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ABSTRACT: Polar surfaces can interact strongly with nearby water molecules, leading to
the formation of highly ordered interfacial hydration structures. This ordering can lead to
frustration in the hydrogen bond network, and, in the presence of solutes, frustrated
hydration structures. We study frustration in the hydration of cations when confined
between sheets of the water oxidation catalyst manganese dioxide. Frustrated hydration
structures are shown to have profound effects on ion-surface electron transfer through the
enhancement of energy gap fluctuations beyond those expected from Marcus theory.
These fluctuations are accompanied by a concomitant increase in the electron transfer rate
in Marcus’s normal regime. We demonstrate the generality of this phenomenon
enhancement of energy gap fluctuations due to frustrationby introducing a charge
frustrated XY model, likening the hydration structure of confined cations to topological
defects. Our findings shed light on recent experiments suggesting that water oxidation rates
depend on the cation charge and Mn-oxidation state in these layered transition metal oxide
materials.

Competition among interactions can lead to highly
degenerate ground states in physical systems that are

unable to minimize all components of their energy simulta-
neously. This phenomenaf rustrationis quite ubiquitous
and underpins many physical processes, including glass
formation,1,2 proton disorder in ice,3 self-assembly,4 and various
aspects of magnetism.1,3,5 In this work, we detail a realization of
frustrated interactions existing in aqueous solutions confined
between sheets of manganese dioxide (MnO2).
Materials made of stacked two-dimensional sheets of MnO2

with a single layer of water and cations confined between them,
known as birnessites, are promising catalysts for the oxidation
of water.6−12 These layered materials present a unique,
confined interlayer environment that is conducive to redox
chemistry. Indeed, birnessites also facilitate redox reactions
involving a variety of ionic species.13 However, little is known
regarding the microscopic structure between the sheets, and
even less about the influence of confinement on reactivity.
We show that an interplay between surface water, water−ion,

and ion−ion interactions leads to frustrated hydration
structures. This frustration enhances the rate of electron
transfer between dissolved solutes and MnO2. We further
illustrate that this rate enhancement is a general consequence of
frustrated solvation structures through the development and
numerical study of a charge frustrated XY model that minimally
embodies the underlying physics of the confined aqueous
solution. Thus, the analysis presented in this study is expected
to have relevance to other redox active layered materials.
We have carried out classical mechanical molecular dynamics

(MD) simulations of birnessite with water and K+ confined
between the layers with GROMACS514 and the CLAYFF force

field15 to describe the transition metal oxide surface, suitably
modified for Mn.16 MnO2 was fixed in its crystal structure17

with the distance between sheets set to its equilibrium value for
this model.16 Note that we do not consider the possibility and
role of cation vacancies, which can often appear in birnessite.
An open system was mimicked by leaving the edges of the
birnessite open to water reservoirs, allowing exchange between
the interlayer regions, illustrated in Figure 1A. All simulations
were conducted in the canonical ensemble at T = 300 K using
the canonical velocity-rescaling thermostat,18 and a constant
coexistence pressure was maintained by including water−vapor
interfaces on either side of the reservoirs. Water was modeled
using the extended simple point charge (SPC/E) model,19 in
accordance with CLAYFF. The ions were described using the
Smith and Dang parameters20 for K+; we expect the existence of
frustration to be independent of ion type, although the amount
of frustration will quantitatively depend on the nature of the
ions.
Negatively charged MnO2 sheets interact strongly with water,

competing with its hydrogen-bond network. Such competition
can lead to frustration in liquid ordering near surfaces.21 Water
confined to the birnessite interlayer is indeed highly ordered, in
a manner that is incommensurate with the formation of water−
water H-bonds, as highlighted in Figure 1. The substantial
ordering of water molecules in the interlayer is supported by
experimentally determined IR spectra presented in the
Supporting Information (SI), in which sharpened peaks relative
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to those in bulk water suggest highly ordered water structures.
We find that a single interlayer plane is occupied by both water
oxygen sites and cations, consistent with crystallographic
structural descriptions of birnessite17 and evidenced by
overlapping peaks in the number densities of water oxygen
sites and K+ shown in Figure 1C, ρO(z) and ρK(z), respectively.
The density of hydrogen sites, ρH(z), displays peaks on either

side of the oxygen density peak, suggesting strong orientational
ordering that points hydrogen atoms toward the surface.
Analysis of the probability distribution of the angle formed by
the dipole moment vector of water and the surface normal,
P(θD), shown in Figure 1B, indicates that an interlayer water
predominantly adopts an orientation wherein its dipole lies in
the plane parallel to the confining surfaces. A less probable
orientation is also observed, in which waters point a single O−
H bond parallel to the surface in an effort to form water−water
H-bonds, as illustrated by the central water of the snapshot in
Figure 1. The predominant orientation is unable to form H-
bonds with neighboring waters in the same orientation,
illustrated by the rightmost water in Figure 1. The extensively
ordered water confined within the interlayer of birnessite can
thus be effectively considered a two-dimensional fluid of dipoles
by focusing on this dominant orientation.
The strong two-dimensional ordering of water molecules has

profound consequences on ion hydration within the interlayer
region. At infinite dilution, a two-dimensional fluid of dipoles
would preferentially solvate a cation in a configuration
reminiscent of that shown in Figure 2A; dipoles would
surround the cation, all pointing directly away from the
positively charged solute. The solution confined between

MnO2 layers, however, is not close to infinite dilution, with
roughly one cation for every three water molecules. Hence,
cations often share hydration shells, as evidenced by the pair
distribution functions, g(r), shown in Figure 2C, in which the
first peak in the ion−ion g(r) occurs near the first minimum of
the water−ion correlation function.
Frustration arises when two cations share a hydration shell in

this two-dimensional fluid, as schematically illustrated in Figure
2B, where the central, shared dipole (water) cannot adopt a
configuration that leaves it in a unique ground state. Water
instead adopts a range of orientations around cations, as
evidenced by the probability distribution of the angle made by
the dipole vector and the water−ion distance vector, P(θDK),
shown in Figure 2D. The first peak at θDK ≈ 0° corresponds to
the ideal hydration structure. The secondary peak just below
θDK = 90° arises mainly from frustration, with a component due
to the small population of waters that participate in water−
water H-bonds. Importantly, P(θDK) is nonzero for θDK > 90°,
indicating the presence of significant dipole-charge repulsions,
as one would expect in such a frustrated system.
Frustrated interactions can lead to enhanced fluctuations

with respect to unfrustrated systems; here fluctuations in water
orientation and cation coordination numbers are strongly
affected by frustration. Such fluctuations play a critical role in
solvent-mediated processes, like the electron transfer (ET)
reactions involved in water oxidation.22−24 We consider the
general ET process

+ → ++ −M Mn M Mnq q q q1 1Mn Mn (1)

effectively modeling transfer of an electron from a cation to the
nearest Mn site of the surface, where qMn is the charge on Mn;
qualitatively similar effects are found for reduction of M. Here,
M represents a general redox active (metal) ion, conceptually
different from K+, in the sense that it can readily undergo ET,

Figure 1. (A) The simulation cell (blue lines) includes four layers of
MnO2 oriented perpendicular to the z-axis and reservoirs of water in
each x-direction to allow for exchange of solution between layers.
Water-vapor interfaces maintain the system at coexistence pressure.
Oxygen is colored red, hydrogen is white, Mn is pink, and K+ is green.
(B) The probability distribution of the angle made by the water dipole
moment and the z-axis, θD, suggests two dominant populations of
water, depicted in the inset, which shows a snapshot of the two major
configurations of water molecules in the interlayer region. The left-
most water is the minor configuration, while the rightmost water
exemplifies the dominant population. (C) The density ρ(z) in a single
interlayer indicates that water O atoms and K+ occupy the same plane,
while H atoms are positioned above and below this plane.

Figure 2. (A) Sketch of the ideal cation hydration structure in a two-
dimensional dipolar fluid, where the green circle corresponds to a
cation, and black arrows correspond to dipoles pointing away from the
ion. (B) Frustration arises when cations share a hydration shell, as is
the case in the interlayer. A water molecule between two cations
cannot adopt a configuration corresponding to a unique lowest energy
ground state, indicated by the yellow question mark. (C) In-plane pair
correlation functions g(r) of K+ and O atoms around a cation suggest
shared hydration shells. (D) Probability distributions of the angle
made by water dipoles and the vector connecting the cation and water
indicate the existence of charge−dipole repulsion in cation hydration
shells.
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but it is modeled with K+ parameters (q = +1) to avoid other
sources of complexity. Thus, we treat all cations the same and
expect qualitatively similar results from other point charge
models. In reality, more complex species like Ce4+ can be
involved in redox processes,12 which may require more detailed
models.
We characterize the ET process using the energy gap ΔE as

an order parameter, where

Δ ̅ = ̅ − ̅E R R R( ) ( ) ( )1 0 (2)

defines the energy gap in configuration R as the difference
between the Hamiltonians, λ, of the oxidized (M+2, λ = 1)
and reduced (M+, λ = 0) states, and λ is a coupling parameter
that linearly transforms the system between states. The energy
gap provides an accurate reduced description of ET
processes.22−24 Distributions of ΔE were computed using
umbrella sampling25 with the coupled cation and Mn charges as
the biasing parameter to adequately sample λ-space, and P(ΔE)
was obtained using UWHAM.26

Distributions of the energy gap obtained in both the oxidized
and reduced states are compared to the Gaussian distributions
predicted by the celebrated Marcus theory24 of ET in Figure
3A. Fluctuations in ΔE are significantly enhanced by frustrated

hydration, leading to non-Gaussian statistics of ΔE, even near
the mean for the λ = 0 distribution. Deviations from Marcus
theory are smaller in the oxidized (λ = 1) state because
frustration no longer exists around the oxidized divalent ion.
Oxidation breaks the symmetry among cations in the confined
space, and water molecules in the hydration shell of the redox
ion are no longer frustrated. These waters adopt an ideal,
minimum energy-like configuration, as highlighted by the
snapshots in Figure 3C. This symmetry breaking is
accompanied by large changes in the coordination of both
water and cations around the redox species, with the

coordination number of water molecules increasing from 1.6
to 2.8 upon oxidization and the position of the cation
coordination shell shifting to larger distances by nearly 0.5 Å
due to increasing repulsions from the ordered hydration shell.
In the absence of frustration, similar changes in coordination
number between end states,23 or structural changes brought
about by interfaces,27 lead to significantly smaller deviations
from Marcus theory. We also note that enhancements of energy
gap fluctuations similar to those observed here have been
achieved through alternative mechanisms, for example, by
having ET occur in a ferroelectric liquid with a net macroscopic
polarization.28

Enhanced fluctuations in ΔE lead to significant differences in
the height of the free energy barrier for ET with respect to
Marcus theory predictions, resulting in dramatic changes to
reaction rates. We estimate the reaction rate constant k
according to k(Δϵ) = A exp(−βΔG‡), where ΔG‡ is the height
of the free energy barrier, and A is a constant related to the
probability of electron tunneling,24 and its determination is
beyond the scope of the current work; we focus here on the
barrier height. The thermodynamic driving force for ET, Δϵ, is
equivalent to the vertical displacement between the minima of
−ln P(ΔE) for λ = 0 and λ = 1, and we estimate k/A for a range
of Δϵ by displacing these distributions vertically with respect to
one another. In Marcus’s normal regime, to the left of the
maximum in ln k/A, ET rates are significantly increased by the
enhanced fluctuations arising from frustration, as shown in
Figure 3B. In contrast, rates are severely decreased in the
inverted regime (right of the maximum), which is particularly
noteworthy because Marcus theory often underestimates rates
in this regime.24

The effects of frustration on energy gap fluctuations is a
general phenomena. This is illustrated by recalling the picture
of confined water as a two-dimensional fluid of dipoles, where a
single water is uniquely described by its position, r, and dipolar
orientation, θ, while ions are described simply by their position.
Water in this confined space is reminiscent of a two-
dimensional XY model.29 In this analogy, ion hydration induces
the formation of topological defects, with the hydration of a
single cation inducing the formation of a vortex with a winding
number of one (Figure 2A). However, unlike the situation in a
uniform XY model, vortices cannot annihilate, and the number
of ions in the system fixes the concentration of defects. These
defects have explicit repulsions between one another, in
addition to those mediated by the solvent.
A minimal description of the physics underlying the behavior

of the birnessite interlayer region can thus be embodied by a
charge f rustrated XY model with the Hamiltonian

= + +qXY I, where

∑ θ θ= − − Θ − Θ −
⟨ ⟩

J t tcos( ) (1 ) (1 )
i j

i j i jXY XY
, (3)

is the Hamiltonian for the solvent−solvent (XY) interactions.
Here, JXY sets the energy scale, the sum is restricted to nearest-
neighbors, ti = 0 if the site corresponds to solvent, ti = 1 for an
ion, and Θ(x) is the Heaviside function. The interactions
between ionic sites are described by the charge-portion of the
Hamiltonian,4

∑=
≠

q
v r s s t t

2
( )q

i j
ij i j i j

2

(4)

Figure 3. (A) Distributions of the energy gap, ΔE, obtained from
simulations (points) are distinctly non-Gaussian, even near the mean,
while Marcus theory predicts Gaussian statistics (lines). (B) Enhanced
energy gap fluctuations lead to faster rate constants in the normal
regime (left of the peak), but a pronounced reduction in the inverted
regime (right of the peak), with respect to Marcus theory predictions.
(C) A change in the charge of the redox ion M (green) breaks the
symmetry between it and the remaining cations (dark blue), such that
frustration no longer exists in its hydration shell, and waters become
oriented in an ideal fashion (see Figure 2A).
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where si = +1 (−1) if site i represents a cation (anion), v(rij) is
the two-dimensional Coulomb potential that depends on the
scalar distance rij between sites i and j, and q is an effective
charge on the site related to the Debye screening length in the
solution.4 The interactions between the XY and charged sites
are described by

∑ ϕ= − −
⟨ ⟩

J s t t(1 ) cos
i j

i i j ijI I
, (5)

where ϕij is the angle made by the vector connecting sites i and
j and the unit vector of the XY site, such that cos ϕij = 1 when
spin j points directly away from site i. This interaction favors
the formation of a vortex with a winding number of one with an
ion at its core.
Frustration in this model arises from a competition between

solute−solvent and solvent−solvent interactions: I favors the
formation of vortices, while XY tends to align spins,
disfavoring defect formation. Electrostatic repulsions, q,
maintain a nearly constant number of defects in the system
by inhibiting the clustering of cationic sites.
We perform Metropolis Monte Carlo simulations of the

charge frustrated XY model on a 10 × 10 square lattice at kBT/
JXY = 0.5 and monitor the energy gap in complete analogy with
the above-described atomistic simulation, where λ couples to si
of the redox site. Both single particle spin flip (for XY sites) and
two particle swap moves were employed. We set JI = JXY for
simplicity. ET in the lattice is studied by changing si of a single,
fixed site from 1 to 2500, resulting in a change of spin Δs =
2499, chosen to yield a change in coordination structure
qualitatively similar to that in the atomistic system.
Distributions of ΔE obtained from the charge frustrated XY

model, shown in Figure 4A, exhibit enhanced fluctuations in the

direction of charging with respect to those expected from
Marcus theory, qualitatively similar to the atomistic results.
These enhanced fluctuations arise from frustrated solvation
environments. Moreover, the enhanced fluctuations lead to rate
constants in qualitative agreement with the atomistic results;
rates in the normal (inverted) regime are increased (decreased)
with respect to Marcus theory, as illustrated in Figure 4B. This
model will allow for efficient sampling of parameter space to
suggest strategies for using energy gap fluctuations to control
ET rates, which is left for future study.

The reduced description provided by the charge frustrated
XY model relies on the ordering of water into an effective two-
dimensional dipolar fluid. In the atomistic system, however, a
small population of confined molecules do not orient their
dipole parallel to the surface and instead point an O−H bond
in this direction. This latter population of water molecules can
be reduced by tuning water−ion and water−surface inter-
actions, leading to more frustration in the system.
This perspective helps explain recent experimental findings

regarding reactivity in layered MnO2 systems. Experiments have
suggested that the presence of multivalent ions leads to
enhanced reactions rates for the reduction of redox ions and the
oxidation of water beyond that obtained with monovalent
cations.10,13 Increasing cation−water interactions within the
confined interlayer region tends to enhance the ordering of
water molecules, which align their dipoles parallel to the surface
more than observed in the monovalent case. Additionally,
decreasing the interlayer spacing with smaller ions will increase
the ordering of confined water molecules. The increase in
orientational order should create more frustration, which is
accompanied by a concomitant enhancement of fluctuations in
ΔE and the ET rate in the normal regime.
Similar increases in reactivity have been observed when

decreasing the average oxidation state of MnO2.
12 In the

context of the simple, empirical models used here, a reduction
in the oxidation state of the surface simply increases the
magnitude of the negative charge distributed over the surfaces
that are confining water. This increase in charge should lead to
stronger surface water interactions, and thus an increase in
frustration and ET rates. Indeed, the experimental and
simulated IR spectra displayed in the SI show a sharpening of
peaks upon lowering the average oxidation state of birnessite,
consistent with increased ordering of the confined water
molecules. The nature of the cations in solution and the Mn
oxidation state undoubtedly have additional profound chemical
effects, not limited to altering the structure of the material
through Jahn−Teller effects, but our findings indicate that
solvation effects should play a significant role in controlling
reaction rates in these materials.
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