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ABSTRACT: The dissociation of water is an important step in many chemical processes
at solid surfaces. In particular, water often spontaneously dissociates near metal oxide
surfaces, resulting in a mixture of H,O, H, and OH™ at the interface. Ubiquitous proton-
transfer (PT) reactions cause these species to dynamically interconvert, but the underlying
mechanisms are poorly understood. Here, we develop and use a reactive high-dimensional
neural-network potential based on density functional theory data to elucidate the
structural and dynamical properties of the interfacial species at the liquid-water—metal-
oxide interface, using the nonpolar ZnO(1010) surface as a prototypical case. Molecular
dynamics simulations reveal that water dissociation and recombination proceed via two
types of PT reactions: (i) to and from surface oxide and hydroxide anions (“surface-PT”)
and (ii) to and from neighboring adsorbed hydroxide ions and water molecules (“adlayer-
PT”). We find that the adlayer-PT rate is significantly higher than the surface-PT rate.
Water dissociation is, for both types of PT, governed by a predominant presolvation
mechanism, ie., thermal fluctuations that cause the adsorbed water molecules to

occasionally accept a hydrogen bond, resulting in a decreased PT barrier and an increased dissociation rate as compared to when
no hydrogen bond is present. Consequently, we are able to show that hydrogen bond fluctuations govern PT events at the
water—metal-oxide interface in a way similar to that in acidic and basic aqueous bulk solutions.

Numerous important processes, e.g, in environmental
chemistry, heterogeneous catalysis, and electrochemistry,
are governed by the interaction between water and solid
surfaces. Consequently, solid—liquid interfaces have received
considerable attention in recent years.' > Often these systems
exhibit a very dynamical behavior, and water molecules
frequently dissociate and recombine,*™” resulting in a
complicated pattern of molecular (H,0O) and dissociated (H*
+ OH™) species at the interface. Water dissociation and
recombination happen via proton-transfer (PT) reactions to or
from the surface, or “within” the interfacial water layers. As a
consequence of the liquid solvent, the rates and mechanisms of
such PT events are the result of a complex interplay of many
phenomena, such as surface diffusion, water exchange, specific
interactions with the substrate, and hydrogen bond (HB)
fluctuations. Therefore, to date, gaining insights into the origins
and mechanisms of PT has been a substantial challenge.

In acidic and basic aqueous solutions, HB fluctuations have
been shown to influence the PT rate via so-called presolvation,
where suitable thermal fluctuations of the HB environment
“activate” the proton to be transferred.'”"> Recently, we
suggested that the predominant presolvation mechanism for PT
in aqueous NaOH solutions changes in character, from
“acceptor-driven” to “donor-driven”, when the concentration
is increased. The growing number of sodium ions, and the
decreasing “liquid-water-like” properties of the solution, cause
HB fluctuations around the proton donors (H,0) to be more
important than around the proton acceptors (OH™), which is
the opposite behavior of dilute hydroxide solutions.'®
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The importance of presolvation for PT reactions in
inhomogeneous, anisotropic environments, like at solid—liquid
interfaces, is still largely unknown. Therefore, because PT is
highly relevant for chemistry at surfaces, unravelling possible
similarities or differences between concentrated hydroxide
solutions and solvated metal-oxide interfaces, where neither the
water molecules nor the hydroxide ions are in a “bulk-water”-
like environment, is of great interest. To address this issue, for
the present work we have chosen zinc oxide (ZnO)'”"® as the
metal oxide, because ZnO—water interfaces are involved in
many technological applications, such as biosensors,"’ bio-
medical devices,”® and catalysts,”’ and because previous
molecular dynamics (MD) studies have suggested an
interesting role of the solvent”***” in this system.

To experimentally probe PT events at interfaces is very
challenging if atomic resolution is desired, especially regarding
the local environment around molecules before, during, and
after the reactions. Computer simulations, on the other hand,
provide access to detailed mechanistic information, and MD
simulations employing “reactive” potentials, which are able to
capture bond-breaking and bond-making events, can be used
for such purposes. Extended simulations are of crucial
importance, because solvent configurations involving hydrogen
bonds or, equally important, lacking hydrogen bonds, to and
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Figure 1. (a) Calculated density profiles of different oxygen species as a function of distance from the ZnO(1010) surface and a typical snapshot of
the ZnO(1010)—liquid-water interface from neural-network-based molecular dynamics (NN-MD) simulations. The data have been normalized to
the average oxygen density in bulk liquid water obtained from a corresponding NN-MD simulation. (b, ¢) Density profiles of O*H™ and O,, (H,0*
and H,0) divided into different local hydrogen bond complexes. (d) Side view illustrations of the complexes I—VII as well as the definition of the
distance d and the angle 6. The atoms used for the geometrical characterization (6, d) of I-VII are represented by large spheres. The surrounding
water molecules and ions have been removed for clarity. The full distributions of 6 and d values are given in Figure S3.

from species at the interface are potentially much longer-lived
than normal hydrogen bonds in water, and proper equilibration
can be ascertained only if other dynamical events, like water
exchange processes between the interface and the bulk liquid,
are fully captured. First-principles techniques would, in
principle, allow for such simulations, but the high computa-
tional cost constitutes a severe bottleneck with respect to the
system size and the time scales that can be modeled.

MD simulations on the liquid-water—ZnO(1010) interface
have previously been conducted by Raymand et al.* using a
reactive classical force-field yielding a hydroxylation level of the
surface of about 80—85%. A few years later, ab initio MD
simulations were carried out for this system by Tocci and
Michaelides™ as well as by Kharche et al”* In these
simulations, a smaller fraction of about 50% of the water
molecules was found to dissociate at the surface, indicating that
both the interaction potential and the simulation size may affect
the results. Moreover, Tocci and Michaelides”® showed that the
dissociation of adsorbed water molecules is coupled to
fluctuations in the distance to the nearest HB donor.
Furthermore, they were able to demonstrate that the presence
of liquid water, as compared to monolayer water adsorption,
decreases the free-energy “dissociation” barrier and enables a
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second PT mechanism where the H" is transferred between
H,0 and OH~ in the adsorbed water layer.

The structure and dynamics of liquid water are particularly
challenging to model, although much progress has recently
been made for both force-field”** and ab initio simulations.”®
Some recent studies”””" have shown that a description of liquid
water in good agreement with experimental data can be
obtained at the density functional theory (DFT) level using the
RPBE functional® with D3 dispersion corrections.*’

Neural network potentials (NNPs)*'~** belong to the
“machine learning” family of interatomic potentials®* and can
reliably represent first-principles-based potential energy surfa-
ces. Here, motivated by previous successful applications of
RPBE-D3-based NNPs to explain phenomena like the density
anomaly of liquid water™ and presolvation effects for PT
reactions in hydroxide solutions,'® as well as for studying
structural and dynamical properties at the liquid-water—Cu
interface,”*® we develop a reactive high-dimensional
NNP,*” ™% parametrized at the RPBE-D3 level, that is able to
describe the water—ZnO(1010) interface.

The goal of the present work is to unravel in detail the
fundamental mechanisms of PT, to identify the predominant
structural features involved, and to characterize the dynamical
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behavior of H,0, H', and OH™ species at hydrophilic metal-
oxide surfaces using the water—ZnO(1010) interface as a
model system. We aim to understand PT rates by analyzing the
free-energy barriers for different HB environments with respect
to accepted and donated hydrogen HBs, the chemical identities
of the HB partners, and the dynamical characteristics of the HB
environment before and after PT events. These studies yield a
comprehensive description of the interfacial region including
insights into if and how HB fluctuations, or “presolvation”,
around the participating species control the rate of water
dissociation and recombination.

The MD simulations were performed employing periodic
boundary conditions with the ZnO(1010) surface modeled as a
12-layer-thick slab in an 8 X 6 supercell, with about 28 A of
water separating periodic images of the slab along the [1010]
direction. The equilibration procedure is described in the
Supporting Information; the production simulations were run
for 1 ns with a time step of 0.5 fs in the NVT ensemble at 300
K. A snapshot of a part of the system is shown in Figure 1a, and
of the entire system in Figure S1. The technical details of the
employed NNP, its validation, and the generation of the
reference data set used for its parametrization are given in the
Supporting Information.

For the analysis, we define each H atom to be “covalently
bound” to its nearest O atom. As a result, all O and H atoms
form either H,0 molecules or OH™ or O*” ions, where the
indicated charges are used for labeling only, as the employed
NNP does not depend on any explicit atomic charges but
predicts the DFT total energy and forces of the system. A water
molecule or hydroxide ion is considered to be “adsorbed” on
the surface if the distance between the O atom and the nearest
surface ZnZ* ion is smaller than 2.5 A, where the subscript “s”
indicates a surface ion. Adsorbed oxygen atoms are marked with
an asterisk, as in H,O* or O*H™. Surface oxide anions, O,
can become protonated and form surface hydroxide anions,
O,H™. Furthermore, we consider O4Hy -+ O, pairs between
donor (d) and acceptor (a) to be hydrogen-bonded if the
distance 040, < 3.5 A and the angle £0,04H; < 30°.%

Figure 1 shows how the ZnO(1010) surface modifies the
oxygen density po up to a distance of about 12 A, where it
converges to the corresponding density of the bulk liquid. The
surface oxygen atoms consist of 29% O?~ (red line) and 71%
O,H™ (yellow line), i.e, the equilibrated hydroxylation level lies
between the values previously calculated by Raymand et al.*
(80—85%) and Tocci and Michaelides™ (50%). Hydroxide ions
form only as surface hydroxides (O;H™) or adsorbed hydroxide
(O*H™); no OH™ is found in the bulk solution, i.e., more than
2.5 A away from the nearest Zn}" ion.

A detailed investigation of the interfacial species reveals the
presence of different kinds of O*H™ ions, H,O* and solvent
H,0 molecules, which are characterized by different HB
patterns and geometrical arrangements with respect to the
underlying surface (Figure 1b—d). Specifically, we have
identified two types of O*H™ (green line) resulting in the
double-peak structure in Figure 1b: type I are O*H™ accepting
an HB from O,H™, and type II are O*H™ that do not accept
such HBs (Figure 1b,d). For the water molecules near the
interface, there is a larger structural variety: III/IV are H,0*/
H,O which donate an HB to O>7; V/VI are H,0*/H,O which
accept an HB from OH™; and VII are H,0* which are not
hydrogen-bonded to the surface (Figures lc and d). The
average (shortest) Zn2*—O*H~ distance is 1.9 A, which is
slightly shorter than the average shortest Zn2*—O*H, distance
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Figure 2. Mechanisms of (a) surface proton transfer and (b) adlayer
proton transfer. Surface atoms in the back are drawn in gray. The red
dotted line represents a hydrogen bond, while the blue arrow indicates
the direction of proton transfer. Formal charges have been omitted for

clarity.

of about 2.0 A. The nonadsorbed bulk water molecules, IV and
VI, are located almost “on top” of O27/O,H™ with the angle
defined in Figure 1d being only 14—15° on average.

In agreement with previous studies,”””* we observe two
types of PT reactions occurring at the liquid water—ZnO(1010)
interface (Figure 2). The first, which involves the surface
oxygens, we denote “surface-PT” (Figure 2a):

OH™ - O*H™ = O} --HO*H (1)

where the forward reaction corresponds to surface deprotona-
tion and the backward reaction to surface protonation. For the
forward reaction, we define the OH™ to be the “proton-giver”
and the O*H™ to be the “proton-receiver”; for the backward
reaction, H,0* is the proton-giver and the O} is the proton-
receiver. Here, we reserve the terms “giver” and “receiver”
specifically for PT reactions and use the terms “donor” and
“acceptor” in the conventional way for any hydrogen bond in
the system. Thus, the proton-giver always donates an HB to the
proton-receiver, but both the giver and receiver can donate or
accept additional HBs from other species.

The second PT mechanism we denote “adlayer-PT” (Figure
2b), and it involves only adsorbed O*H~ and H,O* that are
directly neighbored along the [1210] direction of the substrate:

HO*H - O*H™ = HO*™ - HO*H ()

Surface-PT reactions are possible only for species I and III
(Figure 1d). In contrast, adlayer-PT reactions are possible for
all combinations of adsorbed O*H™ and H,O%, i.e., between I/
Il as receiver and III/V/VII as giver. IV and VI are bulk
molecules, which are not part of the adlayer and therefore do
not qualify for adlayer-PT, and no dissociation of these
molecules has been observed in our simulations.

The proton-transfer free-energy landscape is evaluated as a
function of a one-dimensional PT coordinate, J,;, that we
determine using the method described in ref 10. Each possible
proton receiver, i.e, O~ (for surface-PT) or O*H~ (for both
surface-PT and adlayer-PT), is at any given time associated with
at most one value of J.;,. Assuming for example that the
receiver O*H™ accepts two hydrogen bonds, only one of these
will be selected as “active” for PT. To ensure this, J,;, is
calculated as the minimum of the difference of the O,---Hy and
Hy—0Oy distances for each donor. When the proton is exactly
halfway between the oxygen atoms, 5., = 0 A. If no hydrogen
bond is accepted, no proton transfer can happen and J,,, is

undefined.
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For the Helmholtz free energy we have AF(.,) =
—kgT In W(8,,;,), where W(5,,,,) counts how many times a
given receiver (here, O}~ or O*H"), associated with a given
value of 8, appears in the simulation. We plot AF(5,,,) for
both left- and right-hand sides (LHS and RHS) of different PT
reactions, with &, histogrammed into bins with width 0.1 A.
We further adopt the convention to plot the LHS as
AF(=8,,,), ie, at negative &, -values. The LHS always has
O*H™ as the proton receiver, and the RHS has H,0* as the
proton giver for both surface-PT and adlayer-PT (egs 1 and 2).
We also evaluate AF(,,;,) separately for different hydrogen-
bonding environments. In such cases, the HB environment
refers to the environment around O*H™ at the LHS and
around H,0* at the RHS. The AF(+65,,,) functions have one
minimum AF{g at negative O, one minimum AFgyg at
positive J,,, and a maximum AF™ at &, ~ 0 A corresponding
to the transition state. The forward and backward PT barriers
are AFf, = AFM — AF% and AF = APM — AFZy, where
forward reactions correspond to the protonation of O*H™ and
backward reactions to the deprotonation of H,O%.

Figure 3 shows the calculated free energies of surface-PT and
adlayer-PT events. For surface-PT, the surface deprotonation

surface-PT  OgH™ " O*H = 02 HO*H
AFY=+35ksT  AFRF=+32kgT

[ adlayer-PT HO*H - O*H™ === HO* HO*H
AFY = AFRE = +1.3 kgT

4}

AFkgT

-10
-12

~14

Figure 3. Free-energy landscapes for surface-PT (black) and adlayer-
PT (red), with no distinction between different hydrogen-bonding
environments.

barrier (AFY, = +3.5 kyT) is only slightly higher than the
surface protonation barrier (AF: = +3.2 kyT). The barrier for
adlayer-PT (AF:, = AF: = +1.3 kgT) is considerably smaller
and fully symmetric, because the forward and backward
reactions are equivalent. Adlayer-PT species are characterized
by a smaller average Hy--O, distance along the PT coordinate
(149 A) as compared to surface-PT species (1.63 A for the
forward reaction and 1.68 A for the backward reaction), i.e., the
proton in adlayer-PT has a shorter distance to travel, and the
average HB angle O,04H, within the PT pair is considerably
smaller for adlayer-PT (7°) than for surface-PT (15° and 13°),
which could help to explain why the adlayer-PT barrier is
smaller than the surface-PT barriers.

Moreover, AF is at more negative values for adlayer-PT than
surface-PT for the major part of §.,-values, indicating that
more proton receivers and givers are in the adlayer-PT than in
the surface-PT coordinate. This can easily be rationalized
because all O*H™ (I+II) and all H,0* (III+V+VII) can
potentially participate in adlayer-PT reactions, whereas only
some O*H™ (1) and some H,O* (III) can participate in surface-
PT reactions. We empbhasize that a receiver at any given point
in time can belong to only one of the two PT types (or neither
of them), depending what kind of HB donor is “active” (i.e., the
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donor for which 5, is calculated). We find that, of all O*H",
12% qualify for surface-PT, 33% qualify for adlayer-PT, and the
rest cannot be classified as any of these two mechanisms, which
happens whenever the “active” donor is another O*H™ or a
solvent H,O molecule, or if there is no donor. Similarly, of all
H,0%, 25% qualify for surface-PT, 78% qualify for adlayer-PT,
and 6% remain unclassified. The fractions add up to more than
100%, because H,O* has two donors that can simultaneously
participate in different PT mechanisms.

We use the calculated AFM-values, ie., the AF-value at the
transition-state (see Figure 3), as a proxy for the PT rate, and
calculate relative rates, including both forward and backward
reactions, between two mechanisms i and j as
r. exp(=AFM/kyT)

1

1 exp(—AP}M/kBT) B

exp(AAFM/k,T)
®3)

as also done in ref 16. This treatment is based on transition-
state theory and assumes that the “transmission coeflicients” are
roughly equal for the different mechanisms involved. The
forward and backward rates can be assumed to be equal because
we are sampling an equilibrium distribution, and if the forward
and backward reactions are different, then

rl,—) _ ri,(— _ A
i Tie T 4)

Using the above equations, so-called proton “rattling” events,
ie, events where a proton quickly jumps back and forth
between two oxygen atoms before settling on one of them, also
contribute to the overall PT rate. We focus on relative rates, as
opposed to absolute rates, to minimize the influence of proton
rattling, and because nuclear quantum effects, which have been
demonstrated to lower PT barriers,'® have not been considered
in the present study but are left for future work. For the two

d Tadlayer-PT

mechanisms in Figure 3, we fin = 22, suggesting that

Tsurface-PT
for every surface-PT event, there are 22 adlayer-PT events.

The global free-energy landscapes in Figure 3 include all of
the possible HB environments around the proton receivers and
givers. Now, as the details of the HB network may play an
important role, we analyze the influence of the specific local
environments. In the Supporting Information (Figure S4), we
explore the PT barriers and rates based on the chemical
identities (O*H~, H,0*, H,0) of the different HB partners
around the proton givers and receivers and illustrate, for
example, how some O*H~ and some H,0* are “PT-
ambivalent” and can participate in PT events of both
mechanisms. Here, we focus on the local environment around
the proton receivers O*H™ and the proton givers H,O* by
means of the number of donated (D) and accepted (A) HBs.
For each PT mechanism there are two environmental quantities
D(O*H™) and A(O*H™) for the forward reaction, and two
environmental quantities D(H,0*) and A(H,0*) for the
backward reaction. For surface-PT, it is always the case that
D(OH") = 1 for the forward reaction, and A(O?~) = 1 for the
backward reaction, so these quantities are not further
considered here. The time evolution of the average value of
all these parameters, before and after PT events according to
both mechanisms, is given in Figure SS, showing that the
average HB environments change both before and after the PT
events.

The PT free-energy landscapes for the all occurring values of
D(O*H™), D(H,0%*), A(O*H"), and A(H,O*) are plotted in

DOI: 10.1021/acs jpclett.7b00358
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Figure 4. Free-energy landscapes as a function of 8, for (a) surface-PT and (b) adlayer-PT, for specific values of D(O*H"), D(H,0%) (cyan,
green) and A(O*H™), A(H,0%) (blue, orange, red). D is the number of donated and A the number of accepted hydrogen bonds. The global barriers
(from Figure 3) are represented by thin lines. The histogram error bars have been calculated by block-averaging over 10 equally sized portions of the
trajectory as 2.26 X (standard error of the mean). The predominant presolvation mechanisms for the water dissociation reactions are given in the
schematic illustrations. The main features of the above graphs are tabulated in Tables S2 and S3.

Figure 4, together with their “equilibrium distributions”
(histograms). The equilibrium distributions give the fractions
of different environments that occur for a particular PT
mechanism irrespective of the value of §,,. Here, we treat the
number of donated HBs independently of the number of
accepted HBs; Figure S6 instead shows the same free-energy
landscapes for all combinations of both D and A, but the
qualitative results below do not depend on whether D and A
are treated independently or in combination (see the
Supporting Information).

We discern what kind of HB fluctuations constitute
“predominant presolvation mechanisms” for PT by checking
whether all of the following three conditions'® are fulfilled:

1. The fluctuation happens from the most stable HB
environment i to a less stable HB environment j, so that
the equilibrium concentration N; < N,
2. The PT barrier becomes smaller as a result of the
fluctuation, ie., AF*(j) < AF(i).
3. The PT rate is greater in environment j than in i, i.e.,
r, or, equivalently, AF™(j) < AFM(i).
If condition 2 is fulfilled, then the fluctuation from i to j will
give an increased average PT rate as compared to a system
where such a fluctuation could not occur, and the fluctuation
could therefore be thought of as presolvation that aids the PT

rj>
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reaction. However, if the HB environment j is considerably less
stable than i, ie., if the destabilization in condition 1 is large,
then the fluctuation would happen only rarely and the
presolvation mechanism would barely contribute to the PT
rate. In order to determine what kind of HB fluctuations
constitute predominant presolvation mechanisms, we apply
condition 3, which is fulfilled whenever the decrease of the PT
barrier (condition 2) is greater than the decrease in stability
(condition 1) when going from i to j. Condition 3 implies that
more PT events occur in the less stable environment than in the
more stable environment. This can graphically be seen as the
two free-energy landscapes for i and j “crossing” between the
maximum and the minimum.

Similar to what we previously reported for aqueous
hydroxide solutions,'® we find that the local HB environment
influences the PT barriers in opposite ways for O*H™ and
H,0%* (Figure 4 and Tables S2 and S3). The PT barrier is
smaller if O*H™ donates more HBs and if it accepts fewer HBs.
For H,0% the situation is opposite: the PT barrier becomes
smaller if H,O* donates fewer HBs and accepts more HBs.
This helps to rationalize why the adlayer-PT barrier is smaller
than the two surface-PT barriers in Figure 3: the weighted
averages of the equilibrium distribution histograms in Figure 4
are, for surface-PT (adlayer-PT), D(O*H™) = 0.67 (0.75),
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D(H,0%) = 198 (1.95), A(O*H™) = 2.09 (1.97), and
A(H,0%*) = 0.44 (0.48).

In general, we find that HB fluctuations can have a significant
impact on the PT barriers. For example, 98% of H,O* in the
surface-PT coordinate (type III) donate hydrogen bonds
through both the H atoms; one to O™ and the other to
another O*H™, H,0%, or solvent H,O. If the second donated
HB is lost, so that only the HB to O remains, the PT barrier
for the surface-PT mechanism decreases from +3.4 kgT to only
+1.0 kgT, and this kind of hydrogen bond fluctuation thus
enhances the overall PT rate (conditions 1 and 2 are fulfilled).
However, despite the smaller barrier, most PT events still
proceed with the donated HB being intact (seen in Figure 4a
from the relative positions of the two AF“-values), because
H,O* of type III rarely donate only one HB. This means that
condition 3 is not fulfilled, and the fluctuation from D(H,0%*) =
2 to D(H,0%) = 1 qualifies as a presolvation mechanism, but
not as a predominant presolvation mechanism. For the forward
surface-PT reaction, 67% of O*H~ donate an HB, and the
barrier to receive a proton is +3.2 kzT. If the donated HB is
lost, the barrier increases to +4.2 kT, so fluctuations wherein
O*H"™ loses its donated HB decrease the overall PT rate
(conditions 2 and 3 are not fulfilled). The relative rate
Tieep(D(O*H") = 1 = D(H,0%) =2)
Tuscep7(D(O¥HT) = 0 = D(H,0%) = 1)
PT events occur in which the donated HB is intact as compared
to when it is broken.

For adlayer-PT (Figure 4b), the PT barriers are smaller than
for surface-PT, but the same trends are found with respect to
the hydrogen bond donation numbers of O*H™ and H,O%.
Tadiayer-pr(D(O*H™) = 1 = D(H,0%) =2)
FdlayerpT(D(O*H") = 0 = D(H,0%) = 1)
ing that, whether or not O*H™ and H,0* donate HBs
influences the rate of adlayer-PT reactions more than it
influences the rate of surface-PT reactions.

In the preceding example, the PT rates for both surface-PT
and adlayer-PT were the greatest for D(O*H™) = 1 =
D(H,0%*) = 2, which is consistent with the equilibrium
distributions; D(O*H™) = 1 is more common than D(O*H")
= 0, and D(H,0%*) = 2 is more common than D(H,0%) = 1
(Figure 4). However, for the HB acceptance numbers A, there
are some inconsistencies between the equilibrium distributions
and the relative rates.

Figure 4a shows that for the backward surface-PT reaction,
57% of proton givers H,O* have A = 0 and 41% have A = 1.
Despite this, a greater PT rate (i.e.,, more overall PT events) is

found for A = 1; the relative rate A =D g [and the
r__(A(H,0*) = 0)

corresponding relative equilibrium concentrations

NAHOM =D _ 4 0.72]. Thus, conditions 1, 2, and 3 are

N(A(H,0%) =0) ~ §7
fulfilled, so the water dissociation mechanism via surface-PT,
i.e., surface protonation, proceeds via a predominant
presolvation mechanism, wherein the proton giver H,O*
accepts an additional hydrogen bond, thus changing from
A(H,0%*) = 0 to A(H,0*) = 1 before the proton is transferred.
This is schematically indicated in the right part of Figure 4a.
The PT rate for the forward surface-PT reaction also
depends on the number of accepted hydrogen bonds,
A(O*H"™) . Here, however, the maximum PT rate is obtained
for A(O*H™) = 2, which is also the most frequently occurring
value, and there is therefore no predominant presolvation
mechanism with respect to A(O*H™) . However, a fluctuation

= 4.9, ie, 4.9 times as many

The relative rate = 8.1, mean-
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from A(O*H™) = 2 to A(O*H™) = 1 would decrease the PT
barrier, fulfilling conditions 1 and 2 and increasing the average
PT rate [similar to the fluctuation from D(H,0*) = 2 to
D(H,0%) = 1]. Interestingly, because PT barriers are lowered
for O*H™ accepting fewer hydrogen bonds, a greater PT rate is
obtained for A(O*H™) = 1 than for A(O*H™) = 3, despite
A(O*H™) = 3 being more common [the relative rate
,ﬁ(A(o*‘H:) =1) N@A©*H)=1) _ s _ 0.33].
r_(A(O*H") = 3)

14.8, whereas NAOTY= = 1

However, because the most stable HB environment is
A(O*H™) = 2, condition 1 is not fulfilled and we do not
consider the fluctuation from A(O*H™) = 1 to A(O*H™) = 3
to constitute a predominant presolvation mechanism.

As was the case for HB donation numbers, the different
adlayer-PT free-energy landscapes for different HB acceptance
numbers (Figure 4b) resemble those of surface-PT (Figure 4a).
For adlayer-PT, there is also a predominant presolvation
mechanism with respect to A(H,0%*), with the relative rate
r_(A(H,0%) = 1)
r_(A(H,0%) = 0)
relative rate of 1.6 that we found for surface-PT.

For both the number of donated and accepted hydrogen
bonds, the hydrogen bond fluctuations thus have greater impact
on the rate of adlayer-PT than the rate of surface-PT.

Tocci and Michaelides also reported, on the basis of ab initio
MD simulations, a kind of presolvation mechanism for the
water dissociation reaction at ZnO(1010), but only for the
surface-PT coordinate.”® They found that if H,O* accepts an
HB from another water molecule, then thermal fluctuations
could shorten the HB and decrease the barrier for PT to O>".
Our approach differs from their analysis in that we do not focus
on the HB distance but instead on whether the HB is present at
all. The two kinds of analyses are complementary to each other
and provide different perspectives on the water dissociation
reaction at ZnO surfaces. Here, we find that not only is the
barrier decreased when H,O* accepts an HB, but the overall
rate of PT is greater for H,O* that accept HBs as compared to
those that do not, despite the majority of H,O* not accepting
HBs.

This result for the proton-giving H,O* has some striking
similarities to our previous work about PT in NaOH
solutions.'® In dilute NaOH solutions, HB fluctuations around
the proton-receiver OH (aq) were found to mainly affect the
PT rate, but in more concentrated solutions, close to all H,O
are coordinated to at least one Na*, which means that most
H,O molecules in such solutions accept fewer HBs, because the
Na" “blocks” the volume that a potential HB-donor would
need. For such concentrated solutions, HB fluctuations around
the proton-giver H,O (coordinated to Na*) were found to be
more important for PT. Specifically the kind of fluctuation that
increases the number of HBs that H,O accepts, just as we see in
the present work for the liquid-water—ZnO(1010) interface,
where the potential proton-givers H,O* are coordinated to a
cation (Zn2*) and accept fewer HBs than in bulk water
solution. It thus seems that the great importance of hydrogen-
bonding fluctuations around proton-giving water molecules
whenever the water molecule is coordinated to a cation is a
general phenomenon.

In conclusion, we have reported a detailed study of the
structural organization and proton-transfer reactions occurring
at the water—ZnO(1010) interface by means of extended
reactive molecular dynamics simulations, where the underlying
potential energy surface has been developed within the neural-

= 2.4, which is greater than the corresponding
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network machine-learning approach. Two types of PT reactions
occur at the interface: “surface-PT” that involves the surface
oxygens and “adlayer-PT” that occurs between adsorbed water
and hydroxide. Adlayer-PT reactions are favored, ie., have
greater PT rate than surface-PT, because the adlayer-PT
barriers are smaller, and there are no particular geometrical
restrictions on the participating species, unlike the case of
surface-PT. For both types of PT coordinates, water molecules
dissociate via a predominant “presolvation” mechanism
characterized by hydrogen-bond fluctuations surrounding the
proton-giving water molecule, which has many similarities to
the presolvation that precedes PT during water dissociation in
NaOH(aq) solutions at high concentrations.'® In contrast, for
water recombination events, HB fluctuations around the
proton-receiving hydroxide ion play less of a role. We find
that HB fluctuations influence the rate of adlayer-PT more than
the rate of surface-PT. We believe these findings represent
important progress for the modeling of water—metal-oxide
interfaces, as well as the understanding on proton-transfer
reactions at such interfaces with possible implications on metal-
oxide supported heterogeneous catalysis.
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