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ABSTRACT

Nanoconfined water exhibits various interesting properties, which are not only of fundamental impor-
tance but also of practical use. Because reverse micelles (RMs) provide versatile ways to prepare
nanoconfined water, the understanding of their physicochemical properties is essential for developing
efficient applications. Although the water properties in the RMs could be affected by its interaction with
the RM interface, the details have not been well understood. This study focuses on the local structures of
Br~ in hexadecyltrimethylammonium bromide (HTAB) RMs formed in chloroform and 10% hexanol/hep-
tane. The dependence in Br~ hydration on the molar ratio of water to HTAB (w) is investigated using X-ray
absorption fine structure (XAFS). These systems cover a wide range of w values (0-30) and allow us to
study the impact of this parameter on the local structure of Br~ at the RM interface, which comprises
water, surfactant headgroups, and organic solvent components. The presence of multiple scattering paths
complicates the XAFS spectra and makes it difficult to analyze them using standard fitting methods. The
linear combination of the spectra corresponding to the individual scattering paths captures the molecular
processes that occur at the RM interface upon increasing w. The maximum hydration number of Br~ is
found to be 4.5 at w > 15, suggesting that although most of the ions remain at the interface as partly
hydrated ions, some of them dissociate as completely hydrated ones.
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1. Introduction

Reverse micelles (RMs) are formed when amphiphilic (surfac-
tant) molecules dissolve in an organic solvent with a small amount
of water. The hydrophilic headgroup of the surfactant molecule
interacts with water to form a core, while the hydrocarbon chains
extend toward the organic solvent. Nanosized water droplets are
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stably dispersed in the organic solvent and confined in the RM
cores surrounded by surfactant molecules [1]. This nanospace has
been employed to carry out specific reactions and material synthe-
ses [2-5]. The nanoconfined water in the RM core exhibits interest-
ing features, such as slow dynamic properties, particularly when
the size of the RM, which is controlled by the water/surfactant
molar ratio (w), is small [6,7]. Thus, the unusual water properties
in the RM core are deemed to originate mainly from the interaction
of the water molecules with the interface [8-11]. Ionic surfactants,
including sodium bis(2-ethylhexyl) sulfosuccinate (AOT) [12-14]
and hexadecyltrimethylammonium bromide (HTAB) [14-18], are
often used to prepare RMs. The radius of the RM was determined
to be 1.26 nm for HTAB RMs in chloroform (w = 3.8) [17], and
2.58 nm (w = 15) and 4.44 nm (w = 35) in hexanol [16]. Because
both ionic headgroups and counterions are hydrophilic, their inter-
actions with water can strongly affect the water properties at the
RM interface, and this effect should become more marked as w
decreases. Thus, the hydration of the surfactant molecules and
counterions is expected to be a critical factor controlling the events
that occur in RM systems.

Long et al studied the local structure of Br~ in (1R,2S)-dodecyl
(2-hydroxy-1-methyl-2-phenylethyl)dimethylammonium bro-
mide RMs formed in toluene using small-angle X-ray scattering
and X-ray absorption fine structure (XAFS) [19]. No interaction
between bromide and water was detected for w < 2 because Br~
was strongly bound to the surfactant headgroups. In contrast, it
is well known that the counterions of normal micelles are partly
dissociated from the micelle surface and completely hydrated in
the bulk aqueous phase. The partial dissociation of the counterions
in normal micellar systems has been confirmed by various meth-
ods, including molecular dynamics simulation [20,21], conductom-
etry [22], fluorometry [17], and X-ray spectroscopy [23]. The
counterion dissociation causes charging of normal micelles and
thus induces a measurable zeta potential at the micelle/solution
interface [24]. Because the outer surface of a normal micelle is in
contact with a bulk aqueous phase, a sufficient amount of water
is available for the complete hydration of the counterions. In con-
trast, as the amount of water in the RM core is limited, full hydra-
tion of the counterions may not be achieved.

We previously studied the hydration structures of counterions
in anion- and cation-exchange resins, surface monolayers, normal
micelles, and ice-confined spaces using XAFS and revealed various
interesting features [25-29]. For example, while water molecules
adsorbed by a resin directly hydrated the counterions until the
hydration number reached 3, further water adsorption led only
to a small increase in the hydration number of the counterion.
The maximum hydration number reached 3.9 for CI~ and 3.4 for
Br~, which were smaller than the hydration number (=6) of the
ions in aqueous solution. Excess water was condensed in the
interstitial spaces of the resin [26]. Thus, most of the counterions
were partially hydrated, and a complete hydration shell was not
formed. Partial hydration is a key factor governing the ion-
exchange selectivity. A similar ion hydration behavior was con-
firmed for the counterions of Gibbs monolayers on the solution
surface [23,30].

In terms of water availability for ion hydration, the interior of
ion-exchange resins is similar to the RM interface. One of the
intriguing features of RMs is that the amount of water in the core
can be controlled by varying w. As mentioned above, Long et al
reported that no hydration was detected for Br~ in the RM core
when w < 2 [19]. Because the stability of RMs depends on the type
of surfactant and organic solvent, higher w values can be explored
by considering different RM systems. In this study, we investigate
systematic changes in the solvation structure of Br~ in HTAB RMs
formed in chloroform and 10% (volume %) hexanol/heptane; w
was varied in the range of 0-4 for the former and 5-30 for the lat-
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ter. In this way, we could explore the Br~ hydration at the HTAB
RM interface over a wide range of w (0-30).

2. Experimental section
2.1. Preparation of RM solutions

All reagents were of analytical grade. HTAB was used after dry-
ing in vacuum. The water concentration in chloroform was deter-
mined to be 11.8 + 1.3 mM by Karl-Fischer titration, whereas
that in 10% hexanol/heptane was not detected by the same method
because of low water concentration. The water concentrations in
the original organic solvents were not considered for the determi-
nation of w values. The water concentration was not changed by
dissolving HTAB in the organic solvent. RM solutions were pre-
pared by adding appropriate amounts of water to the HTAB solu-
tion in chloroform or 10% hexanol/heptane. Water was purified
using a MilliQ system. The RM solutions were prepared under con-
ditions in which phase separation did not occur, that is, w = 1-4 for
400 mM HTAB RMs in chloroform and w > 5 for 100 mM HTAB
RMs in 10% hexanol/heptane.

2.2. Br K-edge XAFS measurements

All XAFS spectra at the Br K-edge were recorded at the BL-12C
facility of the Photon Factory, High Energy Accelerator Research
Organization (KEK-PF) in Tsukuba, Japan. The monochromator
was equipped with an Si(311) channel-cut crystal. The incident
and transmitted X-ray intensities were measured with ionization
chambers. The samples were sealed in polytetrafluoroethylene
(PTFE) or polyethylene pouches and sandwiched between Cu hold-
ers. The sample thickness was adjusted in such a way to obtain an
appropriate signal jump at the Br K-edge. XAFS measurements
were carried out at room temperature (ca. 25 °C). The scattering
amplitudes and phase shifts of the model systems were calculated
using the FEFF8.20 program. The details of the XAFS spectral anal-
ysis are described in the Supporting Information [31].

3. Results and discussion

3.1. XAFS analysis of the local structures of Br~ in HTAB RMs with
w = 0-4 formed in chloroform

Fig. 1 shows the XAFS y(k) spectra at the Br K-edge for the HTAB
RMs with w = 0-4. The spectrum for hydrated Br™ in bulk aqueous
solution is also shown for comparison. Although chloroform con-
tained 11 mM water as an impurity, this concentration was not
taken into account in the w value because negligible compared to
the HTAB concentration (400 mM). For w = 0, HTAB may dissolve
in chloroform as neutral molecules (such as ion pairs and aggre-
gates) or dissociate into HTA" and Br—. We measured the conduc-
tivity of the HTAB chloroform solution to obtain information on
the dissociation of HTAB. The molar conductivity of the 100 mM
HTAB chloroform solution was approximately 10 puS cm™!, suggest-
ing that HTAB is hardly dissociated and is dissolved as neutral spe-
cies. Thus, because chloroform and the trimethylammonium group
are expected to be the scattering groups for w = 0, the XAFS spec-
trum (black curve in Fig. 1) was analyzed using Br—H—C as model.
The results of the XAFS analysis are shown in Figure S1 and
Table S1. The optimized Br-C coordination length (r) was 3.56
(£0.139) A, and the coordination number (N) was 8.3 (£6.8); the
large error in N arises from the limited quality of the spectrum,
due to absorption by the solvent. However, the present spectra
maintain qualities high enough to provide the structural informa-
tion based on a single-shell assumption. The essential issue, which
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Fig. 1. XAFS spectra of Br~ in HTAB RMs with w = 0-4 (black to light blue) formed in
chloroform, along with the spectrum of hydrated Br~ (blue). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

complicates the XAFS spectra for Br~ at the RM interface, is the
complex composition of the coordination sphere. Multiple scatter-
ing paths lead to a decrease in the oscillation intensity particularly
in the large k range. Therefore, the assumption of a single scatter-
ing path results in large coordination number and large Debye-
Waller factor as listed in Table S1. Unusual results for w =1 are also
explained by the inconsistency between simple Br—H—C model
and multiple scattering paths. Thus, this model is inappropriate
to describe the spectra with w > 1. This is caused by the progres-
sive hydration of Br7, i.e., the main scattering path shifts from
Br—H—C to Br—H—O as w increases.

Interestingly, Fig. 1 shows that the oscillation shift of the spec-
tra systematically changes and approaches that of hydrated Br~ as
w increases, indicating that this change reflects the progressive
hydration of Br~. However, the oscillation intensity is almost con-
stant over the entire w range, and the oscillation shift is still differ-
ent from that of hydrated Br~, suggesting that chloroform and/or
the trimethylammonium groups still affect the spectra even for
w = 4. In general, the backscattering from water oxygen atoms is
much stronger than that from carbon atoms, because of the stron-
ger H-bonding donor ability and the shorter coordination distance
of water [25]. The Br—H—O0 model was also employed for the anal-
ysis of the XAFS spectra of the HTAB RMs with w = 1-4. The fitting
results are shown in Figure S2, with the parameters summarized in
Table S2. The coordination distance (rp;.o) for Br~ in bulk water are
well studied using both experimental and theoretical methods.
Although XAFS is one of the most reliable experimental method
for determining rg;_o, structural parameters depend on the system,
model, and analysis method employed. In actuality, reported rg..o
values vary in the range of 3.19-3.44 A [19]. [25,32-35] D’Angelo
et al. [34,35] showed that DFT-based molecular dynamics is effi-
cient for analyzing XAFS spectra of solvated Br~ and also that the
asymmetric shell for Br~ in methanol provided more reliable 1,0
(=3.4 A) value than the Gaussian shell (150 = 3.28 A). Thus, the
rer.o Value strongly depends on the model and method used for
the XAFS data analysis. The difference in oscillation shift between
the experimental and fitted spectra is significant for w = 1, but
becomes smaller for w > 2. In addition, the Br-O distance for
w =1 (g0 = 3.67 A) is obviously anomalous, whereas the values
for w > 2 (rgr.0 ~ 3.2 A) are in agreement with the Br-0 distance
of hydrated Br—. This indicates that water coordination becomes
dominant for w > 2, while for w = 1 the effects of chloroform
and the surfactant headgroups outweigh that of water and thus
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Br—H—O is not an appropriate model. The simultaneous coordina-
tion of water, chloroform, and the headgroup should be taken into
account to draw a more accurate molecular picture of Br™ ions at
the RM interface. However, multishell XAFS analyses could not
be applied because of the limited k range originating from the
intrinsically long coordination distance of Br~, and also because
of the limited quality of the spectra. Thus, a different approach is
necessary to obtain further information on the interfacial
structure.

3.2. Analysis considering multiple scattering paths

We previously showed that the analysis discussed below is
effective for ions with multiple scattering paths [23,26]. The coun-
terions in RMs are electrostatically bound to the headgroups of the
surfactant molecules and can be simultaneously hydrated [36]. In
addition, organic solvent molecules can penetrate the hydrocarbon
layer and interact with the counterions [37]. Therefore, three scat-
tering paths can be involved in the present system, as schemati-
cally shown in Fig. 2. In this case, the XAFS spectrum () is given
by the linear combination of the spectra corresponding to the indi-
vidual scattering paths (1, )2, and x3).

(1)

where o, $, and ) represent the contributions from y4, x», and xs,
respectively. Because one scattering group is represented by water,
the spectrum of hydrated Br~ is suitable as one component of the
spectrum (7). The second scattering group is the trimethylammo-
nium group of the surfactant molecule. In the crystal structure of
dodecyltrimethyl ammonium bromide, Br~ is coordinated by four
trimethylammonium groups in a fourfold planar configuration
[38]. Although this structure is not maintained at the RM interface,
Br~ can be surrounded by headgroups in a two-dimensional
arrangement. In fact, a simulation study of sodium and potassium
counterions in AOT RMs suggested that the headgroups and counte-
rions make up the RM interfacial sphere together with water mole-
cules [36]. Therefore, the spectrum of the HTAB crystal (Figure S3)
was selected as y, because it likely represents the effect of the
trimethylammonium groups.

Br~ salts are not fully dissociated in chloroform of low permit-
tivity and polarity [39]. As discussed above, conductivity measure-
ments indicated that HTAB dissolves in chloroform as neutral
species, without dissociating into ions. Thus, the XAFS spectrum
of chloroform-solvated Br~ cannot be measured directly. As dis-
cussed earlier, the spectrum for w = 0 involves simultaneous scat-
terings from the trimethylammonium group and chloroform; this

L=+ Bz + V13

Fig. 2. Schematic representation of three possible scattering paths for the HTAB RM
in chloroform.
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spectrum was selected as ys3. Hence, the scattering from the
trimethylammonium group contributes to both the second and
third terms of Eq. (1).

Fig. 3 compares the spectra for w = 1-4 with the fitting results
obtained using Eq. (1). To avoid effects of the limited spectral qual-
ity, the fitting was applied to the range of k = 1.8-6 A~'. All exper-
imental spectra were well reproduced by the regression analysis.
Although XAFS analyses should be carried out in wider k ranges,
the present method allows us to extract structural information
from the limited spectral range, where the principal characteristics
of the coordination shell are well seen. The changes in the «, 8, and
y parameters with w are summarized in Fig. 4. The spectrum for
w = 1 is almost fully accounted for by the ) factor (=0.75 + 0.23)
with a small contribution from « (0.13 + 0.09). This strongly sug-
gests that the local structure corresponding to w = 0 is almost
maintained for w = 1, and only a small number of chloroform mole-
cules in the coordination sphere of Br~ are replaced by water. Kli-
cova et al. reported that HTAB forms two different aggregates in
chloroform, depending on the concentration [18]. Premicelles are
first formed in the millimolar concentration range, and then spher-
ical RMs are obtained when the concentration is increased to
approximately 50 mM. The authors found this behavior by deter-
mining the critical micelle concentration (CMC) using NMR and
conductometry measurements. In a subsequent study we con-
firmed that, because the premicelles and spherical RMs have the
same solute partitioning ability, they also have a similar nature
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Fig. 3. XAFS spectra for Br~ ions in HTAB RMs formed in chloroform. Black and red
curves represent experimental k>y spectra and fits obtained using Eq. (1),
respectively. Fittings were applied to the spectra in the range of k = 1.8-6 A"
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 4. Changes in o, 8, and y parameters with w in HTAB RM formed in chloroform,
as determined using Eq. (1). The standard deviations for «, , and 7y are 0.09, 0.33,
and 0.23, respectively.

in this context [40]. The access of chloroform to Br~ is largely
restricted for spherical RMs compared to open premicelles, as illus-
trated in Fig. 5. Chloroform molecules can easily approach Br~ in
premicelles because of their low steric barrier. Hence, the large y
contribution for w = 1 suggests that premicelles are still a domi-
nant species in this medium. In addition, similar spectral features
for w = 0 and 1 imply that premicelles are formed for w = 0 and
enhance the HTAB solubility in chloroform.

Fig. 4 shows that, as w increases, o and f increase while y signif-
icantly decreases. Thus, chloroform molecules are expelled from
the solvation shell of Br~ as the hydration proceeds. The Gibbs
energy of transfer for chloroform from hexane, which represents
the hydrocarbon layer, to water was determined to be 5.7 k] mol™!
based on the distribution coefficient. Thus, the access of chloro-
form molecules to Br~ is largely restricted in the spherical RMs,
where chloroform molecules must penetrate the hydrocarbon
layer and reach the RM interface in order to interact with Br.
Therefore, the continuous decrease in y implies the formation of
spherical RMs. The coordination of the surfactant headgroup con-
tributes to both g and 7. Therefore, (§ + 7) can be a good measure
representing the contribution of the headgroup. As shown in
Fig. 4, (B + y) decrease with increasing w; thus, the contribution
of the headgroup becomes weaker. This suggests that Br~ is drawn
into the water core of the RM when the water content increases.
Therefore, the interactions of Br~ with chloroform and the
trimethylammonium group become weaker with increasing w.

3.3. Local structures of Br~ in HTAB RMs with w > 5

Fig. 6 shows the XAFS spectra at the Br K-edge for HTAB RMs in
10% hexanol/heptane, with w varying from 5 to 30. The spectra of
hydrated Br~ and crystalline HTAB are also displayed for compari-
son. RMs with such high water contents cannot be prepared in
chloroform: the water phase is separated from the organic phase.
In contrast, stable RMs (no phase separation occurs) are formed
in 10% hexanol/heptane, where hexanol acts as a cosurfactant
[15,16]. Interestingly, the oscillation structures are similar to those
of hydrated Br~ over the entire w range studied, suggesting that
water molecules coordinate Br~ at the RM interface and act as
the main scattering path even at w = 5. A small shift of the
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Fig. 5. Schematic representation of RM in chloroform (left) and premicelle (right). The hydrocarbon chain and headgroup of the HTAB molecule are represented as lines and
blue solid circles, respectively; brown circles represent Br~. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 6. XAFS spectra of Br~ in HTAB RMs with w = 5-30 formed in 10% hexanol/
heptane, along with the spectra of hydrated Br~ and crystalline HTAB.

oscillation phase occurs upon increasing w, accompanied by a sig-
nificant increase in the oscillation intensity. The spectra shown in
Fig. 6 were analyzed using Br—H—O as model. The XAFS curve-
fitting results are shown in Figure S4, and the fitting parameters
are summarized in Table S3. The coordination distance is 3.1-
3.2 Ain all cases, which is a strong indication of water coordination
[25,32]. In addition, N increases with increasing w to 15 and
remains almost constant at 3.5 for further increase in w. Thus, a
hydration shell is not fully formed around Br~ even when w
reaches 30. This confirms the strong interaction between the head-
groups and Br™.

As already stated, the XAFS parameters, g0, N, and the Debye-
Waller factor (o), show variations depending on model and analy-
sis methods and also have intercorrelations. Antalek et al. [33]
studied the hydration structures of halide ions using XAFS and
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Minuit X-ray absorption near edge analyses and showed that r
increases with increasing N. Also, it is well known that there is a
correlation between N and ¢ for hydrated ions [41]. Thus, the XAFS
parameters correlate with each other for hydrated halide ions in
bulk water. By contrast, the coordination sphere of Br~ at the RM
interface is occupied by several different groups, including water,
organic solvent, and surfactant headgroup, as discussed above.
Since the XAFS oscillation due to water coordination outweighs
those of the latter two groups because of the shorter coordination
distance of the former and the larger backscattering ability of an
oxygen atom than carbon atoms, the hydration number domi-
nantly determines the N value. However, the organic solvent and
surfactant headgroup remain in the coordination shell of Br~ even
for large w values. Although these groups affect the N value deter-
mined using Br—H—O model to some extent, their contributions
become smaller as hydration proceeds. Therefore, an increase in
N with increasing w approximately represents an increase in the
hydration number. However, the actual coordination number
should be larger than N, because weak-scattering groups still exist
on the coordination sphere. An increase in N has negligible impacts
on 1o because water is the main scattering path, and also a small
effect on ¢ values because an increase in w do not cause a large
change in the crowding of the solvation sphere of Br~ at the RM
interface.

The spectra shown in Fig. 6 were further analyzed using Eq. (1)
to clarify the effects of multiple scattering paths. However, because
HTAB is insoluble in 10% hexanol/heptane, the spectrum of Br~
coordinated by the solvent (corresponding to the y3; parameter
for the spectra in chloroform) could not be obtained. The low sol-
ubility of HTAB in this solvent implies its weak solvation ability at
the RM interface. In addition, although hexanol may coordinate Br~
at the RM interface, XAFS cannot distinguish this contribution
clearly from that of hydration. Thus, Equation (1) can be simplified
to the following form, in which the scattering paths are those of
water and trimethylammonium:

L=+ BYz (2)
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Fig. 7. XAFS spectra of Br” in HTAB RMs formed in 10% hexanol/heptane. Black and
red curves denote experimental k*y spectra and fits using Equation (2), respec-
tively. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 7 summarizes the results of the fitting based on Eq. (2). The
experimental XAFS spectra are well reproduced by the linear com-
bination of the spectra of hydrated Br~ and crystalline HTAB, indi-
cating that the assumption of two scattering paths is appropriate.

Fig. 8 shows the changes in o and p as a function of w. For
w < 15, o increases but g significantly decreases. These changes
become smaller with further increases in w, until the two param-
eters stay almost constant at oo = 0.78 and B = 0.2. The structure
of the coordination shell of Br~ hardly changes for w > 15; under
these conditions, the bromide ions reach a stable local structure
and the added water molecules are accommodated in the aqueous
core, without modifying the interfacial structure of Br~. The
decrease in B with w indicates that the coordination of the
trimethylammonium group becomes weaker with increasing w.
As discussed in detail below, the hydration number of Br~ reaches
4.5 at w > 15, according to the analyses based on Eq. (2). If Br~ and
surfactant headgroups are positioned on the interfacial plane, Br~
cannot be coordinated by 4.5 water molecules, because of the
insufficient space to form the hydration shell. Therefore, Br~
should be drawn into the water core in order to interact with 4.5
water molecules.

3.4. Hydration of Br~ in the water core

Fig. 9 summarizes the dependence of the Br~ hydration number
(Nhyar) on w, where we assumed Npyqr = 60, because a number of
studies suggested that the hydration number of Br~ in bulk water
is approximately 6 [32,42,43]. As discussed above, the interfacial
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Fig. 8. Changes in « and § parameters obtained for the RMs formed in 10% hexanol/
heptane as a function of w. The values were determined from Eq. (2). The standard
deviations for « and g are 0.11 and 0.37, respectively.
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Fig. 9. Change in the hydration number (Nnyq;) with w for the RMs formed in
chloroform (A) and 10% hexanol/heptane (B). The solid and broken lines represent
the Npyar = w relation and the extrapolation for Npyq, in chloroform.

structure for the RMs in chloroform is not the same as that in hex-
anol/heptane. However, to understand the general trend, the 6«
values determined for these RMs are plotted in Fig. 9. For w < 5,
the hydration number is almost proportional to w, indicating that
water molecules predominantly hydrate Br~. In particular, for
w < 2, 6o is almost equal to w; all water molecules added to the
system solvate Br~. However, a further increase in w results in a
small increase in Npyqr, because no more water molecules partici-
pate in the hydration of Br~. Eventually, Nyyq4; Stays almost con-
stant at 4.5 for w > 10. In any case, the effect of the surfactant
headgroup was observed in the XAFS spectra, which indicated that
the complete hydration shell is not formed even after supplying a
sufficient amount of water.



M. Harada, H. Sakai, Y. Fukunaga et al.

The changes in the coordination shell structure of Br~ are
schematically illustrated in Fig. 10. In the RM formed in chloro-
form, the solvent is obviously involved in the solvation sphere of
Br~. An increase in w facilitates hydration of Br-and simultane-
ously reduces the interaction with chloroform. Then, Br~ is drawn
toward the RM core, and its interaction with the headgroup also
becomes weaker. Although each Br~ ion simultaneously interacts
with multiple headgroups when located on the interfacial plane,
such interaction becomes difficult to establish if the ion is drawn
into the core and located away from the interfacial plane, as illus-
trated in Fig. 10.

In 10% hexanol/heptane, solvation by the organic solvents could
not be clearly confirmed because of the difficulty in distinguishing
hexanol OH groups from water. Fuglestad et al studied HTAB RMs
in hexanol using small-angle X-ray/neutron scattering and molec-
ular dynamics simulations [15,16]. They found a significant pene-
tration of the hexanol OH groups into the hydrocarbon layer of
the RM, as well into the interfacial region. This suggests that hex-
anol may contribute to the o parameter. The plots for 10% hexanol/
heptane in Fig. 8 show slightly higher values than those extrapo-
lated for chloroform. This difference may reflect the contribution
from hexanol OH groups. The simulations by Fuglestad et al show

Journal of Colloid and Interface Science 599 (2021) 79-87

that the penetration of hexanol OH groups can be detected, but is
not significant. We analyzed the solvation structure of Br~ in
methanol using XAFS measurements; the results revealed that
the r value is similar to that obtained in water, whereas the N
parameter (3.5) is significantly smaller than that measured in
water (6) [25]. This results in the low oscillation intensity for Br~
in methanol. Therefore, the coordination of hexanol to Br~ is much
weaker than that of water. Whereas the coordination of hexanol
significantly contributes to the XAFS spectrum when only an insuf-
ficient amount of water is available for hydration, its influence
becomes marginal with increasing water concentration. Hence,
hydration is the main factor determining the value of « for larger
w values.

The maximum hydration number of Br~ was determined to be
3.9 for an anion-exchange resin [26] and 4.2 for a normal HTAB
micelle [23] using a similar approach. The corresponding value
determined for the RM studied in the present work is 4.5. This
value is slightly larger that of the normal micelle. This suggests
that water confined in the RM has bulk-like properties for
w > 15. A number of studies have been conducted to reveal the
properties of water confined in RMs. For example, IR spectroscopic
studies showed that more than 50% of water molecules become
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bulk-like for w > 10 and also that the dynamics of water in RMs
exhibits bulk-like values when w > 12 [7,8]. Also, electron spin res-
onance indicated that the isotropic to anisotropic change in the
spectra is observed at w ~ 10 [44]. Thus, the water properties in
the RM core change at w ~ 10 and become bulk-like when w
exceeds this threshold, which almost corresponds to the critical
value found in the present work. Although the penetration of the
hexanol OH groups can result in a slightly larger hydration number
in the RM, this effect is not significant for large w values, as dis-
cussed above. The formation of the hydration shell is not complete,
and Br~ ions mostly associate with the headgroup even at such
high water contents. However, we cannot exclude the possibility
that some of the counterions are completely hydrated and dissoci-
ated from the headgroup. Further studies using different
approaches would be required to determine whether the ions are
partly dissociated or not.

4. Conclusion

Br~ at the RM interface is coordinated by water, surfactant
headgroups, and organic solvent molecules, and adopts complex
local structures, which could not be revealed only by usual XAFS
fitting procedure. XAFS analyses based on Equation (1) provided
useful information on the local structure of Br~ in RMs with vary-
ing w. Interestingly, Br™ is not fully hydrated at the RM interface
even when a sufficient amount of water is available, e.g. w = 30.
Although the present approach is particularly powerful to study
complex coordination structures, usual XAFS fitting should also
be employed because these methods provide complementary
information: for instance, Eq. (1) successfully separates the contri-
butions of different paths but does not provide information on
coordination distances and Debye-Waller factors. The fluorescence
detection mode may improve the spectral quality arising from the
interference of the solvent and is expected to reinforce the conclu-
sions drawn in this work.

The present model assumed an idealized situation of the RM
interface and did not take into account the effects of the RM shape
and size, the dissolution of organic solvents in the RM cores, escape
of water molecules from the RM core, rigidity of the RM interface
[45] etc. In actuality, it was indicated that water property depends
on the size or curvature of the RM [46,47]. Because we focus our
attention on hydration of Br™ in the present paper, the conclusions
are not influenced severely by the validity of a model.

Molecular simulations are effective for revealing dynamic and
structural features of phenomena in condensed phases, including
solvation of ions [33,35]. Such approaches have often been
employed to analyze complex systems such as micelles and RMs
[1,15,17,37,48]. The present study provides novel experimental
evidence on the coordination structure of Br~ at the RM interface
and its dependence on w. These results are expected to encourage
theoretical scientists to devise new ideas for fully explaining the
phenomena that occur in complex systems such as RMs.
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