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Abstract

We present the magnetic-field dependence of the proton and deuteron spin—lattice relaxation rate (R,) of water confined in
reverse micelles of bis (2-ethylhexyl) sodium sulfosuccinate (AOT) dispersed in isooctane. After a plateau at very low fields, R,
decreases as a power law when the Larmor frequency increases. These typical relaxation features have been interpreted accord-
ing to a model of molecular reorientations coupled with translational diffusion in spherical confinement. A numerical simulation
of Brownian dynamics of water molecules confined in a sphere is proposed to support this model. We aim at extending the
proposed study to allow a better understanding of the slow dynamics of biological systems in confinement. 7o cite this article:
G. Kassab et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Nous présentons les variations avec le champ magnétique des vitesses de relaxation spin—réseau (R, ) des protons et deutérons
de I’eau confinée dans des micelles inverses formées par le mélange d’un tensioactif bis (2-éthylhexyl) sodium sulfosuccinate
(AQOT), de I’isooctane et de I’eau. Apres un plateau a tres bas champs, R, diminue en loi de puissance lorsque la fréquence de
Larmor augmente. Nous avons interprété ce comportement en fréquence a 1’aide d’un modele de relaxation de spin impliquant
une réorientation moléculaire couplée a une translation en confinement sphérique. Une simulation numérique de dynamique
brownienne de molécules d’eau confinées dans une sphere est proposée et comparée aux résultats expérimentaux. Cette étude
constitue une étape préliminaire vers une meilleure compréhension de la dynamique lente de systémes biologiques en confine-
ment. Pour citer cet article : G. Kassab et al., C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Surfactants such as sodium bis(2-ethylhexyl) sulfo-
succinate (AOT) aggregate in apolar solvents have the
remarkable property of solubilizing large quantities of
water. These systems have been studied by a great num-
ber of physicochemical methods [1]. It is now well
established that AOT reverse micelle in isooctane con-
sists of an approximately spherical water core sur-
rounded by closed AOT aggregates [1]. An important
property of AOT reverse micelles is to confine various
amounts of solubilized water. There is an almost linear
relationship between the molar ratio W, = [H,0)
[AOT] and the radius R, of the water core [2]. Re-
verse micelles and water in oil micro emulsions can be
used to solubilize biopolymers such as proteins, en-
zymes and genetic material in apolar solvents and to
study their physicochemical properties in the presence
of a limited amount of water. The guest molecules are
either dissolved in the water core or oriented to the
AOT-water interface. They may acquire properties and
reactivities that are different from those measured in
the bulk aqueous phase.

It is known that by using a variety of physical tech-
niques, the part of the water present in the water core
of reverse micelles is bound to the AOT polar group as
well as to the sodium counter-ions. Spectroscopic tech-
niques, such as NMR [3,4], IR and Raman spec-
troscopies [5], have shown that the physicochemical
properties of AOT reverse micelles change at low water
content up to molar ratio W, = 10. In this regime, water
is structured by its interaction with Na* counter-ions
and the strong dipole of the polar AOT. Above this
threshold, the properties of the solubilized water
approach progressively those of the bulk water.

Only few experimental tools are actually able to
probe, on a very large extent, the liquid dynamics in
confinement. A promising way is to measure the nuclear
magnetic resonance dispersion (NMRD) of the proton
spin—lattice relaxation rate (R,) on a large range of Lar-
mor frequencies [6]. The dynamical information is thus
drawn out from these NMRD data according to a
dynamical model. Several basic models and experi-
ments have been proposed either for reorientational
[7,8] or translational [9,10] molecular diffusion in
porous media.

In this paper, we report experimental results that have
been obtained for the proton and deuteron magnetic

resonance dispersion (NMRD) of water confined in
reverse micelles of bis (2-ethylhexyl) sodium sulfosuc-
cinate (AOT) dispersed in isooctane. For the confined
water, the relaxation features have been successfully
interpreted according to an original model of molecu-
lar reorientations coupled to translational diffusion in
spherical confinement. A preliminary simulation of
Brownian dynamics of water molecules, in fast ex-
change between surface and bulk, is proposed to sup-
port such a model.

2. Experiments

Sodium bis (2-ethylhexyl) sulfosuccinate, i.e. AOT
and trimethyl-2,2.4 pentane (isooctane) have been pur-
chased from Sigma Aldrich. Both compounds have been
used without further purification. H,O water has been
double distilled and de-ionized (resistivity of 18 MQ)
and was used at pH 6. D,O water (99.9%) has been
provided by CEA (Saclay). The appropriate amounts
of H,0 and D,O (for ’H NMR) have been injected into
AOQOT solutions in isooctane by means of Hamilton
syringe. The amount of water incorporated into AOT
reverse micelles corresponds to W, = 50 and a micellar
radius of R, = 80 A (Fig. 1).

NMRD measurements have been performed, at a sta-
bilized temperature of 298 K, on a fast-field-cycling
spectrometer from Stelar Company. High-resolution

Fig. 1. Schematic diagram of a reverse micelle and examples of dyna-
mical water loops of various extensions.
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proton NMR spectroscopy was realized on a Bruker
spectrometer operating at 360 MHz. This has allowed
to check the proton ratio (AOT/isooctane) = 0.085 in
the (W,=50, D,0O) sample and (water/iso-
octane) = 0.22 in the (W, = 50, H,O) sample.

Two proton NMRD profiles have been performed
for the (W, = 50, D,0) (Fig. 2) and (H,O) (triangles in
Fig. 3). In these experiments, the longitudinal magne-
tizations exhibit a two-exponential decay in all the stud-
ied Larmor frequency range (10 kHz—7 MHz). These
magnetization time evolutions have been sampled on a
logarithmic time scale. Moreover, the number of accu-
mulations has been chosen sufficiently large to reach
an accuracy of the data to discriminate the two-
exponential magnetization components. One observes
a mono-exponential magnetization decay for the deu-
teron water “H NMRD data (squares in Fig. 3). In the
case of (W, = 50, D,0) '"HNMRD profiles (Fig. 2), the
slowest R, curve (circles) is attributed to the isooctane
liquid and the fastest R, curve (triangles) is attributed
to the AOT molecules. The weight factor ratio corre-
sponds to the NMR spectroscopy ratio (AOT/isooctane)
in all the frequency range. In the case of (W, = 50, H,0)
"H NMRD profiles (Fig. 3), we note that there is still a
two-exponential magnetization decay even if the sys-
tem has three different spin populations. The ratio of
the slow magnetization component compared to the
total magnetization corresponds to the proton ratio of
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Fig. 2. 'H spin-lattice relaxation rate recorded as a function of the
magnetic field strength plotted as the 'H Larmor frequency for D,O
water confined in spherical reverse micelles of molar ratio W, = 50 at
T =298 K. Relaxation rates AOT (triangles) and isooctane (circles).

isooctane compared to all protons. Moreover, the slow-
est R, data "H NMRD (not displayed in Fig. 3) is the
same as those of the isooctane dispersion curve in Fig. 2.
As a consequence, the slow component of the magne-
tization decay is attributed to isooctane. On the other
hand, the fastest R, curve (triangles) is attributed to the
two populations of proton of water and AOT. The weight
factor ratio corresponds here to the NMR spectroscopy
ratio ((AOT + water)/isooctane) in all the frequency
range.

For convenience, the relaxation rates of deuteron
NMRD have been renormalized in amplitude
(Rl( 'H)

R,(C’H)
concerning the separation of the low frequency depen-
dencies of proton water and AOT because the two-
exponential decay for a three-spin system could be inter-
preted either by a biphasic exchange process or a cross
relaxation between proton of water and AOT mol-
ecules. However, the similarity in Larmor frequency
(‘H, *H) dependencies above 0.2 MHz between the “H
and the '"H NMRD proves that the relaxation process is
mainly driven by an intramolecular (dipolar for 'H or
quadrupolar for “H) fluctuations. So, we focus in the
following on a possible model interpreting only the high
frequency behavior of confined water.

= 3.7) in Fig. 3. There is still an ambiguity
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Fig. 3. 'H water-AOT (triangles) and H water (squares) spin—lattice
relaxation rates recorded as a function of the magnetic-field strength
plotted as the Larmor frequency for water confined in spherical
reverse micelles of molar ratio W, = 50 at T = 298 K. The R, of °H
NMRD have been rescaled to show the similarity behavior at high
frequency with the '"HR,.
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3. Model and discussion of the slow water
confined dynamics

Concerning the data shown in Figs. 2 and 3, the rel-
evant following observations can be made. In fact the
"H spin—lattice relaxation dispersion exhibits a specific
evolution below a very low frequency (0.1 MHz). This
evolution is not observed in “H experiments. This fact
is clearly related to the surfactant slow dynamics inside
the ionic/apolar corona coupled with the Brownian rota-
tional diffusion of the entire reverse micelle (f,,, ~
0.5 MHz obtained with #;4,0ctane = 0.5 cp). Above this
low-frequency range, the proton and deuterium NMRD
have a similar frequency dependence, mainly, a pla-
teau up to a cut-off frequency around 1 MHz followed

by an algebraic decay running as M The confined
water dynamics inside a spherical ‘pocket’ is then spe-
cifically probed. In this frequency regime, the reverse
micelle can be considered as a non rotating object where
the spin—lattice relaxation rate is mainly due to a reori-
entation modulation coupled with translational diffu-
sion of either an intramolecular dipole—dipole interac-
tion for 'H or a quadrupolar interaction for *H. As
shown in [11-13], a two step model can be considered
to describe the magnetic relaxation of the aqueous fluid
nearby the interface. This model involves the superpo-
sition of fast motions (local rotations...) and slow
dynamics depending on the time correlation of the
spherical surface director probed by the molecule dur-
ing its self-diffusion nearby the interface. We consider
that fast and slow motions, in this two step model, are
statistically independent. At low frequencies, the spin—
lattice relaxation rate can be decomposed into a fast
and a slow contribution such as R (@) = Rik’w( o)+
R?m. For the slow contribution, the fluid trajectories
are modeled as an alternate successions of adsorption
steps (A) where interaction /() is acting and Brownian
loops (L) in the confined bulk media where /() = 0. A
time cut-off (z.) appears naturally at long time (low
frequency). This cut-off is associated with the appear-
ance of a maximal end to end extension of Brownian
loops, estimated to be equal to the sphere diameter
2 R, (Fig. 1). A basic approximation is
7. = 4R, 2/(6D,) where D, is the water self-diffusion
coefficient inside the confining sphere. For a time much
smaller than 7., water molecule probes the spherical
interface on a length scale lower or on the same order
than the interface director persistence length. In this

regime (above the cut-off frequency w. = 1/7.), the Fou-
rier transform of the time correlation function
G(t) = <I(0)I(7) > noted J(w) can be written as
[8]:

J@) O/ [ (@) +(@loy) +112 (@w)™] 1)
with the characteristic frequency w, given by:
R NVLS

W, = (2
0 2 ‘L'i

where 7, is the minimal loop duration, 7, is the
average adsorption time on the interface and /" is the
Gamma function. Looking at Eq. (1), three algebraic
evolutions can be observed with a characteristic
exponent ranging from 1/2 to 3/2. The value of this
exponent (1/2 in our case) will be imposed by a proper
choice of . In fact, the characteristic exponent, in the
high field regime, is directly imposed by the value of
the adsorption time on the surface. To introduce the
finite size of the reverse micelle in the model, we have
fitted our data using a simplification. As the dominant
contribution of Eq. (1) behaves as w™"? at high
frequency, we use the following expression:

exp (—ltlz,)

Vot
estimate the slow part of spin—lattice relaxation rate as
RI™(w)0J(®) + 4J(20). This gives the
continuous line in Fig. 3.

Let us recall that our model depends essentially on
two independent parameters: (i) a characteristic fre-
quency m,, which imposes the “‘high-frequency’” alge-
braic dispersion and its characteristic exponent; (ii) a
cut-off frequency o, = 1/t., which imposes the low-
frequency cut-off below which a plateau is predicted.
An extended analysis of a quite similar theoretical
model is presented in [13], with another frequency
cut-off mechanism.

In order to check this proposed relaxation process,
we present a Brownian dynamics simulation. Our aim
is to analyze the long-term dynamics of the confined
water pools as probed by NMRD. Numerical details
can be found in [12]. The sphere radius is set to R, ;.
= 8 nm corresponding to the inverse micelle size found
for W, =50. In order to get a cut-off frequency about
f. =1 MHz, we set the self-diffusion coefficient to
D,, = 2.5 x 107" m?%/s. The only unknown parameter is

J(@)OFT . It is then possible to
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the average adsorption time 7, that defines the alge-
braic regime. In this preliminary work, we present a
numerical simulation performed with 7, = 0.3 ns and
7, = 10 ps corresponding to w, = 175 10° rd/s accord-
ing to Eq. (2). As shown in Fig. 4, we obtain a spin—
lattice relaxation rate dispersion exhibiting a plateau
up to 1 MHz, followed by an algebraic decay evolving
as 1/a"’. The former exponent is slightly above the
experimental one, but can be lowered using a smaller
7, value. This first simulation captures the main experi-
mental features relative to the water slow confined
dynamics. We are now extending our study to analyze
the particular influence of the reverse micelle size (W).
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Fig. 4. Numerical simulations of the frequency dependence of pro-
ton spin—lattice relaxation rate of water molecules that present Brow-
nian dynamics.

4. Conclusion

The proton and deuteron field-cycling relaxometry
have allowed us to characterize the slow dynamics of
water confined in reverse micelles of nanometric sizes.
The typical relaxation features have been interpreted
according to a model of molecular reorientation coupled
with translation diffusion in spherical confinement. A
numerical simulation of Brownian dynamics of water
molecules confined in a sphere is proposed to support
this model. We aim at extending the proposed study to
allow a better understanding of the slow dynamics of
biological systems in confinement.
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