
Journal of Molecular Liquids 325 (2021) 115153

Contents lists available at ScienceDirect

Journal of Molecular Liquids

j ourna l homepage: www.e lsev ie r .com/ locate /mol l iq
Laser diagnostics of reverse microemulsions: Influence of the size and
shape of reverse micelles on the Raman spectrum on the example of
water/AOT/cyclohexane system
Ivan V. Plastinin a,⁎, Sergey A. Burikov a,b, Tatiana A. Dolenko a,b

a Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, 119991, Leninsky Gory 1 Bldg. 2, Moscow, Russia
b Faculty of Physics, Lomonosov Moscow State University, 119991, Leninsky Gory 1 Bldg. 2, Moscow, Russia
⁎ Corresponding author.
E-mail address: plastinin_ivan@mail.ru (I.V. Plastinin)

https://doi.org/10.1016/j.molliq.2020.115153
0167-7322/© 2020 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 3 November 2020
Received in revised form 17 December 2020
Accepted 20 December 2020
Available online 30 December 2020

Keywords:
Self-organization
Microemulsions
Reverse micelle
Surfactant
Nanotechnology
Raman scattering
In this study, the influence of the size and shape of reverse micelles in water/AOT-Na/cyclohexane
microemulsions on the spectral characteristics of vibrational spectrawas studied using Raman laser spectroscopy
andmethod of dynamic light scattering. The sensitivity of the spectral bands of stretching vibrations ofOHgroups
of water molecules and SO3 groups of AOT anions to the processes of self-organization of surfactants in
microemulsions was established and explained. It is proposed to use this sensitivity of the OH and SO spectral
bands of the Raman spectrum of microemulsions to create a method of determining the size of reverse micelles
using Raman spectra. For this purpose, calibration curves of the spectral characteristics of these bands on the size
of the reverse micelles were obtained. It was shown that the developedmethod can provide the best accuracy of
determining the size of spherical reverse micelles 4.4%. The proposed method of laser diagnostics of
microemulsions can also be applied to microemulsions with another composition.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Reverse microemulsion (such as “water in oil”) is a thermodynami-
cally stable systemconsisting of reversemicelles located in the nonpolar
liquid [1–3]. Reversemicelles are nanoscale (1–100 nm) drops of water
(water pool) or other polar solvent covered with amonolayer of surfac-
tants (micelle shell). The size of water pools depends on themolar ratio
of water and surfactants (w = [H2O]/[Surfactant]) in reverse micro-
emulsion. The properties of microemulsions determine a wide range
of their applications in the food industry [4,5], in biomedicine [6–8], in
the pharmaceutical and cosmetic industries [2,9]. Currently, reversemi-
celles are actively used as nanoreactors for obtaining monodisperse
nanoparticles of a given size [3,10–14].

Typically, microemulsions contain 4 components: water, hydrocar-
bon, surfactant and co-surfactant (its addition allows to increase the
amount of the dispersed phase of the liquid). However, some surfac-
tants allow to create microemulsions without adding co-surfactants.
These surfactants include AOT-Na (bis(2-ethylhexyl) sodium sulfosu-
ccinate). Today, microemulsions with AOT are actively used in various
nanotechnological and pharmaceutical processes [15–28]. In [15], it
was shown that in the treatment of osteoporosis, using a transdermal
system based on AOT microemulsion for the administration of
.

alendronate provides a better pharmacokinetic profile compared to
oral administration of the drug. Reverse AOT/water/heptane micro-
emulsions are used for the synthesis of highly dispersed chitosan nano-
particles [16], for the extraction ofα-lacalbumin [21] and other proteins
[22–26]. AOT micellar structures in isooctane are widely used for pro-
tein bioregulation [27] and as traps for diethyl tartrate [28]. The use of
reverse AOT micelles made it possible to modify and improve the ther-
mal, textural, and some physicochemical properties of soy proteins [17].
Micellar solutions of AOT amphiphiles, sodium dodecyl sulfate (SDS),
and cetyltrimethylammonium bromide (CTAB) were used for the syn-
thesis of Au–Pd bimetallic nanoparticles [18]. Monodisperse copper
nanoparticles were successfully synthesized in both forward and re-
verseAOTmicelles [29]. In [19],magnetic nanoparticles coatedwith chi-
tosan were obtained using reverse microemulsions of AOT-SDS. In [20],
the authors showed that AOT/water/hexane microemulsions can be
used as “sieves” for selecting and stabilizing J-aggregates of cyanine
dye of the desired size.

The widespread use of AOT microemulsions requires active re-
searches of the structure and solubilization properties of reverse AOT
micelles. For the water/AOT-Na/cyclohexane microemulsion, it was
found [30] that the more surfactants are dissolved in the oil phase, the
more water can be contained inside the core of the formed reverse mi-
celles. According to the results of the authors [31], in water/AOT/oil so-
lutions, where cyclohexane, heptane, isooctane, dodecane, and toluene
were used as oil, a sharp linear increase in the volume of solubilized
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water is observedwith an increase of the AOT concentration from 8mM
(mmol/kg). The authors explain this by the fact that at the concentra-
tion of 8 mM, reverse micelles with the constant micellar mass begin
to form. These micelles can contain a much larger amount of water in
their core, in contrast to small aggregates of surfactants, which are
formed at AOT concentrations less than 8 mM. According to SANS
(small-angle neutron scattering) data of authors [32], the first small ag-
gregates of AOT in cyclohexane are formed already at AOT concentra-
tion of 0.225 mM. The authors [31] calculated the solubilization power
of small associates and reversemicelles using a slope of straight sections
of the dependence of the volume of solubilized water on the AOT con-
centration for different organic solvents. It turned out that the solubili-
zation power at AOT concentrations up to 8 mM is the same for
different oils, and at the same AOT concentrations in the region above
8 mM, the solubilization power increases sharply in the series:
toluene < dodecane < isooctane < cyclohexane < heptane.

The behavior of reverse microemulsions of the water/AOT/oil type
with the change of the parameter w (w = [H2O]/[AOT −]) is studied
well [33–37]. According to the results of static and dynamic light scat-
tering [33], in the water/Ni2+(AOT)2/cyclohexane system, one-
dimensional growth of reverse micelles is observed with an increase
of the parameter w, which leads to the fact that at w= 6.3 the micelles
are elongated ellipsoids. The authors [34] studied the water/AOT/cyclo-
hexane systemswith a small amount ofwater (w=5) using viscometry
and small-angle neutron scattering. At the same time, AOT salts with
various counterions were used as surfactants. A significant influence of
the size of the counterion on the structure of reverse micelles was
found. This influence is determined by the effective charge density on
the counterion surface, which is proportional to the radius of the hy-
drated ion, and is manifested in the degree of curvature of the surface
of the reverse micelle. In the limited volume of the polar micellar core
with lowwater content, for large cations it is more difficult to approach
the SO3

− head groups than for cations with small sizes. It induces effec-
tive repulsions of SO3

− groups from each other. Therefore, for small sizes
of counterions (for example, Na+) and small water content, the shape of
micelles is spherical, and for large counterions, it is cylindrical.

In the article [35], reverse water/AOT-Na micelles were studied in
three different organic solvents (cyclohexane, toluene, and chloroben-
zene) by methods of measuring viscosity and dynamic light scattering.
As results of using both methods linear dependence of the diameter of
the reverse micelles on the parameter w was obtained: diameter in-
creased from 3 to 5.5 nm with increasing w from 0 to 8. It was discov-
ered that the size of the water pools was practically independent of
solvent and concentration of AOT in oil. Similar conclusions were
made by the authors [36,37]. The molar volume of water Vw calculated
from density measurements in the water/AOT-Na/isooctane microem-
ulsion at w values from 0 to 2 is small due to the strong interaction of
water molecules with the ionic head groups of AOT [37]. For w in the
range from 2 to 6, Vw increases due to weaker interactions of additional
water molecules with the AOT head group and the growth of spherical
reverse micelles. For values of w from 6 to 12, a complex non-
monotonic course of the dependence of Vw on w is observed, which is
associated by the authors with the rearrangement of micelles from
spherical to non-spherical.

There are a number of articles in the literature on the study of re-
verse AOT microemulsions using vibrational spectroscopy [38–44]. It
was established that the processes occurring in reverse micelles appear
mostly in the behavior of the spectral band with the maximum at
1064 cm−1 in the Raman spectrum and in the area of 1051 cm−1 in IR
spectrum at w = 0 (according to the authors [38], this band is caused
by symmetric stretching vibrations of SO of sulfonate groups SO3

−) and
stretching band of OH-groups of water in the region 3400 cm−1. As a
result of analysis of IR absorption and Raman spectra of reverse
microemulsions water/AOT-Na/isooctane and water/AOT-Na/cyclohex-
ane, it was found that change of the w parameter from 0 to 15 leads to
the shift of the SO stretching band in the Raman spectrum from 1064 to
2

1050 cm−1, and in the IR absorption spectrum from 1051 to 1045 cm−1

[38]. The greatest shift of the bands is observed with increasing w from
0 to 3. For w> 6 there is only a slight shift, and if w > 15, the band does
not shift. It is worth noting that the authors of [38] rely on thework [45]
for interpretation of this band. However, as in the case of SDS [46], in
addition to the symmetric stretching vibrations of SO3 groups, there
should be symmetric stretching vibrations of the C-C backbone in the
1060 cm−1 region. For example, the authors [47] assert that the band
in the region of 1060 cm−1 belongs to the symmetric vibrations of C-C
AOT. Therefore, we will not provide an explanation of the authors
of the detected band shifts in terms of processes occurring in
microemulsions.

In the study [39], reverse water/AOT/heptane microemulsions were
studied by Raman spectroscopy. It was shown thatwhen thewater con-
tent in the microemulsion w increases from 2.4 to 58.6, the stretching
band of water shifts to the region of smaller wavenumbers. In this
case, the band itself turns from a bell-shaped band into a band with
two maximums, similar to the stretching band of pure water. A similar
shift of the water stretching band as a function of w in reverse AOT
microemulsions is also observed in the IR spectra [40–44]. Representing
the stretchingbandofwater at each value ofwas a linear combination of
the spectrum of “bound” water (the band at the lowest water content
w = 2.4, when all water molecules are located near the head groups
of AOT) and “bulk” water (the spectrum of pure water), the authors
[39] found that with an increase of w from 2.4 to 20, the proportion of
“bulk” water increases rapidly; for w from 20 to 40, the increase of the
fraction of “bulk” water occurs very slowly. And after w = 40, the
amount of “bulk”water begins to grow rapidly again. The authors assert
that the growth of reverse micelles (for example, aggregation of water
droplets) can occur in the region of 20 < w < 40. The authors [42]
used IR spectroscopy to show that water in the micelle core consists of
“interphase “and “bulk” water. They showed that increasing w to 6
leads to significant changes in the OH stretching band, and when in-
creasing w above 6, the OH band changes slightly, gradually becoming
similar to the pure water stretching band.

As it was mentioned above, reverse microemulsions are in high de-
mand in biotechnologies, pharmaceuticals, food processing, and nano-
technologies [3–5,10–12,14]. The characteristics of such systems
directly affect the final product. For example, the shape and size of the
synthesized nanoparticles are determined by the structure of the used
reversemicelles. And the processes of reversemicelle formation, critical
micelle concentration (CMC), and the structure of micelles, in turn, sig-
nificantly depend on the amount and type of solvents, the ratio of their
concentrations, the type and concentration of amphiphile, the tempera-
ture of the system, etc. Therefore, today there is an extremely great in-
terest to the study of complex processes of self-organization of
amphiphilic compounds in triple (or multicomponent) systems, in
which reverse micelles of different sizes and shapes are formed.

Currently, there is no method of diagnostics of the processes of self-
organization of amphiphiles that provides contactless sensing of multi-
component solutions of amphiphiles and allows working in real time.
For example, in the synthesis of nanoparticles, in order to determine
the size of the resulting particles, a number of actions should be per-
formed: stop the synthesis reaction, change the temperature for particle
deposition, wash the resulting particles with different solvents, centri-
fuge the mixtures, wash them again, dry them under vacuum, and
only then one can characterize them - measure the size, evaluate the
shape, etc. [48,49]. Thus, one can state that significant progress has
been made in the application of micellar synthesis and micellar solubi-
lization in various industries, inmedicine, and in nanotechnology. How-
ever, contactless express diagnostics of processes and parameters of
self-organization of amphiphiles inmulticomponent solutions is not de-
veloped at all.

In this work, the processes of self-organization of surfactants in
microemulsions were studied using laser Raman spectroscopy and
method of dynamic light scattering (DLS) on the example of the



Fig. 1. Dependence of the diameter of reverse micelles d on w. The size measurement
error is 4%.
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water/AOT-Na/cyclohexane systemdepending on the amount of solubi-
lized water. The main regularities in the change in Raman spectra with
changes of the size of reverse micelles have been established, which
makes it possible to use laser spectroscopy as a promising express
non-contact method for diagnostics of reverse microemulsions with
aqueous core, in particular, for determining the size of micelles.

2. Materials and methods

2.1. Objects of research

For the preparation of reverse microemulsions the following re-
agents were used: AOT (bis (2-ethylhexyl) sodium sulfosuccinate
C20H37NaO7S,M=444.56 g/mol, Sigma-Aldrich, CAS:577-11-7, BioUltra,
Purity: 99.6%), cyclohexane (C6H12, PanReac AppliChem, CAS:110-82-7,
Purity: 99.9%), ultrapure deionized bidistilled water (“Millipore Sim-
plicity UV” water filtration and purification system, water resistance
18.2 MΩ*cm at 25 °C).

The process of preparing reversemicroemulsionswater/АОТ-Na/cy-
clohexane was carried out in several stages. First, a solution of 33.3 wt%
AOT in cyclohexane (750 mM) was prepared. After complete dissolu-
tion, the resulting solution was poured into 14 separate vials. Then,
such an amount of water was added to each solution that the parameter
w= [H2O]/[AOT−] changed from 0 (without water) to 11 with variable
increment.

2.2. Methods of research

2.2.1. Raman spectrometer
The Raman signal was excited by the Laser QuantumGemDPSS laser

(532nmwavelength, output power 500mW). For suppression of elastic
scattering an interference filter was used. It allowed approaching the
laser excitation line up to 200 cm−1. The spectra were recorded in 90°
experiment geometry. A film polarizer was used to obtain the polarized
and depolarized spectra. The detection system included monochroma-
tor (Acton, grating 1800 and 900 grooves/mm, focal length 500 mm)
and CCD camera (Horiba Jobin Yvon, Syncerity). The registration time
for one spectrum was 2 min. The spectral resolution in the region of
the stretching band of water was 0.6 cm−1. The processing of the spec-
tra consisted of their correction for the laser power and spectral sensi-
tivity of the registration system, baseline correction. The temperature
of the samples was controlled by the KRIO-VT-01 thermal stabilization
system and maintained constant at 25.0 ± 0.1 °C.

2.2.2. System of measuring the size of reverse micelles
The Malvern Zetasizer Nano–ZS light scattering analyzer (Malvern

Instruments, UK) was used to determine the size of reverse micelles in
the studied samples. In Zetasizer series of laser analyzers, the size of par-
ticles and molecules is measured by DLS method in the range from
0.3 nm to 10 μm. Themeasurement accuracy according to themanufac-
turer's data is ±2%. The temperature of the samples was maintained at
25.0 ± 0.1 °C.

In experiments the size of the reverse micelle for each studied
microemulsion was determined 3–5 times by DLS method, and
then the arithmetic mean value of d and its standard deviation
were calculated. For more information, see Suppl. Material,
paragraph 1.

3. Results and discussion

3.1. Determination of the size of reverse micelles in the studied samples

The DLS method was used for determination of the size of reverse
micelles in all the studied water/AOT-Na/cyclohexane microemulsions.
For samples with w from 0 to 5, the autocorrelation function was well
described by single exponent, but for sampleswithw>6, one exponent
3

was not enough for approximation. This may be caused by the fact that
at w > 6, the reverse micelles begin to strongly bend and stretch, their
shape is transformed from spherical to ellipsoid. These results are in
good agreement with the data [33,37]. Thus, according to our data, the
region where reverse micelles have spherical shape in the studied
water/AOT-Na/cyclohexane microemulsions lies in the range of w
values from 0 to 5. The obtained dependence of the diameter of spheri-
cal reverse micelles d on the parameter w is shown in Fig. 1.

As the water content in the microemulsion increases, the size of
water droplets solubilized in reverse AOTmicelles increases, thereby in-
creasing the size of the micelles themselves. The dependence of the di-
ameter of the reverse micelles d on w (Fig. 1) is approximated with
good accuracy by the linear function in the range w from 0 to 5 (the ap-
proximation parameters are shown in Fig. 1). The linear increase of the
size of reverse micelles with an increase of the water content when w
changes from 0 to 5 is consistent with the data [35].

3.2. Raman spectroscopy of reverse microemulsions of AOT

Unpolarized spectra (which include the contribution of the polar-
ized and depolarized Raman signals), polarized, and depolarized
Raman spectra of all samples were obtained in a wide range of
wavenumbers - from 200 to 4500 cm−1. Fig. 2 shows the unpolarized
Raman spectra of cyclohexane, water, and the water/AOT/cyclohexane
microemulsion with w = 0 and 11.

In the Raman spectrum of cyclohexane, the following most in-
tense bands are observed: CC stretching vibrations with maxi-
mums near 805 and 1034 cm−1, bending vibrations of CH2-
groups (rocking vibrations with maximum near 1163 cm−1, twist-
ing vibrations −1274 cm−1, wagging vibrations - 1354 cm−1, scis-
soring vibrations - 1450 cm−1) and CH stretching vibrations in the
region 2800–3000 cm−1 [50] (Fig. 2). The bands of stretching vi-
brations of CH groups CH3 AOT are also located in the region
2800–3000 cm−1, in the region 1100–1500 cm−1 there are bands
of bending vibrations of CH2 of groups CH3; near 1060 cm−1 one
can observe band which can be caused symmetric stretching vibra-
tions of SO3 groups, SO, and SS stretching vibrations of hydrocar-
bon radicals AOT [45–47] (Fig. 2). In the Raman spectrum of
water, the most intense and very broad OH stretching band is lo-
cated in the region 3000–3700 cm−1 [51–53] (Fig. 2). In addition,
the Raman spectrum of water contains band of vibrations with
combination frequencies of OH groups (3800–4300 cm−1), associ-
ation band (1900–2400 cm−1), bending band (1500–1800 cm−1),
broad band of intermolecular translational and libration vibrations
(300–1100 cm−1), and weak bands of intermolecular vibrations of
hydrogen bonds (50–300 cm−1) located on the intense Rayleigh
scattering shoulder [52,54,55].



Fig. 2. Unpolarized Raman spectra of water, cyclohexane C6H12 and microemulsions with w= 0, 1 and 11. For clarity, each upper spectrum is shifted by 0.1 in intensity up relative to the
lower one.
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3.2.1. Dependence of the spectral characteristics of the OH stretching band
of water (3100–3700 cm−1) solubilized in the core of reversemicelles onw

In order to analyze the stretching bands of water, the separation
of contribution of water to the Raman spectrum of the
microemulsion was performed for each sample with w > 0. For
this purpose, difference spectra were constructed: the spectrum of
AOT and cyclohexane (sample with w = 0) was subtracted from
the Raman spectrum of the microemulsion (each sample with
w > 0). Fig. 3a shows the unpolarized spectra of cyclohexane and
microemulsions with w = 0, 11, and Fig. 3b shows the difference
spectra for all studied w, normalized by the area of the OH
stretching band. Similarly, polarized and depolarized stretching
bands of OH of water in microemulsions were obtained (Fig. S1, S2).

As it can be seen from Fig. 3b and S1b, as the amount of solubi-
lized water increases, the shape of the water stretching band
changes significantly: with increasing w, the intensity of the low-
frequency region of band increases, and the intensity of high-
frequency region of band decreases, and the band itself shifts to-
wards low frequencies. For assessment of changes in the position
and shape of the water stretching band the following values were
used: the position of the maximum of the band νmax, the position
of center of mass νc.m., FWHM Δν (full width at half maximum)
and parameter χ21 (the ratio of the intensity of high-frequency
(I3500 cm−1) shoulder of the band to the intensity of low-frequency
shoulder (I3300 cm−1), i.e. χ21 = I3500/I3300) (Fig. 3b) [56]. The posi-
tion of the center of mass was determined as follows:
Fig. 3.Unpolarized Raman spectra of cyclohexane andmicroemulsionswith w=0 and 11 (a); U
water content (various values of w) (b).

4

νc:m: ¼ ∑iIi � νi

∑iIi
ð1Þ

where Ii - intensity at frequency νi.
For all studied samples, the dependences of the specified spectral

characteristics on the parameter w were constructed (Fig. 4). Similarly,
such dependences were constructed for polarized (Fig. S3) and
depolarized OH stretching bands (Fig. S4).

For explanation of the obtained dependences (Fig. 4) we decom-
posed the OH stretching band of each studied microemulsion into 5
components that correspond to a certain local structure of the hydrogen
bonds of the H2Omolecule: DAA, DDAA, DA, DDA (water molecules can
act as a proton donor (D) and proton acceptor (A) (see Fig. 5a)) and free
(weakly bound/unbound water molecules) [57–59].

In order to isolate components from a wide stretching band of
water, the method of genetic algorithms in combination with the
gradient descent method was used [53,60–62]. The components of
the decomposition of the Gaussian shape were chosen. Decomposi-
tion was carried out for three spectra of each microemulsion, after
which the average values and standard deviations of the parameters
of components were calculated. The results of decomposition are
shown in Fig. 5.

As it can be seen from Fig. 4a, the dependence νmax(w) can be ap-
proximated well by two straight lines intersecting at the point w = 5.
This stepwise shift of the position of maximum of the stretching band
npolarized bands of stretching vibrations of OH of water inmicroemulsionswith different



Fig. 4. Dependences of the position of maximum (a), center of mass (b), FWHM (c), and parameter χ21 (d) for unpolarized OH stretching bands on the amount of solubilized water in
reverse micelles of microemulsion (w).
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of water towards smaller wave numbers with increasing w (Fig. 4a)
shows that for w ≤ 5, the frequency of stretching vibrations decreases
very slowly for most water molecules (the blue linear section in
Fig. 4a). At the same time, about 70% of the intensity of the entire
OH band is caused by water molecules bound by a single pair of
donor-acceptor (DA) hydrogen bonds (component 3 in Fig. 5b). For
w > 6, the frequency of stretching vibrations decreases about 3 times
faster with increasing w than for small w (the red linear section in
Fig. 4a). Meanwhile the contribution of molecules with DA bonds beca-
me smaller, and the contribution of molecules with DDAA bonds -
greater (components 2 and 3 in Fig. 5b). This means an increase of
the connectivity of water molecules in the core of the reverse micelle
with increase of the water content. Thus, the connectivity of most of
Fig. 5. Decomposition of the OH stretching band of the microemulsion (w = 11) into 5 com
component to the intensity of the OH stretching band (b) on the parameter w.

5

the water molecules in the water core increases gradually to w = 5,
and at large w their connectivity increases much faster (Fig. 4a) (an in-
crease in connectivity means an increase in the number and strength of
bonds per water molecule [52]). Such a sharp change in the dynamics
of the binding of water molecules, which leads to the break in the re-
gion w = 6 (Fig. 4a, Fig. 5b), suggests that when the ratio of the num-
ber of water molecules to the number of AOT anions is approximately
6:1, an internal rearrangement of the core of the reverse micelle oc-
curs. At w = 6, the number of water molecules is 6 times greater
than the number of Na+ counterions. At this ratio, water molecules
can form hydrate shell around Na+ cations [34,63], thereby shielding
them from the SO3

− AOT head groups. After that, the water molecules
added to the solution again (i.e. at w > 6) will be able to form strong
ponents of the Gaussian shape (a), the dependence of the relative contribution of each
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hydrogen bonds with SO3
− groups, which will not be hindered by

hydrated Na+ ions.
The formation of hydrogen bonds with groups SO3

− if w > 6 is con-
firmed by the course of dependence of the contribution of component
4 on w presented in Fig. 5b. As the water molecules form hydrogen
bond with the oxygen atom of the group SO3

− acting as donor of proton
(D) (i.e., DA bond of water molecule transforms to DDA bond). One can
observe an increase of contribution of component 4 (DDA) and decrease
of the contribution of component 3 (DA)with increasingw from 6 to 11
(Fig. 5b).

As it can be seen from Fig. 4b, the dependence of the center of mass
of νc.m. on the parameter w as well as the dependence νmax(w), can
be approximated well by two straight lines intersecting at the point
w = 5.3. Such a small change in w in the point of intersection of lines
can be explained by the fact that this dependence νc.m. (w) shows
how change of w changes the average connectivity not of the most
part of water molecules but of all water molecules present in the cores
of reverse micelles. In this case, the average connectivity of water mol-
ecules increases faster with an increase of w from 0 to 5 (the blue linear
section in Fig. 4b, components 2 and 3 in Fig. 5b), than when increasing
w from 6 to 11 (red linear section in Fig. 4b). This clearly demonstrates
the change of the form of band with change of parameter w (Fig. 3b):
with increasing w from 0.25 to 5, there is a significant change of the
band shape comparedwith that for large values of w. The described dy-
namics of the binding of OHgroups ofwatermolecules in the core of the
reversemicellewith an increase ofw is confirmed by the dependence of
the parameter χ21 on w (Fig. 4d) By its definition, the parameter χ21 is
equal to the ratio of the number of weakly bound groups of water mol-
ecules to strongly bound ones (see above, [56]). That is why the course
of the obtained dependence χ21(w) indicates that for small values of w,
the proportion of weakly bound OH groups of water molecules in re-
verse micelles of AOT at first decreases sharply (that is, the number of
strongly-bound OH groups actively increases (component 2 in
Fig. 5b)), at w ~ 4 this reduction is slowed down (the number of
strongly-bound groups OH grows slower), and when w > 5 there is a
relative balance between the weakly- and strongly-bound water mole-
cules (the dependence χ21(w) is approximated by straight line), al-
though the proportion of weakly bound OH groups continues to
decrease (Fig. 4d, components 2 and 3 in Fig. 5b).

The dependence of the FWHMof thewater stretching bandΔν onw
is shown in Fig. 4b. In contrast to all other characteristics, the FWHM in-
creases monotonically with increasing w (Fig. 4 a,b,d), and the depen-
dence Δν (w) in the entire studied range w is approximated well by
straight line. The band broadening is explained by the increase of the
number of strongly bound OH groups of water molecules in the core
Fig. 6. Unpolarized Raman spectra of cyclohexane and microemulsions
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of the reverse micelle when water is added to the microemulsion.
Namely the stretching vibrations of strongly bound OH groups
give their contribution to the Raman spectrum in the region
3200–3300 cm−1. When w changes from 0.25 to 11, the FWHM of the
stretching band of water increases by 2 times. Another reason for this
broadening may be Fermi resonance: an increase of the binding water
molecules may increase the resonant interaction between the symmet-
ric stretching vibration OH and the overtone of the bending vibration
H-O-H, which may lead to even greater band broadening [60,61].

The dependences of the position of the maximum, center of mass,
FWHM, and χ21 on the parameter w obtained for polarized spectra al-
most completely repeat the behavior of the corresponding dependences
for unpolarized spectra (Fig. S3). At the same time, there are significant
differences for depolarized spectra. Changes of the position of the max-
imum and center of mass are not as significant as for unpolarized and
polarized spectra: when w increases from 1 to 11, the position of max-
imum decreases by 10 cm−1 (for unpolarized and polarized - almost
30 cm−1), and the center of mass shifts by about 15 cm−1 (against
50 cm−1) (Fig. S4). For depolarized spectra, there is no sharp break in
the dependences νmax(w) and νc.m. (w) at w = 5–6 (Fig. S4), and the
FWHM also changes linearly with increasing w, but only by 15%, not
by 2 times (Fig. S4).

The obtained results indicate a high sensitivity of the OH stretching
band to the amount of water solubilized in the reverse micelle, and,
consequently, to the size of the reverse micelle. At the same time, at
w = 6, when water molecules hydrate/shield Na+ cations, so that
water molecules can now closely approach the SO3

− AOT head groups
and form strong hydrogen bonds with them, such an effect of water
molecules on the micelle shell of AOT anions from the inside of the
micelle core does not remain without consequences. Micelles begin
to change their shape from spherical to more elongated (ellipsoidal
or cylindrical). This transformation of micelles just begins to occur at
w > 6, which is confirmed by our data obtained by the DLS method
and data from other authors [33]. The sensitivity of the OH stretching
band makes it possible to detect this transformation using Raman
spectra (Fig. 4).

3.2.2. Influence of water solubilization on the AOT spectral band in the re-
gion 1040–1080 cm−1

Fig. 6a shows the unpolarized spectra of cyclohexane and
microemulsions with w = 0, 3, 6, 11 in the region 1000–1100 cm−1.
The band with a maximum near 1034 cm−1 corresponds to the
stretching vibrations of the CC cyclohexane backbone, and in
microemulsions on its shoulder there is AOT band, which some authors
associate with the stretching vibrations of CC AOT backbone [47], and
with w= 0, 3, 6, 11 (a); difference spectra at w = 0, 3, 6, 11 (b).



Fig. 7. Dependences of the position of maximum (a) and the ratio of the intensities δ = I1068/I1056 (b) of the difference spectra of the AOT band on the parameter w for the unpolarized
spectra of microemulsion.
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others with the stretching vibrations of the SO sulfonate group SO3 of
AOT [45]. As it can be seen from Fig. 6a, this band is very sensitive to
changes of the amount of solubilized water. In order to analyze the be-
havior of this band, difference spectra were obtained: the spectrum of
cyclohexane in the studied region was subtracted from the microe-
mulsion spectrum. The difference spectra of the same samples with
w= 0, 3, 6, 11 are shown in Fig. 6b.

As it can be seen from Fig. 6b, whenw=0, the AOT band has a two-
humped shape with the maximum at 1068 cm−1 and intense shoulder
at 1056 cm−1. As the amount of solubilizedwater in themicelle core in-
creases, the band shape begins to change: the maximum shifts to the
left, and the low-frequency shoulder becomes more intense. At w =
11, the maximum is already in the area of 1056 cm−1, and to the right
of the maximum there is only a small shoulder in the area of
1068 cm−1. In order to quantify these changes, parameter δ was intro-
duced, which equals the ratio of intensities of high-frequency shoulder
(I1068) of AOT band in the region 1040–1110 cm−1 to the intensity of
low-frequency shoulder (I1056) (Fig. 6). The dependences of the position
of the band maximum and the intensity ratio δ = I1068/I1056 on the pa-
rameter w were constructed (Fig. 7).
Fig. 8. Decomposition of the AOT band in the region 1040–1110 cm−1 of the microemulsion
contribution of each component to the intensity of the SO stretching band (b) on the paramet
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Inorder toexplain theobtaineddependences (Fig. 7),wedecomposed
the AOT bands in the region of 1040–1110 cm−1 of each of the studied
microemulsions into 3 components of the Gaussian shape (Fig. 8a):

We assume that component 1withmaximumnear 1056 cm−1 corre-
sponds to the stretching vibrations of SO of bound SO3 groups, compo-
nent 2 with maximum near 1068 cm−1 corresponds to the stretching
vibrations of unbound SO3 groups, and the component 3withmaximum
near 1081 cm−1 probably corresponds to CC vibrations (thewidth of this
component is associated with a variety of different CC bonds in the AOT
anion). As it can be seen from Fig. 8b, the area of component 3 practically
does not change with the addition of water, since the concentration of
AOT remains almost constant, which confirms our assumption that com-
ponent 3 corresponds to CC vibrations. The areas of components 1 and 2
change significantly with increase of w from 0 to 3, change slightly with
increase of w from 3 to 6, and practically do not change for w > 6
(Fig. 8b). This means that as w increases, the number of strongly
bound SO3 groups increases and the number ofweakly bound groups de-
creases. This change in the ratio of contributions of components 1 and 2
actually confirms the explanation of the corresponding change of the pa-
rameter δwith increasing w (Fig. 7b).
(w = 11) into 3 components of the Gaussian shape (a), the dependence of the relative
er w.
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Fig. 7a shows that when the amount of water in the
microemulsion increases, the maximum of the studied band shifts
sharply to the low frequency region, but the shift slows down
when w approaches 6, and when w > 6, the shift occurs linearly,
which corresponds to the the dependencies of component contri-
butions (Fig. 8b). The dependence δ(w) shows that at w < 6, the
intensity of the high-frequency region of the band decreases rap-
idly, while the intensity of low-frequency region, on the contrary,
increases. As the w value approaches 6, these processes slow
down (Fig. 7b, Fig. 8b). For w > 6, the dependence δ(w) becomes
linear. This shift of the band and the change in the relative inten-
sity δ = I1068/I1056 with increasing w can be explained if one as-
sumes that the main contribution to the studied band is made by
the stretching vibrations of the SO group SO3, which is confirmed
by the data of decomposition (Fig. 8b). The contribution to the
1068 cm−1 region is caused by weakly bound head group
(i.e., the SO3 group that does not interact well with water and
does not form strong hydrogen bonds), and the contribution to
the 1056 cm−1 region is caused by strongly bound SO3 groups
(Fig. 8). In this case, as the amount of water increases from 0 to
w = 6, water molecules gradually hydrate/shield the Na+ counter-
ion and form stronger hydrogen bonds with the SO3 head group,
thereby shifting the frequency of SO stretching vibrations from
1068 cm−1 to 1056 cm−1 (at the same time, the number of
bound groups increases dramatically SO3 (Fig. 8b)). When there
are enough water molecules to completely hydrate the Na+ ions
(w = 6, i.e. 6 H2O molecules per 1 Na+ cation), nothing prevents
the water molecules from forming hydrogen bonds with the AOT
head group. Therefore, as soon as all cations are surrounded by hy-
drate shells, the SO stretching band begins to shift to low frequen-
cies very slowly, most likely due to the strengthening of existing
hydrogen bonds.

Thus, analysis of the behavior of the AOT band caused by
stretching vibrations of SO3 groups showed that this band, like the
OH stretching band of water, is very sensitive to changes of the
amount of water solubilized in the core of reverse micelles. It was
found that when w = 6 there is a sharp change in the course of de-
pendency of spectral features both of OH band (Fig. 4) and SO band
(Fig. 7), caused by the formation of hydration shells of the counterions
Na+ and, consequently, transformation of the form of reverse micelles
from spherical to nonspherical. Hydration of Na+ counterions allows
water molecules and the head groups of SO3 AOT to interact directly,
which is shown in the spectra of stretching vibrations of these groups
(OH and SO).
Fig. 9. Calibration curves of the position of the maximum (a), center of mass (b), and FWHM (c
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3.3. Method of determination of the size of reverse micelles in AOT
microemulsions using laser Raman spectroscopy

The results of laser Raman spectroscopy of reverse water/AOT-Na/
cyclohexane microemulsions presented above showed a high sensitiv-
ity of the OH and SO stretching bands to changes of the amount of solu-
bilized water, which in turn affects the size of the reverse micelles.
Taking into account this sensitivity of the specified spectral bands of
the water/AOT/cyclohexane microemulsion, the relationship of their
characteristics with the sizes of the corresponding micelles obtained
by the DLS method was established.

The calibration curves of the position of the maximum, center of
mass, and FWHM of the stretching bands of OH groups of water on
the size of the reversemicelles were constructed. Fig. 9 shows these cal-
ibration curves for the unpolarized stretching band of OH groups of
water.

As it can be seen from Fig. 9, the course of all calibration curves is lin-
ear. This is not surprising, since the dependence of the position of the
maximum, center of mass, and FWHM of the unpolarized stretching
band of OH groups of water on w (Fig. 4) and the dependence of w on
the size ofmicelles (Fig. 1) are linear in the area corresponding to spher-
ical reverse micelles (up to w = 6). Basing on the obtained calibration
curves (Fig. 9), one can estimate the size of reverse micelles in the
microemulsion with the following accuracy: the greatest accuracy is
given by the calibration curve of the position of the maximum of the
OH stretching band on d - 4.4%; the calibration curve of the position of
the center of mass on d provides an accuracy of 4.5%, and the calibration
curve of the FWHM on d - 5.3% (Table 1). A detailed description of the
error calculation is provided in Suppl. Material (pp.1,2). It should be
noted, that when calculating these values of accuracy of determination
of the size of the reverse micelles, the accuracy of approximation of de-
pendences and accuracy of DLS method were taken into account.

Since the shape of the unpolarized spectra depends to a large extent
on the specific experimental setup, in contrast to polarized and
depolarized spectra, similar calibration curves were constructed for
these spectra (Fig. S5, S6). It was found that when determining the
size of micelles from Raman spectra, the best results were achieved
using unpolarized Raman spectra. However, in some situations it can
be more simple and convenient to use, for example, polarized spectra.
Therefore, the corresponding calibration curves are given in Suppl. Ma-
terial. The obtained calibration curves of the position of maximum, cen-
ter of mass, and FWHMof the stretching band of OH groups of water on
w for polarized (Fig. S5) and depolarized (Fig. S6) spectra were approx-
imated by straight lines. Similarly to the method described above, the
) of the unpolarized stretching band of OH groups of water on the size of reverse micelles.



Table 1
Accuracies of determination of the size of reverse micelles in the water/AOT/cyclohexane microemulsion using calibration curves of the spectral characteristics of the OH and SO group
stretching bands on the size of micelles d.

Method of determination Error, %

Unpolarized Polarized Depolarized

Calibration curve of the position of maximum of OH stretching band (3100–3700 cm−1) on d 4.4 5.1 6.1
Calibration curve of the position of center of mass of the OH stretching band (3100–3700 cm−1) on d 4.5 5.8 5.0
Calibration curve of the FWHM of the OH stretching band (3100–3700 cm−1) on d 5.3 7.5 4.9
Calibration curve of the position of maximum of the SO3 stretching band (1040–1080 cm−1) on d 19
Calibration curve of the ratio of intensities δ = I1068/I1056 of of SO3 stretching band (1040–1080 cm−1) on d 13
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accuracy of determining the size of micelles from the constructed cali-
bration curves was estimated. All obtained values of the accuracy of
measuring the size of reverse micelles by calibration curves are shown
in Table 1.

The calibration curves of maximum position and the intensity ratio
δ = I1068/I1056 of the AOT spectral band due to stretching vibrations of
SO3 groups on the size of reverse micelles d are shown in Fig. 10.

The course of the obtained calibration curves (Fig. 10) can be worse
described by the linear law in comparison with the calibration curves
for the OH stretching band (Fig. 9). Therefore, the approximation was
carried out using second degree polynomial. This leads to large errors
in determining the size of reverse micelles when using these calibration
curves. The greatest accuracy is given by the calibration curve of the po-
sition of the maximum of SO band on d - 19%, and the calibration curve
δ(d) allows one to determine the size of reverse micelles with accuracy
13% (Table 1). A detailed description of the error calculation is given in
the Suppl. Material (pp. 1,2).

All the obtained accuracies of determination of the size of reverse
micelles using the calibration curves of the spectral characteristics of
the unpolarized, polarized, and depolarized stretching bands of OH
groups and unpolarized stretching bands of SO3 groups of Raman spec-
tra of AOT microemulsions on the size of micelles are shown in Table 1.

As it can be seen from Table 1, the greatest accuracy in determining
the size of reverse micelles is provided by the calibration curve of the
position of the maximum of the unpolarized stretching band of water
on the size of reverse micelles d. It is 4.4%. At the same time, the main
contribution to this error is caused by inaccuracy of determining the
sizes themselves by the DLS method: in our experiments, the average
error of determination of the sizes was 4%. However, as it was men-
tioned earlier, from the point of view of spectrum registration, unpolar-
ized spectra are not completely universal. Therefore, calibrations were
made for polarized and depolarized stretching bands of OH groups,
which provide errors slightly higher - from 4.9 to 7.5%. This is caused
by lower intensity of these bands compared to the intensity of the
Fig. 10. Calibration curves of the position of maximum of the SO3 stretching band (
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unpolarized band. The use of calibration curves of the spectral charac-
teristics of the SO3 stretching band on the size of micelles d gives the
sizemeasurement error from 13 to 19%. This is mainly caused by the lo-
cation of this band on the shoulder of the CC cyclohexane stretching
band, which leads to the less accurate calculation of the values of the
spectral characteristics of the SO3 stretching band.

Thus, it is possible to determine the size of reverse micelles in the
microemulsion with good accuracy using Raman spectral bands of
water/AOT/cyclohexane microemulsion. At the same time, the errors
in determining the size of micelles can be comparable to those of the
most common method of measuring sizes – DLS. In addition, the
method of laser Raman spectroscopy has undeniable advantages over
other contact methods: it can be implemented in remote mode and it
is not time-consuming. Namely Raman spectroscopy allows non-
contact real-time diagnostics of micellar media, for example, measure-
ment of critical micelle concentrations and concentration of formation
of pre-micellar associates, determination the transformation of micelles
from spherical to non-spherical.We developed thesemethods for direct
micelles in double and triple systems: in aqueous solutions of sodium
octanoate [52] in aqueous andwater-ethanol solutions of sodiumdode-
cyl sulfate [46,62]. In this paper, we have shown that laser Raman spec-
troscopy can be used for determination of the size of reverse micelles
and obtaining information about their shape.

In this work, laser Raman spectroscopy was applied to water/AOT/
cyclohexane microemulsions. However, if one takes into account that
the processes occurring with water molecules in the water core of the
reverse AOT micelle are common for other continuous oil phases (for
example, hexane, heptane, isooctane), then one can assert that the pro-
posed method is universal for such systems. This conclusion is con-
firmed by our results of studies of aqueous solutions of sodium
octanoate and water-ethanol solutions of sodium dodecyl sulfate
[46,52,62] using laser Raman spectroscopy. In these studies, despite dif-
ferent surfactants and solvents, general patterns of behavior of the spec-
tral bands of water and surfactants were observed.
a) and the intensity ratio δ = I1068/I1056 (b) on the size of the reverse micelles.
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4. Conclusions

As a result of studying the processes of self-organization of AOT-Na
in the reverse microemulsion water/AOT/cyclohexane using Raman
laser spectroscopy, it was found that the bands of water and surfactants
are extremely sensitive to the size and shape of reverse micelles. It was
proposed to use this sensitivity of the stretching bands of the OH and SO
groups of the Raman spectrum of microemulsions for elaboration of the
method of determination of the size using Raman spectra. For determi-
nation of the size of micelles, calibration curves of the spectral charac-
teristics of these bands on the size of the reverse micelles were
obtained. It was shown that the developed method can provide the
best accuracy of determining the size of spherical reverse micelles
4.4%. The proposed method of laser diagnostics of microemulsions can
also be applied to microemulsions with different composition.
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