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The structure of water (4% D,O in H,0, v/v) solubilized by
the reverse aggregates of sodium bis(2-ethylhexyl) sulfosuccinate
[Na(AOT)] in heptane and by magnesium bis(2-ethylhexyl) sul-
fosuccinate [Mg(AOT),] in toluene has been probed by FT-IR.
The vop band of solubilized HOD has been recorded as a function
of the [water]/[surfactant] molar ratio, W/S, up to the phase
separation boundary for Na(AOT), W/S of 60, and to W/S of 33
for Mg (AOT),. Curve-fitting of this band showed the presence of
main peaks at 2530 = 19 and 2523 + 7 cm™*, and small peaks at
2355 + 43 and 2352 = 18 cm™* for Na(AOT) and Mg(AOT),,
respectively. Over the entire W/S range, the main peak corre-
sponds to 92 + 3% (Na(AOT)) and 92 + 2% (Mg(AOT),) of the
total peak area. For each surfactant, as a function of increasing
W!/S, the frequency of the main peak decreases, whereas its full
width at half-height increases; values of both properties at W/S
of 60 for Na(AOT) and at W/S of 33 for Mg(AQOT), are close to
the corresponding ones for HOD in bulk aqueous phase. These
results show that the aggregate-solubilized water, although differ-
ent from bulk water, does not seem to coexist in ““layers’ of differ-
ent structures, as suggested by the multistate water solubilization
model.  © 1998 Academic Press

Key Words: reverse micelles; water-in-oil microemulsions; re-
verse aggregates, water solubilization by; micelle-solubilized water,
IR study of.

1. INTRODUCTION

Microemulsions are transparent or translucent, isotropic,
and thermodynamically stable solutions consisting of at |east
three components: oil, water, and a surfactant. Depending
on the continuous phase, they are classified as oil-in-water
microemulsions (O/W pEs) and water-in-oil microemul-
sions (W/O pEs). Interest in studying the latter solutions
stems from the fact that solubilized water has some peculiar
properties; this has been exploited in, inter alia, catalysis of
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chemical and enzymatic reactions and preparation of poly-
mers and quasi-monodisperse inorganic particles (1-8).

It is important to understand fully the properties of water
solubilized by surfactant aggregates in organic solvents be-
cause of the participation of water in hydration of the surfac-
tant headgroup and, when the surfactant is used as a catalyst,
in solvation of reactants, transition states, and proton trans-
fers. The [ water]/[ surfactant] molar ratio (W/S)?isusually
used to designate the aggregates present in solution, either
as wet reverse micelles (RMs) or as W/O pE. In RMs the
amount of solubilized water is smaller than or equal to the
amount necessary to hydrate the surfactant headgroup. Solu-
bilization of water beyond this W/ S results in the formation
of aW/O uE (1-3).

An important aspect of solubilized water is the physico-
chemical model that describes its state. In the multi-state
model, water is pictured as coexisting in ‘‘states,”” or ‘‘lay-
es’’ One layer is a the periphery of the micellar water
“‘pool’” and is made of water molecules strongly bound to the
surfactant headgroup, Wyouna- Properties of this water deviate
appreciably from those of bulk water, whereas they are bulk
water-like in the central layer, Whuk.ike- FOrmation of the
latter coincides with formation of the W/O pE (8-10).

Severa pieces of evidence, however, do not agree with
the multistate model, which appears to be an oversimplified
analysis of a complex problem. Consider the following: (i)
The dependence of several properties of reverse aggregate-
solubilized water on W/S (including microscopic polarity
as measured by solvatochromic probes) can be explained
without resorting to the presence of layers of solubilized
water (11-13). (ii) Authors have rationalized their data by
invoking the presence of one to four types of water (14—
20), contained either totally (14—16, 18—20) or only par-

2This ratio has also been referred to as W, W,, and R. The first two
symbols probably stand for ‘‘water’’; this does not convey the idea of a
ratio between concentrations, i.e., [water]/[ surfactant]. The last symbol
should be reserved to denote the universal gas constant.
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tialy (17) within the micellar boundary. (iii) IR and Raman
spectroscopy are suited to detect different types of water at
micellar interfaces (15-18, 20) because of the very short
observation times (107*2-10"** s) which match the rapid
time scales on which water molecules are expected to inter-
change with each other (between 1077 and 10 * s). Thus,
water molecules present in different environments should
show up as separate bands, provided that the difference in
vibrational energies is suitably large (21). Data analysis of
IR and Raman spectra of micelle-solubilized water involves
deconvolution of the vop (OF voy) band of HOD, the voy
band of H,O, or the v band of D,O into component peaks.
The results of solubilization of HOD have been interpreted
in terms of the presence of one type of aggregate-solubilized
water whose properties change continuously as afunction of
increasing W/S (18, 20) . Deconvoluted bands of solubilized
H,0 or D,O have been attributed to different types of water
within the micelar system, namely, interfacial water,
Winteriacia ; boUNd water, Wyoung; intermediate water, Winiermediate |
and bulk-like water, Wy.ike- The first of these types refers
to *“monomeric water molecules which are not bound to any
other molecules or groups but are trapped between the polar
headgroups of the surfactant at the interface’” (17), whereas
the third type refers to distorted H-bonded water species,
e.g., cyclic dimers or higher aggregates with unfavorable H
bonds (15-17). (iv) The presence of one type of water
within reverse aggregates agrees with the calculated value
(unity) of the so-called D/H *‘fractionation factor’’, ¢, for
water solubilized by anionic, cationic, and nonionic reverse
aggregates (19). Two points regarding this approach are
relevant: (i) calculation of ¢ from NMR data does not re-
quire a preconceived model for the structure of reverse ag-
gregate-solubilized water; (ii) because the fractionation fac-
tor is an equilibrium constant, fast diffusion of water mole-
cules between different sites (or ‘“‘layers’ of different
structures, if they exist) within the micellar boundary has
no bearing on the calculation of ¢ (19).

The preceding discussion shows that the problem of water
structure within reverse aggregates is a complex one whose
solution callsfor investigation of micellar systems by a vari-
ety of techniques. Recently we have used FT-IR to study
the state of solubilized HOD in the RMs and W/O yEs of
cetyltrimethylammonium bromide, CTABT, in achloroform/
n-dodecane mixture (20). The use of this technique has now
been extended to two anionic surfactant systems, namely
sodium bis(2-ethylhexyl) sulfosuccinate, Na(AOT), in hep-
tane and magnesium his(2-ethylhexyl) sulfosuccinate,
Mg(AQT),, in toluene. Because of the high W/S obtained,
Na(AOT) is the surfactant of choice in water solubilization
studies. We were interested in comparing our data with those
of Yarwood et al. (18b) and extending the W/ S range used
by these authors (from 1 to 45) up to the phase separation
limit, W/S of 60. We studied Mg(AOT ), because there has
been little work to date describing the effects of the counter-
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ion on the structure and properties of reverse aggregates (8).
Additionally, the Mg?®* ion hydrates stronger than the Na*
ion, both in bulk agueous phase (22, 23) and in reverse
aggregates (24), so we decided to determine what bearing
this has on the structure of the solubilized water.

Our results point in the same direction as previous studies
(18—-20); namely, water solubilized by surfactant aggregates
in organic solvents does not seem to coexist in layers of
different structures, although its properties change continu-
ously as a function of increasing W/S.

2. EXPERIMENTAL

(i) Materials

Chemicals were obtained from Aldrich or Merck. Heptane
and toluene were distilled from CaH, and then kept under
nitrogen over activated type 4-A molecular sieves. Glass
double-distilled H,O was used throughout, and D,O was used
asreceived. Na(AOT) was purified as given elsewhere (19a)
and Mg(AQT), was prepared from Na(AOT) by cation ex-
change (24). The extent of replacement of Na* for Mg?*
was determined by atomic absorption spectrophotometry
(Perkin—Elmer Model 403) and was found to be >99.5%.
Before use, the surfactants were dried under reduced pressure
over P,Os until a constant weight was reached.

(ii) Methods

All samples were prepared by weight. Solubilized water
was composed of 4% D,O in H,O and was dissolved in
the surfactant stock solution by a vortex tube mixer. The
following experimental conditions were used: [ Na(AOT)]
=05M (W/Sfrom 1to 20) and 0.2 M (W/S from 25 to
60); [Mg(AOT),] = 0.3 M, W/S from 1 to 33.

IR spectra were recorded with a Nicolet Magna IR 550
FT-IR spectrophotometer provided with a Balston 74-5021
dehumidifier and a CO, gas scrubber. The following cells
from Wilmad Glass were used: CaF, (1.02 mm), KRS-5
(0.49 mm), and Irtran-2 (0.21 and 0.11 mm). The exact
path length was determined by the fringe method (25).
Transmission spectrawere obtained by coadding 256 spectra
at 2 cm* resolution using a DTGS detector. The vop Spectral
band is superimposed on afinite background. It was assumed
that this background could be approximated with the spec-
trum of 100% H,0 in the v Spectral region (26). Therefore
the reference sample, at each W/S, was a surfactant solution
containing exactly the same W/S, adjusted with pure H,O.

Band deconvolution was carried out by the GRAMS/
386 curve-fitting program (Graphic Relational Arrays
Management System, by Galactic Industries Corporation,
Salem, NH).

3. RESULTS AND DISCUSSION

Figures 1 and 2 show typical vop bands and a correspond-
ing band fit at six W/S values, covering RMs and W/O
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wEs. Although curve fitting was done by considering the
contribution from Gaussian and L orentzian components, our
calculations showed that the bands are essentially Gaussian,
in agreement with previous work on HOD in the bulk aque-
ous phase (21c, 26, 27) and in RMs and W/O uEs of
Na(AOT) and CTABr (18b, 20). The vop band was fitted
to the sum of two Gaussian peaks, the peak parameterswhich
were measured directly from the digitized spectra are shown
in Figs. 3 and 4. For both surfactants, the peak frequency
(part A) refers to the position of maximum absorption of
the strongest, or main, peak. The full width at half height
of the same peak (FWHH, part B) was measured after linear
baseline correction between 2200 and 2800 cm™. This
method was found to give the most consistent results when
measuring bandwidth (18, 20, 28, 29). The quality of fit of
vop bands in the W/ S range studied is evident from the root
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FIG. 1. Representative IR spectra and band deconvolution of the vop

peak of HOD solubilized by reverse aggregates of Na(AOT) in heptane.
Parts A—F are for W/S of 1.82, 12.27, 20.23, 34.64, 43.82, and 59.16,
respectively.
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FIG. 2. Representative IR spectra and band deconvolution of the vop

peak of HOD solubilized by reverse aggregates of Mg(AOT), in toluene.
Parts A—F are for W/S of 3.68, 9.35, 14.80, 20.25, 24.14, and 32.89,
respectively.

mean squares, 0.04 + 0.02 and 0.0007 *+ 0.0003, and stan-
dard errors, 0.005 + 0.001 and 0.008 = 0.003, for Na(AQOT)
and Mg(AQT),, respectively.

Examination of Figs. 3 and 4 reveals the following:

(i) In agreement with previous results for Na(AQOT)
(18b), vop decreases as a function of increasing W/S, be-
coming practically constant at W/S of 30. However, vop
for Mg(AQOT), does not level off because of the smaller
W!/S range investigated. The frequencies observed at the
highest W/S (2513 cm™* and 2511 cm™* for Na(AOT) and
Mg(AQOT),, respectively) are in the same range of vop as
those for bulk HOD, 2515 = 10 cm™* (21c, 25, 26). At
comparable W/S, vop for Na(AOT)-solubilized HOD is
larger than that for Mg(AOT),; a similar order of fre-
quency has been observed for HOD solutions of NaCl and
MgCl, (27).
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(ii) Vaues of FWHH, on the other hand, increase as a
function of increasing W/S, becoming practically constant
a W/Sof 15 and 10 for Na(AOT) and Mg(AOT),, respec-
tively. Limiting values of FWHH (170 = 1 cm™ and 188
+ 1cm™t, for Na(AOT) and Mg(AOT),, respectively) are
close to those reported for HOD in electrolyte solutions, 170
+ 10 cm™* (21c, 26, 27). At comparable W/S, FWHH for
Na(AOT)-solubilized HOD is smaller than that for
Mg(AQT),, in agreement with results of HOD solutions of
NaCl and MgCl, (27).

(iii) There are excellent linear correlations between
W/S and the corresponding areas of the main peaks; the
correlation coefficients are 0.9948 and 0.9995 for Na(AOT)
and Mg(AQOT),, respectively. For the former surfactant, we
have extended the range of W/S of the Beer’s law plot from
1 to 20 (18b) to 1 to 60.

Before discussing the results obtained, we emphasi ze that
quantitative treatment of IR and Raman experimental data
requires some a priori hypothesis on the origin of the vibra-
tional dynamics of the system under analysis. The suggested
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FIG. 3. Dependence on W/S of the characteristic properties of the
principal band of vop for Na(AOT)-solubilized HOD. Parts A, B, and C
show the frequency, full width at half-height, FWHH; and area, respectively.
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model should fit the data accurately (i.e., with the least
possible error) and agree with chemistry (28, 29). With this
proviso, some conclusions drawn from curve fitting of bands
of reverse aggregate-solubilized water become untenable.
For example, it is not clear how the following IR and Raman
spectroscopy results of Na(AOT) RMsand W/O pEs could
be reconciled: (i) discrepancy in the number of water types
(one, two, three, or four) present within the aggregate (14—
18, 20); (ii) presence of three types of water at W/S = 3
(153, b); (iii) large differences in reported dependence of
Wi ON W/S, this function is quadratic in one case (15a)
and complex (higher than fifth power dependence! ) in other
cases (16c, 17a); (iv) discrepancy in the curve-fitting-based
hydration number of the surfactant headgroup in the reverse
aggregate, 3.5 (15), 6.7 (16e), and 12 (17a) —considering
recent literature (23), the combined primary hydration num-
bers of Na* and HSO3 ions (model ions for the Na(AOT)
headgroup) are 5.3 = 1, i.e., some |R-based hydration num-
bers are smaller or higher than expected; (v) different and
rather unexpected hydration behavior under supercritical
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conditions (in ethane) where most of the solubilized water
is reported to be present as Wyoung, N0t Wyuiiike, €VEN in the
wE domain (30)!

We now address the results obtained. There are two alter-
native interpretations of the results shown in Figs. 1 to 4:
(i) the two peaks obtained by curve fitting at ca. 2530 and
ca. 2355 cm™* (Na(AOT)), and at ca. 2523 and ca. 2352
cm™* (Mg(AQT),), correspond to two types of water in the
pOOI, namely, Woound @Nd Wuikikes respectlvely, (ll) thereis
one type of water present, which gives rise to the observed
main pesks at ca. 2530 and ca. 2523 cm™*, for Na(AOT)
and Mg(AQOT),, respectively. The additional peaks at ca
2355 cm *(Na(AOT)) and ca 2352 cm™* (Mg(AQT),)
need not be associated with HOD molecules present in a
layer of different structure, asimplied by the multistate water
solubilization model. Independent of the interpretation of the
origin of the peaks, however, the resulting dependence of
areas of the two peaks on W/ S should agree with chemistry.
According to the multistate model, Wyoung Should level off
on completion of hydration of the headgroup, e.g., a ca
W/S 6 and 11 for Na(AOT) and (Mg(AQT),, respectively
(23). Consequently, it is expected that areas of the peaks at
2530 cm™* (Na(AOT)) and 2523 cm™* (Mg(AOT),) should
reach limiting values at these W/ Svalues. On the other hand,
areas of peaks due to Woike @ 2355 cm™* (Na(AOT)) and
2352 cm™* (Mg(AQT),) should continuously increase after
the above-mentioned W/ S thresholds. Figures 3 and 4 show,
however, that this is not the case because: (i) the area of
the main peak (hence that of the smaller one, not shown)
increases linearly as a function of W/S; (ii) the ratio be-
tween the area of each peak and the total peak areais practi-
cally independent of W/S; (iii) even well within the
W/O pE domain, the main peaks are those at ca. 2530 cm™*
(Na(AOT)) and 2523 cm™* (Mg(AQT),), which presum-
ably correspond to Wyoung, N0t Wyyaike! Therefore, the small
Gaussian peak which was introduced in order to achieve a
good curve fit need not be associated with a second type of
water in the pool, namely Wyyike- 1tS USE IS Necessary be-
cause the vop peak of HOD is asymmetric, in agreement
with results of studies of bulk aqueous phases (21c, 26, 27).
That is, our data are best explained without resorting to the
coexistence of layers of water of different structures within
the pool.

Therefore, the basic premise involved in assuming that
bands obtained by curve-fitting the vop peak of D,O or the
vou peak of H,O may be attributed to different types of
water seems possibly suspect because these bands may origi-
nate from coupled water molecule vibrations and from a
bending overtone often reported in the spectrum of liquid
water (18, 31). On the other hand, deconvolution of vqy or
vop Vibrations of HOD is not subject to this complication
because both frequencies are essentially decoupled, provided
that [HOD] = 10% (21c, 26). The advantage of using HOD
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has been recognized both for the bulk aqueous phase (21c,
26, 27) and for reverse aggregates (15c, 18b, 20).

In summary, the dependence of physical properties of
solubilized water (NMR chemical shift, IR stretching fre-
guency, etc.) on W/S can be described in terms of the pres-
ence of one type of water whose properties change continu-
ously as a function of increasing W/S, akin to the dilution
of concentrated salt solutions. This conclusion agrees with
fluorescence measurements in RMs (32), NMR studies of
concentrated salt solutions (33), IR results of HOD in bulk
agueous phase (27a—c), theoretical cal culations on molecu-
lar dynamics of water (34), dielectric relaxation of water in
hydrated phospholipid bilayers (35), and measurement of
water chemical potential in the presence of phospholipid
bilayer membranes (36).

The principal factor which probably contributes to an
averaging of water structure over the whole volume of the
agueous nanodroplet isthat W/S inside a reverse aggregate
is much smaller than the corresponding ratio in a typical
aqueous surfactant solution, =60 for a reverse aggregate,
and 537 for a 0.1 M agueous solution of sodium dodecyl
sulfate, SDS (a model for Na(AOT)). Consequently, it is
highly likely that water molecules within the pool are af-
fected by severa forces, which precludes any long-range
order within the agueous nanodroplet. These forces include:
(i) the surface potential of the micellar interface, ¢; (ii)
water structure perturbation due to hydration of species
present in the pool; and (iii) dependence of surfactant—
water interactions on W/S. Factors (i) —(iii) can be under-
stood with the aid of Fig. 5, which is aschematic representa-
tion of Na(AOT) W/O uE, at W/S of 30. The bases which
we used to draw Fig. 5 are given under Calculations; results
of these calculations at different W/S are reported in Table
1. Briefly, the following points were taken into account: the
W/O interface is not rigid, but fluctuates (37); the whole
sulfosuccinate moiety of the surfactant (i.e.,, NaO;S—
CH(COO)CH,—COOQ) interacts with solubilized water
(17, 38); and the water pool is electrically neutral and con-
tains sodium ions due to the dissociation of Na(AOT) and
also surfactant monomersthat migrated from the W/O inter-
face (37, 39, 41, 42). With regard to point (i), focusing
on the two depicted Na(AOT) monomers, at the interface,
Fig. 5 and Table 1 show that either the opposite surface
potentials cancel out or their values reach zero mV within
a short distance of each other, e.g., ca. 5.6 A at W/S of
30. Regarding point (ii), our calculations indicate that the
structure of ca. 8% of the water present is perturbed due to
hydration of the dissociated sodium ions and free surfactant
monomers. Point (iii) should be taken into account because
water solubilization changes the relative stability, i.e., the
population of different conformers of the sulfonate and the
ester headgroups; these conformers bind water differently
(17a, 18a, 38).
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4. CONCLUSIONS

We have used a honinvasive technique (IR) to investigate
the state of solubilized HOD in wet RMs and W/O pEs of
Na(AOT) and Mg(AQT),. Although curve fitting of the
vop band required the use of two peaks, the relationship
between individual peak areaand W/S for only one of them,
a ca 2530 cm* for (Na(AOT)) and 2523 cm™* for
(Mg(AQT),), agrees with chemistry. The second, much
smaller peak is needed because the vp band is asymmetric;
i.e, it does not arise from HOD molecules present in a
second, more structured water layer within the water pool.
Therefore, IR and NMR results indicate that treatment of
experimental datain terms of the coexistence of structurally
different water layers within the pool is an oversimplifica-
tion. The change in the slope of graphs of certain physical
properties as a function of increasing W/S may well reflect
the expected decrease in water—surfactant interaction after
completion of the hydration of the headgroup. Factors re-
sponsible for the averaging of the water structure within the
pool are discussed. The present and previous IR results (18,
20) agree with those based on the use of other techniques,
particularly NMR (19).

5. CALCULATIONS

A minimum-energy conformation for AOT was calcul ated
by the MM2 method, followed by the PM3 semiempirical
method (M OPAC program package, version 6.0) . Theresul-

FIG. 5. Schematic representation of a W/O pE of Na(AOT), at W/S
of 30. The smooth circle (solid line) represents the cross section of the W/
O interfaceif it were rigid. The undulating surface (dashed line) represents
surface fluctuation. Also shown are the exponential decay of the surface
potential, ¢, and the presence within the pool of dissociated sodium ions
(@), and free surfactant molecules (A) that migrated from the W/O inter-
face. The distances diy and diesaua represent the distance of decay of the
surface potential within the water pool and the residual distance between
dys of the two depicted AOT molecules (at the interface).
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TABLE 1
Parameters Used to Represent RMs
and W/O pEs of Na(AOT), Fig. 5

WIS R (A) di° (A) df (A) dye (A) Oresaua’ (A)
3 9 8 g 24 g
6 14 18 9 6.4 g
9 18 26 17 10.5 g

12 22 34 25 145 g

15 27 a4 35 185 g

20 35 60 51 25.3 05
25 43 76 67 320 30
30 51 92 83 38.7 5.6
35 58 106 97 454 6.1
40 65 120 111 52.2 6.7
50 79 148 139 65.6 7.8

aWIS, [Water]/[surfactant].

® R,, radius of the water pool, calculated from data of Maitra (41).

¢d,, water pool diameter assuming a surface fluctuation of +5 A from
the rigid, or static W/O interface, d; = (2R, — 10) A.

9 d,, Distance between headgroups of the two depicted AOT molecules
(at the interface); see Fig. 5. d2 = d1 — (2 X 45 A). The length of the
headgroup is taken as 4.5 A; see Calculations.

€ dy, Distancein A from the W/O interface at which the surface potential
reaches zero mV (42).

" e, Residual distance between dis of the two depicted AOT mole-
cules; see Fig. 5; Qiegaua = 02 — (2 X dip).

9 Calculations resulted in (physically meaningless) negative values.

tant structure is a truncated cone, with the following charac-
teristics: adihedral angle of 68.1° between planes of the two
carbonyl groups; on angle of 65.2° between the two terminal
methyl groups (C Hs-CsH1;(C,Hs)) and the carbon atom of
the sulfosuccinate moiety (NaO;S-CH (COO)CH,-COO);
and a distance at 11.8 A between (CHa-CsHi1(CoHs)) and
the oxygen atom of the sulfonate group. In the structure with
minimum energy the two carbonyl groups are gauche with
respect to each other, in agreement with IR data (18a, 43),
and the calculated monomer length of 11.95 A is similar to
that determined by X-ray diffraction (44). The headgroup
is considered to be composed of the whole sulfosuccinate
moiety, vide supra. Consequently, the surjactant molecule
is divided into the hydrocarbon tail, 7.3 A, and the head-
group, 4.5 A. The radii of the water pool at different W/S,
Ry, were calculated from data of Maitra (40). The interface
was assumed to fluctuate within +5 A from its rigid, or
static, position (i.e., from the solid circle of Fig. 5 (37)).
With regard to the species present in the water pool, for
[AOT] = 0.1 M, we took 0.2, 0.008 mol/liter, 4, and 39
respectively as the degree of dissociation of the surfactant
(42), the concentration of free monomersin the water pool,*
the hydration number of Na* ion (23), and the hydration

3 The concentration of surfactant monomers which migrate from the inter-
face into the water pool was taken to be equal to the critical micelle concen-
tration of SDS, 0.008 M (45).
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number of surfactant monomers in the water pool,* respec-
tively. Using these figures, we calculated that 0.08 mol of
water (1.6% of solubilized water) is attached to dissociated
sodium ions, and 0.31 mol of water (6.2% of solubilized
water) is included in the hydrophobic hydration shell (46)
of surfactant monomers inside the pool. The dependence of
the exponential decay of surface potentia within the pool
on W/Swas calculated by interpolation of the data of Caselli
and Mangone. These show an excellent linear relationship
(correlation coefficient = 0.9998) between W/S and the
distance at which the value of ¢ inside the pool reaches zero
mV (41).
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