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Introduction

Abstract: The interfacial region of Winsor microemulsions has been studied
at the molecular level by electron spin echo modulation technique using dox-
yl stearic acid spin probes. We found that the water and oil molecules are
located at opposite sides of the interface, and that the alcohol molecules are
mainly located at the water side of the interface for all the microemulsions
studied. Thus, alcohol, oil, and water molecules belong to well separated
regions of the interface. No significant variation of the water and alcohol
molecules distribution at the interface is observed in Winsor I and III
microemulsions as a function of salt addition. The oil molecules, however,
penetrate deeper into the interfacial film in Winsor I as compared to Winsor
IIl microemulsions. The inner part of the interface of Winsor I and II
microemulsions changes as a function of salt addition, whereas the outer
part remains unchanged; in Winsor III microemulsions both the inner and
the outer parts of the interface remain unchanged. This behavior is in agree-
ment with the asymmetry in the interfacial properties expected for well-
defined aggregates (w/o and o/w) and with the symmetry of the bicon-
tinuous microemulsions interfacial film. Quasi-elastic light-scattering has
been used to compare the structure of the Winsor microemulsions with and
without probe addition and components deuteration.

Key words: Microemulsion; interfacial film; electron spin echo resonance;
quasi-elastic light-scattering; nitroxide probe

clude oily aggregates dispersed in water or aqueous
aggregates dispersed in oil or bicontinuous struc-

Electron spin echo spectroscopy is a pulse version
of electron spin resonance (ESR) and it enables the
detection of very weak magnetic interactions [1] be-
tween the unpaired electron of a suitable molecular
paramagnetic probe and nearby nuclear spins,
which usually cannot be probed by conventional
ESR spectroscopy. This technique allows to study
the interfacial region of dispersed systems at the
molecular level. In recent years dispersed systems
such as micellar solutions [2], microemulsions [3],
and vesicles [4] have been successfully studied by
this technique. In the present paper, we used this
technique to study at the molecular level the inter-
facial region of Winsor microemulsions [5, 6] which
separates oil and water. Winsor microemulsions in-

tures (i.e., oily and aqueous interconnecting chan-
nels), thus showing a large class of interesting
phase behaviors. It is expected that the interfacial
regions of microemulsions would show composi-
tions and structures related to the microemulsions
macroscopic structure.

In this work (and in [7]) the interfaces of Winsor
microemulsions have been studied by electron spin-
echo modulation technique (ESEM). This technique
gives a description of the interface in terms of water
and oil penetration and distribution of the alcohol
molecules at the interface. The role of the salt and
that of the interfacial alcohol are also elucidated.
Doxyl stearic acids, with the doxyl group along the
alkyl chain in the 5 position, or 10, or 16, respec-
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tively, were used as paramagnetic probes and three
series of the Winsor microemulsions with
deuterated water, oil, or alcohol molecules were
studied. The magnetic dipole-dipole interactions
between the unpaired electron of the doxyl group
and deuterium nuclei were detected by ESEM
technique. It should be noted that the probe addi-
tion, as well as the component deuteration may, in
principle, perturb the system. The use of a probe is
necessary in electron spin resonance and in
fluorescence studies, whereas deuteration is used,
for example, in neutron scattering and nuclear
magnetic resonance studies. Therefore, a structural
investigation of the system should be done to
elucidate the effect of the probe addition [8] and of
the components” deuteration. A preliminary quasi-
elastic light-scattering (QELS) investigation of the
structural change due to components deuteration is
also presented.

Experimental

Materials

Toluene, 1-butanol, sodium dodecyl sulfate (SDS) and
sodium chloride were Merck germany products. The
water was from a Millipore Milli-Q system. Doxyl stearic
acids with the doxyl group in 5, 10 or 16 position of the
alkyl chain (x-DSA) were from Molecular Probes, Eugene,
Oregon, USA. Deuterated 1-butanol-d,; and toluene-dq
(purity >99%) were from Aldrich USA, D,0 was from
Carlo Erba (Italy) (purity >99%). All the products were
used without further purification.

A-system

A mixture of brine (46.8%), toluene (47.25%), SDS
(1.99%), and 1-butanol (3.96%) was prepared for different
salinities (NaCl/brine) in the range 3—10%. All the pro-
portions are given in w/w. The phase equilibria sequence
Winsor 1, III, II is observed when the brine salinity is in-
creased from 3% to 10%. Winsor I (3—5.3% salinity) is a
microemulsion of oil-in-water aggregates coexisting with
an oily phase; Winsor II (7.5—10%) is a microemulsion of
water-in-oil aggregates coexisting with an aqueous phase,
and Winsor III (54—74%) consists of a bicontinuous
microemulsion coexisting with both oily and aqueous
phases. The composition of all the phases, the micro-
emulsion structure, and the interfaces between
microemulsion and excess phase are well known [9—23].

The samples were stabilized at T = 22°C = 0.1°Cin a
bath for more than 1 week; after attaining equilibrium,
the phases were separated and placed in the same bath.
Afterwards no further phase separation was observed.
Stabilization and phase separation were identical for A,

B, and C systems. A stock solution of 5-DSA probe was
prepared in chloroform. Films of the probe generated in
the sample tube by evaporating the chloroform were
dissolved in the microemulsion. The tube was sealed to
prevent evaporation, then gently mixed and equilibrated
at T = 22°C for at least 24 h before the measurement.

B-system

Three series of the Winsor microemulsions set were
prepared with deuterated water, alcohol or oil. The
alcohol/surfactant and oil/surfactant mole ratios were 7.73
and 74.21, respectively, for all the samples. The salinity
S, (salt/brine mole ratio) was changed from 0.943 x 10—2
to 3.31 x 102 the brine/surfactant molar ratio was in
the range 368—351, depending on the salinity. These
molar ratios correspond to the composition by weight
reported above for the non-deuterated samples.

C-system

A given amount of the deuterated microemulsion was
divided into three parts and each x-DSA probe was add-
ed to each part following the procedure described for the
A-system. The probe concentration was 1 x 10~* M,
about 1/1000 the SDS concentration in the microemulsion
[12, 24].

Electron spin-echo modulation (ESEM) technique

For theoretical and experimental details on the ESEM
techniques see [1, 25]. The ESEM measurements were
performed on the samples of the C-system.

Quasi-elastic light-scacttering

The apparatus used, the experimental procedure
followed, and data analysis are described in [26]. The
light-scattering measurements were performed on the
samples of system A and B.

Results and discussion
ESEM measurements

An echo-decay envelope has been measured for
all the microemulsions studied. The normalized
deuterium modulation depth (NDMD) is the ex-
perimental parameter which gives the information
on the probe location and on the alcohol, oil, and
water distributions at the microemulsion interface
[27]. In order to interpret the ESEM results, we
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have to recall that x-DSA probes are weakly water
soluble and comicellize with the surfactant
molecules [28, 29]. The carboxyl group is located at
the polar micellar surface an the alkyl chain inside
the micelle. Furthermore, it is known for micellar
solutions that the doxyl group in the 5 position
along the stearic acid chain is close to the SDS polar
head group at the 2nd—3rd methylene [30—32].
When the probe presents an extended conforma-
tion (typical of reverse micelles [4], [33]) increasing
x moves the doxyl group further away from the sur-
face of the micelle deeper into the oil phase.
Therefore, if the water molecules are deuterated a
decrease in the NDMD vs x is expected, whereas an
increase is expected when oil molecules are
deuterated. In case of a folded conformation
(typical of direct micelles [4, 31, 32]) a decrease of
the NDMD from x = 5 to 10 and an increase from
x = 10 to 16 for deuterated water molecules in-
dicates that the probe bends close to x = 10; the
reverse is obtained for deuterated oil molecules.
Figure 1 shows the NDMD or Winsor I
microemulsions as a function of the doxyl position
for the different deuterated components. The
NDMD is quite large for deuterated oil molecules
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Fig. 1. Normalized deuterium modulation depth vs doxyl
group position for Winsor-I microemulsions. The square,
triangle, and circle symbols correspond to values obtain-
ed deuterating water or alcohol or oil, respectively. Each
set of curves corresponds to the microemulsions with S,,
= 0.94 X 1072 1.27 x 102 and 1.59 x 102, respective-
ly. For the salt addition the normalized deuterium
modulation depth increases if oil is deuterated and is
practically constant if alcohol or water are deuterated.
The salinity values correspond approximately to 3, 4, and
5% wiw

(toluene-d;) and decreases for deuterated alcohol
and water molecules. For the last two components
the NDMD values are identical, within the ex-
perimental errors, throughout the whole salinity
range. This indicates that both the probe location at
the microemulsion interface and the probe confor-
mation do not vary with salt addition to the system.
The trends of the NDMD curves of the deuterated
alcohol or water molecules are similar and opposite
to that of the deuterated oil molecules. These trends
are consistent with a folded conformation of the
probe, which in turn is compatible with the struc-
ture of the system (oil in water aggregates). Once
the probe location and conformation is known the
following description of the interface can be given.
The probes see alcohol and water molecules on the
water side and toluene on the oil side. These
regions are well separated and the addition of salt
does not change the probe location and conforma-
tion, but it increases the oil penetration at the inter-
face, as shown by the increase of the NDMD with
increasing salinity. Quantitative results obtained by
comparison of the Winsor I microemulsions with
the SDS/NaCl/water/1-butanol micellar solutions
[7] indicate that oil penetrates up to the 4—5th
methylene from the surfactant polar head group.
The NDMD of Winsor II microemulsions is found
to increase linearly with the doxyl position when
toluene molecules are deuterated, as shown in
Fig. 2. The opposite trend is observed when alcohol
or water molecules are deuterated, but the linearity
is maintained only for deuterated alcohol. The
curves’ trends of the deuterated oil and alcohol
molecules indicate an extended probe conformation
and support the assignment of the oil and alcohol
to locations at opposite sides of the interface. As the
salinity increases a shift of the curves is observed
which can be interpreted as due to an increase of
the amount of the interfacial oil and to a decrease
of the amount of interfacial alcohol. However, we
cannot exclude the possibility that the probe itself
moves towards the oil side. The NDMD for the
5-DSA probe in the microemulsion with deuterated
water molecules is not affected by salt addition,
while a decrease is observed for the other doxyl
group positions. This behavior is consistent with
the trend reported above for deuterated oil and
alcohol molecules, leading to similar conclusions.
In this system the trend of the NDMD as a function
of the doxyl group position for deuterated water
molecules is not linear. In our opinion, no physical
insight can be drawn from this trend since the
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Fig. 2. Normalized deuterium modulation depth vs doxyl
group position for Winsor-II microemulsions. The sym-
bols have the same meaning as in Fig. 1. Each set of
curves corresponds to the microemulsions with S, =
261 x 1072 2,95 x 102 and 3.31 x 102, respectively.
For the salinity addition the normalized deuterium
modulation depth increases if oil is deuterated, and
decreases if alcohol and water are deuterated. The salini-
ty values correspond approximatively to 8, 9, and 10%
wiw

NDMD values for some curves are very weak (in
particular for 16-DSA is close to zero) and are sub-
ject to large experimental errors that could have
been underestimated.

The NDMD profiles of Winsor-III microemulsions
are shown in Fig. 3. The profiles for deuterated
alcohol and water molecules are very similar to
those of Winsor-I microemulsions, indicating that
the probe experiences the same environment on the
water side of the interface, whereas for deuterated
toluene the NDMD at x = 5 is lower than that of
Winsor-I microemulsions (the other values remain-
ing similar). Quantitative analysis [7] indicates that
toluene penetrates the interface only up to the
8—9th methylene from the surfactant polar head
group. As for Winsor-I and -II microemulsions, the
different profiles for deuterated toluene, alcohol,
and water molecules are in good agreement with
the conclusion that these components occupy well-
separated regions in the microemulsions. It is also
found that the interfacial film of these bicontinuous
microemulsions is little affected by the salinity
variation.
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Fig. 3. Normalized deuterium modulation depth vs doxyl
group position for Winsor-III microemulsions. The sym-
bols have the same meaning as in Fig. 1. Each set of
curves corresponds to the Winsor-III microemulsions
with S,; = 1.93 x 1072 and 2.09 x 102, For the salinity
addition the noramlized deuterium modulation depth
decreases slowly if oil is deuterated and increases slowly
if water is deuterated: no variation is observed for
deuterated alcohol. The salinity values correspond ap-
proximatively to 6 and 6.5% wiw

QELS Analysis

5-DSA spin-labeled microemulsions and unlabel-
ed microemulsions have been studied under the
same experimental conditions in order to in-
vestigate possible perturbations induced by the pro-
be on the microemulsion structure. A probe con-
centration <3 x 10 M does not change the
average mutual diffusion coefficient (D) for all the
microemulsions studied, indicating that the probe
concentration of the ESEM measurements (1 X
107*) does not perturb the microemulsion structure
[8]. In this paper, preliminary QELS results on Win-
sor-I and -II microemulsions with deuterated com-
ponents are reported. The experimental D values
and the polydispersity factors are given in Table 1.
For comparison, the non-deuterated microemul-
sions have also been studied under identical ex-
perimental conditions. In principle, physical con-
stants (viscosity of the continuous medium and
volume fraction of the dispersed phase) and/or
structural parameters (hydrodynamic radius and
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Table 1. Average mutual diffusion coefficient and
polydispersity factor of Winsor-I and -II microemulsions
for nondeuterated and deuterated components

S D [em?/s] w,/? Win- S (%)

(x10%) (x 107) (%) sor

0.94 3.09 11 I 3

0.94 3.05 13 I — toluene-ds
0.94 3.05 10 I — 1-butanol-d,,
0.94 2.08 10 I — D,O

3.31 3.31 7 II 10

3.31 2.95 5 I — toluene-dg
3.31 3.12 9 I — 1—bu’camol-c110
3.31 3.62 10 I — D,O

diffusion virial coefficient) affect the D value [24].
As the viscosity of deuterated water is about 23%
higher than that of normal water [34] the observed
50% difference between the D values of deuterated
water and deuterated alcohol or oil of the Winsor I
microemulsion cannot be due only to a viscosity
change. Furthermore, we expect that the volume
fraction of the dispersed phase, for the same Win-
sor-I microemulsion, should be similar to that of the
non-deuterated microemulsion. Thus, it seems like-
ly that the structural parameters, or only one of
them, change when water is deuterated. We obtain-
ed different D values for the Winsor-II microemul-
sions with water, oil, or alcohol molecules deuter-
ated. To distinguish between the effect of the
structural parameters and that of the physical con-
stants, composition analysis, viscosity measure-
ments, and structural investigation of the diluted
samples are in progress in our laboratory.

Conclusion

The ESEM analysis enables the following descrip-
tion of the interfacial region of a Winsor microemul-
sions set. For all the microemulsions studied the in-
terfacial water, alcohol, and oil molecules belong to
well-separated regions. The interfacial alcohol
molecules are mainly located on the water side,
whereas the interfacial water and oil molecules are
at opposite sides of the interface. Upon salt addi-
tion, the water side changes little for Winsor-I and

-III microemulsions, and for Winsor-II micro-
emulsions at the lower salinity range. Oil molecules
penetrate up to the 4—5th methylene from the sur-
factant polar head group in Winsor-I microemul-
sions, and up to the 8—9th methylene in Winsor-III
microemulsions. This indicates a variation in the
SDS alkyl chain packing and/or conformation
which takes place upon the Winsor-I to Winsor-IIT
phase transition. The oil side in Winsor-I
microemulsions and the water side in Winsor-II
microemulsions show, respectively, the highest
variation vs the salt addition; in both cases they cor-
respond to the inner part of the interface; the outer
part of the interface remains unchanged. The asym-
metry of the Winsor-I and -II interfacial regions is
consistent with the existence of a strong spon-
taneous curvature which leads to oil-in-water or
water-in-oil aggregates. The symmetry of the Win-
sor-III microemulsions’ interfacial film, deduced by
the invariance of the NDMD values as a function of
salt addition, is compatible with the bicotinuous
microemulsion structure (weak spontaneous cur-
vature and flexible interfacial film) [35, 36].

The ESEM results are also in agreement with the
x-ray and neutron-scattering analyses [17—20] that
give an interfacial film thickness of about 10 A. The
oil penetration to the 4—5th or 8—9th methylene of
the SDS chain, deduced by ESEM analysis implies
a similar thickness.

Quasi-elastic light-scattering has been used to
compare the structure of Winsor microemulsions
with and without probe addition. It showed that
the probe concentration of the ESEM measure-
ments does not perturb the microemulsion struc-
ture. To study the effect of the components deutera-
tion a QELS study is in progress. Preliminary
results show different D values upon deuteration of
oil, water, or alcohol.
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