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We investigate proton-charge mobility in nanoscopic water droplets with tuneable size. We find that
the diffusion of confined proton charges causes a dielectric relaxation process with a maximum-
loss frequency determined by the diffusion constant. In volumes less than ∼5 nm in diameter,
proton-charge diffusion slows down significantly with decreasing size: for diameters <1 nm, the
diffusion constant is about 100 times smaller than in bulk water. The low mobility probably results
from the more rigid hydrogen-bond network of nanoconfined water, since proton-charge mobil-
ity in water relies on collective hydrogen-bond rearrangements. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4979714]

The transport of protons through nanometer-sized vol-
umes of liquid water occurs in systems ranging from porous
minerals,1 fuel-cell membranes,2–4 metal-organic frame-
works5–7 and zeolites,8 to the living cell. In contrast to proton
diffusion in bulk water which has been studied extensively,9–13

comparatively little is known about proton transfer in such
nanoscopic volumes. Previous work has demonstrated that the
kinetics of photo-induced deprotonation and subsequent gemi-
nate recombination of photoacids can change upon nanoscopic
confinement in reverse micelles.14,15 It was however also
found15 that in reverse micelles with neutral surfactants, the
photoacid molecules tend to attach to the surface (where no
photo-induced deprotonation occurs), which complicates the
results, while in nanoscopic reverse micelles, with ionic sur-
factants, the counter-ion concentration is prohibitively large:
typically >10M for water-pool diameters d < 5 nm. In addi-
tion, for small reverse micelles, the size of the photoacid
probe molecule becomes comparable to the water volume,
which sets an intrinsic limitation to this approach. Nano-
confined proton mobility has also been investigated using
quasi-elastic neutron scattering16–19 and nuclear magnetic
resonance spectroscopy.20,21 Both these techniques, however,
probe the mobility of the proton mass rather than that of the
proton charge, and these mobilities can be very different due
to the contribution of the Grotthuss mechanism to the proton-
charge mobility.22–24 Here, we probe the mobility of aqueous
proton charges in nano-confinement directly by observing their
response to an externally applied oscillating electric field. To
investigate proton-charge transport in confinement, we prepare
nanoscopic water volumes in self-assembling reverse micelles
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in cyclohexane (see supplementary material). We use a
nonionic surfactant (Igepal CO-520) to avoid interfacial charge
effects25–27 and size-dependent surfactant counter-ion concen-
trations. Igepal contains hydroxy and ether O atoms, which
have pKb ∼ 16 and 18, so protons do not “stick” to the
surfactant.

Since reverse micelles can take up water molecules in their
hydrophilic interior, the ratio w0 = [H2O]/[surfactant] can be
used to tune the size of the enclosed water volumes.28,29 We
use small-angle x-ray scattering to characterize the structure
of the reverse micelles.30,31 The investigated reverse micelles
have a spherical shape, a polydispersity parameter <0.2, and
interact as hard spheres. We observe a linear size dependence
on w0, with a proportionality factor of 0.42 ± 0.01 nm for the
water pool diameter (Fig. 1(a)). To study ions in nanoconfined
water, we use appropriate aqueous solutions in the preparation
of the reverse micelles. Using 1M HCl or LiCl as the interior
aqueous phase has no influence on the shape or size of the
reverse micelles (Fig. 1(b)).

Figures 1(c) and 1(d) show the dielectric response of
spherical Igepal reverse micelles with a water-pool diameter
of 4.2 nm containing neat water and 1M aqueous solutions
of HCl, LiCl, NaCl, and KCl. The dielectric response arises
primarily from the translational motion of ions and the reori-
entation of molecular dipole moments.33 The response of the
reverse micelles containing neat water (blue points) is the sum
of core-water reorientation (20 GHz) and reorientation of water
close to the surfactant headgroup (∼0.1 GHz).34,35 The reverse
micelles containing 1M HCl (red points) exhibit an additional
strong response at ∼300 MHz, which is absent in the reverse
micelles containing neat water. This response is also absent
or much weaker for reverse micelles containing alkali chlo-
ride solutions of the same concentration,49 and can therefore
be assigned to the protons. We isolate the proton response by
subtracting the response of reverse micelles prepared with neat
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FIG. 1. (a) Linear dependence of the radius r0 of the reverse micelle (water
plus the hydrophilic head group) on w0. Linear regression (red line) yields a
proportionality factor of 0.42(1) nm between w0 and the water-pool diameter.
(b) Small-angle x-ray scattering intensity for w0 = 5 (water-pool diameter
2.1 nm, red points) and 10 (water-pool diameter 4.2 nm, blue points). The
different aqueous phases of the reverse micelles are shown as filled circles
(neat water), open circles (1M HCl), and open squares (1M LiCl). The indi-
vidual scattering curves are vertically displaced for better comparison. The
black solid lines are least-squares fits to the water data. The shape of the
curves is typical for spherical scatterers at concentrations high enough to
clearly visualize the structure-factor peak. The scattering data are fitted with a
multi-component model for hard spheres (see supplementary material).32 The
polydispersity parameter σ0 is <0.2 for all investigated samples. Addition of
salt does not result in significant structural changes. ((c) and (d)) Imaginary
and real parts of the dielectric response of w0 = 10 reverse micelles containing
neat water (blue), 1M aqueous HCl (red), LiCl (light-grey), NaCl (grey), and
KCl (black).

water from that of reverse micelles prepared with an aqueous
HCl solution. In Figures 2(a) and 2(b) we compare this proton
response with that of protons in bulk water. Whereas the pro-
ton response in bulk water is purely imaginary and given by
iκ/ω (with ω the frequency and κ the DC conductivity),33 the
protons confined in the nanodroplets exhibit the signature of a
dielectric relaxation process, which occurs for all investigated
droplet sizes (Fig. 3). This dielectric relaxation arises because
the migration of proton charges in response to the applied elec-
tric field comes to a halt as they reach the wall of the nano-
droplet; the amount of dissipated energy is maximal when the
applied electric field changes sign at the moment this halting
occurs (an interfacial polarization effect).36 The maximum-
loss frequency of the relaxation process is thus determined by
the time scale on which the proton-charge migration comes
to a halt, and hence by the size of the water droplet and the
proton-charge diffusion constant. The amplitude of the dielec-
tric response associated with the proton diffusion increases
with the confinement size because in larger nanodroplets a
larger polarization has been built up at the moment the pro-
ton charges reach the confining wall. The diffusion of the
counter ions should cause a similar relaxation at much lower
frequencies (due to the much lower diffusion constant).

To confirm that the observed relaxation process is caused
by the confinement of the protons, we measure the dielectric
response of protons confined in long interconnected tubu-
lar reverse micelles, prepared with the same surfactant and
[H2O]/[surfactant] ratio, but using n-hexane instead of cyclo-
hexane as the apolar phase. Using hexane as the apolar
phase results in less efficient solvation of the hydrophobic
surfactant tails, so that the interfacial surfactant layer becomes

FIG. 2. Dielectric response of protons in bulk water (a) and in spherical (b)
and tubular (c) confinement, both with w0 = 5. A log-log plot of the data (d)
shows theω−1 response of the protons in bulk and in tubular confinement. In
each case, the proton-charge response is obtained by subtracting the dielectric
response in absence of HCl from that in the presence of HCl (1M solution).

less curved towards water, causing the spherical reverse
micelles to transform into interconnected tubular struc-
tures.28,29,32,37–39 Note that due to the volume and surface area
constraints, the tubular radius cannot be smaller than 2/3 of
the sphere radius.32 In these interconnected tubular reverse
micelles, the proton charges do not come to a halt, and thus no
relaxation process is observed (Fig. 2(c)). The absence of the
relaxation process in tubular micelles (which have the same
surfactant and w0 as the spherical micelles) also excludes
the possibility that the relaxation process is due to surface
water. The observed dielectric response of the confined pro-
ton charges can be well described by a Cole-Cole relaxation
process40

∆εH+ (ω) =
∆ε0

H+

1 − (iωτR)1−α
, (1)

where ω is the angular frequency, and ∆ε0
H+ , τR, and α are

the size-dependent amplitude, relaxation time, and broaden-
ing parameter, respectively. From least-squares fits, we deter-
mine the relaxation times for all investigated droplet sizes, see
Figure 3. The relaxation time (the inverse of the maximum-loss
frequency) is determined by the size of the nanodroplet and the
diffusion constant. Their relation can be derived from the field-
induced time-dependent spatial distribution of diffusing ions
confined in a spherical volume, for which we obtain an analytic
expression (see supplementary material). As an example, we
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FIG. 3. Imaginary (a) and real (b) parts of the dielectric difference spectra
∆εH+ = εHCl(aq)−εH2O showing the response of protons confined in spherical
reverse micelles with different water-pool diameters. Upon increasing the
reverse-micelle size, both the intensity and the center frequency increase.
The black dots represent the water-background corrected response of 1M HCl
solution (vertically scaled for better comparison). The curves are least-squares
fits of Eq. (1) to the data.

show in Figure 4, the calculated time dependent proton distri-
bution upon switching on a DC electric field at t = 0 (using a
proton diffusion constant equal to the bulk value). The result-
ing time-dependent polarization can be Fourier transformed
to obtain the dielectric response function.41 From this anal-
ysis (see supplementary material), we find that the diffusing
ions exhibit a Debye-type dielectric response with a relaxation

FIG. 4. Calculated time-dependent change in proton-charge distribution in a
water sphere of 4 nm diameter, after switching on a DC electric field (directed
vertically upward) at t = 0. In this calculation, we use a diffusion constant
equal to the bulk value (D = 9.3 × 10−9 m2s�1). We show a cross section
through the center of the sphere at increasing times. Red denotes an increase
with respect to a uniform distribution, and blue a decrease. The color scale
has been normalized at each time point (see supplementary material).

time

τR =
(d/2)2

4.33D
, (2)

where d is the diameter of the water sphere and D the dif-
fusion constant. Using Eq. (2) and the observed water-pool
diameters and relaxation times, we determine the proton dif-
fusion constant DH+ in the nanodroplets. It should be noted
that the experimentally observed proton spectra are Cole-Cole
(broadened Debye) modes, whereas the theory predicts a nor-
mal Debye response (α = 0). This broadening of the Debye
mode is caused by the polydispersity of the reverse-micelle
size (∼10%) and by the inhomogeneity of the water struc-
ture inside the reverse micelles that gives rise to a distribution
of diffusion constants, an effect that has been characterized
recently using molecular dynamics simulations of water con-
fined in surfactant phases.42 The DH+ obtained from our data is
averaged over the micelle size distribution and over potential
spatial inhomogeneities of the diffusion constant. We find that
for small sizes (up to about 3 nm diameter), the amplitude of
the dielectric response grows approximately quadratically with
the nanopool size as predicted by our theoretical analysis (see
supplementary material). For larger sizes, the amplitude grows
less than quadratically, probably due to local-field effects36

(the water volume fraction in the samples with large nanopool
size is much larger, see supplementary material). An impor-
tant advantage of our experiment is that the diffusing proton
charges are observed directly and in a non-perturbative man-
ner (the strength of the applied oscillating electric field is
negligible compared to the local electric fields of molecu-
lar partial charges), and no probe molecules are required. In
the remainder, we focus on the effective diffusion constant
obtained by analyzing our data using Eqs. (1) and (2). A more
detailed quantitative interpretation of our experiments would
require state-of-the-art ab initio molecular-dynamics simu-
lations, and we hope our results will stimulate work in this
direction.

We find that the proton-charge diffusion constant depends
strongly on the size of the nanoscopic water volume (see Fig. 5,
where we have also indicated the bulk diffusion constant). For
the smallest investigated water-pool diameter (1.2 nm), the dif-
fusion constant is about 100 times smaller than in bulk water.
For large droplet sizes, the proton-charge diffusion constant

FIG. 5. Proton-charge diffusion constant in nanodroplets as a function of the
water-pool diameter. The spheres above the x-axis indicate the relative sizes.
The dashed line indicates the bulk proton-charge diffusion constant, and the
solid line is a guide to the eye. The error bars represent 2σ.
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converges to the bulk value, as expected. The slow diffusion
of proton charges in the reverse micelles might partly involve
binding of the protons to the surface. Previous work has shown
that proton-charge diffusion along a lipid-membrane surface
can be significantly slower than in bulk water.43,44 However, in
our reverse micelles the surfactant has a much lower proton-
binding affinity than water (see above), so that the protons
are mostly located within the water nanopool. The dielectric
response of Fig. 2(b) indicates that the proton-charge diffusion
slows down in the entire water nanodroplet, since if charge
diffusion would be slow only in the surface layer and not in
the core, we would observe different relaxation modes, corre-
sponding to proton diffusion in the interfacial layers and proton
diffusion in the core of the nanodroplet. Instead, we observe
for each nanodroplet size a single relaxation mode, of which
the frequency of the maximum response gradually changes
with the size of the nanodroplet. Hence, the decreased proton
diffusion constant appears to be a quite uniform property of the
water nanodroplet. This uniform behavior presents an interest-
ing contrast to the reorientation and hydrogen-bond dynamics
of water molecules in water nanodroplets: previous work has
shown evidence that in reverse micelles only a single layer of
water molecules is immobilized by binding to the surfactant
head groups, and that the slowing down of the hydrogen-bond
dynamics is caused mostly by surface-induced restructuring
of the water hydrogen-bond network.45–47 However, proton-
charge diffusion is known to involve the concerted motion
of many water molecules,22–24 and hence is intimately con-
nected with the hydrogen-bond dynamics of a large volume
of water molecules. In nanoconfined water, this concerted
motion will probably also involve water molecules in the
interfacial layers. The slowing down of these interfacial water
molecules contributes to the observed uniform slowing down
of the proton-charge diffusion. However, it cannot be the main
cause since even for the smallest nanopools (where proton-
charge diffusion virtually comes to a standstill), the fraction of
surface water is comparatively small. For instance, we found
previously that in the d = 2.1 nm nanopools the surface-
water fraction is slightly below 50%,46 whereas the proton-
charge diffusion is about 20 times slower than in bulk water
(Figure 5). It therefore seems that a slowing down of collec-
tive water dynamics upon nanoconfinement is the main cause
of the slow proton-charge diffusion in nanoconfined water.
The precise confinement volume below which such collec-
tive dynamics, and thus proton-charge diffusion, slows down
may be system dependent, and may be slightly larger in sys-
tems in which (unlike reverse micelles) more than one water
monolayer is immobilized by surface binding.48

In view of the above-discussed relation between proton-
charge diffusion and water dynamics, it is interesting to
investigate whether a correlation exists between the average
reorientation rate of the water molecules in the nanodroplets
and the diffusion constant of the proton. We indeed find
(Fig. S6 of the supplementary material) that the average water
reorientation rate decreases in a similar manner with decreas-
ing water volume as the proton-charge diffusion constant.
However, while the diffusion constant decreases by a factor
of ∼100 (compared to the bulk value) for the smallest reverse
micelles, the average reorientation rate of the water molecules

inside these micelles is reduced by a factor of only 4. This
difference can be explained from the more collective nature
of the reorganization of the hydrogen-bond network required
for proton-charge diffusion as compared to the rearrangement
involved in the reorientation of a water molecule. The hopping
of a proton charge in bulk water involves the collective reorga-
nization of a relatively large water structure of approximately
15 water molecules.24 The reorganization of the hydrogen-
bond network required for reorientation is more local, leading
to strongly different reorientation rates near the surface and
in the core of the water nanodroplet. Due to this strong spa-
tial variation of the reorientation rate over the nanodroplet,
the effect of nanoconfinement on the average reorientation
rate will be small compared to the effect on the proton-charge
mobility.

To conclude, we report on the observation of a relaxation
process in the dielectric spectrum of acidic water nanodroplets.
The frequency dependence of this relaxation process pro-
vides unique information on the proton-charge mobility in
nanoconfined water. The observed large influence of spherical
nanoconfinement on proton-charge mobility in water should be
relevant for many research fields, although it should be pointed
out that care should be taken when applying our conclusions,
which were obtained using spherical nanoconfinement, to pro-
tons confined in cylindrical or planar water volumes. In these
geometries, a similar slowing down of the charge diffusion may
be expected upon strong confinement, although the quantita-
tive aspects might be different. In this respect it is interesting
to note that the nanochannels in mesoporous materials and
fuel-cell membranes typically have diameters ranging from 1
to 10 nm,2 i.e., in the range where we here have shown that
proton-charge diffusion is governed by confinement.

See supplementary material for the experimental details,
our model for the dielectric response of ions diffusing in a
sphere, and additional results.
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