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CHAPTER 7

Slow aqueous proton diffusion in nanoconfinement1

Proton transport through nanometer-size volumes of liquid water occurs in sys-
tems ranging from porous minerals, fuel-cell membranes, [1, 2] metal-organic
frameworks [3, 4] and zeolites [5], to the living cell. [6–8] In contrast to proton
diffusion in bulk water which has been studied extensively, comparatively little is
known about proton transfer in such nanoscopic volumes. Here, we investigate
the diffusion of protons in well-defined nanometer-size volumes of water using
dielectric relaxation spectroscopy. The diffusion of these confined protons gives
rise to a broad resonance in the dielectric response, of which the frequency can
be used to determine their diffusion constant. We find that in water volumes
with diameters less than about 5 nm diameter, proton diffusion slows down sig-
nificantly with decreasing size: in volumes of 1 nm diameter, the proton diffusion
constant is two orders of magnitude smaller than in bulk water. This slowing
down of the proton mobility can be explained from the more rigid hydrogen-
bond network of the confined water, since proton transfer in water relies on
collective hydrogen-bond rearrangments. [9–11] Interestingly, in the living cell,
water volumes with dimensions both larger and smaller than the critical 5 nm
size occur. Our results suggest that varying the water volume around this size
may have a biological function as a proton-transport regulation mechanism, the
porin channels (<5 nm) and inter-membrane spaces in mitochondria and in the
thylakoid lumen of chloroplasts (>5 nm) being cases in point.

1 Manuscript in preparation: T. H. van der Loop, N. Ottosson, T. Vad, W. F. C. Sager,
H. J. Bakker, and S. Woutersen, “Slow aqueous proton diffusion in nanoconfinement”
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Figure 7.1: (a) Linear dependence of the radius r0 of the water volume on w0.
Linear regression (red line) yields a proportionality factor of 0.42(1) nm between w0

and the water-core diameter (see Extended Data). (b) Small-angle x-ray scattering
intensity for w0 = 5 (red) and 10 (dark blue). The different aqueous phases of
the reversed micelles are shown as filled circles (water), open circles (1M HCl) and
open squares (1M LiCl). The individual 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 is fitted with a multi-
component model for hard spheres. [12] The polydispersity parameter σ0 is <0.2
for all investigated samples. Addition of salt does not result in significant structural
changes. (c,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).

To investigate proton transport in confinement, we prepare nanoscopic water
volumes in self-assembled reverse micelles in cyclohexane. We use a neutral surfac-
tant (Igepal) to avoid the problem of size-dependent counter-ion concentrations.
Igepal contains hydroxy and ether O atoms, which have pKb ∼ 16 and 18, so
protons do not “stick” to the surfactant. We characterize the structure of the
reverse micelle samples using small angle x-ray scattering. [13, 14] The size of
the water droplets can be adjusted by changing the ratio w0 = [H2O]/[surfactant]
(Fig. 7.1a). To study ions in nanoconfined water we use appropriate aqueous so-
lutions in the preparation of the reverse micelles. The addition of 1M HCl or LiCl
to the interior water phase has no influence on the shape or size of the reverse
micelles (Fig. 7.1b). Figures 7.1c,d show the dielectric response of spherical Igepal
reverse micelles with a 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 reorientation of molecular dipole
moments. [15] The response of the reverse micelles containing neat water (blue
points) is the sum of core-water reorientation, surface-water reorientation, and a
surfactant response. [12] The reverse micelles containing 1M HCl (red points) ex-
hibit an additional strong resonance at ∼300 MHz, which is absent in the reverse
micelles containing neat water. This resonance is also absent or much weaker for
reverse micelles containing alkali chloride solutions of the same concentration, and
can therefore be assigned to the protons.
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Figure 7.2: Imaginary (a) and real (b) parts of the dielectric difference spectra
∆ε0H+ = εHCl(aq) − εH2O showing the response of protons confined in reverse mi-
celles different diameters. Upon increasing 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).

We isolate the proton response by subtracting the response of reverse micelles
prepared with neat water from that of reverse micelles prepared with aqueous HCl
(Fig. 7.2). The protons in nanodroplets exhibit a resonance for all investigated
diameters, whereas protons in bulk water (black dots in Fig. 7.2) exhibit no such
resonance, but a purely imaginary response that scales with frequency as 1/ω. [15]
The resonance observed upon confinement arises because the migration of protons
in response to the applied electric field comes to a halt as they reach the wall of
the nanodroplet; the amount of dissipated energy is maximal when the applied
electric field changes sign at the moment this halting occurs. The frequency of
the resonance is thus determined by the time scale on which the proton migration
comes to a halt, and hence by the size of the water droplet and the proton diffusion
constant. The amplitude of the resonance increases with confinement size, because
in larger nanodroplets a larger polarization has been built up at the moment the
protons reach the confinement wall. To confirm that the observed resonance is
caused by the confinement of the protons, we measure the dielectric response of
protons confined in long interconnected tubular reverse micelles, prepared with
the same surfactant and [H2O]/[surfactant] ratio, but using n-hexane instead of
cyclohexane as the apolar phase. [12] In these interconnected tubular reverse
micelles, the protons do not come to a halt, and thus no resonance is observed
(Fig. 7.3). As opposed to completely “free” proton diffusion, the proton response
in tubular reverse micelles also contains a real component. This is probably caused
by protons coming to a halt in dead ends of the tubular network, which for low
frequencies gives rise to a non-zero ε′.
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Figure 7.3: Dielectric response of protons in spherical, 3D confinement (left) and
in tubular, 2D confinement (right). The response of bulk water (no confinement) is
shown in Fig. 7.2.

The observed dielectric response of the confined protons can be well described
by a Cole-Cole mode: [16]

∆εH+(ω) =
∆ε0H+

1− (iωτR)1−α
, (7.1)

where ω is the angular frequency, and ∆ε0H+ , τR and α are the size-dependent
amplitude, relaxation time and broadening parameter, respectively. From least-
squares fits (curves in Fig. 7.2) we determine the relaxation times for all investi-
gated diameters (the complete set of fit parameters is given in the Extended Data).
The relaxation time (the inverse of the resonance frequency) is determined by the
size of the nanodroplet and the diffusion constant. Their relation can be derived
by calculating the field-induced time-dependent spatial distribution of diffusing
ions confined in a spherical volume (see Extended Data). [17] This analysis shows
that these diffusing ions exhibit a Debye-type dielectric response with a relaxation
time

τR =
(d/2)2

4.33D
, (7.2)

where d is the diameter of the sphere and D the diffusion constant. Using eq. 7.2
and the observed diameters and relaxation times, we determine the proton dif-
fusion constant DH+ in the nanodroplets. It may be noted that experiments
using photoacid probe molecules in reverse micelles can in principle also pro-
vide information about the proton diffusion constant (by analyzing how geminate
proton-recombination kinetics influences the time-dependence of the probe fluo-
rescence). [18–21] However, in reverse micelles with neutral surfactants, the probe
molecules tend to attach to the surface and no photo-induced protonation occurs,
[21] whereas in reverse micelles with ionic surfactants the counterion concentration
becomes prohibitively large for small sizes (>10M for d < 5 nm). In addition, the
fact that for small reverse micelles the size of the probe molecule becomes compa-
rable to the water volume and significantly perturbs the water structure sets an
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Figure 7.4: Proton diffusion constant in nanodroplets as a function of their diameter.
The spheres above the x-axis indicate the relative sizes. The dashed line indicates
the bulk proton diffusion constant, the solid line is a guide to the eye. The error bars
represent 2σ.

intrinsic limitation to this approach, which is absent in dielectric relaxation spec-
troscopy as the diffusing protons are observed directly and in a non-perturbative
manner (the strength of the applied oscillating electric field is negligible compared
to the local electric fields of molecular partial charges), and no probe molecules are
required. It should be noted that the experimentally observed proton spectra are
Cole-Cole (broadened Debye) modes, whereas the theory predicts normal Debye
response (α = 0). This broadening of the Debye mode is due to the polydispersity
of the reverse-micelle size (∼10%) and to the inhomogeneity of the water structure
inside the reverse micelles that gives rise to a distribution of diffusion constants.
The DH+ obtained from our data is therefore averaged over the size distribution
and water inhomogeneity.

We find that the proton diffusion constant depends strongly on the size of the
confinement volume (see Fig. 7.4, where we have also indicated the bulk diffusion
constant). For the smallest investigated diameter (1.2 nm) the diffusion constant
is about 100 smaller than in bulk water. For large droplet sizes the proton diffu-
sion constant converges to the bulk value. The extremely slow diffusion of protons
upon nano-confinement is probably caused by the slowing down of the hydrogen-
bond dynamics in nano-confined liquid water. Proton diffusion is known to involve
the concerted motion of many water molecules, [22, 23] and hence is intimately
connected with the collective dynamics of the hydrogen-bond network. [24] In
particular, ab initio simulations have indicated that the rate-determining step for
the diffusion of protons in water is a reorientation of water molecules in the second
solvation shell. [9] It is therefore interesting to investigate whether a correlation ex-
ists between the reorientation rate of the water molecules in the nanodroplets and
the diffusion constant of the proton. We indeed find (Extended Data Fig. 6) that
the average water reorientation rate decreases in a similar manner with decreasing
water volume as the proton diffusion constant. However, while the diffusion con-
stant 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
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the more collective nature of the reorganization of the hydrogen-bond network
required for proton diffusion as compared to the rearrangement involved in the
reorientation of a water molecule. The hopping of a proton in bulk water involves
the collective reorganization of a relatively large water structure of approximately
15 water molecules. [23]

The large influence of nanoconfinement on proton diffusion in water should be
relevant for many research fields. The nanochannels in Nafion fuel-cell membranes
typically have diameters ranging from 1 to 10 nm, [1, 2] i.e. in the range where
proton diffusion is strongly influenced by confinement (Fig. 7.4). Since the proton
diffusion constant decreases strongly in water channels with diameters below about
5 nm, optimizing the size distribution of the Nafion channels so as to reduce
the part below 5 nm should have a large effect on the transport efficiency. In
cellular proton-regulatory compartments, many different confinement sizes exist.
The width of the intermembrane space of mitochondria and the thylokoid lumen in
chloroplasts is typically >10 nm, [6, 25–27] whereas the porins in the mitochondria
are about 2 nm, and the size of the water pocket in the voltage-gated proton pump
is 0.8 nm. [7] In view of our results, these differences suggest that in living systems
the size of the nanoscopic volumes may play a functional role in regulating proton
transport, with confinement to dimensions below ∼5 nm being used to slow down
proton transport.

7.1 Materials and Methods

7.1.1 Sample preparation

The sample composition is determined by following parameters, the molar water
surfactant ratio,

w0 = [H2O]/[surfactant]

and the surfactant mass fraction

cs =
msurfactant

moil +msurfactant
, (7.3)

wheremsurfactant andmoil are the masses of the surfactant and the oil, respectively.
Reverse micellar samples were prepared by first dissolving the required amount of
Igepal CO-520 (pentaoxyethylene nonylphenylether, average molar mass 441) in
the oil phase; cyclohexane (>99.9% HPLC grade) for spherical reverse micelles
and n-hexane (>99.9% HPLC grade) for tubular reverse micelles. Subsequently
the required amount of water (Milli-Q 18.2 MΩ·cm) or electrolyte solution 1M
aqueous HCl (Fluka 1 M HCl (1N)), LiCl, NaCl or KCl was added. To prepare
the 1M solutions LiCl (BioXtra, >99.0%), NaCl (TraceSELECT, >99.999%) and
KCl(BioXtra, >99.0%) were added. All samples were shaken and sonicated. For
the spherical reverse micelles we prepared samples with w0 = 0, 3, 5, 8 at cs = 0.33,
and with w0 = 10, 15 at cs = 0.28. A larger cs (and hence larger micelle concentra-
tion) was used for the small reverse micelles in order to obtain a sufficiently strong
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dielectric response. Cylindrical reverse micelles where prepared using w0 = 5 and
cs = 0.37. For the samples with the largest micelles, full equilibration took several
hours, whereas the smallest reverse micelles equilibrated within minutes. After
equilibration, all samples were optically clear and stable.

7.1.2 Small-angle x-ray scattering

The SAXS measurements are described in Section 4.2.2. All samples were made at
the same surfactant in oil concentrations cs as used for the dielectric and spectro-
scopic experiments. The SAXS data for spherical reverse micelles were fitted by a
model function based on Vrij’s analytical solution for a multi-component system
of hard spheres. [28–30] Additions of salts, e.g., 1M HCl or LiCl does not lead to
significant changes in the structure of the reverse micelles. In order to analyze the
tubular reverse micellar system is was necessary to measure a full concentration
series at w0 = 5 (cs = 0.14 — 0.56). In this way structural information could
be retrieved at low cs for isolated long cylindrical reverse micelles analyzed using
the Kholodenko model for long semi-flexible worm-like micelles. [31] Whereas for
the interconnected cylindrical networks at high cs the Teubner-Strey Model was
employed to fit the microemulsion peak occurring that is typical for bicontinu-
ous microemulsion or sponge phases. [32] The data for the full series are shown
in Chapter 4. Here, we show for cs = 0.37 that employing 1M HCL or LiCl as
aqueous phase does not introduce structural changes.

7.1.3 GHz dielectric relaxation spectroscopy

The dielectric relaxation measurements are described in sections 2.2. All DRS
experiments were carried out at 22 ± 0.5◦C .

7.2 Appendix 1: Model for Protons in a Sphere

The dielectric response of the reverse micelles containing electrolytes can be cal-
culated by solving the hydrodynamic diffusion equation for charges in spheres.

Time-dependent distribution

The protons are confined in a sphere with radius R, and we switch on an electric
field in the positive z-direction at t = 0. The driven diffusion equation is

∂n

∂t
= D∇2n− v

∂n

∂z
, (7.4)

with v = µE0 the drift velocity. Using spherical coordinates, the initial distribution
is n(r, θ, t = 0) = n0, and the boundary condition is that at r = R the total flow
in the outward radial direction should be zero at all times:

(Jdiffusion + Jdrift) · er = −D
∂n

∂r
+ nv cos θ = 0. (7.5)
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Note that the flow caused by the field-induced drift (second term) is directed in
the z-direction, so its component in the outward radial direction is nv cos θ. The
steady-state solution of (7.4) is again a Boltzmann distribution

n(r, θ,∞) ∝ evz/D = evr cos θ/D, (7.6)

as can be verified by substitution. For physically relevant confinement lengths R,
we have vR/D � 1 (typically on the order of 10−5, see above), so (7.6) differs
only slightly from a uniform distribution, and can be very well approximated by
a first-order expansion:

n(r, θ,∞) ≈ n0 + n0vr cos θ/D. (7.7)

Since the change in the distribution due to the electric field is so small, eq. 7.4 can
be solved in a perturbative manner. Defining the instantaneous deviation f from
the steady-state distribution through

n(r, θ, t) = n(r, θ,∞) + f(r, θ, t) (7.8)

we have f(r, θ, 0) = −n0vr cos θ/D and f(r, θ,∞) = 0. The vanishing of f happens
sufficiently fast that the changes in the distribution due to the drift term can be
neglected. We can therefore determine the time dependence of f from

∂f

∂t
= D∇2f (7.9)

with
f(r, θ, 0) = −n0vr cos θ/D

and the boundary condition

D
∂f

∂r
= 0, (7.10)

in which the drift term has again been neglected. This much simpler problem can
be solved using separation of variables, and we obtain a solution of the form [33]

f(r, θ, t) =
∑
n,i

Cnijn(anir/R)Pn(cos θ)e
−Da2

nit/R
2

(7.11)

where jn is a spherical Bessel function of the first kind, and where the ani values
follow from the boundary condition (7.10), ani being the ith positive root of

j′n(a) = 0. (7.12)

The coefficients Cni are determined by the initial distribution through2

Cni =

∫ R

0

∫ π

0
f(r, θ, 0)jn(anir)Pn(cos θ)r

2 sin θdθdr∫ R

0

∫ π

0
jn(anir)2Pn(cos θ)2r2 sin θdθdr

= −δn1

(
n0vR

D

)
ci (7.13)

2The functions jn(anix) with ani the nth root of j′n(a) = 0 are orthogonal in the sense that∫ 1
0 x2jn(anix)jn(anjx) = 0, as can be derived from eq. 37 on p. 493 of Ref. 34.



209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop

7.2 Appendix 1: Model for Protons in a Sphere 103

with

ci =

∫ 1

0
j1(a1ix)x

3dx∫ 1

0
j1(a1ix)2x2dx

.

The final solution is thus

f(r, θ, t) = −n0vR cos θ

D

∑
i

cij1(a1ir/R)e−Da2
1it/R

2

. (7.14)

The first 5 values of a1i and ci are listed in table 7.1. Figure 7.5 shows the
concentration change n(r, θ, t)− n0 for protons dissolved in a water sphere with a
diameter of 4 nm, for a series of times t after the switching on of the electric field.
As in the case of a layer, the concentration changes start at the boundary.

Dielectric response

To calculate the dielectric response we determine the time-dependent induced
dipole moment of the sphere, which is given by

p(t) = e

∫ R

0

∫ π

0

∫ 2π

0

[n(r, θ, t)− n0]zr
2 sin θdφdθdr

=
4πn0e

2ER5

3kT
( 15 −

∑
i

pie
−Da2

11t/R
2

), (7.15)

and where

pi = ci

∫ 1

0

j1(a1ix)x
3dx.

The first five values of pi are listed in Table 7.1. Inspection of these values shows
that p(t) can be approximated within 1% by the first term of the summation:

p(t) ≈ 4πn0e
2ER5

15kT
(1− e−Da2

11t/R
2

). (7.16)

The dielectric response is thus a Debye relaxation, just as in the case of a layer,
with a relaxation time

τR = R2/a211D ≈ R2/4.33D. (7.17)

Table 7.1: Eigenvalues and expansion coefficients in eqs. 7.14 and 7.15.

i a1i ci pi
1 2.081575977 1.96542 0.197851
2 5.940369990 -0.35748 0.001702
3 9.205840142 0.222566 0.000285
4 12.404445021 -0.16337 8.56×10−5

5 15.579236410 0.129447 3.42×10−5
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Figure 7.5: Dielectric relaxation of protons in a sphere: change in the concentration
of protons in water (D = 9.3 × 10−9 m2s−1) confined in a 4 nm diameter sphere
after switching on an electric field in the z direction at t = 0. Cross section through
the center of the sphere, calculated using the first 10 terms of equation 7.14. Red
denotes n(r, θ, t)−n0 > 0, blue denotes n(r, θ, t)−n0 < 0. The color scale has been
normalized at each time point t.

For a sphere of 4 nm diameter, we have τR ≈ 100 ps (the time scale of the
equilibration of the charge distribution in fig. 7.5). Dividing eq. 7.15 by the volume
V = 4

3πR
3, we obtain the polarization density P (t) = p(t)/V . By definition,

P (t) = ε0
∫ t

−∞ dt′χ(t− t′)E(t′), and comparing with eq. 7.15 we find

χR(t) =
n0e

2R2

5ε0kT

e−t/τR

τR
, (7.18)

and the relative dielectric constant

εR(ω) = 1 + χR(ω) = 1 +
n0e

2R2

5ε0kT

1

1− iωτR
, (7.19)

where the dependence on the radius of the sphere has been indicated explicitly.

The limit ωτR >> 1

For infinite sphere size or at high frequency i.e. ωτR >> 1 the solution for εR(ω)
should converge to the expression for the conduction of free ions [35]:

εbulk,ions =
κ

ε0ω
=

n0e
2D

ε0kTω
, (7.20)
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where κ is the conductivity. We find using eq. 7.17 and 7.19:

a21,1n0e
2D

5ε0kTω
≈ 0.87

n0e
2D

ε0kTω
≈ n0e

2D

ε0kTω
(7.21)

7.3 Appendix 2: Additional results

Figure 7.6 shows that the addition of HCl or LiCl to the igepal reverse micelles has
no influence on the strucuture. The results from the fits are shown in Table 7.2.
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Figure 7.6: (a) Small angle x-ray scattering curves (scattering intensity I(q) versus the
modulus of momentum transfer vector q from spherical reverse micelles for different
w0 (w0 of 2.5, 5, and 8 at cs = 0.333 and w0 of 10 and 15 at cs = 0.282) obtained
from the aqueous phase—Igepal—cyclohexane system on double logarithmic scale.
Successive scattering curves are displaced upwards by one logarithmic unit for better
visualization. Reverse micelles containing water are displayed as filled symbols and
those containing 1M HCl as open symbols. The solid lines present 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 were fitted
with a multi-component model for hard spheres and the refined values are given in
the Table below. (b) SAXS curves from the tubular system aqueous phase—Igepal—
hexane for w0 = 5 at cs = 0.37) on double logarithmic scale. Filled circles present
reverse micelles containing water, open circles 1M HCl and open squares 1M LiCl.
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Table 7.2: Structure parameters for spherical reverse micelles in the water—Igepal—
cyclohexane system obtained from the refinement of the SAXS scattering curves using
the multi-component model for hard spheres at different w0 and RT. The spherical
reverse micelles are characterized by the droplet radius r0, polydispersity parameter
σ0 of the log-normal size distribution and droplet concentration c0. For all droplet
sizes a constant surface to surface distance D0 is found from the hard sphere structure
factor, whereby D0/2 = 0.91(1) nm corresponds to the shell thickness built up by the
surfactant tails.

w0 2.5 5 8 10 15

cs 0.333 0.333 0.333 0.282 0.282
vol fraction 0.300 0.3184 0.337 0.300 0.328

c0(10
−3·nm−3) 2.641 (1) 1.743 (1) 1.235 (1) 0.725 (1) 0.422 (1)

r0(nm) 1.93 (1) 2.50 (1) 2.97 (1) 3.53 (1) 4.50 (1)
σ0 0.198 (2) 0.166 (2) 0.168 (2) 0.148 (8) 0.160 (8)

Figure 7.7 and 7.8 show the dielectric response of reverse micelles containing
neat water and 1M HCl, LiCl, NaCl and KCl at for w0 = 5 and 15, respectively.
Figure 7.9 showh the dielectric response of reverse micelles containing neat water
and 1M HCl, LiCl, NaCl and KCl for tubular reverse micelles of w0=5. The data
show a strong protonic response from the acidic reverse micelles which is absent
of strongly reduced for the salts.
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Figure 7.7: Imaginary (a) and real (b) parts of the dielectric response of w0=5
spherical reverse micelles prepared with neat water and 1M HCl, LiCl, NaCl and KCl,
respectively .
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Figure 7.8: Imaginary (a) and real (b) parts of the dielectric response of w0=15
spherical reverse micelles prepared with neat water and 1M HCl, LiCl, NaCl and KCl,
respectively .
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Figure 7.9: Imaginary (a) and real (b) parts of the dielectric difference spectra ∆ε =
εionic − εH2O of w0=5 for tubular reverse micelles for HCl, LiCl, NaCl and KCl.
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