion

.1. Sizes of the reverse micelles

The surfactants diffusion coefficients were calculated from the
FGSE NMR data. An assumption was applied that the surfac-
ants diffusion coefficients are equal to those of reverse micelles,
CTAB = Dmicelle [15]. Colafemmina et al. applied similar procedures

or spherical micelles as well [16]. The diffusion coefficient D
f single spherical micelle is related to its radius, RM, via the
tokes–Einstein relation [17]:
= kT

6��RM
(2)

here k is the Boltzmann constant, T is the absolute temperature of
ample, and � is the viscosity of solvent (medium). Fig. 1a shows a
obiology A: Chemistry 207 (2009) 173–180 175

plot with the diffusion coefficients of reverse micelles as a function
of w at 25 ◦C in d-benzene. The value of D decreased with increase
in w. Further, the sizes RM were calculated by Eq. (2) as shown in
Fig. 1b versus w. The proportional relationship between RM and w
was obtained as

RM(w) = 10.5 + 1.5w (3)

Here, the intercept of 10.5 (Å) is the intrinsic (dry) CTAB micellar
radius without water and the slope of 1.5 is ascribed to the increase
in the water core surrounded by CTAB molecules. The slope 1.5
coincides with that reported for AOT [18].

Various methods have been applied for investigation of the
micellar structures such as SANS (small-angle neutron scattering),
DLS (dynamic light scattering) and PCS (photon correlation spec-
troscopy) [19–21]. SANS determines the water droplet radius, rather
than the hydrodynamic radius of a micelle as obtained by DLS.
When the water droplet radii or hydrodynamic radii are plotted
as a function of w, there always appears an intercept in the plots
at w = 0 [22]. This fact suggests that a reverse micelle has certain
cavity surrounded by the surfactant heads even without addition
of water (dry micelle). Trace amount of water would locate within
the empty space surrounded by the surfactant heads as the inner
Fig. 3. CdS QDs synthesized in monomer and cross-linker free reverse micelles at
various w: (a) PLE spectra (�em = 700 nm); (b) PL spectra (�ex = 350 nm).
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.2. Kinetics of the CdS nanocrystal growth in monomers and
ross-linkers free micelles

The nucleation, formation of CdS QDs embryos, instantaneously
ccurs at the interface of the water cores in the reverse micelles
fter the injection of BTMS into the solution. Tiemann et al. recently
eported a fast nucleation in water solutions [27] while the growth
f ZnS QDs. The stopped-flow technique revealed the nucleation
ccurred in a timescale of milliseconds upon mixing the Zn2+ and
2− precursors.

Similarly, in our system, the nucleation should be very fast. How-
ver, due to experimental limitations, we studied the QDs growth
n the timescale of minutes. We recorded the temporal evolution
f the absorption spectra by the nucleation, which occurred dur-

ng the first several minutes until the Cd2+ and S2− precursors were
xhausted in the micellar water core. During the nucleation, the QDs
ncrease their sizes relatively fast. The following growth requires
n additional material supply from the nearby micelles. The QDs
hanged in their sizes slowly in this secondary stage. Fig. 2a–c shows
he temporal evolution of the absorption spectra with different w.
he edges of the absorption peak shifted toward longer wavelength
ith the time, which corresponds to the increase in the nanocrystal

adius, R.
The QD radius, R, was calculated from the equation [28,29]:

E = �2h̄2

2R2

(
1

me
+ 1

mh

)
− 1.8e2

εR
(4)
here mh and me are the effective masses of a hole and an elec-
ron; ε = 5.7 is the semiconductor dielectric constant; h̄ = 6.59 ×
0−16 (eV s) is the Planck constant; �E = E(R) − Eg is the differ-
nce in the band gap energy of bulk crystal Eg and that of QDs,
(R). The last quantity is determined from the band-edge absorp-

ig. 4. Temporal changes in the absorption of CdS QDs in reverse micelles containing mon
hange in the sizes of CdS QDs during the Ostwald ripening, i.e., the dissolution (330n
espectively. The inset in (a) shows the first differential of the absorption spectra acquired
avelength at the first differential spectra.
obiology A: Chemistry 207 (2009) 173–180

tion, which corresponds to the excitonic transition 1S–1S in the
QDs [30].

As shown in Fig. 2d, the diameter of nanocrystals increases
rapidly at the beginning of the growth while remains nearly
plateau at longer reaction times. It is obvious that the reaction
proceeds faster at small w, probably due to frequent material
exchange by large diffusion coefficient and large collision fre-
quency of smaller reverse micelles. However, at the final stage
of the growth, the QDs in the three samples had similar sizes.
This implies that the control over QDs sizes in CTAB reverse
micelles is rather insufficient compared to that in AOT micelles
where the QDs sizes can be controlled by changing w. Moerover,
by analyzing the CdS absorption spectra reported by Zhang et
al., we found that the control over QDs sizes by varying w is
poor and contrary to their statement. The discrepancy in the
ir results arises due to the difference of QDs sizes obtained by TEM
and those calculated from the absorption spectra. Furthermore, the
absorption spectra in Ref. [8] reveals that the samples at various
w exhibit quite similar sizes and coincides with the phenomenon
obtained in this study.

Fig. 3a shows PLE spectra for CdS QDs grown for 20 min after the
injection of BTMS into the reverse micelle solutions. In the PLE mea-
surement, the spectrometer was set to detect the emission intensity
at 700 nm as a function of the excitation photon energy.

PLE has become popular for studying thin epilayers of semicon-
ductor films grown on opaque bulk substrates [31]. PLE experiment
gave more hyperfine optical properties of the samples. The optical

transition 1S–1P observed in the PLE spectra in Fig. 3a was indistin-
guishable in the absorption spectra in Fig. 2. The two most intensive
bands in the PLE spectra are assigned to the transitions 1S–1S (at
395 nm) and 1S–1P (at 375 nm) [32], where S and P stand for the
excitonic orbital in the respective QDs.

omers and cross-linkers at various w: (a) w = 6; (b) w = 10; (c) w = 14; (d) temporal
m < � < 385 nm) and the growth (440 nm < � < 495 nm) of smaller and larger QDs,
at 1 (lower) and 140 (higher) min. The QDs diameters were estimated by the peak
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The PLE spectra of three samples at different w did not show any
ignificant difference as shown in Fig. 3a. This allows one concluding
hat the QDs synthesized at w = 6, 10 and 14 are of similar sizes as
etected in the absorption spectra.

The quantum confinement in the QDs can also be observed by
L spectroscopy. Similar peak position obtained in the band-edge
missions in Fig. 3b show that the QDs in three samples are of
he same sizes. Thus, the results from absorption, PLE and PL were
onsistent.

The QDs exhibited additional emissions from trap-states at
onger wavelengths of about 700 nm. As seen from Fig. 3b, the PL of
he specimen is overlapped with a peak coming from the second-
rder diffraction maximum of the excitation light (�ex = 350 nm)

n the spectrometer. The trap-states related fluorescence lifetimes
ere of the order of 70 �s, which is surprisingly long compared to

he intrinsic lifetime of the excited state of CdS QDs. Furthermore,
he decay curves are shown in Appendix A.

.3. Kinetics of CdS QDs growth in monomers and cross-linkers
ich reverse micelles
The addition of monomer and cross-linker into the micellar
ater core induced drastic difference in the QDs growth dynam-

cs than that obtained in the previous section. The clear Ostwald
ipening mechanism was obtained.

ig. 5. CdS QDs synthesized in monomer and cross-linker rich reverse micelles at
arious w: (a) PLE spectra (�em = 700 nm); (b) PL spectra (�ex = 350 nm).
Fig. 6. TEM of CdS QDs at: (a) w = 10; (b) w = 14. The insets are the histograms with
the QDs diameter.

Fig. 4 shows a series of absorption spectra of CdS QDs synthe-
sized in monomer and cross-linker rich reverse micelles at various
w. Temporal changes in the QDs absorption were given in each plot
(a)–(c).

The absorption at 390 nm shifts to the shorter wavelengths with
progress of the QDs growth. But, the absorption at 470 nm shifts to
the longer wavelengths. These opposite shifts in the shorter and
the longer wavelengths directly demonstrate that the smaller QDs
are merged into the larger ones. The insets in Fig. 4a are the first
differential absorption spectra at 1 and 140 min after the initiation
of the growth. The single differential peak at 2.9 eV at the initial
stage was divided into two at 2.6 and 3.0 eV peaks with the progress
of the reaction.

Fig. 4d shows the temporal evolution of the QDs sizes, calculated
from the differential absorption spectra. Two types of CdS QDs, the
smaller and larger ones co-exist in the dispersion. While the smaller
QDs dissolved, the larger QDs grew at the expense of ions supplied
from the dissolving QDs. This process is thermodynamically driven
and is known as Ostwald ripening. The micelles with the smaller w

(w = 6 and 10) reached their steady states much rapidly than that
with the larger w (w = 14).

Fig. 5a shows the PLE spectra of QDs samples acquired at 140 min
after the injection of BTMS precursor into the solution. The inten-
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ive band at 425 nm corresponds to 1S–1S transition in the smaller
Ds, while the weak band at 470 nm is that in the large QDs. The

ize poly-dispersion makes the latter emission band broad and less
ntensive.

Fig. 5b shows the PL spectra of QDs taken at 140 min. Similarly
ith Fig. 3b, the band-edge emission of QDs at 435 nm remains

naffected by w. A broad emission from the defect states appears
n these spectra as well.

PL and PLE spectra suggest that the samples synthesized at dif-
erent w have quite similar QDs sizes. Moreover, the TEM images
n Fig. 6 indicated the size distribution difference was not distinct
etween w = 10 and 14. The insets in each figure represent a his-
ogram with QDs sizes. The average QDs size increases slightly from

= 10 to 14.

.4. Synthesis of CdS/polymer hybrids with the combination of
onomers and cross-linkers

With the completion of the QDs growth, a polymerization was
nitiated inside the reverse micelles. An initiator AIBN, which is sol-
ble in the oil phase, was added into the micelle solution in order
o initiate the polymerization [33]. The radical polymerization was
arried out at a fixed w while changing MBA (the cross-linker) con-
entration. Here, MBA formed networks within the polymer chains.

The reaction allows simple incorporation of the QDs into
he polymer matrix. Fig. 7 shows CdS QDs/polymer composites
ynthesized at w = 14 and different concentration of MBA. The

olymerization would be the QDs in a polymer shell. The agglomer-
tes in the images are composed of interconnected polymer shells.
ach shell looks like a spherical ball as marked by the circle in the
EM image in Fig. 7b.

ig. 7. TEM of CdS/polymer hybrids at: (a) [MBA] = 0.04 M; (b) [MBA] = 0.09 M.
obiology A: Chemistry 207 (2009) 173–180

The dark dots in the images are due to the CdS QDs, preventing
the electron beam transmission through the sample. Thick polymer
layers containing number of the QDs in the shells may contribute
to the homogeneous dark area as well. The densely packed agglom-
erate of the shells appeared in dark color at the center in Fig. 7a,
while the periphery was in brighter color.

A close look to this brighter area in Fig. 7a suggests that the single
QDs incorporation is not so favored since low concentrations of MBA
promote the QDs exchange between the micelles in the course of
the polymerization. When the concentration of MBA was adjusted
at 0.09 M, the incorporation of the single QDs was almost perfectly
promoted as shown in Fig. 7b. Here the brighter areas correspond
to thin polymer layers and the dark areas are due to the single QDs.
The QDs are located at the center of each polymer shells and the
agglomeration tendency between polymers was suppressed.

The procedure given here can be used also for incorporation of
QDs in various polymer matrixes. Further, because the obtained
nano-composite materials are water dispersible, the synthesized
nano-composite will be the one of the ideal candidates for potential
bio-applications such as inert and robust bio-imaging.

4. Conclusions

The kinetics of CdS QDs growth in CTAB reverse micelles
was qualitatively investigated. The first series were achieved in
monomer and cross-linker free micelles. The QDs growth was found
to be independent of w. The second series of experiments were
achieved in monomer and cross-linker rich micelles. Here, Ostwald
ripening governed the QDs growth. Finally, in situ polymerization
was conducted inside the water core in completion with the QDs
growth, which is new synthetic method promising for preparation
of water dispersible nano-composites.
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Appendix A.

Here we will derive a semi-empirical equation for the depen-
dence of water core radius Rw on the ratio w. Let us assume that
initially the water, added to the system, is used to fill up the cav-
ity of an empty (dry) micelle of radius R0. Then the volume of this
water can be expressed as

4
3

�R3
0 = N0˝ (A.1)

where N0 is the number of water molecules per micelle and
˝ = 30 Å3 = 3 × 10−23 cm3 is the volume of a water molecule.

Further, the excess water is going to increase the micelle water
radius. Let us consider a water shell of thickness � and volume

Vshell = 4
3

�(R0 + �)3 − 4
3

�R0
3 (A.2)

This equation can be rearranged to give

Vshell = 4
3

�R3
0

[(
1 + �

R0

)3

− 1

]
(A.3)
Assuming that the shell thickness is much smaller than R0
(�/R0 < 1), Eq. (A.3) can be approximated as

Vshell ≈ 4�R2
0� (A.4)
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ig. 8. Data for the micelle radius of AOT, Rw , published in literature: Robinson et al.
20], Katlarchyk et al. [22] (the data are averaged over three different temperatures),
ulauf et al. [21], and Day et al. [19] (1 and 2 are averaged over the data for two
ifferent series). The straight line is drawn by Eq. (A.13).

Hence, the volume of water core reads

w = V0 + Vshell = V0 + 4�R2
0� (A.5)

Eq. (A.5) can be rewritten as

w˝ = N0˝ + 4�R2
0� (A.6)

here Nw is the number of water molecules. This equation gives
he water shell thickness

= (Nsw − N0)˝

4�R2
0

(A.7)
ere Ns = Nw/w is the number of surfactant molecules. Finally, the
ater core radius is expressed as

w = R0 + � (A.8)

ig. 9. Decay curves for CdS QDs defect-states emission at 700 nm measured after the
ex = 355 nm.
obiology A: Chemistry 207 (2009) 173–180 179

Replacing here � from Eq. (A.7), one obtains

Rw = R0 − N0˝

4�R2
0

+ Ns˝w

4�R2
0

(A.9)

At w = 0, one gets from Eq. (A.9) the initial water core radius

R0
w = R0 − N0˝

4�R2
0

(A.10)

Inserting N0 from Eq. (A.1) into Eq. (A.10) gives

R0
w = 2

3
R0 (A.11)

Then Eq. (A.9) states

Rw(w) = R0
w + Ns˝

4�R2
0

w (A.12)

On the other hand, we have from the linear fit of data Rw(w) that

Rw(w) = 10.5 + 1.5w (A.13)

Comparing Eqs. (A.12) and (A.13) we obtain the respective quan-
tities: R0

w = 10.5 Å , R0 = 3R0
w/2 = 15.75 Å , and

Ns˝

4�R2
0

= 1.5 (A.14)

From Eq. (A.14) one can find the value of Ns, the number of sur-
factant molecules per a micelle: Ns = 155.8 molecules. This value is
comparable with the aggregation number of AOT reverse micelles
[31].

The number of water molecules per micelle follows from Eq.
(A.1) N0 = 545.2 molecules. Knowing Ns (which should be a constant
for all micelles) and N0, one can define the apparent w0 correspond-
ing to a dry micelle filled with water
w0 = N0

Ns
(A.15)

Replacing the respective values for N0 and Ns one gets w0 = 3.5.
This value is much smaller than the value w ≈ 7, corresponding

injection of BTMS precursor into the micellar solution. Excitation wavelength at
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o the transition from bound-only water to free plus bound water
32,33].

Now let us check the validity of the approximation �/R0 < 1. For
= 10 we get from Eq. (A.7), at the particular values of param-

ters, that � = 9.75 Å. This gives �/R0 = 0.62, which justifies our
ssumption at least for this value of w.

Fig. 8 shows a comparison of Eq. (A.13) with the experimental
ata of various authors for AOT micelles.

ppendix B.

Defect state emission is detected with a band pass filter
WHM = 12 nm at 700 nm. The excitation light source for this study
as Nd:YAG laser (LUMONICS), generating laser pulses with full
idth at half maximum (FWHM) <10 ns at 355 nm an. The laser

eam intensity was 500 �J per pulse with a repetition rate of 10 Hz.
he photons are detected by photomultiplier tube (Hamamatsu
6780) with a rise time of 0.78 ns (Fig. 9).
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