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ABSTRACT: In bulk aqueous environments, the exchange of
protons between labile hydroxyl groups typically occurs easily and
quickly. Nanoconfinement can dramatically change this normally
facile process. Through exchange spectroscopy (EXSY) NMR
measurements, we observe that nanoconfinement of glucose and
water within AOT (sodium bis(2-ethylhexyl) sulfosuccinate)
reverse micelles raises the energy barrier to labile hydrogen
exchange, which suggests a disruption of the hydrogen bond
network. Near room temperature, we measure barriers high enough
to slow the process by as much as 2 orders of magnitude. Although
exchange rates slow with decreasing temperatures in these
nanoconfined environments, the barrier we measure below ∼285
K is 3−5 times lower than the barrier measured at room temperature, indicating a change in mechanism for the process. These
findings suggest the possibility of hydrogen tunneling at a surprisingly high-temperature threshold. Furthermore, differences in
exchange rates depend on the hydroxyl group position on the glucose pyranose ring and suggest a net orientation of glucose at the
reverse micelle interface.

■ INTRODUCTION

Water is a ubiquitous molecule integral to numerous fields
such as chemistry, engineering, biology, environmental studies,
and medicine. Knowledge of water’s structure, dynamics,
kinetics, and phase transition behavior has been well described,
especially in the bulk liquid phase.1,2 Because of its importance,
researchers have rigorously studied this molecule and defined
many of its unique bulk phase properties such as its high heat
capacity and surface tension, volumetric expansion upon
transition from liquid to solid phase, and maximum density
at 277 K at atmospheric pressure. Water’s strong hydrogen
bonding ability leads to many of these unique characteristics.
Through hydrogen bonding, protons on water can easily
transfer onto or from other molecules.3,4 In bulk aqueous
solution, proton exchange from water to other hydrogen
bonding moieties, such as alcohols, amines, or amides, is
generally extremely facile.5−7 The ease of proton exchange in
aqueous solutions has wide-ranging effects, such as the
Grotthuss mechanism, in which protons diffuse through
water at rates substantially faster than other ions.8

When restricted to nanosized spaces, water demonstrates
properties and dynamics that differ from its bulk phase
behavior.9−11 Researchers across numerous fields have
achieved confinement in a myriad of ways: within carbon or
lipid nanotubes,12−14 in suspended aerosols,15,16 in silica
pores,17,18 and solvated in reverse micelles,19,20 the method

we use in this study. Confinement in reverse micelles results in
a departure from bulk aqueous behavior, as exemplified in early
studies by Radhakrishnan et al. that demonstrated confinement
to nanosized pores stabilized the hexagonal water phase over a
large range of temperatures,21 where smaller pores led to a
more dramatic freezing point depression.
Reverse micelles provide a relatively stable and size tunable

nanoenvironment for studying the effects of confinement.22,23

After physical perturbation, the ternary mixture of polar
(usually aqueous), nonpolar, and amphiphilic components self-
assemble into droplets wherein the polar heads of the
amphiphilic surfactant face inward around the polar droplet.
A number of characteristics make reverse micelles ideal as a
model system for investigating confined spaces, including their
thermodynamic stability over long periods, spontaneous
formation, and transparent appearance. The unitless parameter
w0 describes the approximate size of the reverse micelle:
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Additionally, the viscosity of reverse micelle solutions is
comparable to that of the pure nonpolar organic solvent
facilitating a range of experiments, for example, NMR
spectroscopy.24 When prepared with the surfactant aerosol
OT (AOT), the reverse micelle headgroup comprises the
negatively charged sulfonate group accompanied by the
positively charged sodium counterion. Inexpensive and non-
toxic, AOT is the most widely used surfactant when preparing
reverse micelles and is the amphiphile used in this study.
Characterization by small-angle X-ray scattering, small-angle
neutron scattering, and dynamic light scattering has given
scientists a good understanding of AOT reverse micelles.25,26

The encapsulated water molecules that form the core of the
reverse micelle can interact with other molecules dissolved in
the reverse micelle, for example, osmolytes, proteins, and probe
molecules.27−31

We have previously reported how nanoscale confinement in
reverse micelles dramatically slows the exchange behavior of
water hydrogen atoms to the hydroxyl groups on glucose, as
observed qualitatively using 1D 1H NMR and quantified using
exchange spectroscopy (EXSY) NMR techniques.28 This
slowed exchange demonstrates that confinement has significant
effects on chemical processes beyond restriction of molecular
translation. The mechanisms of exchange and network
disruption occurring in our simplified reverse micelle model
may be present in the more complicated biological systems,
especially those involving glucose regulated proteins and
glycan signaling.32,33 Hydrogen atom exchange between
water and glucose in reverse micelles provides a model to
increase understanding of a wide variety of biological processes
that involve nanoscale environments.28 In the work reported
here, we use the same EXSY NMR technique to directly
measure exchange rate constants as a function of temperature,
calculate the activation energy barrier to hydrogen atom
exchange between water and glucose, and discuss possible
effects that confinement has on the mechanism responsible for
that process.

■ MATERIALS AND METHODS
D-(+)-Glucose (99.9%), aerosol OT (AOT, (bis(2-ethylhexyl)
sulfosuccinate sodium salt, 99.9%), 2,2,4-trimethylpentane
(isooctane, 99.9%), and cyclohexane-d12 (99.9%) were
purchased from MilliporeSigma (Burlington, MA) and used
as received. D2O was acquired from Cambridge Isotope
Laboratories. For brevity, “glucose” is used to refer to D-
(+)-glucose and “isooctane” to refer to 2,2,4-trimethylpentane
throughout. When appropriate, a particular anomer of glucose
is specified. Water was Millipore filtered for 18 MΩ·cm
resistivity. All glassware used was rigorously cleaned, acid
washed with concentrated HNO3, rinsed with Millipore filtered
water, and thoroughly dried.
Reverse micelles were prepared from 0.1 M AOT stock

solutions in isooctane. Solid AOT was added gravimetrically to
isooctane to achieve a 0.1 M concentration. Next, water was
added to form the reverse micelle nanodroplets. All reverse
micelles reported here were prepared to w0 = 10. The reverse
micelle solution was sonicated for 45 min, glucose was loaded
to achieve a 1:30 glucose:water mole ratio, and further
sonicated for 30 min until no solid glucose was detected. The
overall glucose concentration in the reverse micelles suspended

in isooctane was 30 mM. Within the water core of the reverse
micelles, the glucose concentration was ∼1.8 M.
For 2H NMR experiments, hydroxyl groups on glucose were

exchanged for OD by dissolution of glucose in D2O and
subsequent evaporation to dryness in a desiccator. Reverse
micelle samples were prepared in the same fashion as described
for protonated samples but using D2O and deuterium-
exchanged glucose.
NMR spectra, both 1H and 1D EXSY, were collected by

using a 500 MHz spectrometer (Agilent Inova) operating at
11.75 T. In preparation for NMR spectra collection, reverse
micelle mixtures were mixed with a cyclohexane-d12 lock
solvent (2 vol %). Spectra were collected at nine temperatures:
304, 298, 288, 283, 273, 268, 264, 258, and 252 K (31, 25, 15,
10, 0, −5, −9, −15, and −21 °C). Temperature settings on the
Varian NMR temperature controller were confirmed via
methanol thermometer calibration (Figure S1).34 To ensure
thermal stability of the NMR probe, thus the sample
throughout the measurement, we equilibrated samples in the
NMR for 30 min before experiments were performed to ensure
thermal stability of the NMR probe and sample.
Each experiment began with collection of a 1D 1H NMR

spectrum. Next, the 1D EXSY NMR spectra were collected.
We use a NOESY-based EXSY method28 whose pulse scheme
exploits the effects of magnetization transfer, when one spin
generates a local magnetic field that subsequently perturbs the
spin on a nearby atom.35−37 As a standard feature in the
Agilent software package, Vnmrj version 4.2, this EXSY pulse
scheme uses the principles of saturation transfer to track the
physical exchange of excited water hydrogens onto glucose
hydroxyls. Pulse widths were set for each experiment to ensure
water protons underwent a precise 90° spin flip into the
observable xy plane. The hard π/2 pulse was 5.6 μs. The 1D
EXSY mixing times (in seconds) were assigned to the following
values: 0.0, 0.002, 0.01, 0.05, 0.07, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0,
1.5, 2.0, and 2.5. Because the exchange signal completely
decayed after 2.5 s, mixing times did not exceed this value. The
hard pulse excited hydrogen atoms on water molecules that
subsequently exchange onto glucose during the mixing period;
this results in the appearance of the glucose hydroxyl peaks.
The mixing period, or exchange delay, follows the selective π-
pulse that labels a frequency-defined spin across its full width
half-height frequency. The integrated intensity of the glucose
OH peaks allows us to quantify the exchange rates as they are a
direct result of the hydrogen’s transition from water to glucose.
We repeated this 1D EXSY experiment for each temperature
measured. Lowering the temperature changed the chemical
shift of the water peak, requiring experimental adjustments to
acquire reliable spectra at each temperature.
All NMR spectra were processed in MNOVA (ver. 12.0.4-

22023). The size of the direct FID was 32768 data points. All
spectra were processed by using zero-filling with twice the
number of data points and apodization with a 1.00 Hz
exponential weighting function. Individual spectral peaks were
fitted with Lorentzian−Gaussian line shapes by using MNOVA
software and subsequently integrated.
To ensure that samples remained fully emulsified reverse

micelles over the entire temperature range examined, we
measured our samples with changing temperature using several
different methods. First, we observed samples visually over the
range of temperatures used for NMR measurements. Over the
entire temperature range probed, 252 to 304 K (−21 to 31
°C), we observed clear, nonviscous solutions with no evidence
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of ice formation on NMR tube walls or at the bottom. We also
measured the viscosity of each reverse micelle sample using a
Cannon-Fenske 9721-B74 (Cole Parmer) viscometer as a
function of temperature. The setup included a temperature-
controlled water bath accurate to 0.1 K as well as an electronic
timer for measuring efflux through the glass tube. Each
viscosity measurement was repeated in triplicate. Reverse
micelle formation and sizes were measured as a function of
temperature via dynamic light scattering measurements (DLS,
Malvern Zetasizer Nano ZS) in backscatter mode (173°).
Measurements were performed in triplicate to extract average
size which we report based on the number distribution.
Reverse micelle sizes were measured as a function of
temperature to the lowest limit afforded by the instrument
(275 K, see the Supporting Information). Two-minute
equilibration between measurements provided stable uniform
temperature distribution in samples. Finally, we measured
reverse micelle solutions via differential scanning calorimetry
(DSC2500, TA Instruments). Glucose-loaded reverse micelle
mixtures were placed into Tzero hermetic aluminum pans (TA
Instruments) and fully sealed prior to collection; sample mass
did not exceed 50.00 mg. Temperature sweeps (10 °C/min)
were performed over the range 238−303 K, matching the
range of temperatures probed in the 1D EXSY NMR
experiments. Each of these experiments, as well as NMR
studies, demonstrated reversible behavior for samples that did
not require additional agitation to restore reverse micelle
formation.

■ RESULTS
The goal of the study reported here is to determine the
activation energy barrier to hydrogen atom exchange between
water and glucose that arises from confinement in reverse
micelles. In aqueous solution and in reverse micelles, glucose
exists as both the α-D-glucose and β-D-glucose anomer (Figure
1). We use 1D EXSY NMR, sometimes called the zz-exchange

experiment,38 to measure the physical migration of a hydrogen
atom from water to glucose, as given in eq 2

* + + * → +
−

HOH GOH HOH GOH HOH GOH
k

k k

1

1 2H Ioo

(2)

where HOH represents water, GOH represents a glucose
hydroxyl, and HOH* indicates a water molecule whose
hydrogen has been energetically labeled with a radio-frequency
pulse. The rate constant k1 quantifies the rate of hydrogen
exchange from water to glucose while k−1 indicates the reverse

process. We assume that k1 ≫ k−1 due to the high pKa of
glucose (pKa ≈ 12).28 The rate constant k2 indicates spin−
lattice relaxation back to equilibrium.
To measure the barrier to exchange, we determine the

temperature-dependent exchange rate so that we can construct
an Arrhenius plot. For each temperature point, we collect a
series of EXSY NMR spectra as a function of mixing time.
Figure 2 shows representative EXSY spectra acquired at a 100
ms mixing time at two different temperature points, 298 and
252 K.

The following figures follow the order of peak appearance in
the NMR spectra. The signal-to-noise ratio decreases with
decreasing temperature as peak intensity drops and peaks
broaden. The spectral peaks associated with 1α and 1β
hydroxyl groups at the anomeric carbon appear furthest
downfield and are well separated from other signals. This
makes them the most straightforward and reliable to analyze;
thus, we focus on these signals for the full temperature range.
Trends observed from the 1α and 1β hydroxyl signals are also
observed for the other hydroxyl signals. The area under
individual spectral peaks reflects the population of spin excited
protons exchanged from water onto glucose at the mixing time
the spectrum was collected in the EXSY experiment as
represented by k1 in eq 2.28

We observe a downfield chemical shift of the water and
glucose hydroxyl group signals as a function of decreasing
temperature as shown in Figure 3. Shifts for signals arising
from all hydroxyl groups follow similar trends and display a
linear dependence on temperature.

Figure 1. Chemical structures for the pyranose form of the two
glucose anomers present in solution. Numbers refer to both the
carbon and hydroxyl group; e.g., hydroxyl group 2 is attached to
carbon 2. Carbon 1 is the anomeric carbon, with the colored hydroxyl
groups indicating the difference between α (red) and β (blue) glucose
anomers.

Figure 2. 1D EXSY NMR spectra for 1:30 glucose:water in 0.1 M
AOT in isooctane collected at (A) 298 K and (B) 252 K. Each
spectrum represents the system at the same 100.0 ms mixing time.
Peaks associated with hydroxyls at carbons 3 and 4 cannot be
distinguished, thus labeled 3,4 up and 3,4 down indicating upfield/
downfield shifts.
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We determined the water to glucose hydrogen exchange
rates at each temperature from plots of integrated intensity as a
function of mixing time. These data were fitted to eq 3

[ *] =
−

[ ] − +− − −k
k k

CGOH GOH (e e )ek t k t t T1

2 1
0

/1 2 1

(3)

which describes the chemical process given in eq 2; the
exponential decay with time T1 reflects the spin−lattice
relaxation of water that can occur before the chemical
exchange process begins. Using custom code written in
Matlab, we extract the desired k1 and k2 rate constants
(Table S1). To account for the temperature dependence of the
intramicellar water T1, we use the slope of the temperature-
dependent values for bulk water measured by Tsukiashi et al.
to extrapolate using published values for bulk water T1 and T1
in AOT reverse micelles measured by Kassab.39 Including T1 in
the kinetic analysis reduces the values for both k1 and k2. To
confirm the validity of this extrapolation, we observe that either
over- or underestimation of the T1 value by 10% leaves the
resulting rate constants within the original margin of error
calculated for replicate measurements. As k1 ≫ k−1, we omit
the reverse process in the eq 3 integrated rate law. Figure 4
displays the integrated intensity for exchange from water to the
1α hydroxyl group of the α-D-glucose anomer as mixing time
increases for spectra collected at 298 and 252 K along with
curves fitted to eq 3. Initially, integrated intensity increases as
hydrogen atom exchange begins. The integrated intensity
decreases as spin decays out of the system toward equilibrium.
At 298 K, k1 is larger than it is at 252 K as indicated by the
steeper initial slope. Conversely, k2 is larger at 252 K than at
298 K. Signals for data at other temperatures and for other
hydroxyl groups appear similar.
In addition to analyzing the exchange process for the 1α and

1β anomeric hydroxyls, we also explored the rate of hydrogen
atom exchange with the four other glucose hydroxyl groups at
carbons 2, 3, 4, and 6 (see Figure 1). Because the NMR signals
for the anomeric hydroxyl groups are well separated from other
hydrogens, we can quantitatively evaluate their integrated
intensities across the entire temperature range measured. At

temperatures higher than 273 K, all the glucose hydroxyl peaks
are sufficiently well-separated to determine exchange rates and
rate constants k1 and k2. Figure 5 shows the exchange rate
constants as a function of decreasing temperature in this high-
temperature regime. However, as the temperature drops, the

Figure 3. Chemical shift as a function of temperature for peaks
corresponding to the glucose anomeric 1α and 1β hydroxyl groups.
Error bars represent the standard deviation between three replicate
measurements of the same sample.

Figure 4. Integrated intensity of NMR peaks from EXSY experiments
as a function of mixing time for the glucose 1α hydroxyl in w0 = 10
AOT reverse micelles at (A) 298 K (25 °C) and (B) 252 K (−21 °C).
Error bars reflect the standard deviation between three replicate
measurements of the same sample.

Figure 5. Rate constants for hydrogen atom exchange between water
and glucose hydroxyl at each carbon position on the glucose ring as a
function of decreasing temperature. Rate constants were measured for
each hydroxyl at each labeled temperature, but data points in each
cluster are offset on the x-axis for clarity. Error bars reflect uncertainty
propagated from three replicate measurements of the same sample.
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signals associated with hydroxyl groups on carbons 2, 3, 4, and
6 broaden and merge, as shown in Figure 2. This prohibits
quantitative integrations to yield accurate rates. Table S1
reports values for k1 and k2 extracted from the fitted curves for
all temperatures investigated.
We observe that the k1 rate constants decrease with

decreasing temperature as less thermal energy is available to
the system to overcome the barrier to physical exchange. As
the solution cools, the overall viscosity of the reverse micelle
solution increases, leading to longer correlation times, as
expected. The increase in k2 combined with broadening of the
water peak with decreasing temperature suggests the intra-
micellar water becomes more viscous with decreasing temper-
atures, resulting in longer correlation times, shorter T1 times,
and thus higher relaxation rates; although we do not measure
the T1 lifetime or viscosity directly, broadening of the water
peak with decreasing temperature suggests the intramicellar
water also becomes more viscous with decreasing temper-
atures. These longer correlation times result in shorter T1 times
and thus higher relaxation rates. This faster relaxation at lower
temperatures agrees with expected trends for longer correlation
times for water.39,40 The approximately 2-fold change in the k2
relaxation rate constant over the temperature range we
explored is substantially smaller than the >20-fold change in
the exchange constant, k1, when transitioning from the highest
to lowest temperature.
To determine an activation energy for chemical exchange

between water and glucose, we constructed Arrhenius plots
using the rate constants obtained at each temperature.
Arrhenius plots characterizing the temperature-dependent
hydrogen atom exchange for the 1α (Figure 6A) and 1α
(Figure 6B) hydroxyl groups on glucose in the reverse micelle
are presented. Each point represents the average k1 rate
extracted from three individual EXSY NMR experiments of the
same sample at the chosen temperature; error bars indicate the
standard deviation between measurements. Fits shown in
Figure 6 reveal that a single linear fit does not accurately
describe the data over the full temperature range measured,
and the data are much better represented with separate linear
fits to data in high- and low-temperature ranges, thus implying
a change in exchange mechanism between high and low
temperatures. Systematic divergence of the data from the single
line fit, as well as the R2 values, shows that fitting the data to
high- and low-temperature ranges is superior to a single linear
fit (Table S2).
Using the Arrhenius equation

= −k A
E
RT

ln ln A
(4)

we obtain the activation energy, EA, from the slopes of the fits.
At temperatures above 285 K, we find the activation energies
for exchange between water and glucose α and β anomers are
73.3 ± 6.1 and 76.8 ± 6.6 kJ/mol, respectively. Below the 285
K threshold, the activation energies drop to 11.8 ± 2.7 and
31.5 ± 6.9 kJ/mol for 1α and 1β hydroxyl groups, respectively.
We considered whether a phase transition in the reverse

micelle solution could account for the observed change in
slope and activation energy at low temperatures. With a
freezing point of 166 K (−107.4 °C),41 well below the
temperatures explored during the EXSY NMR experiments, we
do not expect or observe macroscopic freezing of the isooctane
continuous phase, confirmed by differential scanning calorim-
etry experiments (Figure S2). However, the complex

quaternary reverse micelle solution could undergo a morpho-
logical phase transition, such as percolation from individual
reverse micelles to a hexagonal inverted phase or sponge phase
with decreasing temperature.42,43 To assess such phase change,
we performed dynamic light scattering (DLS) and viscosity
measurements of the solutions as a function of temperature.
DLS measurements indicated that solutions prepared with w0 =
10 glucose loaded reverse micelles maintained individual
nanosized particles although particles grew slightly larger and
more polydisperse with decreasing temperature (Figure S4 and
Table S3). Bulk viscosity increased smoothly with decreasing
temperature, showing no significant jump that would be
associated with a morphology change.44 These measurements
indicate that the source of the different activation energy
measured at low temperatures does not arise from a vastly
different microemulsion or physical (e.g., solid) phase.

■ DISCUSSION
In bulk aqueous solution, the hydrogen atom exchange
between water and glucose can occur through two main
mechanisms, either an acid- or a base-catalyzed charge transfer
mechanism or through a concerted exchange mechanism in
which two water molecules that are part of the larger water
network act in concert to donate a proton from one water
while the second simultaneously accepts a proton from
glucose. In bulk water solutions at low or high pH (≤3 or
≥9), exchange rates are very fast, in excess of 10000 s−1, but
even near neutral pH, bulk water exchange occurs rapidly
enough to result in the complete coalescence of glucose
hydroxyl and water signals through exchange broadening in a

Figure 6. Arrhenius plots of hydrogen atom exchange rate as a
function of inverse temperature and fits to single linear fit (solid lines)
and linear fits to high- and low-temperature regimes (dashed lines):
(A) 1α hydroxyl and (B) 1β hydroxyl. Error bars represent the
standard deviation uncertainty from three measurements of the same
sample.
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typical 1D 1H NMR experiment.45 In a reverse micelle
environment at or near neutral pH, exchange is slowed and
individual glucose hydroxyl signals are observable, as we have
previously reported.28 Here we report the activation energy
barrier to hydrogen exchange in an aqueous environment and
find two separate temperature regimes indicated by two
distinct linear regions in the Arrhenius plot about the
temperature threshold of approximately 285 K (12 °C),
estimated from the intersection of the linear fits to the two
temperature regimes. The presence of two distinct temperature
regimes for hydrogen atom exchange suggests two different
primary exchange mechanisms for aqueous hydrogen ex-
change: one with a relatively high activation energy above 285
K and an activation energy almost 3 times lower at low
temperature.
High-Temperature Regime. Our EXSY NMR spectral

data have a high signal-to-noise ratio and yield high precision
in the high-temperature regime, which degrades as temperature
decreases. In this high-temperature regime, the measured
activation energies for 1α and 1β hydroxyls are the same,
within the calculated uncertainty. The good signal-to-noise
achieved at higher temperatures allows us to analyze the
exchange rate behavior of all glucose hydroxyl groups (Figure
5) and thus determine the activation energy for hydrogen atom
exchange at each hydroxyl position on the glucose molecule, as
shown in Figure 7. All the exchange rates decrease with
decreasing temperature.
The exchange of water hydrogen atoms to glucose molecules

nanoconfined in reverse micelles happens much more slowly
than the process occurs in bulk water, making it possible for us
to measure the activation energy associated with chemical
exchange.45−47 Several explanations can account for how
confinement affects each exchange participant, that is, glucose
and water. The confinement presented by the reverse micelle
structure can disrupt the water hydrogen bond network that
normally facilitates the concerted exchange between water
molecules and glucose hydroxyl groups.48 Rather than forming
an extended, inextricably linked network of water molecules
constantly breaking and re-forming hydrogen bonds, water
must compete with the smothering presence of glucose and the

AOT headgroups to complete the concerted exchange. In
addition, water and/or glucose interactions with ions could
disrupt the exchange process. For example, molecular
dynamics simulations performed by Zhang et al. show how
increased ion concentration slows the ability of water
molecules to reorient and form new hydrogen bonds.49

Crowding and direct interactions with ions present at the
water−AOT interface may contribute to the energy barrier we
measure here. We also considered the possibility of glucose
stacking within the reverse micelles. Although glucose−glucose
aggregation could block water from accessing glucose hydroxyl
groups, reducing exchange rates, previous 2D NOESY NMR
measurements showed no close interactions between glucose
molecules that would support the existence of glucose
aggregation.27

To interpret trends in the hydrogen atom exchange rates
between glucose positions (scatter plot shown in Figure 5) and
their associated activation energies, we consider two data
cohorts: the 6α and 6β hydroxyl groups and all other hydroxyl
groups. The first cohort, i.e., 6α and 6β hydroxyl groups,
demonstrates consistently higher exchange rates than the latter
cohort. At some temperatures, the difference is greater than a
2-fold increase. At 304 and 298 K, the latter cohort displays a
broad distribution of exchange rates that collapse into one
general rate at lower temperatures, within the error of the
measurements. Within this second cohort, we observe no
systematic trend except that the 1α hydroxyl exchange rate
remains consistently smaller relative to the others. Even this
rate eventually falls within the average exchange rate by 283 K.
The higher exchange rate for the 6α and 6β hydroxyl

position also correlates to the lowest barrier for exchange of all
the hydroxyl positions on the glucose molecule (Figure 7).
This could indicate a net orientation of the glucose molecule
such that the “free arm” associated with the 6α and 6β
hydroxyl groups of the glucose pyranose form protrudes
inward toward the reverse micelle water core. In this
orientation, the 6α or 6β hydroxyl group could preferentially
sample more bulklike water, facilitating its exchange with
water’s hydrogens. Interestingly, changing the anomeric
hydroxyl group from 1α to 1β is sufficient to increase the

Figure 7. Activation energies for hydrogen atom exchange between water and glucose hydroxyl at each position on the glucose ring at temperatures
above 285 K in kJ/mol. Structures of both anomers are provided to emphasize the differences relative to orientation in space.
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probability of exchange, as the exchange rate for the 1α
anomeric hydroxyl group is consistently smaller than the 1β
anomer, although within our ability to measure it the activation
energy for hydrogen exchange does not differ between these
two positions. Figure 7 displays all activation energies as a
function of position on the glucose ring and reinforces the
division into the same aforementioned cohorts based on
activation energy. The cohort comprising the 6α and 6α
hydroxyl position has a significantly smaller barrier to
hydrogen atom exchange, with an average of 44.5 kJ/mol,
compared to the second cohort comprising the rest of the
hydroxyl positions, which has an average exchange barrier of
77.5 kJ/mol. We attribute this 74% increase to the steric
hindrance posed by hydroxyl groups that likely reside close to
the surfactant/water interface and therefore cannot exchange
as easily as the 6α and 6β hydroxyl position.
Low-Temperature Regime. The reduced signal-to-noise

and broadening of the signals in the low-temperature regime
(below 285 K) cause poor spectral separation and preclude
quantitative integration for all but the anomeric hydroxyls. The
spectrum shown in Figure 2B is representative of the
broadening and merged features typical of these overlapping
hydroxyl signals. Thus, we limit our low-temperature analysis
to the α and β anomeric hydroxyl groups. Considering the
trends observed in the high-temperature regime, we expect the
other hydroxyl groups demonstrate trends similar to the
anomeric groups in the low-temperature regime.
As the reverse micelles cool, the exchange rate decreases.

However, our differential scanning calorimetry results indicate
that the decreased rate is not the result of a freezing event.
Despite slower exchange rates than those in the high-
temperature regime, the Arrhenius plots in the low-temper-
ature regime display a significantly shallower slope associated
with a lower activation energy. This difference suggests a
different mechanism is responsible for the observed exchange
process. We hypothesize that rather than overcoming the
barrier to exchange, hydrogen atoms tunnel from water to
glucose. Reports of hydrogen atom tunneling in related
systems such as nanowater clusters and monolayered water
molecules.50,51 show that nuclear quantum effects extend the
hydrogen−oxygen bond, thereby delocalizing the hydrogens
and leaving them susceptible to participate in hydrogen bonds
with surrounding molecules.52 Additionally, reports in the
literature suggest that hydrogen bonds get stronger as
temperature drops,53 which can increase the probability of
hydrogen tunneling and facilitate hydrogen atom exchange.
The increasing chemical shift we observe with decreasing
temperature (Figure 3) indicates strengthening hydrogen
bonding with lower temperature. Furthermore, the confined
space created by the reverse micelle could facilitate hydrogen
bond shortening, which is regarded as essential to initiate
proton tunneling.54

To probe the possibility of a hydrogen atom tunneling
mechanism, we attempted to test our hypothesis in 2H EXSY
NMR experiments replacing H2O with D2O, deuterating
glucose molecules, and following the OD signature with 2H
NMR. By substituting D2O for H2O, we expect the heavier

2H
isotope to suppress hydrogen tunneling and yield rate
constants consistent with the steeper trend in the high-
temperature regime. We deuterated the hydroxyl hydrogens on
glucose and prepared reverse micelles with D2O. However,
unlike the case with H2O and protonated glucose, confinement
of deuterated glucose with D2O in the reverse micelles did not

result in observable OD peaks in the 1D 2H NMR spectrum
(see Figure S3). We attribute this negative result to common
challenges associated with 2H NMR such as an approximately
7-fold decrease in sensitivity, lower resolution, and shorter T1
times,55 as documented for adaptation of 1H to 2H NMR in
other studies.56−58 Thus, we could not measure the exchange
in an 2H EXSY NMR experiment to confirm the isotope effect.
Still, we believe that hydrogen atom tunneling is a good
possibility given its demonstrated presence in similar low-
temperature water systems.54,59

The barrier to hydrogen atom exchange as expressed by the
calculated activation energies is more than 2.5 times higher for
the 1β hydroxyl compared to the 1α position. Given our
interpretation of a net orientation for intra-reverse-micellar
glucose molecules from data in the high-temperature regime,
this lower barrier for the 1α position may indicate stronger
hydrogen bonding as the temperature drops, conceivably with
water molecules trapped between the glucose and the reverse
micelle interface.
We considered whether physical changes to our reverse

micelle samples at low temperatures could be responsible for
the low exchange barrier we measure. Other groups report
water shedding from reverse micelles upon cooling to
temperatures lower than the lowest temperatures we probed.
Both Suzuki et al.60 and Van Horn et al.61 noted that AOT
reverse micelles encapsulating only waterwithout added
glucoseappear to shed water then form ice. Yet this behavior
was only seen when cooled to temperatures below 252 K, the
lowest temperature measured in this experiment. In low-
temperature 1D 1H NMR experiments, Klićǒva ́ et al. observed
irreversible water shedding from reverse micelles leading to ice
formation outside the micelles.62 The persistence of water and
glucose OH peaks in the EXSY NMR spectra over the entire
temperature range we measured as well as the reproducibility
of signals when temperatures were reached by either warming
or cooling indicates that the aqueous interiors of the glucose-
loaded reverse micelles remain liquid at all temperatures
measured. It is not clear how water shedding or ice formation
would lead to lower barriers to exchange that we observe.
Our reverse micelle size measurements display a modest

increase in average diameter with decreasing temperature
(Figure S4 and Table S3). If reverse micelles become larger at
lower temperatures, we expect an increase rather than a
decrease in the exchange rate as larger water pool should
provide increased access to water molecules and reduced water
network disruption. We might expect lower exchange rates if
our samples were similarly sized to the results reported by
Suzuki et al. and Van Horn et al., who both report far smaller
reverse micelles than what we measure for our glucose loaded
reverse micelles. Thus, the change in reverse micelle size that
we observe does not provide a good explanation of the reduced
barrier we observe in the low-temperature regime.
It is possible that lower temperatures could cause the

intramicellar glucose molecules to experience a different
environment from its location reverse micelles in the high-
temperature regime. In previous work, we hypothesized that
glucose resides near the AOT headgroups where it could shield
the positive sodium atoms from the negatively charged AOT
headgroups.27,63 The increase in reverse micelle size with
decreasing temperature could indicate glucose moving away
from the interface, thus increasing reverse micelle volume.
However, in this environment, we would again expect more
facile hydrogen atom exchange with increased access to the
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water pool. Likewise, a drop or rise in intramicellar pH should
dramatically increase the exchange rate as the mechanism
changes from concerted to charge transfer.45

The observation of two temperature regimes and subsequent
proposition of hydrogen tunneling should give caution to the
assumption that hydrogen atom exchange in confined
biological spaces proceeds via a classical energy barrier. In
fact, these data may indicate tunneling can occur at a relatively
high temperature when water and glucose are in a nano-
confined space. The threshold temperature for the transition to
tunneling may suggest that this phenomenon could occur more
easily in biological system than previously thought. We have
reduced the rate of exchange with the relatively simple act of
reducing the space available to the glucose and water pool.
This same method of nanoconfinement could be used to
introduce energy barriers that allow for the study of previously
unobserved high energy intermediates or transition state
structures. The occurrence of hydrogen tunneling as a result
of the low barrier hydrogen bond (LBHB) has been extensively
studied,64−66 and numerous other studies have begun to link
hydrogen tunneling to biological systems, mostly in enzymatic
catalysis.67−70 Our results encourage this continued re-
examination of such processes to search for an energy barrier
previously presumed negligible.

■ CONCLUSION
Confinement of glucose and water within a w0 = 10 reverse
micelle retards the process of hydrogen atom exchange, making
the unobservable exchange process in bulk solution measurable
with 1H EXSY NMR. For the first time, we report the value of
this energy barrier to exchange. The unexpected departure
from a single linear trend in the reported Arrhenius plot
suggested differing mechanisms for hydrogen atom exchange at
higher and lower temperatures.
Probing energy barriers present between water and other

osmolytes extends beyond alternative carbohydrates like
trehalose or fructose.71,72 Because the preparation of reverse
micelles results in a size-tunable, isolated droplet, this
methodology can be easily extended to produce other
simplified model environments. This work most directly
benefits fields biotechnology or pharmacology, as they
necessitate that researchers understand more complex
chemical reactions at interfaces or in sequestered, nanosized
pockets of enzymes or other biomolecules.
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