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ABSTRACT: Although all hexose sugars share the same chemical formula, C6H12O6, subtle
differences in their stereochemical structures lead to their various biological roles. Due to their
prominent role in metabolism, hexose sugars are commonly found in nanoconfined
environments. The complexity of authentic nanoconfined biological environments makes it
challenging to study how confinement affects their behavior. Here, we present a study using a
common model system, AOT reverse micelles, to study hexose sugars in nanoconfinement. We
examine how reverse micelles affect the hexoses, how the hexoses affect reverse micelle
formation, and the differences between specific hexoses: glucose, mannose, and galactose. We
find that addition of glucose, mannose or galactose to reverse micelles that already contain water
leaves their size smaller or nearly unchanged. Introducing aqueous hexose solution yields reverse
micelles smaller than those prepared with the same volume of water. We use 1H NMR to show
how the nanoconfined environment impacts hexose sugars’ anomeric ratios. Nanoconfined
mannose and galactose display smaller changes in their anomeric ratios compared to glucose.
These conclusions may provide insights about the biological roles of each hexose when studied under a more authentic
nanoconfined system.

■ INTRODUCTION
Hexose sugars are abundant throughout biology. The three
most common hexose sugars are glucose, the fuel for our cells
among other things, galactose, used in cell−cell signaling,1,2

and mannose, which is often added to proteins and lipids via
glycosylation.3,4 Within biological systems, hexoses often
perform these functions in crowded, nanoconfined environ-
ments within the cytoplasm of cells5 or in the crevices of
proteins.3,6 The crowded, confined environments can affect
hexose sugar characteristics, and, in return, the sugars can
impact the crowded environments.7−9

The nanoconfined environments of biology are exceptionally
complex, so using a simple model system can provide an
alternative environment for isolating size-dependent character-
istics and behaviors. Here, we use reverse micelles to provide a
size-tunable environment with which to study molecular
interactions in confinement.10,11 A solution of reverse micelles
contains a polar phase, usually water, a nonpolar phase such as
isooctane, and a surfactant to stabilize the interface. Sodium
bis(2-ethylhexyl) sulfosuccinate (also known as aerosol OT or
AOT), whose structure appears in Figure 1, is perhaps the
most common surfactant used to prepare reverse micelles due
to the ease of their preparation and the excellent stability of the
prepared emulsions.10,12,13 AOT-based reverse micelles have
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Figure 1. Chemical structures of (left) AOT surfactant and (right)
representative α−-pyranose structures of D-glucose, D-mannose, and
D-galactose. Purple and orange OH groups highlight stereochemical
differences relative to glucose. Standard numbering is shown for
glucose.
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many desirable properties as a model system: they are easy to
prepare, size tunable, and stable. Reverse micelles are typically
characterized by the value w n

n0
water

surfactant
water

surfactant
= =[ ]

[ ] , which has

been shown to be proportional to the reverse micelle size.14−22

This unitless value is a ratio of concentrations and not an exact
description of diameter. Often, reverse micelles are assumed to
adopt a spherical shape, and on average this seems generally
true, but simulations show that reverse micelles are aspherical
on short time scales.23−26

Reverse micelles are well suited for encapsulating small
osmolytes and biological metabolites, like hexoses.7−9,27 The
Levinger group has explored the impact of reverse micellar
confinement on various osmolytes7−9,27 including glucose.7−9

We have found that the confining environment slows down
chemical exchange between water and glucose,8 raising the
activation energy for proton exchange around room temper-
ature but lowering the barrier at low temperatures.9 Glucose
also changes the assembly of the AOT RMs.7 These studies
spurred questions about how other hexose sugars behave in
confinement.

In addition to naturally occurring D-hexoses and their
unnatural L-hexose stereoisomers, hexoses can exist as eight
different hexose stereoisomers, each with two anomeric states
that all share the chemical formula, C6H12O6. Each hexose
isomer can also exist in three forms: six-membered pyranose
rings, five-membered furanose rings, or linear chains. Differ-
ences in stereochemistry lead to differences in the prevalence
and biological activity of each form.28 We have focused on the
three common D-isomers of glucose, mannose, and galactose
because of their prevalence in biochemical systems. On the
molecular level, glucose, mannose and galactose each have
different stereochemical positioning of hydroxyl groups, as
illustrated in Figure 1. Mannose, galactose and glucose�the
hexoses studied here�exist almost entirely (>99%) in the
pyranose form.28,29 Pyranose and furanose structures also exist
either in the α or β form associated with the orientation of
attachments to the anomeric carbon atom (position ① in
Figure 1) where the −H and −OH groups can be positioned
either axially and equatorially, or vice versa. When the −OH
group is positioned axially, the structure is designated as an α
anomer, illustrated in Figure 1. When the −OH group is
positioned equatorially, the structure is designated as a β
anomer. In the crystalline solid state, either the α or β form
dominates, but in solution, both forms exist in equilibrium.30,31

This occurs because in solution, the anomers can interconvert
via the linear intermediate, which has an achiral anomeric
position.28,32−34

The kinetics of the ring opening and closing reaction define
the equilibrium between the anomers (Scheme 1) which in
turn defines how much of each anomer is present in solution.
Variables that may impact kinetics of this reaction have been
reported , inc luding solvent ident i ty , and pres -
sure.28,30,32,33,35−37 High polarity solvents can favor one
anomer and while less polar solvents favor the other.20,21

Although, D2O can affect the individual forward and reverse
rates, it does not change the equilibrium and ultimately the
same anomeric ratio is reached.22,23 Interaction of hexoses with
cations have also been reported to disrupt the normal
anomeric ratio.38−42

Given the results we have observed for glucose within
reverse micelles,7−9 here we explore the behavior of two
additional common hexoses, mannose and galactose confined
in AOT reverse micelles. We report how these hexoses impact
reverse micelles and how the nanoconfinement affects the
different hexose sugars. The addition of mannose and galactose
broadens our study beyond glucose and allows us to study how
sugars impact the reverse micelles and examine how the
specific stereochemistry of the hexoses impacts their behavior
within reverse micelles.

■ METHODS
Sodium bis(2-ethyl-hexylsulfosuccinate) (AOT ≥ 99%), D-galactose
(anhydrous, 99%) and cyclohexane-d12 (99.5%) were purchased from
Acros Organics (Waltham, MA) and used as received. 2,2,4-
Trimethylpentane (isooctane, ≥ 99%, Sigma-Aldrich, St. Louis,
MO), D-glucose (anhydrous, ACS grade, Fisher Scientific, Waltham,
MA), D-mannose (anhydrous, 99%, Oakwood Chemical, Estill, SC),
and deuterium oxide (D2O, 99%, Cambridge Isotope Laboratories,
Andover, MA) were used as received. Millipore filtered and deionized
water (18.2 MΩ-cm) was used to prepare reverse micelles. All
glassware used was soaked in a 5 M nitric acid solution for at least 30
min, thoroughly rinsed with deionized (DI) water, and dried prior to
use.

Hexose samples in bulk water were prepared by dissolving the
hexoses in a solution of 90% water, 10% D2O to yield a 30:1,
solvent:hexose mole ratio (∼1.9 M). Bulk D2O samples were
prepared by dissolving the hexoses in D2O to yield the same
concentration. Bulk aqueous samples discussed here constitute only
the hexose in water, D2O, or a combination.

In a previous publication, we introduced two different ways that we
prepare hexose containing reverse micelle samples: hexose loaded or w0
equivalent,7 and we use these methods to prepare hexose containing
reverse micelles here as well. Both preparations used a 0.1 M stock
solution of AOT in isooctane. To prepare hexose loaded samples, we
first added water to the AOT stock solution to form reverse micelles
to a desired w0 value; then solid hexose was added to create the
desired water:hexose ratio. To prepare equivalent samples, reverse
micelles are formed with the addition of the equivalent volume of
aqueous hexose solution, that would create the same w0 value if added
as pure water. For example, to create a solution of reverse micelles at
w0 = 10 containing only water, we added 180 μL of water to 10 mL of
0.1 M AOT in isooctane solution. To make a hexose loaded w0 = 10
reverse micelle solution, we subsequently added 0.0600 g (0.33
mmol) hexose to the water-only reverse micelle solution to yield a
30:1 water:hexose mole ratio in the RM. To make an equivalent
sample, we prepared a 30:1 water:hexose solution and added 180 μL
of this water/hexose solution to 10 mL of 0.1 M AOT in isooctane in
place of water. Galactose loaded reverse micelles were not measured
due to sample instability at any water:galactose ratio. A 30:1 ratio was
chosen as it represents the highest concentration at which both loaded
and equivalent reverse micelles remain stable over extended periods of
time. To compare the two different preparation methods, we
introduce a new parameter in the Size measurements by Dynamic
Light Scattering section of the Results and Discussion.

Reverse micelle sizes were measured using dynamic light scattering
(DLS, Malvern Zetasizer Nano ZS). Each size measurement
comprises a series of 10 scans. We measured reverse micelles
containing only water as well as glucose equivalent, glucose loaded,
mannose equivalent, mannose loaded and galactose equivalent reverse
micelles prepared as w0 = 10, 15, and 20. Each measurement was
collected at 20 °C at a 172° backscattering angle. Samples were
measured in a 1 cm path length glass cuvette. Measurement selectivity

Scheme 1. Anomeric Equilibrium between α (blue) and β
(gold) Pyranose Forms of Glucose
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was based on a low polydispersity index (<0.3) to ensure particles
were uniform in size. Analysis was performed using Zetasizer software
(version 8.02). We report reverse micelle size based on number
distribution to avoid skewing the distribution toward larger sized
particles.

One dimensional 1H NMR spectra were collected using a Bruker
Avance (Billerica, MA) spectrometer at 400 MHz with a cyclohexane
d-12 lock solvent for reverse micelle samples and D2O for bulk
samples. All spectra were acquired at standard conditions, 25 °C and
64 scans. Integration values were taken from OH peaks due to
significant overlap between the upfield CH peaks and the water peak.
These values were then compared to the literature value for bulk
solution using a student t test to confirm statistical significance. Data
processing, including baseline and phasing corrections, was done
using MestReNova (version 14.1.2−25024).

■ RESULTS AND DISCUSSION
Size Measurements by Dynamic Light Scattering

(DLS). The addition of hexose sugars impacts reverse micelle
size. Because the hexoses are highly soluble in water and
insoluble in the isooctane continuous phase, we might predict
that adding hexose to a reverse micelle to form hexose loaded
reverse micelles would increase the volume of the polar
aqueous core. Likewise, it seems logical that the size of
equivalent reverse micelles prepared with the same volume of
polar solution as reverse micelles containing only water should
yield reverse micelles with the same size as reverse micelles
prepared with only water. However, this is not what we
observe from DLS measurements shown in Figure 2. Graphs
on the left side of Figure 2 plot the reverse micelle size as a
function of w0. The sizes of hexose loaded reverse micelles,
where hexose has been added to already formed reverse
micelles containing water, are the same size or smaller than the
pure-water reverse micelles of the same w0 value from which
they were prepared. In contrast, equivalent reverse micelles,
prepared with an equivalent amount of aqueous hexose
solution, appear smaller than reverse micelles prepared with
only water. We and others have observed this behavior
previously for reverse micelles encapsulating glucose prepared
either as hexose loaded or equivalent.7,43 Mannose and galactose
demonstrate similar behavior, however, the magnitude of this
effect differs depending on the specific hexose.

For reverse micelles containing only water, w0 serves as a
proxy to describe reverse micelle size, because, for a given
amount of water, the reverse micelle will always adopt a certain
micelle size that is proportional to w0. However, w0 does not
consider the effect of added solutes, making it insufficient to
describe the size-dependent trends we observe for reverse
micelles containing an additional solute, in this case, a hexose.
We introduce a new parameter, ws, to describe the solute
containing reverse micelles defined as,

w
n n

n
w

n
ns

water

AOT
0

AOT
= + = +

(1)

where ni is the moles of water (nwater), AOT (nAOT), or solute
(nσ) in the solution. In samples reported here the solute is D-
glucose, D-mannose, or D-galactose. Table 1 reports the values

for each sample prepared. Target w0 describes how samples
were prepared, that is, with sufficient water or aqueous hexose
solution to achieve a “target” w0 value. Although the ratio of
water to hexose in the reverse micelles is constant for hexose
loaded and equivalent preparations, the actual values of w0 and
ws differ depending on the method of preparation. For
example, the value of w0 for hexose loaded reverse micelles is
the same as the target w0 value while values of w0 and ws for
equivalent reverse micelles will always be lower than the target

Figure 2. Left: reverse micelle diameter as a function of w0. Right: reverse micelle diameter as a function of ws. Reverse micelles were prepared as
water only, glucose loaded and equivalent, galactose equivalent, or mannose loaded or equivalent. Error bars represent the standard deviation between
3 and 4 individual measurements of different samples.

Table 1. Water and Hexose Parameters for Reverse Micelles
Prepareda

hexose loaded equivalentb

target w0 actual w0 ws actual w0 ws

10 10 10.3 8.1 8.4
15 15 15.5 12.2 12.6
20 20 20.7 16.2 16.8

aHexose loaded reverse micelles are prepared with water to which
hexose is later added. Equivalent reverse micelles are prepared with a
volume of aqueous hexose solution that would create the “equivalent”
water only containing reverse micelle. All samples have a water:hexose
ratio of 30:1. bWe used densities for aqueous hexose solutions
reported by Zhuo et al. to determine water and hexose amounts in
equivalent reverse micelles.40
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w0. Using ws makes it possible for us to compare the reverse
micelles regardless of how we have prepared them. Using the
new ws parameter therefore improves the specificity of the
characterization by including contributions from all compo-
nents in the polar core of the reverse micelle.

The addition of hexose to the reverse micelles affects their
size and DLS measurements show that this size depends on the
solutes dissolved in the water pool, a key variable in our
experiments. The sizes of AOT reverse micelles containing
only water track remarkably well with w0.

22,44 Graphs on the
right side of Figure 2 show that when we compare hexose
containing reverse micelles as a function of ws, the size of the
reverse micelles scales approximately linearly with ws. The
method of preparation does not appear to play a significant
role in the behavior.

The impact of the hexose on reverse micelle size appears to
depend on the specific hexose under consideration. We
observe a more modest contraction of the reverse micelle
size for mannose or galactose containing reverse micelles
compared to the effect of glucose. We discuss this later in the
paper in the section titled Analysis of Size Trends.
Anomeric Ratios Determined by 1H NMR Spectros-

copy. The 1H NMR spectroscopy demonstrates that the
confined reverse micelle environment impacts the anomeric
ratios of glucose, galactose, and mannose typically observed in
bulk solution. In bulk aqueous solution, fast exchange with
water broadens then coalesces the hexose α-OH and β-OH
peaks with the dominant water peak, so the peaks are absent
from the NMR spectra, and cannot be quantitatively integrated
(Figure S1). However, the reverse micelle system slows this
exchange, revealing well-resolved hydroxyl peaks that can be
integrated to determine the anomeric ratio present in reverse
micelles.8 Figure 3 clearly shows α-OH and β-OH peaks in the
1H NMR spectra of galactose, glucose, and mannose in reverse
micelles. Integration of the α-OH and β-OH peaks yields
anomeric ratios, reported in Figure 4. We measure the
anomeric ratios for bulk aqueous solutions from the α-CH
and β-CH peaks (spectra shown in Figure S1), the α-OH and
β-OH peaks are so small that it is not possible to get a
quantitative measure of the peak area.

From the NMR spectra we calculate the enantiomeric excess
(% ee) of each hexose. By integrating the area under the α-OH
and β -OH peaks in each spectrum, we determine the relative
concentration of each anomer, then determine the % ee by

i
k
jjjjjj

y
{
zzzzzzee

A A

A A
% 100=

| |
+ (2)

where Aα and Aβ represents the integrated area of the α- and β-
OH peak in the NMR spectrum, respectively. Values for the
relative area of each peak and the resulting % ee are given in
Table S2. Figure 4 provides a comparison of the % ee in
reverse micelles and in bulk aqueous solution. In bulk aqueous
solution, our spectra show both glucose and galactose
distributions display approximately one-third α and two-thirds
β, consistent with published data,33,36,45 while the mannose
distribution displays the reverse with approximately two-thirds
α and one-third β anomer.33,36,45 In reverse micelles, we
observe a consistent drop in % ee, indicating a trend toward a
50:50 ratio between anomers. This effect is largest in ws = 8.4
reverse micelles. As the reverse micelle size increases, the
anomeric distribution slowly approaches the anomer ratio seen

in bulk aqueous solution, although it does not become fully
bulk-like, even at ws = 16.8, the highest value measured.

Figure 3. 1H NMR spectra of AOT reverse micelles with ws = 8.4
encapsulating glucose (top), galactose (middle), and mannose
(bottom). Blue and gold boxes identify signals from α and β peaks,
respectively.

Figure 4. Comparison of the enantiomeric excess (% ee) as a function
of the hexose and environment. A dashed line is provided at the % ee
for the bulk H2O value to emphasize the change with nanoconfine-
ment. Labels are added above each hexose to indicate whether the %
ee indicates an excess of the α or β anomer. Uncertainties are too
small to display and are listed in Table S2.
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Analysis of Size Trends. The observed trends in size point
to an interaction of the hexose sugars with surfactant’s sodium
counterions at the inner aqueous reverse micelle interface. We
have previously suggested the trend in reverse micelle size
could arise from interactions between AOT and glucose,7

which remains in agreement with results presented here. We
hypothesize that the position of the hexose molecule within the
reverse micelle interior affects the size of the reverse micelle.
When hexoses reside near the edge of the water pool, the
anomeric ratios observed in Figure 4 demonstrate that they
likely interact strongly with the Na+ counterion.31,38,40,46 This
close interaction will partially screen the charge. As the AOT
experiences less of the balancing counterion Na+ cation’s
charge, it will experience increased Coulombic repulsion
between AOT headgroups, corresponding to an increase in
the surface area of each AOT molecule, increasing the total
surface area in solution. For a fixed volume of polar material,
the only ways to increase the surface area are to either create
more, smaller reverse micelles, or to change the shape.7,24

However, the data presented in Figure 2 cannot determine
which factor is changing the apparent size of the reverse
micelles to accommodate this additional surface area.

Other factors could impact the observed reverse micelle size.
In a previous publication, we considered whether changes to
glucose partial molar volume or particle shape could explain
the changes in reverse micelle sizes we observe.7 Although
negative partial molar volumes of glucose, galactose and
mannose have been observed, the magnitude of the
contraction is approximately 5%.47−50 With a molar ratio of
30:1 water:hexose, this contraction is too small to account for
changes in reverse micelle size that we observe. As previously
noted, the addition of hexoses to the reverse micelles could
also cause the reverse micelle shape to change. In our previous
report,7 we noted that even a substantial change of shape
cannot completely account for the observed changes in reverse
micelle size. In all likelihood, each of these factors, that is, a
small negative partial molar volume, a change in the shape, and
a change in the number and volume of reverse micelles, all
contribute somewhat to the observed changes. Overall though,
Figure 2 demonstrates that the most dominant factor
controlling the size of the reverse micelles is the amount of
polar material enclosed, which is captured well by ws, as
compared to the apparent misconceptions created by w0.
Analysis of Changes in Anomeric Ratio. The anomeric

ratios characteristic of the hexose isomers are typically
explained by the decreased steric strain placed on the ring
structure when the OH groups are in the equatorial positions
are filled. It seems unlikely that confinement in a space,
however small, could reduce the steric strain of the minor
anomer to such a degree as to match the relative stability of the
major anomer. The clear, size-dependent change to the
anomeric ratios of all hexoses tested suggests not just a
general interaction, but a specific interaction that only occurs
when the hexose is forced to interact by the small size of the
reverse micelle.

We propose that the reverse micelle’s effect on hexose
anomer ratio can be explained by the formation of a novel
hexose-Na+ complex. Complexes between hexoses and cations
are not new and were first discovered by paper electrophoresis,
where researchers found that different hexoses could be
separated when mixed with certain salts and subjected to an
electric field.31 Researchers have found that certain sugars form
complexes with cations. Specifically, a pattern of hydroxyl

groups arranged in an axial−equatorial-axial configuration can
lead to hexose-cation complexes, particularly for highly charged
cations, such as calcium.31,38,40,46,51,52 The binding is typically
very weak; for example calcium gives a typical binding constant
of Keq ∼ 3 M−1.52 In the case presented here the complex
forms with a Na+ cation, so the interactions should be even
weaker compared to calcium. Measurements of glucose in bulk
aqueous NaCl solution measured by polarimetry and predicted
by quantum chemical and molecular dynamics calculations
show no preference for Na+ interacting with either anomer.41

However, we hypothesize that confinement to the reverse
micelle interior could lead to Na+ complexes with hexoses and
explain the changes to the anomeric ratio reported in Figure 4.

This axial−equatorial-axial hydroxyl pattern does not exist in
any of the hexoses we measured, regardless of anomer. To
explain the trends we observe, we propose that confinement in
the reverse micelle can lead to a complex between the AOT
Na+ counterion with just two hexose hydroxyls arranged in an
axial−equatorial pattern. All three of the hexoses we measured
would have at least one site where complexation with just two
hexose hydroxyl groups can occur for one of the anomers. This
occurs because regardless of the stereochemistry of the
hydroxyl at the ② position of the hexose, both anomers are
present and so one of them is guaranteed to form an axial−
equatorial arrangement with the ② position. Formation of a
complex with Na+ adds a new reaction to the typical
equilibrium for hexose anomerization, creating a situation
where one anomer has an additional equilibrium between the
complexed and noncomplexed states that competes with the
anomerization reaction. Scheme 2 shows this series of

equilibria we expect for glucose in AOT reverse micelles.
The complexed state will not undergo anomerization without
first dissociating from the Na+, thereby effectively removing the
complexed population from the anomer equilibrium. This
causes the equilibrium of uncomplexed sugars to shift toward
the complexing anomer. For glucose and galactose, which have
an equatorial hydroxyl group at the ② position, the α anomer
generates the axial−equatorial arrangement that would be
necessary for complexation, while for mannose it is the β
anomer that forms the axial−equatorial arrangement. In all
three cases, the complex forms with the minor anomer, causing
an increase in the minor anomer and a drop in % ee.

A complex formed between hexoses and Na+ in reverse
micelles can also explain the differences we observe between
specific hexoses. Because we are only observing the ratio
between anomers via 1H NMR, Figure 4 is only sensitive to
complexation with Na+ involving the anomer hydroxyl group,
but galactose and mannose also present the axial−equatorial
arrangement of hydroxyls elsewhere in the molecule, between
positions ③ and ④ for galactose and positions ② and ③ for
mannose as shown in Scheme 3. The change in % ee between

Scheme 2. Proposed Competing Equilibria between
Anomeric and Na+ Complex Formation With Glucosea

aHydroxyl groups shown in red can form the proposed complex with
the α anomer of glucose.
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bulk hexose solution and hexose in reverse micelles should be
roughly proportional to the degree of complexation with Na+
specifically between the ①-② position hydroxyl groups. Because
there is a second binding site in galactose and mannose, the
second site competitively inhibits the formation of the complex
at the ①-② positions, reducing the effect on the enantiomeric
excess. This explains why the enantiomeric excesses measured
for galactose and mannose are less impacted by nanoconfine-
ment than glucose is. It is also worth noting that due to the off
-center nature of the interaction between the ①-② positions
and Na+, the hexose is naturally oriented so that it can conform
at least somewhat to the curvature of the interface. The ③-④
positions where galactose can bind Na+ are in a similar position
on the opposite side of the ring and should also orient the
hexose to follow the curvature, but the ②-③ positions found in
mannose are in between, which could cause a less favorable
orientation at the interface and reduce the binding constant at
the ②-③ positions. This would weaken the competitive
inhibition with the anomeric, ①-② positions binding site and
explain why mannose has a slightly larger change in the % ee
compared to galactose.

Although complexes of galactose, or mannose with Na+ have
not been directly observed, all previous studies present results
only from bulk solution. The reverse micelles in our study
facilitate the complex formation in two ways. The Na+ ions in
reverse micelles are arranged around the interface rather than
freely mixing into the aqueous interior,25,26,53−56 which means
that the local Na+ concentration is significantly higher than
simply the moles of Na+ per reverse micelle divided by the
average volume of the reverse micelle. Second, for the same
reason that Na+ occupies the interface rather than the interior
of the water pool, solutes often occupy the reverse micelle
interfacial region more often than the interior, especially as ws
decreases, likely an example of a nanoconfinement-induced
hydrophobic effect.7,57,58 Taken together, these factors should
push hexoses to favor locations at the interface and then drive
complex formation with the excessive concentration of sodium
cations at the interface, making structures that have never been

observed in bulk solution suddenly possible in AOT reverse
micelles.

We considered another mechanism that could account for
the disruption in the hexose anomeric ratios. If the reverse
micelle environment enhanced hexose−hexose interactions,
the confining environment could lead to dimer or larger
aggregate formation. For each hexose, aggregation should favor
the less soluble anomer and remove the aggregated species
from the mutarotation equilibrium and shift the anomeric
ratio. Although this mechanism should disrupt the anomeric
ratio in the direction we observe, it cannot account for changes
in the reverse micelle sizes as the cation interactions do.
Additionally, given that galactose and mannose are less water-
soluble than glucose, we would expect this mechanism would
occur more readily for them than glucose, the opposite of what
we observe. Thus, this mechanism does not provide an
adequate explanation of our results.

It is important to note that these systems are not simple and
clean in almost any sense of the word. Our recent work has
demonstrated that AOT reverse micelles are not spherical,24

there is no understanding of how the hexoses impact the shape
beyond the simple argument that they likely do impact the
shape, as shown in Analysis of Size Trends. The shape would
have a dramatic impact on properties like the hexose’s distance
to the interface. Because the complex we believe is responsible
for the change in anomeric ratio depends on the exceptionally
high local concentration of Na+ at the interface, the shape
could also play a key role in the anomeric ratios observed and
explain some of the minor variations between hexoses
observed. It is tempting to determine a representative
stoichiometry for a given reverse micelle and spheres are
convenient and useful for this purpose, but they also minimize
the surface-area-to-volume ratio of the particle. Any other
shape would change this property and the amount it changes
will also depend on the specific shape the reverse micelle
adopts. This makes what seems like a simple and useful
heuristic remarkably speculative, so we refrain from providing
more concrete examples of the number of hexoses per reverse
micelle and their proximity to the interface.

Scheme 3. Proposed Competing Equilibria for Galactose and Mannosea

aFor galactose (top), hydroxyl groups in ①-② positions shown in red form the proposed complex of Na+ with only the α anomer while orange
hydroxyl groups in ③-④ positions complex with either anomer. For mannose (bottom), red and yellow hydroxyl groups in ①-② positions form the
proposed complex of Na+ with only the β anomer while yellow and blue hydroxyl groups in ②-③ positions complex with either anomer.
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■ CONCLUSIONS
The stereochemistry of hexose sugars often impacts just how
those sugars behave in solution. Not only that, but under
nanoconfined conditions, glucose, the most common of the
hexoses, is known to be impacted. Here we show that the
interactions known to occur between glucose and AOT reverse
micelles are also present between both mannose and galactose.
When solvated in the water pool of a reverse micelle, we find
that the sugars investigated here decrease the size of the
reverse micelle, as compared to what would be expected for the
volume of a similarly sized water-pool. The magnitude of this
effect changes with the identity of the hexose. These results are
consistent with interactions between AOT-Na+ counterions
and the hexose sugars. In smaller reverse micelles, the sugars
are hypothesized to exist in between the counterions and the
AOT headgroup, on the boundary of the water pool, shielding
the headgroups from the counterions and increasing
Coulombic repulsion between the headgroups.

This would increase the surface area of the reverse micelle,
explaining the size data presented. We have also demonstrated
how the location of hexoses at the inner surface of the reverse
micelle can disrupt the standard enantiomeric excess observed
for the glucose, galactose and mannose anomers. NMR spectra
reveal that the confined environment leads to a shift in the
aqueous equilibrium toward the minor anomer that we
attribute to the formation of Na+-hexose complexes. Differ-
ences between the three hexoses studied−glucose, galactose,
and mannose−demonstrate subtleties of these important
molecules where complexation with Na+ impacts both
anomeric ratios and reverse micelle sizes. The NMR spectral
data taken in conjunction with reverse micelle size data
support the idea that hexose sugars reside near the boundary of
the water-pool and the AOT.

The results presented have significant implications in a wide
range of fields. Hexose sugars are often found in biology
residing in nanoconfined environments. The results presented
here suggest potential for confinement to affect anomeric
ratios, which could impact their biological function. Knowing
the interactions between the environment and the hexose
sugars has implications in pharmaceuticals, protein mechanism
research, and many other fields.
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(11) Arsene, M.-L.; Raŭt, I.; Cal̆in, M.; Jecu, M.-L.; Doni, M.;

Gurban, A.-M. Versatility of Reverse Micelles: From Biomimetic
Models to Nano (Bio)Sensor Design. Processes 2021, 9 (2), 345.
(12) Correa, N. M.; Silber, J. J.; Riter, R. E.; Levinger, N. E.

Nonaqueous Polar Solvents in Reverse Micelle Systems. Chem. Rev.
2012, 112 (8), 4569−4602.
(13) Levinger, N. E. Water in Confinement. Science 2002, 298

(5599), 1722−1723.
(14) Bohidar, H. B.; Behboudnia, M. Characterization of Reverse

Micelles by Dynamic Light Scattering. Colloids Surf., A 2001, 178 (1),
313−323.
(15) Aferni, A. E.; Guettari, M.; Tajouri, T. Determination of the

Water/AOT/Isooctane Reverse Micelles Size Parameters from Their
Refractive Index Data. J. Solution Chem. 2017, 46, 89−102.
(16) Hou, M.; Kim, M.; Shah, D. A Light-Scattering Study on the

Droplet Size and Interdroplet Interaction in Microemulsions of AOT-
Oil-Water System. J. Colloid Interface Sci. 1988, 123, 398−412.
(17) Khan, M. F.; Singh, M. K.; Sen, S. Measuring Size, Size

Distribution, and Polydispersity of Water-in-Oil Microemulsion
Droplets Using Fluorescence Correlation Spectroscopy: Comparison
to Dynamic Light Scattering. J. Phys. Chem. B 2016, 120, 1008−1020.
(18) Kinugasa, T.; Kondo, A.; Nishimura, S.; Miyauchi, Y.; Nishii,

Y.; Watanabe, K.; Takeuchi, H. Estimation for Size of Reverse
Micelles Formed by AOT and SDEHP Based on Viscosity
Measurement. Colloids Surf., A 2002, 204, 193−199.
(19) Law, S. J.; Britton, M. M. Sizing of Reverse Micelles in

Microemulsions Using NMR Measurements of Diffusion. Langmuir
2012, 28, 11699−11706.
(20) Pal, N.; Verma, S. D.; Singh, M. K.; Sen, S. Fluorescence

Correlation Spectroscopy: An Efficient Tool for Measuring Size, Size-
Distribution and Polydispersity of Microemulsion Droplets in
Solution. Anal. Chem. 2011, 83, 7736−7744.
(21) Urano, R.; Pantelopulos, G. A.; Song, S.; Straub, J. E.

Characterization of Dynamics and Mechanism in the Self-Assembly of
AOT Reverse Micelles. J. Chem. Phys. 2018, 149, 144901.
(22) Vasquez, V. R.; Williams, B. C.; Graeve, O. A. Stability and

Comparative Analysis of AOT/Water/Isooctane Reverse Micelle
System Using Dynamic Light Scattering and Molecular Dynamics. J.
Phys. Chem. B 2011, 115, 2979−2987.
(23) Gale, C. D.; Derakhshani-Molayousefi, M.; Levinger, N. E.

How to Characterize Amorphous Shapes: The Tale of a Reverse
Micelle. J. Phys. Chem. B 2022, 126 (4), 953−963.
(24) Gale, C. D.; Derakhshani-Molayousefi, M.; Levinger, N. E.

Shape of AOT Reverse Micelles: The Mesoscopic Assembly Is More
Than the Sum of the Parts. J. Phys. Chem. B 2024, 128, 6410−6421.
(25) Eskici, G.; Axelsen, P. H. The Size of AOT Reverse Micelles. J.
Phys. Chem. B 2016, 120 (44), 11337−11347.
(26) Martinez, A. V.; Dominguez, L.; Malolepsza, E.; Moser, A.;

Ziegler, Z.; Straub, J. E. Probing the Structure and Dynamics of
Confined Water in AOT Reverse Micelles. J. Phys. Chem. B 2013, 117,
7345−7351.
(27) Miller, S. L.; Levinger, N. E. Urea Disrupts the AOT Reverse

Micelle Structure at Low Temperatures. Langmuir 2022, 38 (24),
7413−7421.
(28) Zhu, Y.; Zajicek, J.; Serianni, A. S. Acyclic Forms of [1−

13C]Aldohexoses in Aqueous Solution: Quantitation by 13C NMR
and Deuterium Isotope Effects on Tautomeric Equilibria. J. Org.
Chem. 2001, 66 (19), 6244−6251.

(29) Chen, Y.-Y.; Luo, S.-Y.; Hung, S.-C.; Chan, S. I.; Tzou, D.-L. M.
13C Solid-State NMR Chemical Shift Anisotropy Analysis of the
Anomeric Carbon in Carbohydrates. Carbohyd. Res. 2005, 340 (4),
723−729.
(30) Angyal, S. J.; Horton, D. The Composition of Reducing Sugars

in Solution: Current Aspects. Adv. Carbohydr. Chem. Biochem. 1991,
49, 19−35.
(31) Angyal, S. J. Complexes of Sugars with Cations. In
Carbohydrates in Solution; Advances in Chemistry; American
Chemical Society, 1973; Vol. 117, pp 106−120.
(32) Silva, A. M.; da Silva, E. C.; da Silva, C. O. A Theoretical Study

of Glucose Mutarotation in Aqueous Solution. Carbohyd. Res. 2006,
341 (8), 1029−1040.
(33) Maebayashi, M.; Ohba, M.; Takeuchi, T. Anomeric Proportions

of D-Glucopyranose at the Equilibrium Determined from 1H-NMR
Spectra I. Investigation of Experimental Conditions and Concen-
tration Dependence at 25.0°C. J. Mol. Liq. 2017, 232, 408−415.
(34) Lee, C. Y.; Acree, T. E.; Shallenberger, R. S. Mutarotation of D-

Glucose and d-Mannose in Aqueous Solution. Carbohyd. Res. 1969, 9
(3), 356−360.
(35) Hills, B. P. Multinuclear NMR Studies of Water in Solutions of

Simple Carbohydrates. Mol. Phys. 1991, 72 (5), 1099−1121.
(36) Duus, J. Ø.; Gotfredsen, C. H.; Bock, K. Carbohydrate

Structural Determination by NMR Spectroscopy: Modern Methods
and Limitations. Chem. Rev. 2000, 100 (12), 4589−4614.
(37) Kräutler, V.; Müller, M.; Hünenberger, P. H. Conformation,

Dynamics, Solvation and Relative Stabilities of Selected β-
Hexopyranoses in Water: A Molecular Dynamics Study with the
Gromos 45A4 Force Field. Carbohyd. Res. 2007, 342 (14), 2097−
2124.
(38) Heaton, A. L.; Armentrout, P. B. Experimental and Theoretical

Studies of Sodium Cation Interactions with D-Arabinose, Xylose,
Glucose, and Galactose. J. Phys. Chem. A 2008, 112 (41), 10156−
10167.
(39) Huynh, H. T.; Phan, H. T.; Hsu, P.-J.; Chen, J.-L.; Nguan, H.

S.; Tsai, S.-T.; Roongcharoen, T.; Liew, C. Y.; Ni, C.-K.; Kuo, J.-L.
Collision-Induced Dissociation of Sodiated Glucose, Galactose, and
Mannose, and the Identification of Anomeric Configurations. Phys.
Chem. Chem. Phys. 2018, 20 (29), 19614−19624.
(40) Zhuo, K. L.; Wang, J. J.; Zheng, H. H.; Xuan, X. P.; Zhao, Y.

Volumetric Parameters of Interaction of Monosaccharides (D-Xylose,
D-Arabinose, D-Glucose, D-Galactose) with NaI in Water at 298.15
K. J. Solution Chem. 2005, 34 (2), 155−170.
(41) Mayes, H. B.; Tian, J.; Nolte, M. W.; Shanks, B. H.; Beckham,

G. T.; Gnanakaran, S.; Broadbelt, L. J. Sodium Ion Interactions with
Aqueous Glucose: Insights from Quantum Mechanics, Molecular
Dynamics, and Experiment. J. Phys. Chem. B 2014, 118 (8), 1990−
2000.
(42) Zhu, G.; Li, H.; Li, Y.; Gu, L. 1H NMR Elucidation of

Observed Stable Sugar-NaCl-Water Complexes in Aqueous Solution.
Chem. Methods 2023, 3 (6), No. e202200063.
(43) Rahdar, A.; Almasi-Kashi, M. Entrapment−D-(+)-Glucose

Water Nanodroplet: Synthesis and Dynamic Light Scattering. Journal
of Nanostructures 2018, 8 (2), 202−208.
(44) Maitra, A. Determination of Size Parameters of Water Aerosol

OT Oil Reverse Micelles from Their Nuclear Magnetic-Resonance
Data. J. Phys. Chem. 1984, 88 (21), 5122−5125.
(45) Kosaka, A.; Aida, M.; Katsumoto, Y. Reconsidering the

Activation Entropy for Anomerization of Glucose and Mannose in
Water Studied by NMR Spectroscopy. J. Mol. Struct. 2015, 1093,
195−200.
(46) Caruel, H.; Rigal, L.; Gaset, A. Carbohydrate Separation by

Ligand-Exchange Liquid-Chromatography - Correlation between the
Formation of Sugar Cation Complexes and the Elution Order. J.
Chromatogr. 1991, 558 (1), 89−104.
(47) Origlia, M.; Call, T.; Woolley, E. Apparent Molar Volumes and

Apparent Molar Heat Capacities of Aqueous D-Glucose and D-
Galactose at Temperatures from 278.15 to 393.15 K and at the
Pressure 0.35 MPa. J. Chem. Thermodyn. 2000, 32, 847−856.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.4c01826
Langmuir 2024, 40, 20918−20926

20925

https://doi.org/10.1021/acs.jpcb.8b07406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b07406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.6b01651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.6b01651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.0c10681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.0c10681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0001-8686(95)80005-N
https://doi.org/10.1016/0001-8686(95)80005-N
https://doi.org/10.3390/pr9020345
https://doi.org/10.3390/pr9020345
https://doi.org/10.1021/cr200254q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1079322
https://doi.org/10.1016/S0927-7757(00)00736-6
https://doi.org/10.1016/S0927-7757(00)00736-6
https://doi.org/10.1007/s10953-016-0563-x
https://doi.org/10.1007/s10953-016-0563-x
https://doi.org/10.1007/s10953-016-0563-x
https://doi.org/10.1016/0021-9797(88)90261-5
https://doi.org/10.1016/0021-9797(88)90261-5
https://doi.org/10.1016/0021-9797(88)90261-5
https://doi.org/10.1021/acs.jpcb.5b09920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b09920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b09920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b09920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0927-7757(01)01132-3
https://doi.org/10.1016/S0927-7757(01)01132-3
https://doi.org/10.1016/S0927-7757(01)01132-3
https://doi.org/10.1021/la300796u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la300796u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac2012637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac2012637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac2012637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac2012637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5042771
https://doi.org/10.1063/1.5042771
https://doi.org/10.1021/jp109202f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp109202f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp109202f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c09439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.1c09439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.4c02569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.4c02569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.6b06420?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp402270e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp402270e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.2c00206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.2c00206?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo010541m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo010541m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo010541m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carres.2005.01.018
https://doi.org/10.1016/j.carres.2005.01.018
https://doi.org/10.1016/S0065-2318(08)60180-8
https://doi.org/10.1016/S0065-2318(08)60180-8
https://doi.org/10.1021/ba-1971-0117.ch007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carres.2006.02.035
https://doi.org/10.1016/j.carres.2006.02.035
https://doi.org/10.1016/j.molliq.2017.02.062
https://doi.org/10.1016/j.molliq.2017.02.062
https://doi.org/10.1016/j.molliq.2017.02.062
https://doi.org/10.1016/j.molliq.2017.02.062
https://doi.org/10.1016/S0008-6215(00)80176-7
https://doi.org/10.1016/S0008-6215(00)80176-7
https://doi.org/10.1080/00268979100100791
https://doi.org/10.1080/00268979100100791
https://doi.org/10.1021/cr990302n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr990302n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr990302n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.carres.2007.05.011
https://doi.org/10.1016/j.carres.2007.05.011
https://doi.org/10.1016/j.carres.2007.05.011
https://doi.org/10.1016/j.carres.2007.05.011
https://doi.org/10.1021/jp804113q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp804113q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp804113q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CP03753A
https://doi.org/10.1039/C8CP03753A
https://doi.org/10.1007/s10953-005-2751-y
https://doi.org/10.1007/s10953-005-2751-y
https://doi.org/10.1007/s10953-005-2751-y
https://doi.org/10.1021/jp409481f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp409481f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp409481f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cmtd.202200063
https://doi.org/10.1002/cmtd.202200063
https://doi.org/10.22052/JNS.2018.02.010
https://doi.org/10.22052/JNS.2018.02.010
https://doi.org/10.1021/j150665a064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150665a064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150665a064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molstruc.2015.03.038
https://doi.org/10.1016/j.molstruc.2015.03.038
https://doi.org/10.1016/j.molstruc.2015.03.038
https://doi.org/10.1016/0021-9673(91)80114-V
https://doi.org/10.1016/0021-9673(91)80114-V
https://doi.org/10.1016/0021-9673(91)80114-V
https://doi.org/10.1006/jcht.1999.0651
https://doi.org/10.1006/jcht.1999.0651
https://doi.org/10.1006/jcht.1999.0651
https://doi.org/10.1006/jcht.1999.0651
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c01826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(48) Fucaloro, A. F.; Pu, Y.; Cha, K.; Williams, A.; Conrad, K. Partial
Molar Volumes and Refractions of Aqueous Solutions of Fructose,
Glucose, Mannose, and Sucrose at 15.00, 20.00, and 25.00°C. J.
Solution Chem. 2007, 36, 61−80.
(49) Banipal, P.; Banipal, T.; Lark, B.; Ahluwalia, J. Partial Molar

Heat Capacities and Volumes of Some Mono-, Di- and Tri-
Saccharides in Water at 298.15, 308.15 and 318.15 K. J. Chem. Soc.-
Faraday Trans. 1997, 93 (1), 81−87.
(50) Gheorghe, I.; Stoicescu, C.; Sirbu, F. Partial Molar Volumes,

Isentropic Compressibilities, and Partial Molar Expansibilities of N-
Methylglycine and D-Glucose in Aqueous Environments at Temper-
atures between (298.15 and 323.15) K. J. Mol. Liq. 2016, 218, 515−
524.
(51) Laptev, A. Yu.; Rozhmanova, N. B.; Nesterenko, P. N.

Retention Behavior of Carbohydrates on Metal Loaded Chelating
Stationary Phase under Conditions of Hydrophilic Interaction Liquid
Chromatography. Journal of Chromatography A 2024, 1714,
No. 464551.
(52) Angyal, S. J. Haworth Memorial Lecture. Sugar−Cation

Complexes�Structure and Applications. Chem. Soc. Rev. 1980, 9
(4), 415−428.
(53) Abel, S.; Sterpone, F.; Bandyopadhyay, S.; Marchi, M.

Molecular Modeling and Simulations of AOT-Water Reverse Micelles
in Isooctane: Structural and Dynamic Properties. J. Phys. Chem. B
2004, 108 (50), 19458−19466.
(54) Faeder, J.; Ladanyi, B. M. Molecular Dynamics Simulations of

the Interior of Aqueous Reverse Micelles. J. Phys. Chem. B 2000, 104
(5), 1033−1046.
(55) Chowdhary, J.; Ladanyi, B. M. Molecular Dynamics Simulation

of Aerosol-OT Reverse Micelles. J. Phys. Chem. B 2009, 113, 15029−
15039.
(56) Miller, S. L.; Gaidamauskas, E.; Altaf, A. A.; Crans, D. C.;

Levinger, N. E. Where Are Sodium Ions in AOT Reverse Micelles?
Fluoride Anion Probes Nanoconfined Ions by 19F Nuclear Magnetic
Resonance Spectroscopy. Langmuir 2023, 39, 7811−7819.
(57) Singh, P. K.; Nath, S. Ultrafast Torsional Dynamics in

Nanoconfined Water Pool: Comparison between Neutral and
Charged Reverse Micelles. J. Photochem. Photobiol., A 2012, 248,
42−49.
(58) Lorenz, B. B.; Crans, D. C.; Johnson, M. D. Electron-Transfer

Rate Enhancements in Nanosized Waterpools. Eur. J. Inorg. Chem.
2014, 2014 (27), 4537−4540.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.4c01826
Langmuir 2024, 40, 20918−20926

20926

https://doi.org/10.1007/s10953-006-9100-7
https://doi.org/10.1007/s10953-006-9100-7
https://doi.org/10.1007/s10953-006-9100-7
https://doi.org/10.1039/a604656h
https://doi.org/10.1039/a604656h
https://doi.org/10.1039/a604656h
https://doi.org/10.1016/j.molliq.2016.02.033
https://doi.org/10.1016/j.molliq.2016.02.033
https://doi.org/10.1016/j.molliq.2016.02.033
https://doi.org/10.1016/j.molliq.2016.02.033
https://doi.org/10.1016/j.chroma.2023.464551
https://doi.org/10.1016/j.chroma.2023.464551
https://doi.org/10.1016/j.chroma.2023.464551
https://doi.org/10.1039/CS9800900415
https://doi.org/10.1039/CS9800900415
https://doi.org/10.1021/jp047138e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp047138e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp993076u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp993076u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp906915q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp906915q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.3c00649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.3c00649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.3c00649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jphotochem.2012.08.009
https://doi.org/10.1016/j.jphotochem.2012.08.009
https://doi.org/10.1016/j.jphotochem.2012.08.009
https://doi.org/10.1002/ejic.201402307
https://doi.org/10.1002/ejic.201402307
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.4c01826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

