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Abstract

Some aperitifs, like Pastis or Ouzo, are ethanol extracts of anis seeds. When diluted with water, these aperitifs, which are prin-
cipally composed of water, ethanol and trans-anethole, become cloudy instantaneously. This phenomenon is the result of a spon-
taneous emulsification sometimes termed *“Ouzo effect”’. By employing deuterated ethanol and water, it is possible to follow the
aggregation process by NMR, using DOSY and TOCSY experiments. Analysis of these results permits us to propose an aggregation
process mechanism by which rans-anethole initially forms small aggregates that are visible by NMR, which then coalesce to form
small droplets of micron-size that are “NMR invisible”. To cite this article: D. Carteau et al., C. R. Chimie 11 (2008).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Certains apéritifs, comme le Pastis ou 1’Ouzo, sont des extraits de 1’anis étoilé. Lorsqu’on dissout ces apéritifs dans 1’eau,
majoritairement composés d’eau, d’éthanol et de trans-anéthole, le mélange prend immédiatement une consistance laiteuse. Ce
phénomene est le résultat d’une émulsion spontanée qui s’opere entre une petite quantité d’eau et une solution riche en huile :
« I’effet Ouzo ». En utilisant de 1’éthanol D6 et D,O0, il est possible de suivre le mécanisme d’agrégation par RMN, en utilisant
des expériences de type DOSY et EXSY. L’analyse des expériences permet de proposer un mécanisme d’agrégation par lequel
le trans-anéthol s’auto-associerait pour former des petits agrégats visible en RMN, avant de coalescer pour former des
microgouttelettes de plus grandes tailles (de 1’ordre du micrometre), invisible en RMN. Pour citer cet article : D. Carteau
et al., C. R. Chimie 11 (2008).
© 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

. . The “Ouzo effect” was coined by Vitale and Katz [1]
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Ouzo is more drunk than Pastis in the United States due
to the presence of an important Greek community. Nev-
ertheless, French Pastis lovers are familiar with this pro-
cess, and revel in it when they prepare their favourite
aperitif. This ““Ouzo effect” is the result of a spontaneous
emulsification between two immiscible components,
thanks to a third component in which both components
are soluble. This phenomenon arouses intermittent inter-
estin the scientific community, principally due to a num-
ber of potential applications [2]. Thus, mixing an
ethanolic solution of the essential oil frans-anethole
(#-A) in water instantaneously gives a metastable solu-
tion of cloudy aspect. Despite its noticeable visual
stability over several few hours, continuous molecular
reorganizations occur than can be probed by using NMR.

In a previous paper, we reported the mechanism of
the aggregation process that occurs at the early begin-
ning of -A emulsification [3] and the effect of aggrega-
tion processes on its photochemical behaviour [4].
Herein, a more detailed analysis of each state of #-A
emulsification is described, showing that before reach-
ing a molecular metastable state, -A molecules initially
reorganize into small aggregates of angstrom-size, thus
visible by using standard liquid NMR experiments. Si-
multaneously, these small aggregates coalesce inbetw-
een them to form small micrometer-size droplets.

2. Materials and methods
2.1. Sample preparation

Microemulsions were freshly prepared using a set
procedure to ensure reproducibility: an amount of
trans-Anethole (#-A, Aldrich, >99% pure) was dis-
solved in ethanol D6 (Euriso-Top) in order to obtain
a homogeneous single-phase solution. Subsequently,
deuterium oxide (Euriso-Top) was added to the alco-
holic solution to reach a concentration of 5 mM in -A
and a solvent composition of 5% C,DsOD/D,O. A
0.5-mL aliquot was used for the NMR experiments.

2.2. NMR experiments

NMR experiments were performed at 298 K on
a Bruker DPX 400 equipped with a 5-mm gradient in-
verse broad band probe. All proton chemical shifts are
given with respect to TMS as an external reference.
Three types of experiments were recorded.

2.2.1. Kinetics
A sample containing 5 mM of trans-anethole in
a solvent mixture containing 5% C,DsOD/D,O was

prepared as previously described. An external capil-
lary containing 5 mM of methanol was added in the
NMR tube and was used as an external quantitative.
Then, proton spectra were recorded every 10 min im-
mediately after the sample preparation, and the ratio
of aggregated form/free form was estimated with re-
spect to the total amount of frans-anethole present in
the sample.

2.2.2. Exchange rate measurements

The 2D '"H EXSY NMR spectra were recorded using
the pulse sequence of Jeener et al. [5] in the phase-
sensitive mode with time-proportional phase incremen-
tation [6]. Twenty-four experiments were recorded at
two successive mixing times (60 and O ms) every
15 min during the first hour and then every 30 min dur-
ing the 10 following hours. The auto and cross-peak
volumes were determined after phase and baseline cor-
rection of the two dimensions using the Bruker
UXNMR software. Rate exchanges were obtained
from these experiments by using the method of Perrin,
Gipe and Dwyer [7,8] that allows extraction of rates
from a single experiment recorded at one mixing time
by resolving the kinetic matrix L:

L= (1/tm)In(A) = (1/tm)Un(2)U""

where the elements of the matrix A are composed of the
intensity of the peaks obtained from the EXSY spectra,
as previously described [9]. In the case of an exchange
between two species (#-Ajggregae aNd -Agree), L i
a 4 x 4 matrix:

L—=— th - Aaggregate + kfa _ka

_kfa th - Afree + ka
where R, is the relaxation rate for each species and k,,
k_,, the rate constants for the exchange.

2.2.3. Diffusion measurements

Diffusion measurements were performed using a 2D
'"H NMR pulsed-gradient experiment: the stimulated
spin-echo sequence [10] which leads to a 2D spectrum
in which the second dimension is obtained after a Four-
ier Transformation and gives the '"H NMR spectrum,
and the first dimension is obtained after a Laplace
Transformation using the Bruker software and gives
the translational Diffusion Coefficients’ dimension.
The 2D DOSY spectrum was recorded using the follow-
ing parameter: intergradient delay 4, 150 ms; gradient
pulse duration 6, 1,3 ms and 16 different gradient values
varying linearly from 0.01 to 0.4 G/m).
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3. Results
3.1. Behaviour of trans-anethole in water

Fig. 1 shows a proton spectrum of #-A obtained ap-
proximately 10 min after emulsification. According to
the expected pattern for the proton spectrum, two dis-
tinct sets of readily assigned resonances can be distin-
guished, suggesting that #-A can exist in at least two
forms. Three types of NMR experiments confirm that
these two forms correspond to free and aggregated 7-A.
First, EXSY experiments acquired on the mixture clearly
demonstrate a slow exchange between the two species
(Fig. 2), confirming that the same compound is undergo-
ing exchange between two states. Second, DOSY exper-
iments performed on the mixture shows that the two
species have very different diffusion coefficient values:
about 6 x 107'%and 1 x 107" m?s™", allowing the un-
ambiguous assignment of the free and the aggregated
forms, respectively, as shown in the DOSY spectrum dis-
played in Fig. 3. Since we are in the slow exchange limit
(4/7 between 0.075 and 0.18 for the aggregated specie,
and close to 0.11 for the free form) [11], we can consider
that the two diffusion coefficients measured are repre-
sentatives of those belonging to the individual species.
Third, proton spectra recorded at different ethanol con-
centrations (up to 60% ethanol) show that only the free
form of #-A is present above 40% of ethanol [12]. How-
ever, the most interesting feature of these experiments is
the systematic deshielding effect of ca. 0.6 ppm for the
overall 'H resonances of the free form as compared to
the aggregated form. This phenomenon can be easily
explained by the hydrophilic/hydrophobic environment
felt by #-A in the free and aggregated forms.
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Fig. 1. Proton spectrum of #-A (400.13 MHz), 10 min after the mix-
ture preparation.
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Fig. 2. EXSY spectrum recorded with a 60 ms mixing time showing
the interconversion between the two forms of 7-A.

3.2. Aggregation process

When water is added to an alcoholic solution of #-A,
the mixture instantaneously takes a cloudy aspect that
appears visually stable for at least 6—8 h, after which
a two-phase solution can be observed [13]. But this sta-
ble appearance is only visual: as an example, Fig. 4A
displays the methyl 9 part of the proton spectra acquired
in the course of time. It shows that if the intensity of the
free form (1.78 ppm) remains constant along at least
70 min, a decrease of the signal assigned to the aggre-
gated form (1.39 ppm) is observed over the same
period. This decrease has been followed and quantified
with respect to the intensity of the methyl signal of
methanol added to the mixture as an internal standard
(5 mM, final concentration). From these results, it is
possible to understand that anethole exists in three dis-
tinct forms, of which only two are observable in the
NMR 'H spectra. It is thus possible to follow, all along
the duration of the experiment, the proportion of #-A ob-
served in two forms (small aggregates or free) and to de-
duct the proportion of #-A that is invisible by NMR
(Fig. 4B). After 40 min, the latter reaches a plateau
value close to 3.5 mM, which represents up to 70% of
the total #-A; at the same time, the proportion of small
aggregates decreases to a concentration close to
0.7 mM, whereas the proportion of free ~-A remains
constant (0.8 mM). It is only after ca 40 min that a
metastable state is reached, which remains stable for
several hours, as shown by liquid NMR observations.

The fraction of #-A not visible in the NMR proton
spectrum recorded using classical liquid techniques is
assigned to #-A present as small droplets that are several
micrometers in size and that are responsible for the
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Fig. 3. DOSY 2D spectrum of a hydroalcoholic solution of -A 5 mM, showing two distinct diffusion coefficient values allowing the assignment
of the free and aggregated forms.
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Fig. 4. Evolution of the different forms of #-A along the time. (A) Part of proton spectra showing the doublet representative of each form of methyl
9. (B) Evolution of trans-anethole molar fraction against time under its free (diamond), aggregated (square) and NMR invisible (triangle) forms.
The solid lines are the best-fit using a monoexponential function for the aggregates (y =Ae ™™ k=115min™").



D. Carteau et al. | C. R. Chimie 11 (2008) 493—498 497

cloudy aspect of the solution. Two observations support
this hypothesis: first, the proportion of #-A, which is
being indirectly followed through the disappearance
of -A in the NMR spectra (Fig. 4B, droplets) can be fit-
ted to a monoexponential function consistent with an
Ostwald ripening process. This behaviour is in agree-
ment with previous investigations of z-A droplet growth
by Grillo et al. using Small-Angle Neutron Scattering
[13]. Second, the part of #-A that escapes detection
does so either due to differences in magnetic suscepti-
bility of anethole in different environments or due to
the predominance of interactions specific to emulsions
such as a decrease in 72, chemical shift anisotropy or/
and dipolar coupling. Concerning this last point, it is
noteworthy that HR-MAS spectra recorded at different
rotation speeds up to 10 kHz (Fig. 5) show that only
a very small part of the signal is recovered, suggesting
that the disappearance of a large part of the anethol is
due to residual dipolar couplings/anisotropy, since the
effect of magnetic susceptibility, which does not exceed
10—100 Hz in a solution, should be averaged at a speed
of 10 kHz [14].

3.3. Kinetics

EXSY experiments were recorded over the course of
time using a constant mixing time value of 60 ms.
EXSY experiments with a zero mixing time were inter-
calated inbetween each experiment in order to have
areference area matrix for each measurement. The sys-
tem was considered to undergo only small variations
during the time required to acquire the NMR data.
Therefore, EXSY NMR experiments allow one to ob-
serve the exchange of magnetization between the free
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Fig. 5. HR-MAS spectra recorded at 1 and 10 kHz of an hydroalco-
holic -A (4 mM) solution mixture: expansion showing the Me 10
region.
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Scheme 1. Study of exchange of magnetization in a bimolecular pro-
cess by EXSY NMR experiment.

and the aggregated forms: such an exchange is ade-
quately described by the bimolecular process illustrated
in Scheme 1. Thus, the rate constant values k, and k__,
extracted from the area matrices as previously de-
scribed [9], are, in fact pseudo-order-one rate constants
intrinsically expressed in Hz or s~ ', and are concentra-
tion-dependent (k, depends on [#-A],ggregate] and k_, On
[#-Algee as explained in Scheme 1).

Pseudo-order-one rate constant values k, and k_,
evolved till 4 h (Fig. 6). The pseudo-order-one rate con-
stant k_, that reflects the change from the aggregated
form to the free form, as shown in the inset of Fig. 6, in-
creases from 0.8 to 2 s~ . Since [f-Alfee remains con-
stant, the evolution of k_, reflects the evolution of
k_,. During this time, the pseudo-order-one rate con-
stant k, that reflects the inverse exchange from the
free form to the aggregated state remains stable at
1.3s7 % Since [-Alaggregare decreases all along the
time, it suggests that, as expected, k; increases as k_
until a metastable equilibrium is reached, in which the
three forms of 7-A coexist.
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Fig. 6. k, and k_, evolution over the time course measured from
EXSY experiments.
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Scheme 2. Proposed mechanism of 7-A aggregation process.

4. Conclusion

The results we reported herein clearly demonstrate
that the spontaneous emulsification of #-A in water pro-
ceeds via a molecular maturation process that can be
probed using NMR spectroscopy (Scheme 2): -A mol-
ecules are able to give small aggregates of around 2-nm
diameter in which all +-A molecules are sufficiently
mobile to be observed by classical liquid NMR experi-
ments. An exchange is still occurring all along the time
course between both free and aggregated form. Simul-
taneously, a coalescence process of the small aggregates
is taking place to give micrometer-size droplets; #-A
embedded into these droplets are not visible using lig-
uid NMR techniques, but its behaviour can be indirectly
followed and evolved with respect to an Ostwald ripen-
ing process.
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