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1. General Introduction

Many hydrogen-bonded liquids, molecular solids, and low-
dimensional systems support anomalous diffusion mecha-
nisms of topological charge defects created by the addition
or removal of protons. The most familiar examples are the
“classic” cases of aqueous acidic and basic solutions,' where
the defects appear in the form of hydrated hydronium (H;O0™)
and hydroxide (OH™) ions, denoted as H"(aq) and OH(aq),
respectively.> While anomalous charge migration has im-
portant consequences in chemical,'** biological,”® and
technological®!® applications, vide infra, providing a mo-
lecular-level, mechanistic understanding of the fascinating
physical principles underlying the charge transport process
is a challenging, yet fundamental, problem in physical
chemistry.!!

A skeletal mechanistic picture that still guides our
understanding of the anomalous diffusion process in hydrogen-
bonded systems can be traced back to a paper from 1806 by
Theodor Christian Johann Dietrich von Grotthuss (1785—
1822), a renowned scholar from Leipzig. Two centuries ago,
von Grotthuss suggested that a structural or topological defect
is actually transported via sequential proton transfer (PT)
reactions along some arrangement of water molecules;'? a
recent review'® includes facsimile reprints of the original
drawings. Although many long-standing efforts to elucidate
the details of this so-called structural (“Grotthuss”) diffusion
mechanism are known, the ingenuity of von Grotthuss’
proposal has only recently been fully recognized. The
problem of unraveling the microscopic details of structural
diffusion mechanisms in hydrogen-bonded media is an active
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area of research pursued experimentally mainly via diffrac-
tion and spectroscopic techniques and theoretically by state-
of-the-art ab initio molecular dynamics (AIMD)'? or param-
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etrized empirical valence bond (EVB)'* simulation approaches.
These largely complementary methods have revealed im-
portant information about the structural fluctuations, kinetics,
electronic properties, and thermodynamics connected with
anomalous diffusion processes in aqueous solutions and
various other hydrogen-bonded systems.

In the case of excess protons, H*(aq), the pertinent details
of the mechanism are now fairly well understood, as
explained in current textbooks on physical chemistry! and
reviewed in more detail recently.'*!* The situation is much
less clear for the ostensibly closely related complementary
system, OH ™ (aq), and several mutually exclusive mechanistic
proposals are being debated in the literature,'>!® vide infra.
In light of much recent progress, a review that is both critical
and comprehensive is clearly timely. This review focuses
on the controversial subject of the anomalous diffusion of
hydroxide in basic solutions, OH (aq). The stage is first set
with a brief review of structural diffusion of H*(aq) in acidic
solutions, primarily so that a comparison to OH (aq) can be
subsequently made. The presentation is based on the formal
and unifying “presolvation concept”, which is explained
within the context of the H(aq) diffusion process. In order
to connect the qualitative predictions of the presolvation
concept to actual mechanisms and the resulting kinetics in
quantitative detail, a theoretical formalism introduced by us
recently is used that allows structural diffusion to be
analyzed, independent of the particular system, based on
appropriately defined population correlation functions. This
theoretical framework leads to consistent sets of various
lifetimes and rates for OH™ (aq) that can be directly compared
to H"(aq) and can, in addition, be connected to different
structural diffusion mechanisms proposed previously and the
resulting diffusion coefficients. Moreover, the pertinent time
scales can be compared to experimental results, in particular
to data obtained using modern time-resolved vibrational
spectroscopy.
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The principal aims of the present review are to (1) review
the various viewpoints that have emerged over the past
decade, (2) dissect the resulting distinct scenarios at the
molecular level, (3) extract theoretical predictions from these
proposals, (4) connect these predictions to experimental
conclusions as closely as currently possible, (5) assess
counterion, concentration, microsolvation, and quantum
effects, and finally (6) set the stage for new benchmark
experiments to be carried out in the future by providing
additional predictions. In passing, we touch on present issues
such as the importance of quantum effects on the structure
of water and aqueous solutions, the effect of microsolvation
versus the condensed phase environment, and the validity
and consistency of various types of AIMD approaches.

We have made our best effort to provide a comprehensive
review of the existing literature on the solvation and diffusion
of hydroxide in bulk water (the focus of the present review)
up to the summer of 2009.

As a result of our analysis, it is concluded that there is a
fundamental asymmetry between the solvation patterns of
OH™(aq) and H'(aq), which supports the so-called “dynami-
cal hypercoordination” scenario (see below) and is in stark
contrast to the longstanding traditional view. The asymmetry
between OH (aq) and H(aq) not only leads to qualitatively
different structural diffusion mechanisms of these species
in bulk solution, as shown here, but also has important
consequences for numerous other systems. A key example
is the ongoing controversy surrounding the equilibrium
surface charge of aqueous droplets, surfaces, and interfaces'’ 3!
and the associated accumulation and exclusion of H(aq)
versus OH (aq) at the water/vapor interface.?*?’ Another
example is the use of polymeric membranes for use in
emerging fuel-cell technologies. Perfluorinated materials, such
as Nafion, or anhydrous materials, such as as polyethylene-
oxide functionalized with imidazole, pyrazole, or sulfonic or
phosphonic acid,*> 3> have been shown to shuttle positive charge
defects via an anomalous diffusion mechanism. The same is
true for alkaline-anion exchange membranes,**~*’ which trans-
port OH™ in a direction opposite to that of H in proton-
exchange membranes. More generally, deep insights into the
molecular scale mechanisms of anomalous charge migration
in hydrogen-bonded systems have influenced our understand-
ing of the proton-transport properties of widely varying
systems including liquid hydrogen fluoride,*'~* liquid metha-
nol,*> methanol—water solutions,***” heterocyclic systems, ¥~
solid acids,”' ~>* doped ammonium perchlorates,> >’ alkaline
hydrolysis reactions,*®° or hydroxide-rich ice systems.®
Beyond understanding such bulklike mechanisms, these
differences in solvation and charge migration are expected
to have a significant impact on our view of issues related to
the conductivity of water channels, pumps, and wires,> 361764
the properties of charge defects in hydrogen-bonded
networks embedded in restricted geometries and under
confinement, radiolysis, and photodetachment,®> % Hofmeis-
ter effects,!”29-27.70.71 4cids versus bases on ice nanosur-
faces,”>”7* and atmospheric chemistry,”>”7° to name just
a few.

2. Structural Diffusion in Aqueous Acids:
Mechanism and Presolvation Concept

The observation that water and aqueous systems, in
general, are able to transport topological charge defects in
the form of hydrated hydronium and hydroxide ions at
anomalously high rates' constitutes one of water’s many
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unusual properties. However, despite the fundamental and
wide-ranging importance of these elementary processes in
chemistry, physics, and biology, the microscopic mechanistic
details have proven difficult to pin down for many decades. '
Substantial experimental*9~!! and theoretical'}!41027134
investigations into the structural diffusion or Grotthuss
mechanism of the hydrated excess proton, H(aq), have
ultimately produced an essentially consistent picture that has
become textbook knowledge.! This picture involves an
intricate interplay between a 3-fold solvated hydronium
complex known as the “Eigen cation”, H;0"+(H,0); or
HyO,*, and a shared-proton complex known as the “Zundel
cation”, [HyO++*H-*+*OH,]" or HsO,*. These complexes are
continuously interconverted via individual PT reactions.
Pioneering AIMD simulations'*>~!%* showed that the inter-
conversion itself is driven by specific fluctuations in the
second shell of the hydrogen bond (HB) network around the
charge defect. This was found to agree with a concurrent
and independent theoretical analysis of existing data at that
time.!% In particular, a schematic mechanism in terms of a
sequence of transitions from HyO,t to HsO,' to HoO4"
complexes, as governed by hydrogen-bond cleavage of water
molecules in the second solvation shell, has been sketched
in Figure 2 of ref 106; see also refs 107, 109, and 118 for
reviews and refinements. Consequently, the overall structural
diffusion process is dominated by a nonvehicular migration
mechanism of the charge defect, as shown schematically,
for example, in Figure 2 of ref 106 or Figure 8 of ref 13
and, based on an actual sequence of configurations generated
by ab initio path integral simulations, in Figure 1 of ref 120.
Conversely, in the Grotthuss mechanism, contributions from
so-called “vehicular diffusion”, i.e. hydrodynamic Stokes-
like diffusion of long-lived quasi-rigid molecular solvation
aggregates, play only a minor role at ambient conditions. It
is mentioned in passing that the relative importance of these
different contributions depends strongly on temperature and
pressure, as seen dramatically, for example, in supercritical
water.!3!

The early AIMD simulations'®?"'* and the independent
theoretical analysis'® of H'(aq) were followed by an
empirical valence bond study''® in which a two-state EVB
model was introduced in order to investigate proton transfer
between two specified water molecules embedded in liquid
water (see ref 116 in relation to the parametrization of this
particular EVB model). Thus, by construction, the first EVB
simulation''® of a hydrated proton in water refers necessarily
to a localized protonic defect that is confined to a particular
hydrogen bond and thus unable to undergo structural
diffusion. Subsequently, so-called “extended”!''? or “multi-
state”''> EVB models were successful in simulating actual
proton transport within the three-dimensional hydrogen-
bonded water network by allowing for true charge migration
via Grotthuss structural diffusion in bulk water.!!3~!15.117.119
These studies are reviewed in ref 14, where follow-up EVB
work is also comprehensively covered. The proton diffusion
scenario extracted from such multistate EVB simulations
turns out to be similar to that provided by the AIMD
simulations and the theoretical analysis.

The specific fluctuations that drive such Grotthuss diffu-
sion in acidic aqueous solutions are in accord with a notion
introduced by us'*® (see also refs 16 and 134), which we
refer to as the presolvation concept. The latter provides a
unified mechanistic framework for understanding, at the
molecular level, the local fluctuations that must occur in
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Figure 1. Analysis of the topological charge defect underlying structural diffusion in an acidic solution obtained by adding one excess
proton to liquid water, H"(aq); see section 4 for methodological details. Averaged distribution function P(0, Roo) as a function of the PT
coordinate ¢ and the oxygen—oxygen separation Roo of the most active HB from canonical AIMD simulations at 300 K where the nuclei
are treated as quantum (a) and classical (b) particles; see the caption of Figure 2a and section 5.1 for definitions and labeling conventions.
In panel a, the averaged local coordination number, n(d, Roo), of the proton-receiving oxygen, O, is superimposed on P(J, Rop). Color
code for panel a: n decreases from yellow (~4) to red to green to blue (*3.5). All distributions are smoothed and symmetrized about 6 =
0, and the P(d, Roo) distributions in parts a and b are normalized to unity and shown on the same scale. Reprinted with permission from

ref 120. Copyright 1999 Nature Publishing Group.

conjunction with the structural diffusion process. This
concept has proven robust in its ability to explain structural
diffusion in a variety of hydrogen-bonded systems'6434657,134135
and, most importantly for the present purpose, to explain
why certain proposed models of structural diffusion fail to
yield a physically meaningful picture as analyzed in refs 16
and 134. At the core of the presolvation concept is the
common notion that bulk water molecules exist in a preferred
solvation structure (subject to fluctuations and defects),
which, for the purposes of this discussion, we assume to be
the accepted 4-fold tetrahedral coordination pattern. This
tetrahedral motif has been shown to explain a host of
different phenomena related to water and aqueous systems'3¢!%
(here, we avoid discussion of the experiments and their
interpretation presented in ref 138). Most importantly,
structural diffusion requires that, in any PT reaction, the
proton-receiving species, i.e. the acceptor site, must first have
a solvation pattern that corresponds to the species into which
it will be transformed as a result of the reaction.
Application of the presolvation concept to H(aq) leads
to a picture in which PT, and thus the structural diffusion
process, is initiated by a HB breaking event between the first
and second solvation shell of H;O", thereby reducing the
coordination number of a (proton-receiving) water molecule
in the first shell from four to three. Since the hydronium
oxygen does not accept a hydrogen bond, the reduction in
coordination number of the first-solvation shell water places
this water molecule in a coordination pattern similar to that
of the HoO4" cation itself, thereby allowing the proton to
transfer from the hydronium to this water via the aforemen-
tioned interconversion process. The rate-limiting step in the
process is the time needed to effect the coordination number
reduction. This time, which correlates with the lifetime of a
water—water hydrogen bond, has been estimated from NMR
measurements®*¥” to be approximately 1.5 ps. This migration
process was first revealed, on the detailed molecular level,
in Car—Parrinello AIMD simulations'?>~!'* more than 15
years ago (see Figure 1 in ref 103 for some snapshots and

Figure 1 in ref 120 for a complete sequence). The crucial
reduction in coordination number (i.e., n(d, Roo)) of the
proton-receiving water molecule (denoted here O) in the first
shell upon PT (i.e., in the limit  — 0 of the PT coordinate)
is most beautifully seen (cf. the blue region) in the distribu-
tion function reproduced in Figure la. The labeling conven-
tions and definitions (i.e., of O, 0, Roo etc.), as well as the
defect localization procedure used throughout this review,
are introduced and explained in section 5.1 in conjunction
with Figure 2a.

One decade later, the predicted two-step mechanism and
the predicted rate-limitation due to solvation shell fluctuations
were directly confirmed experimentally®’ using femtosecond
vibrational pump—probe spectroscopy: “In the first step, the
hydrogen-bond coordination number of one of the H,O
molecules in the first solvation shell is lowered by the
breaking of a hydrogen bond to the second solvation shell.
[...] In the second step, the protonic charge is transferred
from the H;O™ ion to the H,O molecules with the reduced
hydrogen-bond coordination number, a process in which the
Zundel structure occurs as an intermediate state. Our results
show that this second step occurs on an extremely fast time
scale. As a consequence, the first step is the rate-limiting
one, and the agreement between the solvent reorganization
time in water [...] with the proton hopping time [...] confirms
this.” (quoted from ref 97). Shortly thereafter, and indepen-
dently from these first Car—Parrinello AIMD simulations'®>~1*
of Grotthuss diffusion, a molecular mechanism was proposed
in ref 106, to which the Car—Parrinello simulation results
were suggested to be qualitatively consistent (see also ref
13 and its Addendum). This was derived from a survey of
available data in conjunction with a critical analysis of
various mechanistic ideas that have been proposed over the
years.

Inclusion of nuclear quantum effects'~” using the powerful
ab initio path integral simulation technique'*~*? (see section
4.4 for more information) provides the full picture. The
associated quantum fluctuations have been predicted to lead

120
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Figure 2. Schematic sketches of the different charge migration
mechanisms of OH™ in bulk water, OH™(aq); see Figure 12 for the
corresponding configuration snapshots sampled from trajectories.
(a) Labeling convention of the defect site where the PT coordinate
is given by 0 = Rosp+ — Rop+ and Roo = Ro«o is the oxygen—oxygen
distance of the most active HB as defined in the text; see section
5.1. Traditional mirror image mechanism, b—d; dynamical hyper-
coordination mechanism, e—h; and static hypercoordination mech-
anism, i—L. In all panels only the local neighborhoods are shown,
the defect is highlighted in blue and black, and in i—1, to highlight
the vehicular diffusion mechanism, different coloring schemes are
used for water molecules in the second solvation shell. Reprinted
with permission from ref 16. Copyright 2006 American Chemical
Society.

to a topological defect that cannot be characterized entirely
in terms of either the Eigen or Zundel structures but
approaches these “idealized” structures only as limiting
forms, and the term “fluxional complex” was coined to
describe this situation.'?® This is compellingly illustrated by
comparing AIMD simulations based on classical nuclei
shown in Figure 1b to analogous path integral simulations
in panel a where the nuclei are treated as quantum particles.
In the classical case (b), the probability of finding a protonic
defect in Eigen-like configurations (i.e., for 101 > 0) is much
higher, as indicated by the clearly visible peaks, than finding
the charge defect in Zundel-like configurations (i.e., in the
regime 161 &~ 0); note that 161 > 0 implies that the most active
proton is close to a specific water molecule forming a H;O™"
ion, which is typically solvated by three water molecules in
the Eigen cation configuration H;O "+ (H,0)s. I8 & 0 implies
that the most active proton is close to the midpoint of its
HB, thus yielding the Zundel cation [H,O++-H-+-OH,]*. As
will be elaborated in section 6.1, this translates into a purely
thermal free energy barrier'?? of roughly one kg7, where
Eigen-like complexes are free energy minima and Zundel-
like complexes can be thought of as transition states in the
classical limit shown in panel b. The situation changes
qualitatively after including quantum-mechanical effects of
the nuclei as done in panel a of Figure 1: in this case, the
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probabilities to find the defect in an Eigen-like or Zundel-
like configuration are very similar, as seen from the flat and
broad ridge that extends from 6| & 0 into the wings. In terms
of the free energy landscape, this amounts to washing out
the thermal interconversion barrier, i.e. AF << kgT, which is
mainly achieved by zero-point motion that “fills up the Eigen-
wells” (see section 6.1). In terms of mechanism and structure,
these quantum effects imply that the Zundel complex is not
a transition state and that the defect is highly “fluxional”.!?’
In other words, PT between two neighboring water mol-
ecules, which interconverts Eigen-like and Zundel-like
structures, is a very fast event and cannot be rate-limiting,
in agreement with conclusions drawn from earlier AIMD
simulations'®?~1% relying on the classical approximation to
the nuclear motion. The “fluxionality” of the defect implies
that the Zundel and Eigen complexes as well as all
“intermediate” complexes are thermodynamically nearly
isoenergetic.

Several years after the aforementioned prediction, this
aspect of structural diffusion in acids was fully borne out
by time-resolved ultrafast spectroscopy,’” which concluded
“[...] that the Eigen and Zundel structures interchange within
a very short time (<100 fs), which means that the proton
rapidly rattles between the oxygen atoms of two neighboring
water molecules. [...] As a consequence, the proton in water
forms a “fluxional complex” with the Eigen and Zundel
structures as limiting and intermediate conformations, re-
spectively.” (quoted from ref 97). Furthermore, as a result
of quantum effects, the defect can become delocalized'® over
several HBs and hence over several water molecules, a
phenomenon driven by fluctuations in the local HB network.
Importantly, the quantum fluxionality is the primary reason
for the decrease in the free energy difference between typical
Eigen-like and Zundel-like complexes and is ascribed
primarily to zero-point vibrational motion; proton tunneling
appears to play only a negligible role.'” Indeed, recent
attempts to fit neutron diffraction differential cross sections”®
by either Eigen-like or Zundel-like complexes highlight the
difficulty of making a sharp distinction between these two
complexes, which strongly supports the aforementioned
predicted fluxionality. The basic picture just described may
be refined,’®!2!33 ¢.g. by including more solvation shells in
the spirit of the Eucken—Gierer—Wirtz theory,!**!* which
is derived from a cluster-type view of liquid water (using
the concept of what the latter authors referred to as

“Aggregate”'®® or “Assoziate”'** in their work).

Before leaving this section, it is worth noting that an idea
similar to the presolvation concept underlies Marcus’ theory
of electron transfer,'*® in which solvent fluctuations must
occur that equalize the free energy cost before and after the
electron transfer step. Related conceptual approaches have
also been developed for adiabatic PT in polar solvents, where,
being subject to much stronger coupling, solvent fluctuations
are crucial to modulate energy barriers.'*’~!3! In particular,
the picture of presolvating the proton acceptor brings to mind
the notion of a change of the adiabatic free energy profile
along some appropriately chosen reaction coordinate from
an asymmetric shape that favors the proton donor to
symmetric one, as suggested in ref 151. This change in the
free energy profile is a necessary step before the proton can
be transferred successfully to the receiving site. Here, the
“symmetrization” of the free energy profile corresponds to
the aforementioned change in the coordination pattern of the
proton-receiving species. In the presolvation concept, how-
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ever, the solvation-shell fluctuations must be of a wvery
specific structural character that is dictated by the coordina-
tion pattern of the proton-receiving species. Finally, it is
noted in passing that the coordination number changes
required by the presolvation concept were recently found to
be key to the reorientational motion of water molecules in
the bulk liquid.!>*!3 In these studies, it is found that a water
molecule exchanges a hydrogen bond in the network by
breaking a HB with a first solvation shell water that is
momentarily overcoordinated and forming a HB with a
second shell water that is simultaneously momentarily
undercoordinated.'>? Interestingly, the change in average
coordination number, which defines over- and undercoordi-
nation with respect to bulk coordination, is about £0.3 in
ref 152. This value is close to the approximately 0.5 found '
for the coordination number changes that trigger H(aq)
diffusion, as illustrated in Figure la. Thus, even in the case
of reorientational relaxation, the presolvation concept, which
ultimately requires a restoration of the preferential coordina-
tion patterns in the local neighborhood of a topological
defect, here orientational rather than ionic, leads to a
mechanism that explains the observed dynamics.

3. Structural Diffusion in Aqueous Bases:
Current Knowledge, Controversies, and Open
Issues

3.1. Some Historical Remarks

Turning now to the structural diffusion mechanism of
hydroxide ions in a bulk aqueous environment, OH (aq),
one finds that the picture is much less clear in comparison
to the H*(aq) case. We first note that the standard free
energies of hydration'* of OH™ and H;O™" are very similar,
about —106 and —103 kcal/mol, respectively, and quite
different from that of H*, about —264 kcal/mol. Historically,
efforts to investigate the OH (aq) problem as an independent
question have been few. The reason for this can be traced
back, to the best of our knowledge, to an idea spelled out
by Danneel'>® more than a century ago and worked out two
decades later in greater quantitative detail by Hiickel,'>® by
Wannier,'”” and independently, although in less detail, by
Bernal and Fowler.!”® Subsequently, Gierer and Wirtz!*
incorporated the (temperature-dependent!) local water struc-
ture using modern association and hydrogen bonding con-
cepts and Eucken’s “Aggregate”.'** The essential idea relies
on the assumption that the mechanism of OH ™ (aq) transport
could be inferred from that of H;O" by invoking pseudo-
symmetry arguments. This notion led to the so-called “mirror
image” concept, in which H;O% is viewed as a water
molecule with an excess proton, while OH™ is regarded as
a H,O with a missing proton (“proton hole™);!% terms such
as “Spiegelbild’ (mirror image) and “Loch” (hole) were
actually introduced by Wannier.'>’

Within this picture, the structural diffusion mechanisms
of the two species, OH (aq) and H'(aq), are related
straightforwardly by assuming similar solvation shell topolo-
gies. From this starting point, a mechanism of OH™ migration
is inferred from that of H;O" by essentially reversing the
HB polarities, rotations, and directions of PT, as most clearly
illustrated by Figure 3. This particular scenario, as well as
closely related ones, have been persistently put forth in the
literature for many decades up to the present*8!~83144.155-168
(inspect the many suggestive schematic drawings and figures
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Figure 3. “Left panel (a): Electrical conduction of protons in water, by
successive hydrogen shifts along a chain of hydrogen bonds. Right panel
(b): Mechanism for hydroxide anion mobility in water. The proton “hole”
moves by successive hydrogen shifts akin to those shown in panel (a)”
(quoted from ref 163). The authors are grateful to F. H. Stillinger
for permission to reproduce these figures, with their captions, from
pp 184/185 of his review.'®® Reprinted with permission from ref
163. Copyright 1978 Academic Press/Elsevier.

contained in these publications as mentioned in our biblio-
graphic notes). In one of the more recent accounts, a mirror
image or proton hole hopping mechanism for OH (aq)
migration was worked out in quantitative detail in ref 164,
in close analogy to the structural diffusion picture derived
earlier for the H*(aq) case'” (note that Figure 3 of ref 164,
which illustrates the rate-limiting step for OH ™ (aq) mobility,
is literally the mirror image of Figure 2 in the same paper,
depicting the rate-limiting step for H*(aq) mobility according
to ref 106). In this picture, OH™ accepts three HBs and
donates none, thus forming the OH™ + (H,0); or H;O4™ anion.
Structural diffusion is driven predominantly by the same type
of second solvation shell effects that drive H(aq) migration.
These fluctuations lead to the formation of an intermediate
H;0,~ complex that is analogous to the HsO," (Zundel)
complex of the H"(aq) case and is only slighly less stable
than H,O4  (see refs 169, 162, and 170 for some infrared
(IR) spectroscopic analyses carried out along these lines).
Within this scenario,'® “A suggested mechanism for hy-
droxide mobility in water identifies the rate limiting step as
a cleavage of a second shell hydrogen bond which converts
a H,0,4~ ion (triply coordinated hydroxide) to (HOHOH)™
(deprotonated water dimer).” (quoted from ref 164). “The
present section argues that the dominant stable isomers of
the hydroxide ion in liquid water are the H;,O,~ and H;O,™
ions.” (quoted from ref 164). “The suggested mechanism of
hydroxide mobility is similar to that of proton mobility in
water, except for the small difference in the O—O distance
within the dimer, which might explain the perplexing
observations in the literature.” (quoted from ref 164).
“Hydroxide mobility resembles proton mobility because the
rate limiting step, which contributes most of the activation
barrier, is a cleavage of a second shell hydrogen bond. It
converts a deprotonated (protonated) water monomer to a
deprotonated (protonated) water dimer, allowing the diffusing
hydroxide-ion (proton) to delocalize over two oxygen centers.
However, the O—O distance for the deprotonated dimer is
slightly larger than that of the protonated dimer. [...]” (quoted
from ref 164).

To the best of our knowledge, the only source in the early
literature where this symmetry argument, and thus, by
inference, the mirror image concept, has been seriously
questioned is an insightful, yet essentially forgotten, historic
paper by Huggins!”! from 1936; see, however, section I11.4,
“Die Arbeit von Huggins”, in ref 144 for a lucid discussion
of the conceptual importance of ref 171, which culminates
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in the statement that Huggins’ viewpoint, although qualita-
tive, best acknowledges the importance of hydrogen bonding
for anomalous conductivity (termed “Extraleitfihigkeir’) and
thus for structural diffusion in H*(aq) and OH (aq) solutions.
In Huggins’ paper,!’! it is argued that the solvation shell of
OH (aq) very likely differs qualitatively from that of H*(aq).
It is worth noting that this argument appears to differ from
an earlier view expressed by him in ref 159. If Huggins’
later argument retained its validity, the charge migration
mechanism would be affected at a qualitative level. Here
again, the presolvation concept serves as a useful guide, a
point that is clearly illustrated in the proceeding three
sections. Interestingly, Wannier himself stressed that the
values of the temperature-independent microscopic input
parameters obtained by fitting his theory to a combination
of temperature-dependent experimental observables turned
out to be very similar for both positive and negative charge
defects.'>” He, therefore, concluded that the observed dif-
ferences between the H(aq) and OH (aq) systems, which
were evident from the known experimental data at that time,
could not be explained by his (mirror image) theory (see
details in the bibliographic notes'’). Finally, there is a more
recent analysis'’? (it has been cited only four times according
to the Web of Science as of October 2009), which points out
“...that the commonly used schematic representation of the
OHP conductance mechanism in aqueous solution is not the
analogue of the corresponding diagrams for the H® ion.”
(quoted from ref 172).

Presumably because of the intuitive appeal of the mirror
image picture, it has taken several decades for researchers
to undertake a serious investigation of the structure and
mobility of OH (aq) in its own right. In the last ten
years, however, there has emerged a wealth of theo-
retical!S16:30.69.102-104134,135,164,166,167.173-185  and  experi-
mental®7-0899:184186206 jnyegtigations into OH™(aq) structure
and mobility (including several relatively large microsolvated
OH™ +(H;0), clusters studies), and these have sparked a
serious controversy about both the solvation pattern of
OH (aq) and its microscopic transport mechanism. The
origin of the controversy can be traced back to the pioneering
AIMD simulations of both the H'(aq) and OH (aq)
systems'®~ 1% and a wealth of subsequent computer simula-
tion studies of OH™(aq)!6:6102-104134,135.178-180.182.184 yhich
provided strong evidence that the oxygen site in OH™ prefers
to be hypercoordinated'® in liquid water by accepting four
HBs. Furthermore, OH™ has been shown to donate tran-
siently one HB via its hydroxyl hydrogen when fully solvated
in bulk water. Based on earlier work!'®>!% and subsequent
ab initio path-integral simulations,'*> a novel “dynamical
hypercoordination” mechanism was proposed and depicted
for the first time in Figure 3 of ref 135; see also the Highlight
Article.”> As argued in refs 16 and 134, this mechanism can
be seen to differ strongly from the traditional mirror image
mechanism. We mention in passing that the notion of
hypercoordination as introduced in ref 135 for OH (aq)
pertains to (noncovalent) hydrogen bonding and solvation
structure is distinctly different from hypervalency?”’~2!? in
the sense of (covalent) chemical bonding and molecular
structure; the oxygen atom in the dynamical hypercoordi-
nation mechanism should by no means be considered as

“pentavalent”.!!

In the remainder of this section, the different structural
and mechanistic proposals that can be found in the literature
will be presented and critically examined by comparing them
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to each other within a unified framework. Importantly,
applying the presolvation concept introduced for H*(aq) to
the OH ™ (aq) case allows several possible charge migration
mechanisms to be derived depending on the preferred
OH ™ (aq) coordination state. This intimate connection be-
tween solvation patterns and diffusion mechanisms is
extremely valuable in view of a series of very recent
diffraction and spectroscopic experiments®’-68:%184197-205 ha¢
yield detailed and consistent information about the solvation
shell of OH (aq). In the subsequent parts of this section,
convincing evidence is provided that only one of the
proposed scenarios is consistent with what is currently known
from experiment. In particular, both hypercoordination of
the oxygen site and the ability of OH (aq) to donate a HB
via the hydroxyl hydrogen, as predicted by the aforemen-
tioned AIMD simulations,'®!027104134135 are strongly sup-
ported by these state-of-the-art experiments in the condensed
phase. However, experiments that provide the most direct
mechanistic insights into the migration of OH (aq) using
time-dependent probes, which have been applied successfully
for the H'(aq) case,’>°>°79%101 are still lacking. Fortunately,
this gap can be closed by analyzing the detailed mechanism
obtained from different computer simulation approaches that
yield different preferred coordination patterns of OH (aq).
Such analyses will be discussed in section 5 after the
underlying techniques have been described (see section 4).
Important issues related to solvation and diffusion, such as
quantum effects due to nuclear motion, condensed phase
solvation versus microsolvation, and the possible influence
of counterions and concentration, are discussed in section
6. When viewed against well-known mobility experiments,
which yield diffusion coefficients of both Ht(aq) and
OH ™ (aq), all of the analyses to be presented strongly favor
the novel dynamical hypercoordination mechanism over the
traditional mirror image picture as the only mechanism
consistent with the recent diffraction and spectroscopic data.

3.2. Mirror Image/Proton Hole-like Scenarios

The traditional view*8>83144155-158,162.163 andq several recent

analyses'04190167 of the hydrated hydroxide anion have led
to the suggestion that the OH™ oxygen favors 3-fold
coordination of the oxygen of OH ™ (aq) in aqueous solution.
In particular, “Three distinct lines of investigation [...]
converge on the common view that HO<[H,O];~ is a
prominent, likely even dominating, coordination structure for
HO™(aq); this is the most primitive issue underlying current
speculations regarding HO™ in aqueous solutions.” (quoted
from ref 167) and “The present results suggest a picture that
is simpler, more traditional, but with additional subtlety.
These coordination structures are labile but the tricoordinate
species is the prominent case. [...] No evidence is found for
rate-determining activated interconversion of a HO+[H,0O],~
trap structure to a HO+[H,0];™ mediating hydroxide trans-
port. The view of HO™ diffusion as the hopping of a proton
hole has substantial validity, with the rate depending largely
on the dynamic disorder of the water hydrogen-bond
network.” (quoted from ref 167). The recent work is based
on a survey and synthesis of available data and concepts,'%*
quasichemical theory,'%212 and AIMD simulations,'®” as well
as on some experiments on OH™ +(H,0), microsolvated
clusters in the gas phase.'8!9%!% Let us assume for the
moment that this solvation pattern were to hold in the bulk.
Under this assumption, two possible mechanisms could be
derived from the presolvation concept. If the OH™ hydrogen
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does not donate a HB, as assumed implicitly in ref 164, then
the 3-fold coordinated OH (aq) would indeed behave as a
mirror image*$283 44155 158.161=165.168 of the H(aq) case. In
this case, fluctuations would break a HB between the first
and second solvation shell of OH (aq), thereby reducing the
coordination number of a first-shell water of OH™ from four
to three'®* (water molecules “a” and “c” in Figure 3 of ref
164 are these first and second shell molecules, respectively).
The obvious difficulty with this picture is that the nascent
water molecule formed in the PT step does not possess the
favored 4-fold tetrahedral water coordination pattern. Fur-
thermore, it is unclear how this nascent water molecule
relaxes in order to acquire the preferred coordination of a
typical water molecule in the equilibrium bulk liquid.

It should be noted in this context that observed differences
between IR and Raman spectra of concentrated basic
solutions?'® have been suggested as providing evidence in
favor of the mirror image picture. The observed differences
were attributed to the structure and purported stability of the
H;0,™ complex in aqueous basic solutions (see also refs 162,
169, and 170 for some IR-spectroscopic analyses carried out
along these lines). However, the use of such spectroscopic
data to directly confirm or refute this picture is highly subtle.
We will discuss this aspect in detail later in section 6.3;
however, we briefly note here that explicit AIMD simulations
of concentrated KOD and NaOD solutions '~ '8 support the
aforementioned hypercoordinated picture over the mirror
image picture and, furthermore, are able to reproduce the
experimental IR spectra of ref 213.

Another mechanism could be derived if the OH™ oxygen
were to favor 3-fold coordination and the OH™ hydrogen
could donate a HB, in close analogy with the classic Lewis-
like or localized molecular orbital picture. In this case, the
OH", being the proton-receiving species in bases, would
naturally possess a coordination pattern like that of a bulk
water molecule as depicted in Figure 2b. A solvation pattern
such as this for OH (aq) would lead, according to the
presolvation concept, to unhindered proton transfer from an
accepted water molecule in the first solvation shell to the
neighboring OH™ (see step (b) — (c) in Figure 2). Once
shifted to the respective neighboring site, the OH™ would,
again, be perfectly coordinated and, thus, would again be
ready for a subsequent PT from a neighboring water molecule
from which a HB is accepted. In this way, charge migration
would occur with no rate-limiting step apart from fast local
reorientations (see step (c) — (d) in Figure 2). The
consequence of such a mechanism'®’ would be an extraor-
dinarily high structural diffusion rate, possibly exceeding that
of H*(aq), according to presolvation analysis.

3.3. Dynamical Hypercoordination Scenario

In contrast to the scenarios discussed in the previous
section, several AIMD computer simulation stud-
jes!6:09102- 104134135178 180182184 quooest that the oxygen in
OH™, being the proton-receiving species in aqueous bases,
is, on average, hypercoordinated;'® that is, it preferentially
accepts four HBs in a roughly square-planar arrangement
(shown for the first time in Figure 2 of ref 102). This
preferred complex of the OH (aq) defect is depicted in Figure
4a together with its electron localization function (ELF);*'*
the ELF takes on values between zero and one and is large
in those regions of real space where two electrons with
antiparallel spin are paired, thus forming covalent bonds or
lone pairs.2'* This solvation shell is qualitatively different
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Figure 4. Representative resting and active states of OH™ in bulk
water, OH (aq), within the dynamical hypercoordination mecha-
nism;'** note that only the most relevant molecules are depicted.
The resting state (a, top) is the majority complex, with four
hydrogen bonds accepted by O* in an essentially square-planar
arrangement; note that the water molecule (H,0),, closest to H', in
the upper right corner, is not hydrogen bonded. The active state
(b, bottom) is a short-lived transient complex with three hydrogen
bonds accepted by O* and an additional hydrogen bond donated
by H' in a locally tetrahedral arrangement; here, this complex is
captured close to proton transfer (i.e., |0l &~ 0), where H* is roughly
midway between the proton donor O and the proton acceptor O*.
The special atoms H*, O*, and O are highlighted in black and
yellow, respectively, the hydrogen bonds are marked schematically
in green, and the blue clouds are isosurfaces of the electron
localization function;?'* see the caption of Figure 2a and section
5.1 for definitions and labeling conventions. In addition, quantum
effects such as librations of individual water molecules can be
identified by the delocalization of the nuclei within the underlying
ab initio path integral technique (see section 4.4). Reprinted with
permission from ref 135. Copyright 2002 Nature Publishing Group.

from what would be deduced on the basis of either the
traditional Lewis-type picture of hydrogen bonding or the
localized molecular orbitals (as obtained, for instance, by
applying the Boys localization criterion). These approaches
invariably predict one covalent O—H bond and three lone
pairs around the oxygen site of an isolated OH™ anion in
vacuum. Based on these concepts, one would argue that
OH ™ (aq) should accept three HBs via its three lone pairs,
with the possibility of donating a HB via its hydrogen end.
Instead, the origin of the hypercoordination phenomenon
arises from a substantial delocalization of the lone pairs,'*
leading to a “ring” of enhanced electron pairing probability,
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the plane of which is perpendicular to the OH™ bond axis
and lies just below the oxygen. This phenomenon can be
quantified with the help of the ELF*'* as visualized in Figure
4a, which clearly reveals a ring attractor at the base of the
central OH™ ion. This cylindrically symmetric pattern around
the O—H bond axis is also in accord with the symmetry of
the electrostatic potential as created by OH™ in vacuum and
is also seen in both the ELF of OH™ in vacuum?" and in
the spatial distribution functions around OH™ basic solutions
derived from neutron scattering.'®” Based on this electronic
structure analysis, there is no reason to assume that OH™
can accept a maximum of three HBs or that accepting three
HBs should be its preferred solvation pattern in liquid water.

The plausibility of hydroxyl oxygen hypercoordination in
solution suggests that structural diffusion of OH (aq) should
differ qualitatively from that of H"(aq) and its mirror image
according to the schemes sketched in Figure 2. If hyperco-
ordination holds, the initial step in the structural diffusion
process, according to the presolvation concept, must be a
reduction in the coordination number of the OH (aq) itself
by breaking a HB between its oxygen and a first shell water
molecule according to steps (e) — (f) of Figure 2. Only this
type of event will leave the OH™ oxygen in a topology similar
to that of a water molecule in bulk water. However, the
presolvation concept requires that the topology of the full
coordination shell of OH™ resemble that of a water molecule,
which requires that the hydroxyl hydrogen be able to donate
a HB, even if only transiently. Thus, according to the
presolvation idea, PT to OH™ can only be completed in an
isotropic bulk environment when OH™ also donates a HB to
a neighboring water molecule through its Aydrogen end (see
step (f) — (g) in Figure 2). Indeed, the combination of the
coordination number reduction around the hydroxyl oxygen
and the donation of a HB through the hydroxyl hydrogen
places the hydroxide ion in the solvation pattern of a bulk
water molecule, a locally tetrahedral arrangement, which is
a short-lived transient complex. As the proton is transferred
(panel b of Figure 4), i.e. upon transformation of OH™ into
an intact water molecule, the donated HB strengthens and
leaves the nascent H,O molecule with two accepted and two
donated HBs, as required for an ideally coordinated water
molecule in the bulk liquid (see step (g) — (h) in Figure 2).
In the proton-transfer process, the electronic structure around
the defect changes in a subtle way: in Figure 4b the ELF
ring attractor around the proton-receiving OH™ opens up and
yields two (partially) localized lone pairs as the OH™ is
transformed into an intact water molecule. At the same time,
the two lone pairs on the proton-donating water molecule
are confluent and begin to form a delocalized ring attractor
as this water is transformed into the nascent OH™. In this
charge migration scenario, the rate-limiting step is the time
needed for the coordination change and the relaxation into
a tetrahedral configuration. This nontraditional mechanism
(see panels i—1 in Figure 2 for a rough scheme and the same
panels in Figure 12 for the corresponding configuration
snapshot sequence from computer simulation), which we call
the “dynamical hypercoordination” mechanism hereafter, was
depicted for the first time in Figure 3 of ref 135 based on
earlier work, 027104

3.4. Static Hypercoordination Scenario

In addition to the mirror image and dynamical hyperco-
ordination pictures, a purely vehicular diffusion mechanism
is also conceivable. Based on the evidence provided previ-
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ously, we could envision a scenario in which the hyperco-
ordinated solvation pattern of OH ™ (aq) exists as a static, rigid
structure, as shown in Figure 2i rather than a dynamical
one, 6103104134135 T ot yus now apply the presolvation concept
to this picture. It should be clear that a purely vehicular
diffusion mechanism must occur preferentially in a static
hypercoordinated structure, since this structure is inactive
with respect to PT, as the above discussion suggests. Hence,
if the oxygen of OH (aq) accepts four HBs in a square-
planar arrangement and maintains this coordination, then it
never attains the proper solvation pattern it would need to
receive a proton from a neighboring water molecule. This
conclusion remains even if the hydroxyl hydrogen is able to
donate a HB. Thus, OH™ could be viewed, in this case, as
any simple anion with a tighly bound first solvation shell
[OH +(H,0)4](aq). According to this picture, the only
possible diffusion mechanism involves second solvation shell
changes due to HB fluctuations in the third shell and beyond,
as sketched in panels (j) — (k) — (1) in Figure 2. This implies
that diffusion would mostly occur hydrodynamically via the
vehicular Stokes mechanism, whereas PT and thus structural
diffusion would be unlikely events. Thus, not only is static
hypercoordination insufficient to describe structural diffusion,
it actually hinders the process! We conclude, therefore, that
the hypercoordinated structure must be dynamical, as dis-
cussed in the previous subsection, so that it can devolve to
a lower coordination state by breaking a first-shell HB.

3.5. Experimental Facts versus Virtual Reality

As noted earlier, state-of-the-art computer simulation
techniques provide a window into the microscopic motions
of individual atoms and molecules in a chemical process.
Simulations allow the trajectory of every atom to be followed
in both space and time, much like Maxwell’s Demon, and
thus yield the microscopic details of the resulting structural
diffusion mechanism and underlying solvation shell structures
and their dynamics. In particular, the method of AIMD
simulation, which combines finite-temperature MD with
forces computed “on the fly” from electronic structure
calculations based on density functional theory, is a powerful
approach for investigating these mechanistic questions (see
section 4). By virtue of the Born—Oppenheimer approxima-
tion, AIMD calculations also yield the ground-state electron
distribution at each step of the calculations, thereby allowing
a variety of electronic properties to be computed. Still, any
feasible simulation of such complex processes in the
condensed phase relies on approximations, and indeed,
different simulation protocols have predicted several different
structural diffusion scenarios, including mirror image, dy-
namical hypercoordination, and static hypercoordination
mechanisms, as well as qualitatively different solvation shells
of OH (aq), as reviewed in the previous sections. Current
experiments, on the other hand, are also limited in their
ability to combine sub-Angstrgm resolution in space (such
as provided by diffraction techniques) with subpicosecond
resolution in time (as accessible by ultrafast spectroscopies).
However, by combining state-of-the-art simulation results
with state-of-the-art experimental data, it is possible to sort
out consistent from inconsistent scenarios when using the
full set of data available from experiment; this is the strategy
followed herein.

An early but weak indication of a rather high hydration
number of OH (aq) was reported based on dielectric
relaxation experiments'® of aqueous NaOH solutions, yield-
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ing an extrapolated “effective hydration number” of 5.5 £+
0.5 in the limit of vanishing concentration. However, this
cannot be considered as providing definitive support of
hypercoordination, since it is well-known to be very difficult
to interpret such hydrodynamic solvation numbers in terms
of coordination numbers or hydrogen bonding patterns
obtained from both diffraction experiments and computer
simulations,?!®?!7 as already stressed in ref 135.

Later, a comprehensive series of neutron scattering
experiments'*6 2% of various alkali solutions as a function of
concentration was launched.'®! This systematic investigation
provided strong evidence for the dynamical hypercoordina-
tion predicted earlier in AIMD simulations,!027104.135.178~180
In particular, the data'®® obtained with an aqueous 4.6 M
NaOH solution were found to be compatible with the
presence of hypercoordinated (though nonplanar) hydrogen-
bonded complexes, HyOs™, yielding a first peak at r ~ 2.3
A in the oxygen—oxygen radial distribution function. This
value should be compared to approximately 2.8 A in the
corresponding water—water function of this solution. The
coordination number of the hydroxide ion, obtained by
integrating the radial distribution function, was found to be
3.7 £ 0.3, corresponding to between three and four strongly
bound first neighboring water molecules per hydroxide
oxygen. Note that this coordination number has been revised
to 3.9 £ 0.3 according to ref 197 (see footnote 53 in this
publication) using configurations generated by EPSR instead
of straightforward integration of the radial distribution
function, as had been done previously in ref 196. In addition
to providing evidence for about four accepted water mol-
ecules, the data'®® revealed the presence of a fifth water
molecule that is weakly hydrogen-bonded to the hydroxyl
hydrogen site at an oxygen—oxygen distance between 2.75
and 3.20 A with respect to the OH™ ion. This leads to about
one (1.0 £ 0.2) water molecule at a distance from the
hydroxyl hydrogen site between 1.77 and 2.22 A (see also
ref 199).

The concentration dependence of the solvation shell was
subsequently investigated'®” for NaOH:H,O molar ratios of
1:12 (a concentration of 4.6 M), 1:9, and 1:6 and the high
concentration of 1:3. As expected, the solvation number
decreases from 3.9 + 0.3 tightly bound water molecules for
1:12 and 1:9 solute:solvent molecules to 3.5 + 0.3 and 2.9
4 0.3 when the solute concentration goes up to 1:6 or 1:3,
respectively. However, the spatial distribution functions for
water molecules around the hydroxide remain nearly invari-
ant, thus suggesting that only the population of the hydration
shell changes as a function of concentration, but not its
structure.!®’ Nevertheless, it must be stressed that, based on
this analysis, the four HBs accepted by OH™ are not coplanar.
Most interestingly, when the partial radial distribution
function corresponding to a fifth first shell water molecule
near the hydroxyl hydrogen is integrated, the number of water
molecules obtained remains one at all concentrations studied!
In addition, although this fifth molecule on top of the
hydroxide does not form a typical HB, it nevertheless features
orientational correlations, as quantified by the orientation of
its dipole moment with respect to the O—H axis of the
hydroxide ion. This property is also found to be reproducible
at all concentrations studied'®’ (see also ref 199). In order
to investigate the behavior of a more dilute solution, the
concentration of hydroxide was decreased further using a
2 M NaOH solution. At this molarity, there is about one
OH™ per 28 water molecules,’® confirming and extending
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the trends revealed earlier.'”” At this low concentration, not
only are cations and anions both fully hydrated, but there is
also a sufficient number of water molecules present beyond
the first hydration shell, as confirmed by the data.?®® This
OH ™ :water ratio is close to one OH™ per 31 water molecules,
a ratio commonly used in previous AIMD simulations
(subject to periodic boundary conditions).'®:1027104134135 Ty
addition, a significantly lower concentration of 1:63 (un-
published data, but see Figures 5, 6a, and 7a and Tables 1
and 5 in this review) was investigated in refs 16 and 134
using AIMD. Experimentally, the shape of the hydroxide
hydration shell is again found to be independent of concen-
tration in ref 200; the number of strongly hydrogen-bonded
water molecules increases from 3.9 in the 1:12 and 1:9
solutions'”’ to 4.2, and there is still exactly one additional
weakly bound water molecule beyond this tight shell. As a
result of these observations, it has even been suggested that
the peculiar hypercoordinated solvation pattern of OH ™ (aq)
could be exploited to probe the water dynamics.?®! Finally,
the possible influence of different alkali counterions, in
particular Li*, Nat, and K*, on the hypercoordination of
OH™(aq) was assessed systematically in ref 198 using solute/
solvent concentrations ranging from 1:3 down to 1:12. It was
found that varying the counterion does not affect the overall
shape of both the radial and spatial distribution functions,
thus confirming the earlier conclusions.'?%!%’

More recently, a joint X-ray diffraction and MD study
of aqueous NaOH solutions of varying concentration con-
cluded that traditional molecular dynamics based on standard
OH/water nonpolarizable force fields fail to reproduce the
experimentally determined bulk structure; it is noted here
only in passing that more sophisticated approaches such as
polarizable force fields,'®® the “charged ring” force field,'®®
multistate EVB models,*® and a combination thereof?°® are
more promising in describing OH ™ (aq), vide infra. In stark
contrast, AIMD is found in this study to be a suitable tool
for the detailed interpretation of the hydration sphere of both
the anions and cations as well as the solutions’ bulk structure,
as extracted from X-ray diffraction. In particular, this joint
study supports both hypercoordination of the hydroxide anion
in basic solutions and its ability to also donate a hydrogen
bond via hydration of the hydroxyl hydrogen.'$*

184

In summary, the data extracted from the aforementioned
diffraction experiments'8+1%72% strongly support the picture
that OH ™ (aq) does indeed prefer to accept four HBs. Neutron
diffraction predicts that the respective water molecules are
noncoplanar whereas AIMD predicts a predominantly square-
planar arrangement, as depicted in Figure 4a. In addition,
the diffraction data give clear evidence for a fifth, weak bond
donated by the OH™ hydrogen. Based on these investigations,
ref 198 draws the following conclusion: “It is demonstrated
that the symmetry argument between H* and OH™ [i.e. the
mirror image concept] cannot be used, at least in the liquid
phase at such high concentrations, for determining the
hydroxide hydration shell.” (quoted from ref 198).

In addition to neutron and X-ray diffraction, the most
recent investigations using spectroscopic techniques yield
complementary support of an OH™(aq) solvation shell in the
spirit of dynamical hypercoordination. Fourier transform
infrared (FTIR) spectroscopy of the OD band stemming from
HDO isotopically diluted in H,O was employed to investigate
selected alkali metal hydroxide solutions.?*>?** No evidence
was found for the existence of a stable H;O,™ complex in
these basic solutions, which is consistent with the short-lived
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Figure 5. Radial distribution functions, g(r), of OH (aq) predicted by the dynamical hypercoordination mechanism with reference to all
oxygen atoms (a, top), O* for 10l < 0.1 A (b, center), and O* for 16l = 0.5 A (c, bottom), where thick and thin lines refer to X = O and
X = H partner atoms, respectively; see the caption of Figure 2a and section 5.1 for definitions and labeling conventions. The insets in parts
b and ¢ show the corresponding running coordination numbers, n(r), where the dashed horizontal lines mark the preferred total coordination
numbers of four and five water molecules in the first solvation shell of O* in the active (I0] < 0.1 A) and resting (10l = 0.5 A) states,
respectively. Standard parameter setting, solid lines; half the fictitious electron mass, dotted lines; double the system size, dashed lines.

Based on data from refs 16 and 134.
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Figure 6. Radial distribution functions, g(r), of OH™ (aq) predicted
by the dynamical hypercoordination mechanism of H'O,, for I8] <
0.1 A (a, left) and 16l = 0.5 A (b, right); see caption of Figure 2a
and section 5.1 for definitions and labeling conventions. Left panel
(a): standard parameter setting, solid line; half the fictitious electron
mass, dotted line; double the system size, dashed line. Right panel
(b): standard parameter setting, solid line; classical canonical
ensemble, dotted line; quantum canonical ensemble, dashed line.
Based on data from refs 16, 134, and 135.

transient solvation complex according to the dynamical
hypercoordination mechanism. The existence of a weak
interaction with a single water molecule at the hydrogen site
of OH™, i.e. the donated hydrogen bond by the hydroxyl
hydrogen required in dynamical hypercoordination, was
confirmed by the FTIR spectral data as well.**? Furthermore,
X-ray absorption spectroscopy of aqueous KOH solutions
has been carried out at two concentrations.?** Comparison
between the experimental data and ab initio calculations
suggests that hydroxide exists in a hypercoordinated solvation
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Figure 7. (a, left) Hydrogen bond probability distributions of
OH™ (aq) predicted by the dynamical hypercoordination mechanism
involving O* as acceptor, P(n*), comparing standard parameter
settings (solid line), half the fictitious electron mass (dotted line),
and double the system size (dashed line), all in the classical
microcanonical ensemble. (b, right) Same P(n*) distribution as in
part a but comparing standard (classical microcanonical) parameter
settings (solid line), a classical canonical ensemble (dotted line),
and a quantum canonical ensemble (dashed line). Based on data
from refs 16, 134, and 135.

state with respect to the number of accepted hydrogen bonds;
however, it is clearly spelled out that unambiguous identi-
fication was not possible at that time.?*

The interaction of hydroxide with solvation water was
studied directly using core-level photoelectron emission
spectroscopy in a jet of NaOH and KOH aqueous solution.””
Exploiting the phenomenon of “intermolecular Coulombic
decay” (ICD), it was shown that the hydrated hydroxide
anion behaves very differently from more typical anions such
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Table 1. Diffusion Coefficients in Units of 10~° m%s
(corresponding to units of 107! A%ps) Obtained from the Slopes
of the Mean-Square Displacements Obtained from the
Dynamical Hypercoordination Mechanism Comparing a Larger
System Size N and a Smaller Fictitious Electron Mass u to the
Standard Parameter Setting (N = 31 water molecules and

# = 800 a.u.) Reported in the Second Column®

quantity N = 31/u = 800 N =63 u = 400
Dou- 1.92 1.02 2.53
Dirg™e 0.25
Dy 0.47 0.40 0.48
Dou-/Diys 4.09 2.55 5.27

“Note that the deuterium mass is used for H throughout. The data
Di5fg™¢ are obtained from separate pure bulk water runs (only available
for N = 31 with 4 = 800), and D}’ are obtained from the dynamics
of the tagged “nonsolvation shell water molecules” in the simulations
that include the hydroxide ion defect. Based on data from ref 16.

as the halides F(aq) and Cl™(aq) in terms of solvation-shell
structure. In particular, OH (aq) is capable of transiently
donating a hydrogen bond to surrounding water molecules:
“This is indeed observed experimentally, and directly
confirms that hydration of OH™ involves different types of
hydrogen bonds. No such distinction exists for the halide
anions, which are hydrogen-bond acceptors only. We con-
clude that the resonance spectral structure observed in this
study must be a microscopic signature of the OH (aq)
hydrogen-bond donor.” (quoted from ref 205). Thus, in
agreement with other recent experimental studies of aqueous
hydroxide solutions, the findings in ref 205 support the notion
that the (dynamically hypercoordinated) hydration structure
of OH (aq) cannot be inferred from that of the hydrated
excess proton.””® In particular, “A direct and model-
independent consequence of this interpretation of the unique
spectral features is that it calls for a OH (aq) hydration
pattern similar to the one invoked*® [these references
correspond to refs 16 and 135 in this review] in one of the
two competing mechanisms [i.e. dynamical hypercoordina-
tion according to section 3.3] put forward to explain the
anomalously fast transport of OH™ in aqueous solution.”
(quoted from ref 205); “The alternative transport mechanism
is based on the “proton-hole” concept>?! [these references
correspond to refs 164 and 167 in this review], which treats
the hydroxide ion as a water molecule with a missing proton
and OH™ transport as the mirror image process of proton
structural diffusion. [...] Our findings are not in agreement
with the predictions of the proton-hole concept.” (quoted
from ref 205); and finally, “As noted above, a plethora of
experimental data support the presence of different coexisting
OH™ hydration structures in aqueous solution as demanded
by the first of the OH™ transport mechanisms [i.e. dynamical
hypercoordination according to section 3.3] discussed.”
(quoted from ref 205).

Most recently, femtosecond pump—probe and two-
dimensional IR experiments have been applied in conjunction
with computer simulation to probe the O—H stretch of dilute
HDO in aqueous solutions of NaOD dissolved in heavy
water.?% The solutions range in concentration from 2.6 to
10.6 M NaOD in D,O, which corresponds roughly to the
concentrations used in neutron diffraction experiments, !’ 2%
and the amount of H,O dopant was only about 1 vol %.
These time-resolved experiments®” provide detailed insights
into the lifetime of the intermediate H3;O,  complex,
[HO-++H-++OH]", in basic solution, which is the mirror
image analogue of the HsO," (Zundel) complex, [H,O-*
H--+OH,]", in acidic solution. In particular,’ these “results
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show the fleeting existence of Zundel-like H;O,™ states that
arise in the course of structural diffusion of the hydroxide
ion” (quoted from ref 206) and they furthermore “indicate
that this state exists transiently for 2—3 vibrational periods
during the transfer of the proton” (quoted from ref 206).
Interestingly, based on the accompanying simulations (based
on an empirical valence bond model developed from the
“charged ring” force field model'®), it is suggested that the
collective electric field in the direction of PT is a better order
parameter than coordination numbers for describing the
dynamics of the Zundel-like state. These authors®® also state,
in reference to recent Car—Parrinello calculations,?* “These
simulations found 2 principal time scales that contribute to
the proton transfer rate, a fast time scale of 180 fs that
corresponds to ’proton rattling’ events in which the proton
returns to the original oxygen atom after a series of PT events
within a Zundel-like state, and a slower 1.7-ps process that
acts to gate the formation of Zundel-like configurations (10)
[this reference corresponds to ref 134 in this review]. Given
that the simulations use a fully deuterated bath, the time scale
for proton rattling agrees well with our experimentally
observed value of 110 fs.” (quoted from ref 206). Thus,
vibrational spectroscopy confirms the transient nature of the
Zundel-analogue complex, H;0,~, which accords well with
the presence of a maximum (or saddle-point in higher
dimensions) at 0 ~ 0 on the free energy profile along the
PT coordinate 9, as depicted in the upper left panel of Figure
18 and in Figure 23 (to be discussed in detail at a later stage).
The transient existence of these [HO*+<H++*OH]™ complexes
is a distinct feature of the dynamical hypercoordination
mechanism, as shown in the lower panel of Figure 4. By
contrast, in the mirror image picture, the H;O,™ complex is
predicted to be a stable state in OH (aq), in closer analogy
to the HsO," complex in the H"(aq) system.

At variance with the aforementioned liquid state experi-
ments, microsolvation studies using aqueous hydroxide
clusters paint a different picture. In particular, thermochemi-
cal'® as well as spectroscopic'?>!% studies of small clusters,
OH™ +(H;0), with n < 7 and n < 5, respectively, suggest
only three accepted HBs in the first shell so that additional
water molecules are relegated to the second solvation shell.
At first sight, this appears to agree with the traditional Lewis
picture based on the existence of three lone pairs that accept
one HB each. However, in contradiction with this experi-
mentally deduced cluster scenario and early computational
studies,?'® there is growing theoretical evidence that the
equilibrium structure of the n = 4 cluster, i.e. the global
minimum of the Born—Oppenheimer potential energy sur-
face, might indeed have four accepted molecules in the first
shell. 2112197223 On a cautionary note, it is mentioned that
several investigations?**??> have demonstrated that the minute
total energy differences between the two solvation motifs
of the order of only 0.01—0.1 kcal/mol are quite sensitive
to various computational details. Most interestingly, it has
also been shown, by including zero-point and thermal
motions on the shallow potential energy surface,??>?23226 that
vibrations and entropy can be sufficiently large to expel a
water from the first to the second shell.?'??22223 All this
demonstrates that (quantum—thermal) fluctuations might play
a decisive role in determining the preferred solvation pattern
even in the limit of small clusters at low temperatures.

This phenomenon is substantiated by explicit AIMD
simulations?'! of an isolated OH ™+ (H,O)s cluster at 110 and
220 K where an averaging effect of the two structural motifs
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with four or three accepted HBs in the first shell is observed,
i.e. (4 + 2) and (3 + 3) populations of the (first + second)
solvation shell; see section 6.2 for a thorough discussion of
these revealing simulations. Most interesting, the IR spectra
obtained are temperature dependent, as the lower temperature
spectrum retains a spectroscopic separation between the 4-
fold and 3-fold coordinated OH™ cores. This brings the
experimental and theoretical cluster studies into qualitative
agreement because experiments can never directly probe the
equilibrium structure. In addition, this delicate energy versus
entropy interplay might also explain why precise thermo-
chemical data'® do not support the observation of “magic
numbers” n reported much earlier,'¥ in particular from n =
3 to n = 4; in addition, magic numbers of n = 11 and larger
have been observed'®® by studying OH™ * (H,0),.——so clusters
which were classified to be “...weak and appear most of,
but not all of, the time” (quoted from ref 188). Instead, the
new data'® yield a continuous dissociation energy as a
function of cluster size, while a closing of the first solvation
shell at a magic number of n = 3 was proposed earlier based
on a discontinuous drop of the dissociation enthalpy.'®” Thus,
only the earlier experiment would suggest closure of the first
solvation shell with three water molecules around OH™ and
thus preference of a OH™ «(H,0); cluster with three accepted
HBs.

Apart from these considerations of fluctuation effects, one
could ask at the outset if small- or medium-size clusters,
OH™ +(H;0),, can serve at all as a reliable model for fully
hydrated OH™, i.e. OH (aq), which will be addressed in
section 6.2. In small clusters, additional water molecules
beyond the first shell do not form a HB with the hydroxyl
hydrogen but prefer, instead, to form HBs with first-shell
solvation water molecules.?!!??222* In particular, finite-
temperature AIMD simulations®!! of IR spectra using the
OH™ +(H,0)¢ microsolvation cluster invariably show a free
OH stretch attributable to the hydroxide core. This is clearly
different from the bulk situation, where the existence of a
weak HB donated by the hydroxyl hydrogen is now
experimentally well established.!841967200.202.205

Thus, “We conclude by noting that our observation of a
transient hydrogen bond donated by OH™, in conjunction
with the hypercoordinated structures discerned in neutron
and X-ray diffraction studies of macroscopic OH™ aqueous
solutions!®~'2 [these references correspond to refs 197, 198,
and 184 in this review], suggests a hydroxide solvation
behavior distinctly different from that inferred from spec-
troscopic studies on gas-phase OH™ *(H,0), clusters where
the weak hydrogen-donor bond is unable to form?’ [this
reference corresponds to ref 195 in this review]. This
difference highlights the importance of long-range water-
solvent behavior and also the need for sophisticated experi-
ments in the bulk liquid phase to help formulate and test
detailed descriptions of bulk aqueous solution properties.”
(quoted from ref 205).

Despite all the experimental evidence in favor of dynami-
cal hypercoordination of OH (aq) based on diffraction and
spectroscopy, there is currently no space- and time-resolved
experimental technique available that can resolve all these
issues in molecular detail. Fortunately, there is old electro-
chemical data that can shed light on the controversy from a
very different angle. It is well established! by conductivity
measurements that the mobility of H'(aq), and thus the
derived diffusion coefficient, is significantly larger than that
of OH (aq): 36.23 versus 20.64 x 1078 m%/(s V) at 298 K,
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according tothe datareported inref 1. Using the Nernst—Einstein
equation, these mobilities translate into the well-known
diffusion coefficients for H"(aq) and OH (aq) of 9.31 and
5.30 x 107 m%s, respectively.'??’ Both diffusion coefficients
are anomalously large, since they exceed, by far, those of
typical simple ions in ambient water,' for instance 1.33 and
2.03 x 107 m%s for Na*(aq) and Cl (aq), respectively,
which are known to migrate hydrodynamically via the
vehicular diffusion mechanism. Recalling that the self-
diffusion coefficient of water is 2.26 x 107 m%s, it is evident
that diffusion of OH (aq) is much faster than water self-
diffusion but also slower than H¥*(aq) migration. The
diffusion coefficients for the fully deuterated systems are 7.03
and 3.27 x 107° m?s, respectively, for D"(ag®) and
OD™(ag®) at 301 K*’ (or 6.69 and 3.12 x 107° m?s at 298
K) and 1.86 x 107° m?s for the self-diffusion of D,O at
298 K??822 (see also ref 230).

These data imply that, apart from rather small H/D isotope
effects??837.22% on the diffusion coefficients (i.e., about 1.4,
1.7, and 1.2 for H(aq), OH (aq), and H,O self-diffusion,
respectively), deuteration only reduces the impact of quantum
fluctuations in a quantitative way without altering the basic
qualitative fact that D+ > Dop- > Dy,o. In this context, it is
noted that this H/D isotope effect is more pronounced for
OH (aq) compared to H*(aq). Similarly, the kinetic H/D
isotope effects for PT rate constants k. between H,O and
H;07" and between H,O and OH™ as measured by '’O spin
relaxation NMR are found to be 1.6 &= 0.2 and 2.8 & 0.4 for
k. and k_, respectively, under ambient conditions.?” The same
observation is reported based on isotopic fractionation of H
and D between water and H'(aq) versus OH (aq). The
equilibrium constants for the isotope exchange equilibria H,O
+ H,DO" = HDO + H;0" and H,O + OD~ = HDO +
OH™ are 096 £ 0.02 and 4.21 £ 0.27, respectively,
according to refs 231 and 232. Thus, basic aqueous solutions
feature larger H/D isotope effects when compared to the
acidic case.

As advocated in ref 16, comparing OH (aq)/H'(aq)
diffusion coefficient ratios, in particular for the fully deu-
terated systems, to the corresponding experimental numbers
should provide a robust test for scrutinizing simulated
scenarios qualitatively, irrespective of quantitative deviations.
Although we shall go into greater detail later in section 5.3,
the presolvation concept gives us a preliminary glimpse into
expected trends of the mirror image and dynamical hyper-
coordination mechanisms. Assuming the mirror image mech-
anism, let us consider the case in which OH (aq) favors
3-fold coordination of its oxygen by accepting three HBs
and donates an additional HB via its hydroxyl hydrogen, as
depicted in Figure 2b and suggested in ref 167. This implies
that OH™ would naturally possess a solvation pattern like
that of a bulk water molecule and, as such, would always
be perfectly presolvated and thus primed for PT, as explained
in section 3.2. As a result, ultrafast structural diffusion would
be expected if such a solvation shell pattern held for
OH (aq). Indeed, extremely high PT rates have been
observed in ref 167, which have been confirmed and
quantified in terms of calculated diffusion coefficients
independently in ref 16 using a similar simulation protocol.
For dynamical hypercoordination, on the other hand, the
presolvation concept predicts no PT in the square-planar
majority state HyOs~ sketched in Figure 2e or depicted in
Figure 4a. This resting state must first be activated by
cleaving one of its accepted HBs and strengthening the
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donated HB, as explained in section 3.3. The time needed
to transform the resting HyOs™ complex to the active H;O,™
complex limits the rate of PT and thus structural diffusion.'®
Finally, for static hypercoordination, OH™ always accepts
four HBs at its oxygen site and is, thus, never prepared for
PT according to the presolvation concept (see section 3.4).
This scenario leaves standard hydrodynamic diffusion of such
rigid solvation complexes as the predominant migration
mechanism in water, much like simple anions. As a result,
the presolvation concept predicts in this case a diffusion
coefficient that is smaller than the self-diffusion coefficient
of water.'® These vastly different predictions of diffusion
coefficients and their dependence on the solvation pattern
of OH (aq) will be analyzed carefully later in section 5.3.
The main conclusion to be drawn at this stage is the
following: In light of widely accepted diffusion coefficients!
obtained from conductivity measurements, charge migration
in the mirror image picture is much too fast, and in the static-
hypercoordination picture, it is much too slow.

4. Investigating Structural Diffusion in the
“Virtual Lab”: Techniques and Validation

4.1. Conceptual Approach

As discussed in the previous section, different solvation
patterns and structural diffusion mechanisms for OH™ (aq)
have been proposed based on theoretical considerations and
computer simulations. Even the most advanced current
experiments, on the other hand, cannot yield direct insights
into the molecular details of structural diffusion and charge
migration mechanisms. A promising route to advance this
important field is to confront the aforementioned theoretical
scenarios with solid experimental conclusions aiming at
eradicating all mechanistic models that are inconsistent with
the available data and, hopefully, singling out a scenario that
conforms with all available experimental results. Particularly
valuable will be a comparison of structural diffusion of
OH (aq) versus H'(aq) based on a consistent set of AIMD
simulations that reproduces all proposed mechanisms.

Several AIMD studies of OH™ in ambient water have been
carried Out16,69,102—104,134,135,167,178—180,182,184 l]Sil'lg popular but
different density functionals such as PW91,%3 BLYP,?3+23
and HCTH.?® In addition, these functionals have been used
in a host of studies of associated liquids and solutions in
general, specifically including H"(aq). Although these func-
tionals yield the same structural diffusion mechanism for
H*(aq), they were found to favor different coordination states
for OH™ in water and, as a result, distinct structural diffusion
mechanisms. The particular selection of electronic structure
methods, therefore, permits one to examine how the transport
mechanism changes when different solvation shell structures
dominate over others, allowing the presolvation concept'®
to be used to explain these experiments in a kind of “virtual
lab”.2%” We have employed this strategy previously'®'** and
review the results here. In addition, we performed analogous
simulations of bulk water and H*(aq) mainly to extract
diffusion coefficient ratios for all functionals'® and to
compare the proton transport kinetics'** of H*(aq) to the
various scenarios proposed for OH (aq). Such an extensive
data set is a prerequisite to carry out a comprehensive and
comparative analysis of the respective structural, dynamical,
kinetic, and diffusive properties obtained by the different
scenarios.
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4.2. Electronic Structure Methods

The functionals employed belong to the family of semilo-
cal density functionals that are obtained within the general-
ized gradient approximation (GGA). BLYP has been used
successfully in many AIMD studies of HB systems such as
liquid water,*®"2* including protonated water clusters,?*
methanol,>*%**7 and ammonia,?*® 2> among a plethora of
others. Both BLYP and PW91, which are derived from very
different density functional design strategies, were used in
recent OH ™ (aq) studies (refs 16, 69, 134, 135, 178—180, 182,
and 184 and ref 167, respectively). The PBE*! and revPBE>?
functionals, which were also used previously for this
system,'®” are very similar to PW91, since they belong to
the same density functional family, so that they are not
considered further; note that revPBE®? has been abbreviated
rPBE in ref 167 and that a further PBE modification,
commonly denoted as RPBE,*? was also tested for liquid
water.”>* Finally, the third functional, HCTH, represents yet
another family of functionals and is known to describe liquid
water quite well 236240

Based on AIMD simulations of neat liquid water using
such GGAs, it appears that temperature can have a pro-
nounced effect on its dynamical properties in the relevant
temperature range®*%>3~25 whereas (radial) structure seems
to be affected much less. In particular, the computed self-
diffusion coefficient of bulk water as a function of temper-
ature is found to compare well with the experimental
results,?>>?3¢ but only if the temperature is scaled down by
about 20—30%; the system size effect on this quantity is
found to be marginal within the range of 32, 64, and 128
H,O molecules®® employed. However, it has also been
suggested that basis-set truncation errors can have a signifi-
cant effect on the structure?® and dynamics®’ of water within
the AIMD scheme. In light of these results, the present study
will focus on comparative analyses. In particular, diffusion
coefficient ratios at a given temperature are computed and
compared to the experimental ratios. Taking the ratio, any
temperature shift that might exist will largely cancel out in
small temperature intervals, as can be seen when assuming,
for instance, a simple activated process scenario, i.e. Dx(T)
= D% exp[—Ex/kgT], where E% is the activation energy, in
order to approximate the temperature dependence of diffusion
coefficients in aqueous solutions® for a given species X.
Furthermore, it has been shown that defects in the HB
network topology help to activate self-diffusion to such an
extent that the diffusion coefficient is mainly determined by
the network topology, with the actual temperature becoming
a secondary influence.?® In the present study, there is always
an excess charge defect present which disturbs the surround-
ing HB network sufficiently, and hence, an overall enhanced
diffusivity can be expected.

4.3. Simulation Techniques and Protocol

All data underlying the discussion of the following sections stem
from a series of previous AIMD simulations'®!20:122 134135178261 tha¢
have been performed consistently during the last ten years using
the efficient Car—Parrinello technique®® (see refs 263—266
for a monograph, Lecture Notes, and reviews) as imple-
mented in the CPMD package.?®” The excess charge due to
the defect was compensated by the well-established uniform
background method,**?%* and a 9.865 A periodic cubic
supercell with one OH™ (or H") ion and 31 (or 32) water
molecules has been typically used in the liquid phase (apart
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from reference simulations using 63 water molecules and
simulations including counterions as specified further below).
The electronic structure was represented within plane wave/
pseudopotential Kohn—Sham density functional theory.?63~266
In all simulations, the core electrons were treated via atomic
pseudopotentials. For the BLYP and HCTH functionals,
Troullier—Martins norm-conserving pseudopotentials®®*® with
a cutoff of 70 Ry were used. The PW91 simulations
employed Vanderbilt’s ultrasoft pseudopotentials?*-*"" at 30
Ry to be consistent with previous PW91 simulations'®’ that
also used this pseudopotential type (in addition to employing
the closely related projector augmented wave (PAW)
scheme?’! for the PBE and revPBE runs, vide ante). The
fictitious electron mass was ¢ = 800 au, and the mass of
deuterium was used throughout (except in ab initio path
integral calculations and apart from reference simulations
using 4 = 400 au to be discussed below) with a 5 au time
step. The deuterium mass is used for well-known technical
reasons;?%326* however, the light isotope nomenclature, i.e.
“proton”, “hydrogen”, “OH”, “H,O”, etc., will be used
throughout this paper.

It is stressed again, in view of recent and ongoing
discussions and claims in the literature,'2%-167-211:255.272=274 tha¢
properly performed Car—Parrinello simulations, in the sense
of establishing both adiabaticity and energy conservation
throughout the runs, as intrinsically required by the algo-
rithm?” (see also refs 263—266), yield, within the statistical
error bars, the same structural results as (i) Car—Parrinello
runs with very small fictitious electron masses, (ii) iterative
Born—Oppenheimer molecular dynamics, and (iii) ab initio
Monte Carlo simulations, as convincingly demonstrated for
bulk water.?3%?4127¢ Fyrthermore, the OH (aq) simulation
results of ref 167 obtained from Born—Oppenheimer AIMD
have been consistently reproduced in refs 16 and 134 using
the Car—Parrinello approach to AIMD, as employed
earlier' 27104135178 and outlined in this review. Importantly,
this implies that the qualitatively different OH ™ (aq) solvation
and charge migration scenarios found in ref 135 versus ref
167 should not be traced back to differences in Born—
Oppenheimer and extended Lagrangian (i.e., Car—Parrinello)
AIMD propagation techniques, as alluded to in refs 167 and
211. Clearly, in Car—Parrinello propagation, dynamical
properties are renormalized due to “dressing” the moving
nuclei by the additional inertia of the orbitals that must be
dragged along their trajectories’’”*"! (see ref 263 for a
thorough discussion). This phenomenon is known to lead to
a systematic red-shift of vibrational frequencies and thus of
bands in IR spectra (see e.g. section 2.4.3 in ref 264 for a
discussion and, for example, refs 278 and 279 for early
applications of a simple correction scheme proposed earlier
in ref 271).

Various technical aspects of performing proper AIMD
propagation and sampling have been addressed in detail in
a recent monographz"3 (see, in particular, sections 2.4.3—2.4.5,
2.4.9, 2.5, and 2.6 of ref 263) and thus are not reviewed
here. These simulation issues, however, must be kept distinct
from any systematic errors that are introduced by using
nonexact electronic structure methods, which is the case in
all AIMD simulations, which necessarily rely on approximate
density functional or wave function based levels of electronic
structure theory. The effects of the particular choice of the
density functional on both static and dynamic properties of
liquid water have been analyzed systematically in many
papers (see, e.g., refs 238, 240, 242, and 244), and in
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addition, temperature shifts?**25"257276 due to using an
approximate functional and artifacts arising from incomplete
basis sets®*?* have been quantified.

Because of the importance of preparing proper initial
conditions that are representative of the equilibrium distribu-
tion and, therefore, allowing proper sampling of phase space
in the rather short times accessible to AIMD simulations,
we pause briefly to discuss this issue. In particular, an
improperly prepared initial configuration can lead to artificial
trapping of charge defects, and the latter can very easily self-
localize in a medium with a high dielectric constant, thereby
leading to nondiffusive behavior. Indeed, trapping of H*(aq)
defects in AIMD simulations has been reported in the
literature.?”* Here, the systems on which most of the reported
data'®'3* are based were taken from the final stages of long
quantum simulations using the same simulation protocol, i.e.
refs 120 and 135 for H*(aq) and OH (aq), respectively.
These runs had, themselves, been initialized using the final
configurations from the pioneering classical AIMD simula-
tions'271% of both H*(aq) and OH (aq). Importantly, the
simulations reported in refs 120 and 135 have been run with
so-called “massive” Nosé—Hoover chain thermostats?* that
are coupled separately to all available nuclear degrees of
freedom, in addition to thermostatting the electrons, in order
to thermalize the systems most efficiently. Hence, the initial
configurations used in refs 16 and 134 constitute perhaps
the most thoroughly equilibrated of any configuration ever
used in an AIMD calculation of OH ™ (aq) and H'(aq) to date.
In addition, these microcanonical AIMD simulations'®'3*
used for dynamical analyses add up for a total of about half
a nanosecond of AIMD simulation time.

4.4. Quantum Effects via Ab Initio Path Integrals

Quantum effects such as zero-point motion and tunneling
potentially play an important role in hydrogen-bonded
systems, since they involve light atoms such as hydrogen or
deuterium.'® Nuclear quantum effects in chemically complex
molecular systems such as charge defects in the three-
dimensional HB network of aqueous solutions can be
accounted for within the framework of ab initio path
integrals.'” This technique'®~'*? is a unification of the
efficient Car—Parrinello AIMD approach®®? and state-of-the-
art path integral molecular dynamics®®' as implemented in
the CPMD package.?63264267 Only a few aspects need to be
addressed here, since applications of ab initio path integrals
in the realm of HB systems are in widespread use to study
liquids, 217213 solids, 285 molecules,’®"** and clusters,?"2%8
and have been a specific focus of a recent review,'? whereas
technical issues have been discussed in ample detail in refs
263 and 264. Important in the context of discussing structural
diffusion and kinetics is the caveat that it is currently only
possible to compute structural properties in the condensed
phase rigorously via ab initio path integrals. The problem
of computing dynamical properties from path integral
formulations of quantum time-correlation functions, although
unsolved as yet, is an active area of research in the
framework of approximate methods.'*!*? For this reason, the
analysis of nuclear quantum effects in aqueous systems using
ab initio path integrals is restricted to distribution functions
and free energy profiles as reported in refs 122, 135, and
261.

In these pioneering quantum simulation studies of both
H*(aq)'?*!22 and OH ™ (aq),!* where all degrees of freedom
were treated quantum-mechanically, the electrons were kept
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in their instantaneous ground-state (within the framework
of the Born—Oppenheimer approximation and the Car—
Parrinello propagation scheme) using the BLYP functional,
whereas the nuclei moved at the specified physical temper-
ature. The system size was again one OH™ defect solvated
by 31 water molecules (or one H" and 32 waters), the
canonical ensemble was established at 300 K using massive
Nosé—Hoover chain thermostats?*? of length three attached
separately to each Cartesian degree of freedom, and the
Trotter discretization?®*2%* was eight beads for the quantum
runs. Sampling efficiency was enhanced via the staging or
normal mode formulations of path integral molecular dynam-
ics.?8! These schemes involve transformations of the primitive
Cartesian variables to mode (staging or normal) variables
and an adjustment of the fictitious bead masses so that all
modes have the same fundamental frequency and move on
the same time scale. In addition, the fictitious orbital motion
was thermostatted to a fictitious kinetic energy of the
electrons of 0.01 au using a separate Nosé—Hoover chain
thermostat on the Kohn—Sham orbitals for each Trotter
discretization and a chain length of three. In order to assess
the quantum effects most directly, analogous Car—Parrinello
simulations using classical nuclei with the masses of H and
O atoms were also performed in the canonical ensemble at
300 K. Apart from this difference in ensembles and the use
of the physical isotope mass for both H and O, the technical
details of these reference simulations considered in section
6 (published in refs 120, 122, and 135) are similar to the
microcanonical simulations described in section 4.3, which
constitute the main body of data underlying this review.
These consistent data sets allow one to compare in a
meaningful way the behavior of OH (aq) to H*(aq) on equal
footing as far as structures and free energies as well as
quantum and ensemble effects are concerned, which will be
the focus of section 6.1. Furthermore, there are also consistent
ab initio path integral data from gas phase studies of both
OH - (H,0) and H;0"+(H,0) solvation complexes at 300
K available’! which will be compared directly to the
corresponding condensed phase data'?*!2%!3 in section 6.2,
thus addressing some aspects of microsolvation versus bulk
solvation.

4.5. Computing Infrared Spectra

The IR spectra in section 6.3 are computed within linear
response theory from the Fourier transform of the dipole—
dipole autocorrelation function. The corresponding linear
absorption coefficient a(v) at frequency v is obtained via

27ty tanh(Bhav)

o) = 3hcVn(v)e,

S5 de I - NIQO) +
M) - M(HO (1)

where M(7) is the total dipole moment operator, c is the speed
of light, V is the system volume, & is the vacuum permit-
tivity, n(v) is the index of refraction, and 27v = w. In
practice, no satisfactory methods exist for computing the fully
quantum-mechanical dipole—dipole correlation function, and
it is necessary to resort to classical approximations. In the
present study, the following approximation has been used

_ 2w tanh(Bhav)

© 2mivt .
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where the quantum correlation function has been replaced
by the classical one but tanh(SAzv) has been retained as an
approximate quantum correction, although we note that more
sophisticated quantum correction schemes exist.?3722 An
advantage of AIMD is the direct availability of the electronic
component of the dipole moment from the electronic
structure. Due to the use of periodic boundary conditions,
this component is computed using the Berry phase ap-
proach,?®32% according to which the electronic component
of the dipole moment in a cubic supercell at the I'-point of
the Brillouin zone is given by

M = —%Im In det(R™) 3)

elec

where v indexes the three spatial components, and R? is a
matrix given by

RE}/) — @ilefl*tiry/LleD 4)

where {ly;[] are the Kohn—Sham orbitals and r, = x, y, z.
The spectra presented in section 6.3 were obtained from
carefully equilibrated (using Nosé—Hoover chain thermo-
statting?®®) microcanonical NVE AIMD simulations!”® of
aqueous KOH solutions at 1.5 and 13 M concentration
(obtained from 1 dissociated KOH with 32 water molecules
and 8 dissociated KOHs with 27 waters, respectively, in
periodic supercells) using the BLYP functional. The fictitious
electron mass was 600 au, and the mass of deuterium was
used for hydrogen, as is customary, both of which induce
systematic shifts in the IR spectra, as explained in section
4.3. The Fourier inversion according to eq 2 was ac-
complished using maximum entropy methods. However,
more recently, the use of orbital localization techniques®>~2%7
has yielded simpler and more efficient schemes for obtaining
the correlation functions and corresponding spectra.

4.6. Estimating Systematic Errors: System Size,
Fictitious Electron Mass, Ensembles, Quantum
Effects, Counterions, and Concentration

When using ab initio computer simulations, checks on (i)
system size, (ii) fictitious electron mass parameter, (iii)
statistical-mechanical ensemble differences, (iv) quantum-
mechanical fluctuations, (v) counterions, and (vi) defect
concentration are necessary in order to estimate the system-
atic errors introduced by using (i) a certain number of solvent
molecules, (ii) a certain finite mass parameter, (iii) micro-
canonical versus canonical sampling, (iv) the classical
approximation to nuclear motion, (v) no counterions, and
(vi) a single charge defect, that underly the generation of
the primary source of AIMD data. The first point is necessary
in order to probe whether the solvation shell structure is
qualitatively affected by the number of solvent molecules
used in the simulations according to the so-called ““standard
setup”, as defined in section 4.3. The second issue, whether
the fictitious electron mass parameter’®> 2% had been chosen
sufficiently small in previous Car—Parrinello simulations,
was questioned in the recent literature?>>2"” (and reiterated
in refs 129, 272, and 274). However, the issue was refuted
shortly thereafter.?3%24276 Nevertheless, this technical aspect
of Car—Parrinello simulations was suggested'®®!¢” as a
possible reason for the qualitative disagreement between
various AIMD studies of OH™(aq) that used slightly different
protocols (see refs 16, 69, 103, 104, 134, 135, 178—180,
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182, and 184 versus ref 167). The third check concerns
proper and efficient statistical ensemble sampling. For the
canonical ensemble, the “massive” Nosé—Hoover chain
thermostatting method has been shown to improve sampling
efficiency.?!"*® Only when explicit dynamical properties
(kinetics, IR spectra, ...) are sought should the microcanonical
ensemble be employed. Fourth, quantum effects due to the
light hydrogens have been shown to play some role in
structural diffusion in both acidic'?*!?? and basic'* solutions.
Fifth, all experiments necessarily include counterions whereas
the standard simulations are carried out using a uniform,
compensating charge background, as is usually done in such
cases.?®*264 Finally, current diffraction and spectroscopic
experiments are typically performed at fairly high acid or
base concentrations (up to solute/solvent ratios of 1:3),
whereas about 1:30 is used in the standard simulations.

All of these cross-checks will be carried out for the most
important combination of system and setup: OH (aq) with
the BLYP functional using classical nuclei (with the deute-
rium mass for H) in the microcanonical ensemble. In order
to check the influence of system size, the number N of
molecules has been doubled from 31 water molecules to 63
H,O0, both hosting one OH™ defect and subject to periodic
boundary conditions using a cubic supercell. Note that this
also amounts to decreasing the concentration of the solution,
since there is still only one negative excess charge in the
large system. Second, the fictitious electron mass u needed
in Car—Parrinello propagation®®*?”> has been decreased to
half its value, i.e. from 800 to 400 au, still using the
deuterium mass for hydrogen but a time step of only 3 au to
ensure proper integration of the Car—Parrinello equations
of motion (see refs 263—266).

A gross comparison is already obtained at the level of the
total radial distribution functions, goo(r) and gou(r). They
are depicted in Figure 5a for the standard setup used to
investigate the dynamical hypercoordination scenario, as well
as for the benchmark simulations using a large system and
a small electron mass. The peak positions are essentially
identical, and the intensities, i.e. the heights of the peaks,
are very similar considering the expected statistical errors
of such simulations. The same conclusion is drawn from the
refined radial analysis around the OH™ (aq) charge defect O*
in the two limits, 10l < 0.1 A and 16l = 0.5 A in parts b and
c, that analyze the OH (aq) environment in both the active
and resting states, respectively, as sketched in Figure 2g and
e and depicted in the bottom and top panels of Figure 4,
respectively. Most importantly, the preferred solvation
number of the two limiting complexes, i.e. the plateau value
of the running coordination number shown in the insets of
panels b and c, is virtually identical for the three parameters
choices. This is also supported by both the radial distribution
functions of the HB donor site, gio, (r) shown in Figure 6a
for the active state, and the HB probability distribution
function P(n*) involving O* as an acceptor presented in
Figure 7.

Beyond their impact on structure, the effect of the standard
choice of N and ¢ on dynamic properties must be investigated
as well. Here, their influence on diffusion coefficients is
presented, while relaxation times and rates will be examined
in more detail in sections 5.5 and 5.6. It is seen from the
data in Table 1 that changing either the system size or the
fictitious electron mass parameter by a factor of 2 changes
the ratio of the diffusion coefficient of OH (aq) versus the
approximate self-diffusion coefficient of water from about
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Figure 8. Radial distribution functions, g(r), of OH™(aq) obtained
from the dynamical hypercoordination mechanism of H'O,, for 10!
< 0.1 A (a, left) and 16l = 0.5 A (b, right) using the (standard)
classical microcanonical ensemble (solid), the classical canonical
ensemble (dotted), and the quantum canonical ensemble (dashed);
see caption of Figure 2a and section 5.1 for definitions and labeling
conventions. Based on data from refs 16, 134, and 135.

Dou-/Diti5 =~ 4 to about 3 and 5, respectively. Thus, the
same qualitative picture is obtained with the refined param-
eters as with the standard setup. Note that the former has a
significantly more substantial associated computational over-
head. Similarly, using a new kinetics analysis framework'**
(see section 5.5), relaxation times and PT rates have been
compared for OH (aq) within the dynamical hypercoordi-
nation mechanism. The comparison ultimately leads to the
same conclusion, that is, that the standard protocol yields
qualitatively reliable predictions of the dynamics.

Concerning the comparison of ensemble choice and
classical versus quantum effects, it is noted that ref 135
reports canonical classical and quantum results for OH (aq),
while refs 16 and 134 report microcanonical simulation data.
The pertinent canonical simulation protocol is summarized
in section 4.4; it is only reiterated here that the system size
was again one OH™ in 31 H,O and that the physical H and
O masses have been used for H and O atoms in both the
quantum and classical canonical simulations. The effect of
switching from the classical microcanonical NVE to the
classical canonical NVT ensemble, where sampling is much
more efficient, is found to be negligibly small, as demon-
strated in Figure 8. The figure shows a comparison of radial
distribution functions gy (r) of the HB donor site for the
dynamical hypercoordination mechanism. The same conclu-
sion is obtained from the respective probability distribution
function P(n*) involving O* of OH (aq) as HB acceptor, as
demonstrated by Figure 7b. It will be shown that quantum
fluctuations, (iv), do not dramatically affect the local struc-
tures relevant to charge migration in aqueous systems but
do influence PT free energies.'>'?*1?2135 This important
aspect, however, will not be discussed in this largely
technical section. Rather, it will be taken up in section 6.1
in conjunction with a detailed comparison of the impact
nuclear quantum effects have on PT in OH (aq) and in
H"(aq).

Issues (v) and (vi) above, i.e. neglect of countercation
effects and use of a single OH™ in a periodic box of 31 water
molecules, will be scrutinized in section 6.3 with respect to
data obtained from a 1.5 M aqueous KOH solution;'”® note
that one OH™ in 31 H,O molecules corresponds to a
concentration of about 1.5 M. In a nutshell, detailed analyses
in section 6.3 will show that including the counterion K,
as is present in any experiment, affects neither the solvation
shell structure nor the PT free energy of the dynamical
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hypercoordination mechanism at any significant level in
comparison to the standard approach.

Clearly, the crux of all these cross-checks in terms of
structure, dynamics, and free energies is that the “standard”
simulation method, setup, and protocol are sufficient to
provide reliable data for involved analyses which can be
directly confronted with experimental conclusions.

5. From Solvation Shell Structure to Diffusion
and Kinetics: Scrutinizing the Different
Mechanisms

5.1. Preliminaries

Several independent analysis approaches will be presented
in order to investigate in molecular detail the implications
of three different charge migration mechanisms discussed
in the literature. As noted in section 3, these mechanisms
could be derived within the unifying presolvation concept,
which was summarized in section 2 using H*(aq) as its
showcase example. Fortunately, as explained in section 4,
the three OH (aq) mechanisms can be ‘“generated” with
AIMD by using different density functionals; in particular,
the well-known PW91 functional yields a traditional mirror
image mechanism, BLYP predicts dynamical hypercoordi-
nation, whereas the HCTH functional leads to static hyper-
coordination. This allows us to dissect the various mecha-
nistic proposals from section 3 in the sense of a “virtual lab
approach”® to the structural diffusion question, with the
ultimate aim of judging the different scenarios based on
numerous recent experiments (as reviewed in section 3.5).

Here, we give a brief summary of the analysis to be
performed. First, those properties of each mechanism that
are intimately related to the structure of the solvation shell,
including the coordination patterns of OH ™ (aq) in equilibrium
and close to PT events, will be discussed in section 5.2.
Second, the diffusion properties are investigated in section
5.3 with the aim of determining how the diffusion coefficient
of OH™ in water compares to that of H;O" and to the self-
diffusion of H,O. Here, we stress again that only perdeu-
terated systems are considered for the reasons given in
section 4 (see also the experimental data presented in sec-
tion 3.5). Third, the three qualitatively different OH (aq)
diffusion mechanisms sketched out in Figure 2 are extracted
in molecular detail from these AIMD simulations in section
5.4. Fourth, the kinetics of PT and structural diffusion of
OH™ are quantified in terms of a set of population time-
correlation functions in section 5.5 and connected to the
derived mechanistic pictures with the aid of various lifetimes,
rates, and relaxation times. Fifth, the rotational relaxation
time of OH (aq) relative to that of the water molecules
themselves is computed for the three different scenarios and
compared to recent experimental data in section 5.6. Sixth,
the importance and possible implications of quantum effects
and microsolvation on both OH (aq) and H'(aq) are ad-
dressed in sections 6.1 and 6.2, respectively. Finally, the
possible effects of counterions and increased concentration
on the dynamical hypercoordination mechanism for OH (aq)
are discussed in section 6.3.

As a result of these comparisons, the dynamical hyper-
coordination mechanism can be singled out as predicting
structural and dynamical properties of aqueous basic solu-
tions that are consistent with experimental data.
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In order to locate, follow, and analyze the OH™ charge
defect in the HB network, which is designated (O*H')™ for
this purpose, the respective oxygen O* and the covalently
bound hydrogen H' must be identified for each configuration
in the trajectories that are generated by the AIMD simulations
(see Figure 2a for the labeling scheme used). Note that H'
can, in principle, donate a HB to a nearby water molecule,
i.e. schematically [O*H'+++OH,]". For each HB involving
O*, a displacement coordinate, 6 = Ro,n—Ro,u, is defined,
where Ro i and Ry are the distances between the shared
proton and the two oxygens. A small value of [0l indicates
a propensity for PT, and a PT coordinate O is defined in
each configuration by selecting the HB with the smallest [0]
value. This particular HB, i.e. schematically O*++-H*O, is
considered to be the “most active” HB or the most likely
HB to experience PT,'?*!35 and the water molecule with O
as its oxygen has a propensity for donating the proton H*
upon transfer; note that, in the case of charge defects in acidic
solution and thus in H'(aq) diffusion, H* is the excess proton
that is covalently bound to O%*, i.e. schematically O*H*---O,
so that O is the proton-receiving oxygen. Thus, the PT
coordinate is given by 0 = Rowy+—Rpp+ and Rog = Rosg is
the oxygen—oxygen distance of the most active HB. Separate
consideration of instantaneous complexes with small and
large values of 19l allows analysis of the local structural
changes during PT. Here we have chosen 10l = 0.5 A and
10l < 0.1 A to filter out, respectively, those configurations
corresponding to the equilibrium state and those close to PT
events. Finally, unspecified (solvent) water molecules are
designated by O,, and H,,.

5.2. Solvation Shell Structures

A general picture of the OH™ solvation shell in bulk
solution is provided by the O*O,, and O*H,, radial distribu-
tion functions obtained for all three mechanisms, which, as
shown in the insets of Figure 9, turn out to be quite similar.
In particular, all mechanisms yield the expected contraction
of the first solvation shell around the defect with respect to
the average O,,—O,, distance in pure bulk water,*%237240 jn
qualitative agreement with neutron diffraction.'”® However,
this contraction effect is clearly more pronounced for mirror
image solvation than for hypercoordination. The running
coordination numbers of O*O,, (and O*H,,) yield 4.2, 4.8,
and 4.7 (and 3.5, 4.0, and 4.0) at the first minimum for mirror
image solvation, dynamical hypercoordination, and static
hypercoordination, respectively. This analysis is refined in
the main panels of Figure 9 by investigating the HBs
involving H' separately for configurations close to PT events
(18] < 0.1 A) and in the opposite limit of strongly bound
OH™ units (16l = 0.5 A). It is crucial to observe that the HB
donated by the charge defect, that is H'++-O,, is always
present in the case of mirror image solvation, irrespective
of the dynamical situation. This is revealed by a pronounced
peak that is present around 1.8—2.0 A in borh O-limits
according to Figure 9. In contrast, in the dynamical hyper-
coordination picture, the H' HB is most pronounced for small
l0l, whereas the peak degenerates into a broad plateau for
large 191.

For all three mechanisms, the most probable number of
HBs donated by H' (not shown) is unity, with only slightly
different average H' coordination numbers [#'Clof about 0.67,
0.72, and 0.61 for mirror image, dynamical, and static
hypercoordination, respectively; note the accidental inter-
change of the PW91 and BLYP numbers reported in ref 16.
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Figure 9. Radial distribution functions, g(r), of OH (aq) of H'O,,
obtained from the traditional mirror image mechanism (a, top), the
dynamical hypercoordination mechanism (b, center), and the static
hypercoordination mechanism (c, bottom) for 16l < 0.1 A (solid)
and 10l = 0.5 A (dashed); see caption of Figure 2a and section 5.1
for definitions and labeling conventions. The insets show the
corresponding full O*0O,, and O*H,, (including the H' hydrogen)
radial distribution functions as solid and dashed lines, respectively.
Reprinted with permission from ref 16. Copyright 2006 American
Chemical Society.
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Figure 10. (a, left) Hydrogen bond probability distributions of
OH (aq) involving O* as acceptor, P(n*), obtained from the
traditional mirror image mechanism (squares, dashed), the dynami-
cal hypercoordination mechanism (circles, solid), and the static
hypercoordination mechanism (diamonds, dotted). (b, right) Weighted
O* coordination number (see text) as a function of 10l, nE(Idl),
obtained from the traditional mirror image mechanism (squares,
dashed), the dynamical hypercoordination mechanism (circles,
solid), and the static hypercoordination mechanism (diamonds,
dotted); here|6|<OlA 0.1i <10l < 0.1G + 1),i = 1—4, and
10l = 0.5 A. The linear connections between the data points only
serve as an optical guideline. Based on data from refs 16 and 134.

This implies that the time-averaged H' coordination is quite
similar in all mechanisms, and thus, the H' coordination must
vary in time in view of the different small and large d-limits
evidenced by Figure 9. Importantly, the number of accepted
HBs, i.e. the O* coordination number, differs qualitatively
according to Figure 10a. In the case of the mirror image
scenario, the most probable state is that with three accepted
waters, whereas both dynamical and static hypercoordination
favor 4-fold coordination; the average coordination numbers
(A*[are 3.5, 4.0, and 4.0 for mirror image, dynamical, and
static hypercoordination, respectively. This qualitative dif-
ference of the O* solvation is analyzed in more detail in
Figure 10b using an O* coordination number 7r(10l) that is
plotted as a function of the PT coordinate 16| and weighted
by the fraction of configurations that contribute to each 16l-

Marx et al.

t(ps)

Figure 11. Mean-square displacement of O* for OH™ (solid) or
for H;O" (dashed) and of O,, for H,O (circles) from H'(aq),
OH™(aq), and pure water simulations as a function of time, MSD(7),
obtained from the traditional mirror image mechanism (a, top), the
dynamical hypercoordination mechanism (b, center), and the static
hypercoordination mechanism (c, bottom); the inset in part a covers
the full y-range needed in order to display the maximum value of
MSD(#2x) =~ 100 A? reached for PW91 at the end of an 8 ps time
window. Water self-diffusion is obtained from independent bulk
simulations; note that the deuterium mass is used for H throughout.
Reprinted with permission from ref 16. Copyright 2006 American
Chemical Society.

window. For dynamical hypercoordination, n#(ldl) is at its
largest far from PT events (16l > 0) and decreases signifi-
cantly close to PT, i.e. as 16l — 0, signifying that there is a
clear change in the coordination number when the proton is
transferred and that the low-coordination intermediate states
visited during PT are only visited transiently. In stark
contrast, n£(10l) does not vary much along 6! within the
mirror image scenario, implying that the number of accepted
HBs by O* is essentially independent of PT; note that n¥(Idl
~ 0) even exceeds n¥(I0l > 0) according to this scenario.

The data in Figures 9 and 10, capture three distinctly
different solvation patterns that have been proposed in the
literature and thus lie at the heart of the controversy. This
rich database allows one to perform a “virtual experiment”’>*’
to test each mechanistic scenario: classic Lewis-type 3-fold
coordination of O*, dynamical hypercoordination, and static
hypercoordination. As will be shown in the following, these
quite subtle changes in the solvation shell structure will result
in vastly different charge migration dynamics and kinetics.

Before proceeding, let us stress that the H' <<+ O,, HB exists
in all three charge migration scenarios, although with slightly
different characteristics. This implies that there is no
theoretical basis to mechanism pictures that do not take this
HB into account. Moreover, the existence of the H'++-O,,
HB calls into question the reliability of small microsolvated
clusters, which involve only accepted HBs, as models for
the bulk solvation and transport of OH ™ (aq) in basic solution
(see sections 3.5 and 6.2).

5.3. Structural Diffusion versus Self-Diffusion

The mean-square displacements in Figure 11 demonstrate
that in all three cases an astonishingly similar behavior for
both water self-diffusion and proton structural diffusion is
observed. Note that, in order to compute the mean-square
displacement, not only is the minimum image convention
not applied to the calculation of a distance Ir,(#) — r;(0)l, but
also any proton transfer events that occur across the periodic
boundary must be “unfolded” by explicitly translating the
position of O* by a box length in the appropriate direction.
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Table 2. Diffusion Coefficients in Units of 10~ m%s (i.e. 107!
A?/ps) Obtained from the Slopes of the Mean-Square
Displacements Shown in Figure 11 Obtained from the
Traditional Mirror Image Mechanism (MIM), the Dynamical
Hypercoordination Mechanism (DHM), and the Static
Hypercoordination Mechanism (SHM)“

quantity MIM DHM SHM experiment
Doy~ 18.5 1.92 0.44 3.12
Dy+ 3.24 2.83 3.25 6.69
Dy,0 0.30 0.25 0.64 1.86
Doy-/Dy+ 5.88 0.68 0.14 0.47

“ Water self-diffusion is obtained from corresponding separate bulk
simulations; note that the deuterium mass is used for H throughout
and that the reported experimental data®”2?%22% are those of the fully
deuterated systems as well. Based on data from ref 16.

In addition, note that, in stark contrast to recently published
results on H'(aq) diffusion,?’* the simulation protocol used
here clearly leads to diffusive motion of the charge defect
in all cases studied, as the figure demonstrates (see section
4 and ref 16 for original data). A similar conclusion has been
drawn in ref 69 based on investigating the mean-square
displacement of the hydroxide as a function of time (see
Figure S1 in the Supporting Information of ref 69).

For OH (aq), on the other hand, dramatic qualitative
differences are readily observed. The dynamical hypercoor-
dination scenario predicts a mean-square displacement with
a smaller slope in the linear regime than that of H*(aq) but
larger than that of pure water. Within static hypercoordina-
tion, the structural diffusion of H'(aq) exceeds that of
OH™(aq), but the latter is of the same magnitude (or even
slightly slower) than water self-diffusion. Finally, OH™ (aq)
structural diffusion according to the mirror image mechanism
is found to be exceedingly fast, in agreement with previous
simulations and conclusions'¢’ obtained within this scenario.
As Figure 11 (top panel) indicates, OH (aq) diffusion
overshoots that of H'(aq) by a considerable amount. This
phenomenon becomes particularly evident when examined
on an appropriate scale (see inset in the top panel of Figure
11).

Keeping in mind known difficulties in obtaining accurate
absolute values for diffusion coefficients from such relatively
short simulations and small system sizes, one should compare
their ratios to experimental data, as argued in section 4; note
that the deuterium mass is used for H throughout. Exp-
erimentally,'72272%0 jt is well established that H(aq)
structural diffusion is the fastest diffusion process in ambient
water, followed by OH ™ (aq) structural diffusion and finally
by water self-diffusion (see section 3.5). In particular,
migration of H*(aq) is more than two times faster than that
of OH (aq) for the perdeuterated systems (see Table 2 for
data). Clearly, out of the three scenarios investigated, only
dynamical hypercoordination, which features a 4-fold coor-
dination pattern for OH™ (aq) with transient 3-fold coordina-
tion during PT, is able to reproduce these very basic
experimental facts. By contrast, the mirror image mechanism,
in which the hydroxide is consistently held in a water-like
coordination topology (three accepted HBs and one donated),
actually reverses the relative magnitude of the OH™ (aq) and
H"(aq) diffusion coefficients, yielding a ratio Doy-/Dy+ ~
6 instead of ~0.5 as observed experimentally! This is clearly
a highly unphysical situation. Finally, static hypercoordina-
tion, which overemphasizes the 4-fold coordination of O*,
yields a OH™ (aq) diffusion that is comparable or even slower
than water self-diffusion, which is also clearly unphysical.
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Figure 12. Different charge migration mechanisms of OH™ in bulk
water, OH ™ (aq), obtained from representative configurations sampled
from ab initio molecular dynamics trajectories; see Figure 2 for
the corresponding schemes. (a) Labeling convention of the defect
site. Traditional mirror image mechanism, b—d; dynamical hyper-
coordination mechanism, e—h; and static hypercoordination mech-
anism, i—l. Only the most important species in the periodic
simulation supercell are shown, the defect is highlighted in blue
and black, water molecules beyond the first hydration shell are
transparent when shown, and the coordinate system is fixed in space
for all frames of a given sequence. Reprinted with permission from
ref 134. Copyright 2006 American Physical Society.

5.4. Molecular Analyses of Charge Migration
Mechanisms

From the above analyses, three different OH (aq) charge
transport mechanisms, which are consistent with the corre-
sponding averaged structural data, can be extracted from the
trajectories, as will be shown below. They are displayed in
Figure 12 in terms of de facto sampled snapshot configura-
tions arranged such as to parallel the simplified schematic
renderings presented in Figure 2.

As analyzed in section 5.2 (see in particular Figure 9a
therein), the simulations show that solvation according to
the mirror image mechanism strongly favors three accepted
HBs by O* in addition to a fourth one that is frequently
donated by the OH™ hydrogen H'. This exact situation is
shown by the representative configuration selected for Figure
12b. In this tetrahedral environment, a neighboring water
molecule (right part of the frame) can readily transfer a
proton to OH™ upon a suitable fluctuation, which results in
the arrangement shown in Figure 12c. But even at the new
vertex site, OH™ is perfectly tetrahedrally solvated and,
therefore, in a perfect state to receive a proton from one of
its first shell water molecules. This leads readily to the next
PT event, as depicted in panel d of Figure 12. Thus, not
only does the coordination pattern predicted by mirror image
solvation lead to a scenario where OH™ is nearly always
perfectly embedded in the HB network of bulk water like
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Figure 13. Index of the OH™ oxygen O*, I*, and the instantaneous
number of its accepted and donated HBs, n* (upper curve), and n'
(lower curve), respectively, of OH™(aq) shown for segments of the
trajectories obtained from the traditional mirror image mechanism
(a, top), the dynamical hypercoordination mechanism (b, center),
and the static hypercoordination mechanism (c, bottom). Reprinted
with permission from ref 16. Copyright 2006 American Chemical
Society.

any intact water molecule, but the presolvation concept is
able to predict the mechanism that results from this fact.
When OH (aq) accepts three HBs and donates one as its
most likely coordination pattern, it is not a topological defect
at all, since it can be integrated perfectly into an ideal three-
dimensional network like any intact water molecule. This
means, in particular, that no coordination number change is
required in order to prepare it to receive a proton in a PT
reaction. Hence, the protons and thus the defect can move
through the network “quasi-ballistically” with little or no
hindrance. This is borne out in Figure 13a, in which one
can follow the dynamics of the defect in the space of the
water molecule numbers involved. More important is the
observation, accessible with the aid of Figure 13a, that PT
events and HB fluctuations in the first shell of OH (aq) are
largely uncorrelated, which is consistent with earlier observa-
tions reported in ref 167. This analysis explains naturally
why PT occurs on an ultrafast time scale in the mirror image
scenario advocated in ref 167, in which OH™ predominantly
accepts three HBs and donates one. It also answers quali-
tatively the question: “Rationalizations why the simulation
rates [which refers to computed PW91 and revPBE diffusion
coefficients reported in the previous paragraph therein] are
higher than observed experimental rates would be highly
speculative” (quoted from ref 167) raised in ref 167, i.e. why
the diffusion coefficient of OH™ is unphysically large
compared to both H,O self-diffusion and H*(aq) structural
diffusion (see Figure 11a and Table 2). This statement will
be quantified later in section 5.5 based on a comprehensive
analysis of PT kinetics that governs charge migration
according to the mirror image scenario.

In the static hypercoordination scenario, structural analysis
of the first solvation shell in section 5.2 clearly shows that
OH (aq) almost always accepts four HBs in addition to
donating one (see in particular Figures 9c and 10). This leads
to a saturated solvation shell such as the one chosen in panel
i of Figure 12. Thus, very different from the mirror image
scenario, in static hypercoordination, OH™ is rarely solvated
in such a way as to receive an additional proton via PT from
a water molecule that donates a HB to O*. The resulting
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charge defect dynamics depicted in Figure 13c make clear
that structural diffusion is extremely slow in the sense that
the identity of O* rarely changes on a time scale of about
10 ps. Moreover, switches of the O* identity and thus PT
are highly correlated with switches from four to three
accepted bonds around O*. In conjunction with the slow
diffusive dynamics in Figure 11c, this suggests that here OH™
moves mainly like a simple ion, i.e. by carrying a rather
tightly bound and bulky solvation shell with it. This means
that diffusion occurs essentially via HB fluctuations that
exchange water molecules in the second solvation shell
around OH™. This mechanism is nicely represented by the
sampled snapshot sequence (i) — () — (k) — (1) shown
collectively in Figure 12. These findings, which will be
quantified in section 5.5 in terms of kinetics parameters,
explain straightforwardly why the diffusion coefficient of
OH™ in water obtained within this scenario is slower than
that of H>O in water (see also section 3). Thus, the static
hypercoordination mechanism produces mainly slow vehicu-
lar diffusion of a long-lived solvation aggregate, [OH™ *
(H,0),](aq), interrupted by fast structural diffusion steps, with
the latter, however, being rare events.

Turning finally to the scenario emerging from dynamic
hypercoordination of OH (aq), this peculiar coordination
pattern of OH™ predicts a mechanism based on both
hypercoordination and dynamical solvation shell changes.
In particular, a resting state (characterized by four accepted
and no donated HBs) and an active state (with three accepted
and one donated HB) are involved that have been character-
ized in section 5.2 in terms of their structures (it is stressed
that these solvation patterns are subject to fluctuations and
local disorder effects and, thus, should only be considered
as idealized structures or limiting forms much like the Eigen
and Zundel complexes in the H"(aq) case). It is important
to emphasize that the most probable state is clearly the resting
state with four bonds in a square-planar arrangement; such
a situation was selected for Figure 12e. Note that a water
molecule might already be located somewhat close to H'
without however being hydrogen-bonded, which is included
as a transparent molecule in Figure 12e. The trigger for a
PT event is a fluctuation in the second solvation shell of O*
that reduces the number of accepted HBs from four to three
in the first shell of OH™ by HB cleavage, and simultaneously,
another HB is donated by H, as can be seen in the series of
frames e and f in Figure 12. Only in this active state of
roughly tetrahedral configuration, characterized by three
accepted and one donated HB, is the proton-receiving
species, i.e. OH™, presolvated like a regular water molecule.
In this state, a proton from a neighboring water molecule
(in the upper right corner of panel g in Figure 12) can transfer
to the OH™ of panel Figure 12f. As a result of this PT event,
the charge defect is shifted along a HB and, after the newly
formed defect acquires a fourth HB, is located, in a 4-fold
coordinated state, at a neighboring vertex site, as shown in
Figure 12h. There, it relaxes to a resting state configuration
(not shown) such as the one of panel e of Figure 12. This
nontraditional mechanism'3’ leads to the active but not overly
fast charge defect dynamics depicted in Figure 13b; a similar
observation was reported more recently in ref 69 (see Figure
S1 in the Supporting Information of ref 69). The data clearly
reveal—in accord with the presolvation concept—that first
shell coordination number changes of O* from four to three
accepted bonds, in addition to the donation of another HB
by H', are strongly correlated with PT events. This implies
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a rate-limitation by those HB fluctuations that ultimately
breaks an accepted bond in the first solvation sphere of O*
in conjunction with donating a HB by H'. Before revealing
the details in section 6.3 on concentration dependence, we
briefly note here that the same nontraditional mechanism is
found in simulations with counterions using KOH'”® and
NaOH solutions;'”!8 these simulations also reproduce the
measured IR and Raman spectra.?'?

We close this section by comparing the simulation results
to theoretical predictions of the classic mirror image picture.
Let us assume for a moment that the proton hole mechanism
could proceed without involvement of the H'* -+ O,, donated
HB, in the sense of not including this ingredient explicitly
in the discussion of the mechanism.!®* Thus, in this mech-
anism, the OH (aq) accepts three HBs and donates none and,
therefore, is never coordinated like a bulk water molecule,
even during PT (see Figure 3 in ref 164 for the rate-limiting
step). Here, the following must be stressed: (i) the PT step,
which would require HB cleavage between first and second
solvation shell members as in H*(aq) according to the
presolvation concept, would produce a nascent water mol-
ecule in a less favorable 3-fold solvation pattern; (ii) all
simulations consistently predict that the H'+++O,, HB must
be donated when the proton is transferred. Therefore, it
appears that there is little substantive evidence to support
mechanistic proposals that do not consider donation of a HB
by OH (aq). As an experimental corollary of this statement,
small OH™ +(H,0), microsolvated clusters in the gas phase,
known not to form this particular H' +++O,, HB (see e.g. refs
192, 195, 211, 219, 221—223, and 226), are unlikely to be
a useful system class to help understand charge migration
in bulk aqueous bases, in agreement with the previous
discussion of the recent experimental findings in section 3.5
(see also section 6.2).

5.5. Population Correlation Functions:
Connecting Solvation Shell Dynamics to Proton
Transfer Kinetics

Having rationalized qualitatively the three different mech-
anisms in section 5.4, the comparison can be quantitatively
confirmed by establishing a unifying kinetic model. The
preceding analysis clearly suggests that, given the assump-
tions of the three charge migration scenarios, the mechanisms
to which they lead can be predicted using the presolvation
concept. In short, the OH™ ion must be presolvated like a
bulk water molecule before it can receive a proton from a
water molecule in the first solvation shell. Where the three
scenarios differ dramatically is the amount of activation
needed to achieve the “prepared” state. That is, the rate-
determining step, equilibrium concentrations, and intercon-
version dynamics of the most important solvation complexes
differ substantially between the three pictures. Despite these
differences, it is certainly reasonable to assume that PT, and
hence the structural diffusion process, in each case can be
traced back to some physical time scale(s) intrinsic to the
particular model, i.e. to the particular structural diffusion
mechanism.

In order to scrutinize the different mechanisms in terms
of the underlying detailed kinetics, we employ the powerful
machinery of population time-correlation functions,??%3%
which has been successfully applied to HB dynamics.'¥>2%737
Here, we have developed a set of population indicator
functions whose time correlations allow PT and charge
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migration processes in general HB systems to be analyzed
and connected to the underlying solvation or HB patterns.

We begin our description of the formalism by introducing
a set of populations, projectors, and correlation functions that
account for the different defect types and the different
solvation shell patterns in question. These functions are
specified in terms of appropriate indicator or population
functions, denoted h(f) and H(t), defined as follows: h(f) =
1 if a given oxygen is O* at time ¢ and h(f) = 0O otherwise
and H(r) = 1 if O* retains its identity continuously up to
time ¢ (see Figure 12a for the labeling convention used here).
Using these indicator functions, we define an intermittent
time correlation function as

_ Th(0) h()
o = =5 (5)

which yields the probability of finding the same O* at times
t = 0 and ¢, irrespective of any possible identity change in
the interim period. We also introduce a continuous correlation
function

_ h(0) H(1)O
Con = =5 (©6)

which yields the probability that O* retains its identity over
a time interval of length 7.

In the calculation of such correlation functions, so-called
“proton rattling” events, in which a proton is transferred from
O* into the first solvation shell but then returns to the original
O*, can be either included or excluded. Including them
allows ultrafast dynamics accessible to femtosecond experi-
ments to be extracted, as carried out successfully in ref 97
for the H*(aq) case. However, since rattling events do not
contribute to an overall net displacement of the structural
defect, excluding them provides a clearer picture of the net
transport mechanism. Accordingly, the average O* lifetime
can be obtained from

Toen = Jy COO(0) dt @)

exch

which is the average time needed for PT to O* from a first
solvation shell water molecule, and correspondingly, 1/Texen
is the average PT rate. The decay of CP°(f), on the other
hand, depends not only on 1/z., but also on the rate of the
reverse process.

In order to disentangle the coupled forward/backward
kinetics, a projector g is defined as follows: g(f) = 1, if an
oxygen atom, which was O* at t = 0, either remains O* or
is found in the first hydration shell of O* at time ¢ (and g(7)
= 0 otherwise). Thus, the projected nearest-neighbor cor-
relation function

0 = HON — h(n]g®OD
Con(0) = 0

®)

measures the probability of finding an oxygen atom in the
hydration shell of O* at time ¢, given that it was itself the
O* site at time 7 = 0. Including the reverse reaction leads to
the rate equation

dcf®
0 = T R O
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Table 3. Various Relaxation Times and Inverse Rates (all given in ps) for OH (aq), Excluding Rattling Events, as Defined in the Text,
Obtained from the Traditional Mirror Image Mechanism (MIM), the Dynamical Hypercoordination Mechanism (DHM), and the Static

Hypercoordination Mechanism (SHM)“

Texch Tg(?h’; Tast-1 Afast-1 Tslow TE»?[]
mechanism KT 7004 Thast2 st 1/kiB-0" 1/kHBH

MIM 1.16 0.52 0.11 0.14 2.6 0.11
0.74 2.50 0.66 0.52 1.9 (2.15) 0.50

DHM 3.20 0.65 0.00 4.0 0.13
3.20 3.95 0.40 0.06 5.6 (2.20) 0.30

SHM 15.6 0.00 15.0 0.15
13.8 15.6 0.00 14.0 (1.40) 0.30

“Note that the deuterium mass is used for H throughout. The hydrogen bond lifetime for bulk water, 1/k{®-Ov, is given in parentheses following

the 1/k}'B0" data. Based on data from ref 134.

with &§T and &7 being the forward and backward PT rate
constants, respectively.

In the case of charge transport, a second process in which
the proton is transferred out of the first solvation shell with
a rate constant kT is assumed to occur, and once there is
such an event, it is assumed that the proton does not return
to the original O* on a time scale shorter than the decay
time of CPO(¢). Under this assumption, a second rate equation
for C9O(f) can be written down,

dCOO(t)

—a ="+ K% + KT

(10)
thus “closing” the complete set of kinetic equations and the

solution of eq 9 together with eq 10 yields the following
biexponential form

Cioo(l‘) = %[(ﬂ. - kE’T + K)e—(kWJrK—/l)z/z +

PT _ —(KETHKAA)2
T
COO( /) = L[e—(kﬁ’T-i-K—/l)t/Z _ e—(kﬁ’T+K+,1)t/2]
where
2 =& — K)? + 4T (12)
and K = k5T + kPT. Note that the first exponential in each of

the correlation functions in eq 11 leads to a slow decay while
the second one leads to fast decay. Hence, two time scales
naturally emerge from the proposed framework. The forward
and backward rate constants &} and k2 were obtained using
a least-squares fit of the correlation functions to eq 9 in the
time interval from t+ = 0 to + = 6 ps from the AIMD
trajectories of H(aq). Since CPO(¢) and C9O(¢) both decay
according to a biexponential law, then it can be shown that
the continuous correlation function C9°(f) does as well. Thus,
in the proceeding analysis, C2°(f) can be fit to a solution of
the form

—tlTgow —1Tfast

CO (t) Agjow€ + Apyi€ (13)

When several solvation shell patterns exist, as is the case
with OH™ (aq), then the above theory must be generalized to
include rate constants k‘iTl,,,l. and corresponding correlation
functions CSO"(#) for each solvation complex with coordi-
nation number n;, where j indexes the number of distinct

solvation complexes; note that this idea could be extended

to distinguish different solvation shell structures for a given
coordination number. The full set of coupled kinetic equa-
tions becomes

dc?o(t)

PT (6] O -n;
P Ccm + Zk ,,l {0)
dc9ir)
“zl—t == +K,) + 7o + KGO0

j=1,..,p

(14)

and depends on the number p of such complexes that are
taken into account. In the case of OH (aq), p = 2,
corresponding to the 3-fold and 4-fold coordinated com-
plexes. Thus, there are two projected correlation functions
CO93 and €99 for n; = 3 and n, = 4, and the solution of
the three coupled rate equations yields a triexponential form.
Together, the above relations define a very general and fairly
flexible novel formalism'3* that allows one to study the
kinetics of structural diffusion in quantitative terms based
on lifetimes, relaxation times, and transfer rates.

The average PT rates extracted from this general formalism
are found to differ considerably for the three mechanisms
according to the data collected in Table 3. Here, proton
rattling is excluded, since the primary focus is on the
structural diffusion process at this stage. As expected from
the previous analyses and mechanistic considerations, the
mirror image and static hypercoordination scenarios provide
the fastest and slowest rates, respectively, whereas the
dynamical hypercoordination mechanism falls in between the
two. Within the mirror image scenario, the decay properties
of C99() as shown in Figure 14a are best described by a
linear triexponential ansatz,

COO( 1 =

t/Tslnw 7t/ffasl—l 7t/71‘asl—2
Agow® + Apast1€ + Agpst2€

5)

similar to eq 13, with again one slow but two fast relaxation
times, Tgow, Trast.1> aNd Tpag2, and corresponding weights dgoy
+ agg1 + apasa = 1. For the mirror image and dynamical
hypercoordination scenarios, both fast and slow processes
are found with relaxation times in the ranges of 7gy &~ 0.5
ps and 740w = 3—4 ps, which essentially amount to 1 order
of magnitude difference between the two processes. The
crucial difference is, however, the weights: the fast processes
are negligible in the case of dynamical hypercoordination,
Apase1 T Agast2 = 0.06, whereas they are dominant within the
mirror image mechanism agg.; + dpg2 = 0.66. In the case
of static hypercoordination, there is actually no fast process
at all; that is, apy.1 + agpg2 & 0 within the statistical accuracy
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Figure 14. (a, left) Continuous correlation function, C9°, of
OH™(aq) obtained from the traditional mirror image mechanism
(dashed), the dynamical hypercoordination mechanism (solid), and
the static hypercoordination mechanism (dotted). (b, right) Continu-
ous correlation functions of OH™(aq) for O* accepting exactly three
(triangles), C9°-3, or four (squares), CO%#, hydrogen bonds at the
time origin + = O obtained from the traditional mirror image
mechanism (dashed) and the dynamical hypercoordination mech-
anism (solid); C9°3 could not be determined for the static
hypercoordination mechanism due to insufficient statistics (see also
text and Table 3). Based on data from ref 134.

of the underlying data, but 74,y & 16 ps corresponds to an
extremely slow relaxation.

Having found such dramatic quantitative differences, the
next task is to assign physical processes to these numbers.
Guided by the mechanistic insights from section 5.4, the
impact of the solvation pattern can now be elucidated in
quantitative detail. To facilitate this, the continuous function
C99(#) is defined separately for those OH (aq) where O*
accepts exactly either three or four HBs at time ¢ = 0,
respectively; these are denoted as CP°-3 and C90*, respec-
tively, in Figure 14b. The PT rates extracted, denoted as
1/798 and 1/79%;, respectively, are compiled in Table 3.
Interestingly, upon comparing both 9% and 79%; to the fast
and slow processes (i.e., tO Trase 15 Trast2, ANd Tgow), the slow
time scale Tq,y is consistently found to be associated with
PT from a 4-fold coordinated OH™(aq) with lifetime 79%;*
for all three scenarios. On the other hand, it is the lifetime
7993, and thus the 3-fold coordinated OH (aq) species, that
can be linked exclusively to the fast processes with time
scales T and Ty, Most importantly, however, the relation
Trst ~ TO% < 193} A Tgow strongly supports the basic
premise of the presolvation concept: PT occurs preferentially
if the proton-receiving species is properly solvated indepen-
dently of the particular mechanism (provided, of course, it
allows at all for PT events to occur).

In order to correlate these different time scales with more
elementary dynamical processes in the liquid, the bulk HB
lifetimes, 1/k5B-O«, which measure the stability of HBs, were
obtained via the standard procedure.’®’ The underlying
population correlation functions (see, e.g., ref 301 for
definitions) have been calculated from the trajectories of the
corresponding neat water simulations in order to avoid
artifacts due to the presence of charge defects. The analysis
reveals that the HB relaxation of the bulk liquid is quite
similar for the three cases according to the lifetimes reported
in Table 3 (where these 1/k}'BOw data are shown in paren-
theses). Clearly, such small differences in the bulk HB
dynamics cannot explain the vastly different diffusion
behavior generated for OH (aq) by the three mechanisms.
In the next step, the lifetimes of HBs existing (at time t =
0) between the defect site, O*, and first shell solvation water
only, denoted 1/k{B-%* were computed in an analogous
fashion. Here, within each mechanistic picture, the values
of 1/K5B0% 74ow, and 9%+ are found to be similar, as the
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data in Table 3 indicate. This is consistent with the idea that
fluctuations of HBs between OH™ and water molecules in
its first shell drive structural diffusion for both dynamic and
static hypercoordination scenarios. However, comparison of
the three numbers between the different mechanism pictures
shows that they vary considerably. In the static hypercoor-
dination case, for example, this HB lifetime is unusually long,
1/K41B-0" > 1/k41B-Ov implying that the first shell is very tightly
bound to OH. This strongly supports the existence of rather
long-lived solvation shell aggregates centered around OH™,
ie. [OH «(H,0),l(aq) with n =~ 4, and thus a dominant
contribution of vehicular diffusion in this case. Although
hypercoordination is observed in both cases, the first solva-
tion shell around the defect O* is a dynamical object in the
successful scenario, whereas it is rigid in the other.

For the mirror image scenario, in stark contrast, the two
HB lifetimes exceed by far (and thus do not match) the fast
relaxation times observed in this case, 1/kiB-Ow ~ 1/k}B-0
> Tp—1 and Trg—o. On the other hand, it has already been
shown that the fast relaxation times are the dominant
contributions to PT in the mirror image mechanism, as dp—;
+ apg—» amounts to more than 60%. Thus, there must be
other processes that can be correlated with the PT rate in
this case. A much faster process than HB breaking and
making is the ultrafast reorientational motion in the solvation
shell of OH™. This is probed by the short-time decay
contribution to the orientational correlation function, defined
by

() - m(0)0
[’

whose decay can be quantified with the associated relaxation
time tfy. Here, m(¢) is the purely geometric dipole vector
of a water molecule at time ¢ (not to be confused with M(¢)
defined in eqs 1 and 2, which must be obtained from
electronic structure calculations of the bulk system, vide
infra), and the average is performed over water molecules
found in the first hydration shell of OH (aq) at time ¢ = O.

The time scale of reorientation obtained from eq 16 is
essentially identical for all three cases, according to Table
3. This underlines once again that the basic HB structure
and dynamics of the liquid are similar in each picture. But
the crucial observation is that this time scale, 7fy, matches
only the ultrafast component of the PT rate in the mirror
image scenario, Trg.1, Since there is no such ultrafast
component at all in the PT kinetics of both dynamic and
static hypercoordination. Finally, consider the rate constant
for formation of the donated HB involving the hydrogen H'
of OH ™ (aq), called K"8"' which is computed from a suitably
adapted kinetics formalism. Its inverse is found to match
Trast2 for mirror image and dynamical hypercoordination
mechanisms in Table 3; note that the static hypercoordination
case only features a slow channel to PT, tg,,. Thus, once
the donated HB is formed through the OH™ hydrogen, H',
PT is induced by ultrafast reorientational motion of the
surrounding water molecules. In other words, the H'++O,,
donated HB needs to be formed first to properly presolvate
the OH™ before PT can occur. Both these mechanisms are
fast processes so that this analysis quantifies, in terms of
molecular level kinetics, “...why the simulation rates [which
refer to PW91 and revPBE data reported in the previous
paragraph] are higher than observed experimental rates”
(quoted from ref 167) for OH (aq) migration according to
the mirror image mechanism of ref 167.

Cc™() = (16)
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Table 4. Various Relaxation Times and Inverse Rates (all given
in ps) for OH (aq), Including Rattling Events, as Defined in the
Text, Obtained from the Traditional Mirror Image Mechanism
(MIM), the Dynamical Hypercoordination Mechanism (DHM),
and the Static Hypercoordination Mechanism (SHM)“

00-3

Texch Texch Ttast Tslow

mechanism 1/iET 7904 Uast Agiow
MIM 0.27 0.08 0.06 0.60
0.09 0.54 0.61 0.39

DHM 1.35 0.16 0.18 1.70
0.59 1.55 0.20 0.80

SHM 1.78 1.76
1.65 1.80 0.00 1.00

“Note that the deuterium mass is used for H throughout. Based on
data from ref 134.

The full picture is completed by quantifying proton rattling.
The data in Table 4 show that the associated time scale is, for
all cases, considerably faster when OH™ accepts three HBs in
comparison to the 4-fold coordinated state, since 799 > 197
always holds; rattling cannot be detected for static hyperco-
ordination within the available statistics, since OH™ is rarely
found in the active 3-fold solvated state. Complementary to
this decomposition in terms of solvation shell patterns is the
decay analysis of C9°(#) in the time-domain; a biexponential
fit describes all cases satisfactorily, and including a third
channel does not yield a distinct third relaxation time.
Interestingly, it is found that, for all mechanisms, the slow
time scale T, closely matches the time 79Q;' that 4-fold
coordinated complexes spend on average without any PT,
be it rattling or real PT contributing to charge defect
migration (i.e., mirror image mechanism, 0.60 versus 0.54;
dynamical hypercoordination, 1.70 versus 1.55; static hy-
percoordination, 1.76 versus 1.80). Most important, however,
is the observation that only for the mirror image mechanism,
are the two time scales Ty and Ty, (i.e., 0.06 and 0.60)
essentially identical to Ty and Teg, (ie., 0.11 and 0.66)
found for real PT and thus structural diffusion according to
Table 3. This crucial finding implies the unphysical conclu-
sion, pertinent only to the mirror image mechanism, that
rattling and structural diffusion occur on the same time scale
within this picture.

The impact systematic errors due to finite system size and
fictitious electron mass have on structural and diffusive
properties according to the dynamical hypercoordination
mechanism has already been shown in section 4.6 not to
change the qualitative picture. This cross-checking is made
complete in the following by deducing rough error margins
on relaxation times and rates of PT by doubling the system
size N and by decreasing the fictitious electron mass
parameter u to half its standard value (see Table 5).

In the dynamical hypercoordination of OH™(aq), the active
3-fold coordinated species features proton rattling on an
average time scale in the range of 790, > ~ 160—310 fs, which
compares well with the fast decay component 7, =~
120—350 fs of C2°(¢) (see Table 5). Again, the qualitative
picture remains unaltered, although the underlying (ultrafast!)
time scales themselves can change easily by a factor of 2.
In the 4-fold solvated resting (majority) complex, on the other
hand, OH (aq) lives on average for about 7y, ~ 1.7—2.1
ps without any PT event occurring, which correlates well
with the time scale of structural diffusion. Furthermore, the
short and long time scales obtained for the relaxation of the
3-fold complexes are thg ° ~ 30—70 fs and 9% ° ~

220—450 fs, respectively, whereas these time scales are 705 *
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A 340—420 fs and 799, * ~ 1.8—2.4 ps, respectively, for
the 4-fold solvation pattern when considering the errors obtained
from the biexponential analysis of C.°°* and C.°°, respec-
tively. Clearly, the slower component of the 3-fold species
is, within the error margins, identical to the faster component
of the lifetime of the complexes that accept four HBs. Also
here, numbers are found to change, but their relative order,
which is relevant for the qualitative mechanistic picture, is
not affected.

The extremely short lifetime of about 709 ~ 50 =& 20 fs is
quite distinct and is known to result from a very efficient decay
of those transiently created OH ™ (aq) defects that are properly
presolvated for PT upon accepting three HBs (see Figure 12g).
There is hope that time-resolved experiments of the sort
pioneered previously for H(aq) systems®! 9239798100101 o geth-
er with the use of more dilute solutions will provide clues
by which the time scale of approximately 160 fs that has
been detected in a quite concentrated 10 M solution of NaOD
in D,O previously'” can be disentangled; note that this
concentration corresponds to a ratio of hydroxide anions to
water molecules of about 1:5.2, which is known to decrease
the coordination number of the OH™ solvation shell compared
to more dilute references.!’31%%197200 The aforementioned 160
fs time scale has been tentatively assigned to deuteron
hopping'®® whereas a different explanation in terms of
overtone transitions due to transient H;O,™ species is offered
in ref 206. Indeed, the observed time scale of 110 fs assigned
to such short-lived complexes has been attributed in ref 206
to the time scale of PT, including proton rattling events as
predicted in Table 2 of ref 134, i.e. t0 Tru A 180 fS OF Texen®O
~ 160 fs as reprinted in Table 4 of this manuscript. Based
on the present assessment of systematic errors (see Table
5), one must consider error intervals of Tpy ~ 120—350 fs
and 74207 &~ 160—310 fs for these time scales, and one
must remember that the experimental time scales are
expected to be shorter because the present simulations are
fully deuterated'** while the experiments are not. Neverthe-
less, detecting the fastest time scale possible, i.e. T, 003 ~
50 + 20 fs, arising from the OH (aq) defects that accept
three HBs as the presolvated precursor to PT, remains a
challenge for future ultrafast experiments.

In conclusion, this thorough analysis of various HB,
reorientational, solvation shell, and PT dynamics not only
confirms but also quantifies in terms of rates and time scales
the three different migration mechanisms derived in section
5.4 and depicted in Figure 12. In addition, the presolvation
concept'? applied to OH™(aq) in section 3 is shown to hold,
since it predicts the correct behavior, which is consistent with
the extracted microscopic kinetic models for all charge
transport mechanisms considered in this review. The charge
migration kinetics clearly exposes how the microscopic
dynamics of the solvation shell around OH™ in water leads
to artificially fast and slow structural diffusion of OH (aq)
in the mirror image and static hypercoordination scenarios,
respectively. It also quantifies how the intricate solvent shell
dynamics govern the conversion of the resting majority state
(which accepts four HBs in a roughly square-planar arrange-
ment) to the active state ready for PT (which accepts only
three HBs but in a tetrahedral arrangement), according to
the dynamical hypercoordination mechanism. It is this
solvation shell dynamics that allows for faster diffusion of
OH™(aq) compared to the self-diffusion of water (in contrast
to static hypercoordination) but at the same time limits the
rate of structural diffusion (in contrast to mirror image
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Table 5. Various Relaxation Times and Inverse Rates (all given in ps) for OH (aq) Including Rattling Events as Defined in the Text
Obtained from the Dynamical Hypercoordination Mechanism Comparing a Larger System Size N and a Smaller Fictitious Electron
Mass u to the Standard Parameter Setting (N = 31 water molecules and z = 800 au) Reported in the First Row”

Texch oA Traa e’ et

parameter 1T 9% Tolow 799%3 7%
N =31, 4= 800 135 0.16 0.18 (0.20) 0.05 (0.42) 0.40 (0.18)
0.59 1.55 170 (0.80) 0.22 (0.58) 1.80 (0.82)
N =63, u = 800 1.70 0.27 0.35 (0.20) 0.03 (0.12) 0.42 (0.25)
1.00 1.90 2.10 (0.80) 0.30 (0.88) 2.40 (0.75)
N =31, u = 400 1.64 0.31 0.12 (0.10) 0.07 (0.46) 0.34 (0.05)
0.98 1.80 1.80 (0.90) 0.45 (0.54) 1.90 (0.95)

“Note that the deuterium mass is used for H throughout. The weights a; obtained by biexponential fits are given in parentheses; see text for

details. Based on data from ref 134.

solvation). This is the underlying reason why dynamical
hypercoordination solvation predicts diffusion coefficients
of OH™ versus H*(aq) versus self-diffusion of water in
accord with experimental mobility data presented in section
3.5 and analyzed in section 5.3. Last but not least, the detailed
kinetics data reported in the tables of this section are expected
to help in guiding analyses of future time-resolved ultrafast
spectroscopic experiments of OH (aq) such as those per-
formed earlier for H'(aq) systems.?929397.98.100.101 A promis-
ing first step in this direction are recent time-resolved
pump—probe and two-dimensional IR experiments,”®® in
which a measured femtosecond decay time has been cor-
related with a particular microscopic time scale for PT events
in OH (aq) as predicted in ref 134.

5.6. Rotational Relaxation

The rotational motion of a molecule in bulk solution can
be determined experimentally by measuring the following
rotational anisotropy function®%

Si— S

rt) = m (17)

where Sp and S are signals measured in directions perpen-
dicular and parallel to the pump polarization. In the absence
of couplings between molecular rotations and other degrees
of freedom and for a long enough time delay between the
pump and probe pulses so as to avoid any overlap between
them, this rotational anisotropy function can be expressed
in terms of a rotational correlation function as follows*”

r(t) = 0.4C4(1) (18)

where Cy(1) = [P,(u(0)-u(r))l here P,(x) is the second-rank
Legendre polynomial, P(x) = (3x> — 1)/2, and u(?) is the
unit vector along the molecular vector of interest, so that
u(0)-u(f) = cos 6(¢r) defines the angle between this vector
at times 0 and ¢ (which is the O—H axis of the hydroxide
ion in the following).

Quite recently, a spectroscopic study of the temporal decay
of the rotational anisotropy of OH™ in water has been carried
out®” and yielded a time constant of 1.9 ps for the long-time
decay of r(¢). In addition, recent time-dependent vibrational
spectroscopic studies have reported time scales of 2.6
ps?197312 and 3.0 ps®! for the long-time rotation of HOD in
(pure) light and heavy water, respectively. Considering that
the above long-time values carry a weight of about
80—85%*1%312 and that the short-time inertial relaxation
occurs very fast with a time scale in the range of 100 fs or
less,’!! the above long-time results for liquid water are

Table 6. Rotational Relaxation Times (weights) of OH (aq) and
Bulk Water Molecules (all given in ps) Obtained from the
Traditional Mirror Image Mechanism (MIM), the Dynamical
Hypercoordination Mechanism (DHM), and the Static
Hypercoordination Mechanism (SHM)“

quantity MIM DHM SHM

experiment

OH (@M ) 0.18(0.24) 0.12(0.12)  0.05 (0.07)

O (@O ) 3.05(0.16) 6.70(0.28) 17.50(0.33) 1.9
O (ah0)  0.08 (0.08) 0.10(0.10) 0.11 (0.10)

O (@h0 ) 17.50 (0.32) 11.50(0.30) 5.75(0.30) 2.6
O /70 0.17 0.58 3.04 0.73

r-slow’ “r-slow

“Note that the deuterium mass is used for H throughout. The
rotational relaxation times of water molecules in the bulk are obtained
from separate pure bulk water simulations. The experimental values
of hydroxide and water rotational relaxation correspond to those of
OH™ (ref 67) and HOD in light water,3'°73!2 respectively. Note that
At T Argow = 0.4, in order to satisfiy eq 18. Based on trajectories
from ref 134.

consistent with earlier NMR relaxation studies which re-
ported a time scale of approximately 2 ps for the integrated
relaxation time of rotational motion in light water.3!4316
Hence, for the long-time diffusive part of the dynamics, OH™
in water shows a faster rotational relaxation than that of water
molecules in the bulk.

In order to compare the predictions of the three different
charge migration mechanisms to experimental data, the decay
constants 7, of the rotational anisotropy of OH (aq) have
been obtained from eq 18, as summarized in Table 6. In
addition to calculating the rotational relaxation time of
hydroxide in water, we have obtained the corresponding
rotational relaxation time of the water molecules from
analogous pure water simulations. Since the calculated decay
of r(¢) includes both short-time inertial and long-time
diffusive relaxation, the entire decay has been fit to a
biexponential function of the form

r(t) — arifasteft/rr—fasl _|_ a eft/":r—slow (19)

r-slow
such that a,.y + drgow = 0.4, thus satisfying eq 18. The
calculated relaxation times and associated weights for the
mirror image, dynamical hypercoordination, and static hy-
percoordination mechanisms are included in Table 6, where
they are also compared to the available experimental results.
Note that the theoretical results of OH™ rotation are obtained
by excluding the rattling effects. In fact, as in the case of
translational diffusion, inclusion of such rattling effects only
alters the short-time part of the rotational dynamics, while
the long-time diffusive part of the dynamics, which is the
main focus of this section, remains essentially unaltered. It
should also be noted that the rotational times obtained for
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Table 7. Rotational Relaxation Times (weights) of OH (aq) and
Bulk Water Molecules (all given in ps) Obtained from the
Dynamical Hypercoordination Mechanism Comparing a Larger
System Size N and a Smaller Fictitious Electron Mass u to the
Standard Parameter Setting (N = 31 water molecules and

# = 800 au) Reported in the Second Column”

quantity N = 31/u = 800 N =63 u =400
7o (alhy) 0.12(0.12) 0.05 (0.08)  0.04 (0.07)
7O (@O ) 6.70 (0.28) 3.80(0.32)  5.72(0.33)
gHaO-same (;Ha0-same 0.14 (0.10) 0.10 (0.07)  0.10 (0.08)
pHOsame (Ho0-same 9.80 (0.30) 10.90 (0.33)  10.10 (0.32)
TOH /gHy0-same 0.68 0.35 0.57

r-slow’ “r-slow

“Note that the deuterium mass is used for H throughout. The
gH0-same and gHa0-same data are obtained from the dynamics of the tagged
“nonsolvation shell water molecules” in the simulations that include
the hydroxide ion defect. Note that @, g + drg0w = 0.4 in order to
satisfiy eq 18. Based on trajectories from ref 134.

pure bulk water are in accord with those reported earlier for
the same functional.®!”

As for the case of translational diffusion analyzed in
section 5.3, the computed rotational diffusion of water itself
is slower than is found experimentally. Once again, therefore,
the more meaningful quantity to compare to experiment is
the ratio of the rotational constants of OH™ and H,O, i.e.
T /0., as given in the last row of Table 6. It is clear
from this table that only the dynamical hypercoordination
mechanism provides a ratio for the rotational relaxation times
that is meaningful when compared to experiments. This is
in stark contrast to the mirror image scenario, which predicts
a significantly smaller value for this ratio. Not unexpectedly,
the static hypercoordination leads to a value that is clearly
too large. In conclusion, rotational motion of OH™ in water
is much too fast in the mirror image picture and too slow in
the static hypercoordination scenarios, which is consistent
with the findings from the kinetics analysis.

We further note that structural diffusion allows OH™(aq)
to rotate much more efficiently compared to simple molecular
anions in water because the orientation of the O—H axis
necessarily changes significantly during each PT event, as
evidenced by panels e—h in Figure 2 or Figure 12, as a result
of charge migration. Since few orientational changes are
expected to occur when OH ™ (aq) stays as a hypercoordinated
species, while major reorientation does take place during
structural diffusion, it is expected that the slower diffusive
component of the reorientational time of OH™ would roughly
correspond to the lifetime of the hydrated OH (aq) in its
resting state, i.e. the time spent when OH™ accepts four HBs
in a roughly square-planar arrangement, as depicted in Figure
4a, before it undergoes PT. This is indeed found to be the
case for all three scenarios investigated, where the relation
o A Taow ~ O holds to a good extent (see Tables 3
and 6). This underlines the internal consistency of these
vastly different analyses of the dynamics; however, one must
keep in mind that the lifetime 79%;} of this resting state, being
inactive with respect to PT, is much too short in the mirror
image picture and too long in the static hypercoordination
scenario.

Finally, the effects of finite system size N and finite
fictitious electronic mass ¢ on the rotational relaxation times
of OH (aq) are investigated for the dynamical hypercoor-
dination mechanism in Table 7, as done before for the
diffusion and kinetics analyses. Since separate pure bulk
water simulations are only available for the so-called
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“standard setup” as defined in section 4.3, the rotational
relaxation times of water molecules have been obtained from
those molecules which are outside the solvation shell of OH™
in the simulations that include the hydroxide ion defect. This
is a good approximation, in view of the fact that these values
are close to those obtained from separate pure bulk water
simulations within the standard setup, i.e. Q™ = (.14
ps ~ 70 = 0.10 ps and 72052me = 9.8 ps ~ f0 = 11.5
ps (data from Tables 7 and 6, respectively). As before, it is
seen that the relaxation times and especially the ratios of
the rotational relaxation times of hydroxide and water
molecules change only insignificantly for the larger system
or for the system with the smaller fictitious electronic mass,
when compared to those obtained with the standard setup
using N = 31 and 4 = 800 au.

This analysis supports the main conclusions drawn above
regarding the vastly different rotational relaxation time of
OH ™ (aq) relative to that of the water molecules according
to the mirror image, dynamical hypercoordination, and static
hypercoordination mechanisms. In particular, rotational
relaxation of OH (aq) is much too fast within the mirror
image scenario and exceedingly slow for static hypercoor-
dination, whereas it is consistent with experimental data for
the dynamical hypercoordination mechanism.

6. Examining Dynamical Hypercoordination: The
Role of Quantum Effects, Microsolvation, and
Counterions

The discussion thus far has focused on the elucidation of
the dynamics and the role of particular solvation complexes
in the structural diffusion mechanism aided by the presol-
vation concept. In this section, the possible influence of
nuclear quantum effects both in the bulk'* and on micro-
solvated clusters?®' will be assessed, and the bulk and clusters
cases will be compared to each other. We will also investigate
the influence of counterions'”® on both the solvation and
charge transport dynamics of hydroxide in bulk solution.
Quantifying quantum effects is useful in view of the well-
known but still surprising observation that the H/D isotope
effects on conductivity, mobility, and diffusion coefficients!
as well as on the underlying PT rates®” are larger in basic
solutions than in acidic solutions (see section 3 for the
pertinent numbers). From simulations that include nuclear
quantum effects, it is possible to compare in detail the
solvation structure and PT free energy of OH (aq) relative
to those of H'(aq). In addition, it is instructive to investigate
how the hydroxide and hydronium ions behave once they
are microsolvated with a single water molecule, i.e.
OH +(H,0) and H30%:(H,O) in the gas phase. These
complexes are particularly useful, as their symmetry allows
for facile PT between the involved molecular moieties. This
will provide insights into how the free energy profile along
the PT coordinate O, and thus the effective PT barrier,
changes upon full solvation of both OH™ and H* in the
aqueous liquid phase. Finally, assessment of concentration
effects on the OH™ (aq) system and into possible perturbations
of IR spectra induced by counterions is necessary in order
to address claims in the literature which connect the presence
of certain features in measured IR spectra to specific
structural and mechanistic ideas. All these investigations are
only carried out for the scenario that is consistent with
experimental data, i.e. the dynamical hypercoordination
mechanism.
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Figure 15. Radial distribution functions, g(r), of OH (aq) obtained from the dynamical hypercoordination mechanism and of H'(aq) in
the left and right panels, respectively, with reference to all oxygen atoms using the (standard) classical microcanonical ensemble (solid), the
classical canonical ensemble (dotted), and the quantum canonical ensemble (dashed), where thick and thin lines refer to X = O and X =
H partner atoms, respectively. Based on data from refs 16, 120, 122, 134, and 135.

6.1. Nuclear Quantum Effects: Zero-Point Motion
and Tunneling in OH(aq) versus H*(aq)

The analysis of radial distribution functions can serve as
a first step to look into quantum effects. Consider Figure
15, which shows the radial distribution functions goo and
gomn, involving all O—O and O—H pairs in the OH (aq) and
H"(aq) solutions in panels a and b, respectively. The major
difference between the quantum and classical canonical data
of both the OH (aq) and H'(aq) systems lies in the
intramolecular OH peak close to 1 A. This peak is broader
and less sharp in the quantum case, which is simply due to
quantum-mechanical zero-point vibrations, i.e. an expected
and relatively trivial quantum dispersion effect. It is noted
in passing that this effect is, of course, even more pronounced
for the H—H correlations themselves, which are not shown
here. Furthermore, both the overall goo and goy distribution
functions are very similar for OH (aq) and H'(aq), including
the peak heights. This shows that the perturbation of the
overall radial structure due to these two different types of
charge defects is not that pronounced at concentrations
involving 31 water molecules and one OH™ or 32 waters
and one H*'. In addition, the radial distribution functions
between the classical AIMD simulations obtained for both
OH (aq) and H'(aq) in the microcanonical NVE ensemble'®'3*
(using the deuterium mass for H) and the classical data
obtained several years earlier in the canonical NVT ensem-
ble!?%122135 (ysing the hydrogen mass for H) with massive
Nosé—Hoover chain thermostatting,?®” both at room tem-
perature, are essentially identical.

This picture, and thus the comparison, becomes richer
when the conditional radial distribution functions of the
OH (aq) and H'(aq) defects in their active and resting states
are analyzed. These distributions are obtained by considering
again the 10l < 0.1 A and 10| = 0.5 A limiting cases,
respectively. These functions are shown in Figure 16 with
reference to the proton-receiving oxygen, which is O* for
OH (aq) in the left panels and O for H"(aq) in the right
panels, according to the labeling convention in Figure 2a
and the definition from section 5.1. The opposite case, i.e.
the proton-donating oxygen being O for OH (aq) and O*
for H*(aq) in the left and right panels, respectively, is

b

1

H+(aq)

IIIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIII

0 1 2

3
r(A)

presented in Figure 17. Clearly, the solvation pattern of
OH (aq) and H'(aq) is different in both limits. This is nicely
demonstrated by means of the running coordination numbers
n(r) in the two limiting cases, i.e. 10l < 0.1 A and 10l > 0.5
A in the upper and lower panels, respectively. The HB
donated by the hydroxyl H' to the oxygen site O,, of a nearby
water molecule is analyzed in Figure 8. This analysis
illustrates the point that the probability of finding this
particular HB increases between the resting state (see Figure
4a for a representative snapshot) shown in panel b and the
active complex (see Figure 4b) in the 16l &~ 0 limit in the
left panel a. Although not a strong effect, quantum fluctua-
tions actually increase this difference slightly by washing
out the small peak around 2 A to a shoulder in the 15 > 0
regime. Overall, the influence of nuclear quantum effects
on the structure of both defects in aqueous solution turns
out to be rather weak, as convincingly demonstrated by
Figures 16, 17, and 8.

In contrast to their effect on structural properties, quantum
fluctuations have a more pronounced influence on the free
energetics of PT along HBs (see ref 285 for a systematic ab
initio path integral study on PT in the bulk solid and ref 318
for a systematic experimental assessment of IR-spectroscopic
consequences using finite systems in the gas phase). In Figure
18, the free energy profile of PT along the & coordinate is
shown for OH (aq) in the upper left panel. The classical
free energy profile possesses a barrier of approximately 1.3
kcal/mol, i.e. about 2kgT units at 300 K, which is reduced
to roughly 0.3 kcal/mol in the quantum free energy profile.'*
This implies that the classical value is about twice the thermal
energy under ambient conditions, whereas the quantum
barrier is only half that value under the same conditions.
Despite this significant reduction due to quantum effects, the
quantum free energy profile still retains a substantial double-
well character, contrary to the H"(aq) case'?? depicted in the
upper right panel. In the acidic solution there is basically no
barrier to proton motion between O* and O within the
statistical accuracy; in the classical limit, this barrier is close
to the thermal energy, ~0.6 kcal/mol. Thus, at the quantum
level, the H' topological defect cannot be characterized
entirely in terms of either Zundel (i.e., 10| < 0.1 A) or Eigen
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Figure 16. Radial distribution functions, g(r), of OH(aq) obtained from the dynamical hypercoordination mechanism and of H'(aq) in
the left and right panels, respectively, for 10l < 0.1 A and for 10l = 0.5 A in the top and bottom panels, respectively, using the (standard)
classical microcanonical ensemble (solid), the classical canonical ensemble (dotted), and the quantum canonical ensemble (dashed). In both
cases, the functions are shown with reference to the proton-receiving oxygen upon PT, which is O* for OH (aq) and O for H*(aq), where
thick and thin lines refer to X = O and X = H partner atoms, respectively, see the caption of Figure 2a and section 5.1 for definitions and
labeling conventions. The insets show the corresponding running coordination numbers, n(r), where the dashed horizontal lines mark the
preferred coordination numbers in the first solvation shell of the state where 10l < 0.1 A (i.e., n equals four in OH ™ (aq) and three in H'(aq))
and the state where 0] = 0.5 A (i.e., n equals five in OH (aq) and four in H(aq)) in the top and bottom panels, respectively. Based on data
from refs 16, 120, 122, 134, and 135
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Figure 17. Radial distribution functions, g(r), of OH(aq) obtained from the dynamical hypercoordination mechanism and of H(aq) in
the left and right panels, respectively, for 101 < 0.1 A and for 10l = 0.5 A in the top and bottom panels, respectively, using the (standard)
classical microcanonical ensemble (solid), the classical canonical ensemble (dotted), and the quantum canonical ensemble (dashed). In both
cases, the functions are shown with reference to the proton-donating oxygen upon PT, which is O for OH (aq) and O* for H*(aq), where
thick and thin lines refer to X = O and X = H partner atoms, respectively, see the caption of Figure 2a and section 5.1 for definitions and
labeling conventions. The insets show the corresponding running coordination numbers, n(r), where the dashed horizontal lines mark the
preferred coordination numbers in the first solvation shell of the state where 10l <0.1A (e, n equals four in OH ™ (aq) and three in H(aq))
and the state where 10l = 0.5 A (i.e., n equals four in OH (aq) and three in H*(aq)) in the top and bottom panels, respectively. Based on
data from refs 16, 120, 122, 134, and 135.
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Figure 18. Canonical (Helmholtz) free energy profile at 300 K along the proton transfer coordinate ¢ of the OH™ and H' systems in the
left and right panels, respectively, using the classical canonical ensemble (dashed) and the quantum canonical ensemble (solid). The condensed
phase data of OH (aq) obtained from the dynamical hypercoordination mechanism and of H*(aq) are shown in the top panels whereas the
gas phase data of the corresponding OH™ +(H,0) and H;0™+(H,0) microsolvation complexes corresponding to [HO«++H++-OH] "~ and
[H,O--+H--+OH,]*, respectively, are shown in the bottom panels. Note that the thermal energy is kg7 &~ 0.6 kcal/mol at 300 K. Based on

data from refs 120, 122, 135, and 261.

(81 = 0.5 A) cations but interconverts the complexes in a
barrierless fashion, thus approaching them only in the sense
of idealized or limiting structures.'?

The free energy characteristics highlight another of the
striking differences between the acidic and basic cases, and
thus structural diffusion of OH (aq) and H'(aq). Most
importantly, the free energy difference has a profound
implication on the character of the proton-centered complexes
at 0 &~ 0 A, viz. the free energy maximum in OH (aq),
implying that the H;0,™ complex is a short-lived, transient
complex.'® In the acidic case, on the other hand, the Zundel
complex Hs0," is clearly not a transition state, but the defect
is highly “fluxional” instead.'?® This contradicts the mirror
image picture, wherein the H;0,™ complex is postulated to
be a relatively stable complex analogous to the HsO,"
complex in the H*(aq) case, which would imply the presence
of a minimum in the free energy surface around 6 ~ 0 A
instead of the observed local maximum.

Based on the free energy profiles, can we rationalize the
fact that the H/D isotope effects on diffusion coefficients
reported in section 3.5 are more pronounced for OH (aq)
than for H(aq)? For OH (aq), assuming a fluctuation occurs
that places the system in the active H;O,4~ state shown Figure
4b, PT from a first solvation shell water molecule to the OH™
through one of the HBs in this complex will still be
unfavorable unless the newly formed water molecule has the
correct bend angle of ~104°. If rigorously true, this would
require this H,O,~ complex to be in an “ideal” tetrahedral
structure before the proton could transfer. Following this idea,
it is clear that not only is the PT coordinate ¢ defined in
section 5.1 needed for characterizing the PT process but also
the angle 0 between the O*—H' and O*—O vectors. In Figure
19, the two-dimensional probability distribution function
P(0, 0) based on the data from ref 135 is shown for quantum

and classical nuclei in panels a and b, respectively. As can
be seen in the figure, the simulation using classical nuclei
leads to a significant “funneling” of the angle 6 as 16 — 0
into a narrow region around 104°. In the calculation with
quantum nuclei, this funneling is much less pronounced,
suggesting that quantum effects lead to a finite probability
for the proton to transfer even if the structure of the H;04~
complex is not in an ideal tetrahedral geometry. Such a
pronounced “corner-cutting”!'*® has no analog in the acidic
case and could possibly explain the more significant lowering
of the effective PT free energy barrier for OH™ (aq) versus
H*(aq) upon inclusion of quantum effects on nuclear motion
(compare the upper left to the upper right panel in Figure
18). Although explicit isotopic substitution simulations were
not performed, we suggest that the observed differences
between the quantum and classical results could relate to
the fact that H/D isotope effects on PT rates, k., are larger
for OH (aq) than for H(aq).

In conclusion, nuclear quantum effects are seen to influ-
ence the PT free energetics and, consequently, the relative
stability and lifetimes of proton-centered complexes. Despite
these effects, quantum fluctuations do not change the
essential picture of the structural diffusion process for either
the acidic or basic and acidic solution cases. This suggests
that AIMD simulations using classical nuclei, beginning with
those first carried out in the early 1990s,'°271%* retain their
utility as a tool to investigate qualitatively the structure of
charge defects in aqueous solution.

6.2. Condensed Phase Effects: OH™ and H™ in
Solution versus Microsolvation

It has been suggested that small clusters, consisting of an
OH™ or H30% core ion microsolvated by a few water
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molecules in the gas phase, can be used to draw conclusions
about the bulk solvation and charge migration properties of
OH (aq) and H"(aq), respectively. Various experimental and
theoretical studies on the solvation of OH™ have been based
on this assumption, explicitly or implicitly, such as those
reported in refs 187, 195, 221—223, and 226 to name just a
few. In this section, the influence of the condensed phase
environment on the PT free energy is examined first for the
most extreme cases of single OH™ or H;0" ions hydrogen-
bonded to one water molecule in a vacuum, i.e. OH™ +(H,O)
and H;0"+(H,0), which correspond to the negative and
positive Zundel-type complexes H3;O,~ and HsO,", respec-
tively. These are denoted schematically as [HO+++H---OH] "~
and [H,O---H---OH,]*. Clearly, one cannot expect these
minimally hydrated examples to represent true microsolvation
studies that use half a dozen or more water molecules (see
refs 187, 195, 221—223, and 226), but it is, nevertheless,
instructive to compare minimally solvated complexes to the
full bulk in order to assess the role of solvent fluctuations.
Following this comparison, we will examine the influence
of microsolvation on the PT mechanism itself using an
OH ™ (H,0), cluster with n = 6 water molecules based on
recent AIMD simulations.?"!

The free energy profiles along the 0 coordinate, which
describe proton motion along the single HB in the minimally
solvated H;0,~ and HsO," complexes in vacuum,?! are
shown in the left and right bottom panels of Figure 18,
respectively. It is instructive to compare the bulk solvation
free energy profiles of OH (aq) in the upper-left panel with
those of H;0,™ in the gas phase at 300 K (see lower-left
panel of Figure 18). In the gas phase, there exists a free
energy barrier of approximately 1.6 kcal/mol along the
classical PT free energy profile in the H;O,™ complex at room
temperature, where kg7 ~ 0.6 kcal/mol; the underlying bare
(Born—Oppenheimer) energy barrier obtained from structure
optimization is only ~0.14 kcal/mol within the same level
of electronic structure theory according to ref 261. However,
this barrier at 6 = 0 was shown in ref 261 to disappear
completely if nuclear quantum effects are considered; that
is, the local maximum turns into a global minimum at 6 =
0 in the quantum free energy profile at 300 K (see the solid
line in the upper-left panel of Figure 18). We note, in passing,
that this early prediction has been confirmed from the one-
dimensional ground-state nuclear wave function along this

HB obtained via sophisticated coupled cluster calculations.*!

These calculations show that the ground state is energetically
located above the bare barrier of 0.9 4+ 0.3 kJ/mol (corre-
sponding to about 0.2 kcal/mol). More recent ab initio path
integral simulations,??® explicit full-dimensional quantum
dynamics calculations,*"*??> and a combined experimental —
theoretical study*?* all support the predicted®®! HB centering
(“symmetrization”) of bare H;0,~ due to quantum fluctuation
effects.

In contrast to the case of the gas phase, there is a non-
negligible free energy barrier to PT of roughly 0.3 kcal/mol
at room temperature and, therefore, an underlying double-
well structure when both bulk solvation and nuclear quantum
effects are included (see the upper left panel in Figure 18).
Thus, the full picture is a rather intricate one: (i) the
Born—Oppenheimer potential energy surface of OH™ +(H,0)
in a vacuum features a double-well character, a small but
finite (Born—Oppenheimer) barrier, and the usual (asym-
metric) HB as its equilibrium structure; (ii) the barrier
increases in a vacuum when thermal (classical) fluctuations
are included at room temperature, yielding a much more
pronounced double-well PT free energy profile and asym-
metric HB; (iii) the (free energy) barrier vanishes in a
vacuum after adding quantum fluctuations at 300 K, which
leads to a single-well profile and thus to HB symmetrization
or centering phenomenon (i.e., the proton is preferentially
located at the midpoint of the HB at & = O rather than near
one of the two oxygens); (iv) finally, in the condensed phase,
a (quantum free energy) barrier for OH (aq) emerges which
again leads to a double-well PT profile as a result of the
intricate interplay of quantum, thermal, and bulk solvation
effects.

The upper and lower right panels in Figure 18, corre-
sponding to the condensed and gas phases, respectively,
suggest that the H' case is slightly less involved. The main
features of these panels are as follows: (i) the Born—Oppen-
heimer potential energy surface H;O"+(H,0) in a vacuum
exhibits a single-well structure without any (Born—Oppen-
heimer) barrier and thus a symmetric or centered HB; (ii)
thermal (classical) fluctuations at room temperature still
support a single-well (free energy) profile and thus a centered
HB; (iii) adding quantum fluctuations at 300 K does not
change the picture but just adds more broadening; (iv) finally,
in the condensed phase, the quantum PT profile turns out to
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be relatively flat and anharmonic around 6 = 0, thus causing
the “Eigen < Zundel fluxionality” of H"(aq) (see section 2
and Figure 1 in particular) due to the interplay of quantum,
thermal, and bulk solvation effects.

Comparing the gas and condensed phase results empha-
sizes the importance of solvent polarization effects!%!1147151
for Hf(aq) and, especially, for OH (aq). The comparison
raises general concerns when microsolvated cluster studies
are used to extrapolate solution behavior. Of particular
importance, current microsolvation experiments on hydroxide
clusters'® miss the subtle but essential feature of the OH™
HB donation propensity. Therefore, they miss an essential
ingredient in the full bulk charge migration mechanism of
OH (aq). The donated HB is also not captured by quantum
chemical calculations or by AIMD simulations of small
microsolvated clusters,?'! which, for the same reason, limits
their utility in elucidating the condensed phase behavior of
OH ™ (aq). These shortcomings must, however, be set apart
from the current understanding obtained from a host of
diffraction and spectroscopic experiments carried out in the
condensed phase that provide strong support for dynamical
hypercoordination, i.e. the capability of OH (aq) to donate
a HB by its hydrogen'8+2°2205 and accept four HBs by its
oxygen 81967200 in the bulk, as discussed in section 3.5.

In summary, the findings obtained from one-to-one
comparisons of the free energies along the PT coordinate 6
of the H30,~ and Hs0," complexes in a vacuum versus
OH (aq) and H"(aq) emphasize the dramatic differences that
can exist between microsolvated gas phase and fully solvated
condensed phase measurements and the potential dangers of
deriving properties about one phase from the data collected
for the other. In particular, the interplay of fluctuations and
polarization effects plays a critical role here.

The next question to be addressed is the extent to which
medium-sized clusters, i.e. OH™ «(H,0), with n > 1, can
serve as models for the fully hydrated OH™ anion, OH (aq).
In small clusters, additional water molecules beyond the first
shell are known not to form a HB with the hydroxyl
hydrogen but preferentially form HBs with first-shell sol-
vation water molecules.??>??* Explicit AIMD simulations®!!
of IR spectra using an OH™ *(H,0)¢ microsolvation cluster
invariably show that a free OH stretch stemming from the
hydroxide core contributes to the corresponding peak at
approximately 3800 cm™'; this peak would undergo a
significant red shift if the hydroxyl hydrogen were involved
in hydrogen-bonding. If the hydroxyl hydrogen were in-
volved in hydrogen-bonding for a significant fraction (but
not 100%) of the configurations, there could still possibly
be a weak shoulder in the infrared spectrum at 3800 cm ™.
Given such a situation, the question arises if PT is still
possible under conditions of microsolvation. Interestingly,
these finite-temperature simulations?!! indeed feature a PT
event from step E to F in Figure 2 of ref 211 that eventually
interconverts an initial cluster with four accepted HBs in a
roughly square-planar first shell (i.e., the 4 + 2 structure A)
into another such 4 + 2 structure H. Closer inspection of
Figure 2 of ref 211 (together with the animation 101205.mpg
in the Supporting Information of ref 211 starting from a
4 + 2 structure similar to the one depicted in Figure 1b of
ref 211) seems to reveal that PT occurs only after a 3 + 3
structure, E, has been formed by fluctuations (via intermedi-
ate steps B, C, and finally D, which is already a 3 + 3
structure). This means that PT from E to F occurs when the
proton-receiving species (OH™) accepts only three HBs in a
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locally tetrahedral arrangement! In this particular system, PT
takes place from a first-neighbor water molecule (marked
by the blue oxygen atom in E) to the OH™ such that the
nascent water molecule in structure F (now marked by the
brown oxygen) is solvated like a water molecule at the water/
vapor interface having one dangling (i.e., free or single-
donor) OH bond, according to the conceptual discussion in
ref 137 (see refs 75 and 76 for quantitative details). This
particular HB motif is known to be the preferred majority
termination involving intact water molecules at the water/
vapor interface.”>7%!137 Furthermore, the nascent OH™ defect
in F (now marked by the blue oxygen) appears to accept
three HBs right after the PT event; that is, it is another
3 + 3 species. Finally, the cluster rearranges, as a conse-
quence of PT and thus OH™ dislocation along the special
HB, via structure G to H, where the oxygen site of the newly
formed OH™ defect again accepts four HBs in its first shell
to restore it to its original state in A.2!!

The second animation in the Supporting Information of
ref 211 (101435.mpg) starts from a qualitatively different
structure in that the OH™ core now accepts only three HBs
(and donates none as usual), i.e. a 3 + 3 conformation such
as the one shown in Figure la of ref 211. Here, PT occurs
readily by transferring a proton from a neighboring water
molecule to the OH™, which results in a nascent water
molecule with a single dangling OH bond. At its new
position, the OH™ again accepts three HBs in a locally
tetrahedral coordination pattern in which the hydroxyl OH
bond still remains unsolvated (i.e., dangling/free). This
implies that the two partner oxygens connected by this
particular HB, i.e. the proton-receiving O* and proton-
donating O sites, are both in locally tetrahedral solvation
environments with the corresponding OH bonds dangling as
they would at the liquid/vapor interface. Thus, given that
the OH moieties both “dangle” at the edge of the cluster,
both oxygen sites are properly presolvated by accepting only
three HBs, and this allows the proton to rattle easily along
the connecting HB, as indeed observed several times in the
second animation. Since, in this environment, the proton-
receiving OH™ finds itself essentially always in a properly
presolvated state, accepting only three but never four HBs,
the negative charge defect moves forth-and-back at a
relatively high PT rate!

The detailed analysis of this system also clarifies the point
that PT involving only n = 6 water molecules around OH™
can be understood in terms of the presolvation concept after
properly taking into account the necessary reduced coordina-
tion of all involved species at a “water/vapor interface” in
this microsolvated setup. Unlike in bulk solution, the
hydroxyl hydrogen sites are never observed to be hydrogen-
bonded in these AIMD simulations, which implies that the
resting state is a bare OH™ +(H,0O); complex with four
accepted HBs in a roughly square-planar arrangement,
whereas the active state is the OH™ * (H,O)j; state in a roughly
tetrahedral arrangement; in both cases, the dangling OH bond
must be considered to be the preferred “interfacial-like
termination” of the hydroxide anion. This observation can
be viewed as the result of a compromise: When an
OH™ +(H;0), cluster is small enough that the OH™ defect
must necessarily meet the cluster boundary and cannot form
a complete bulklike solvation shell, it will preferentially be
found with a state in which it accepts three HBs. It is
possible, therefore, that, at the interface of a basic solution,
OH™ might have a weak attraction to the interface, as
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suggested in recent sum-frequency generation measure-
ments.”® Although fascinating and stimulating within the
realms of cluster and interfacial studies, the restricted
mechanism seen in AIMD simulations at microsolvation
conditions?!! is distinctly different from the bulk situation.
In the latter, the existence of a weak HB donated by the
hydroxyl hydrogen H' is now experimentally well estab-
lished'84196-200.202.205 and its involvement in charge migration
is clearly manifest in AIMD simulations carried out at bulk
solvation conditions (see section 5).

In summary, these AIMD simulation studies of somewhat
larger microsolvated OH™ + (H,0), complexes additionally
support the earlier conclusions drawn from experiments in
section 3.5 that one can “...conclude by noting that our
observation of a transient hydrogen bond donated by OH™,
in conjunction with the hypercoordinated structures discerned
in neutron and X-ray diffraction studies of macroscopic OH™
aqueous solutions!~!2 [these references correspond to refs
184, 197, and 198 in this review], suggests a hydroxide
solvation behaviour distinctly different from that inferred
from spectroscopic studies on gas-phase OH™ +(H,0),, clusters
where the weak hydrogen-donor bond is unable to form?’
[this reference corresponds to ref 195 in this review]. This
difference highlights the importance of long-range water-
solvent behaviour, and also the need for sophisticated
experiments in the bulk liquid phase to help formulate and
test detailed descriptions of bulk aqueous solution properties.”
(quoted from ref 205).

6.3. Counterion and Concentration Effects:
Computing IR Spectra for OH (aq)

Before we conclude, two final issues pertinent to the study
of aqueous solutions, namely the influence of counterions
and concentration on PT and structural diffusion, are
addressed. All preceding bulk analyses focused on a single
isolated defect in the HB network at relatively low concen-
tration, which does not account for the putative role of
positive counterions. However, relevant experiments, includ-
ing IR and Raman spectroscopy,?'® vibrational pump—probe
spectroscopy,'®* and neutron diffraction,'**~2% are typically
carried out under high concentration conditions and, obvi-
ously, include the counterions in one-to-one proportion with
OH™. The availability of such data and the need to understand
the influence of counterions and concentration render ad-
ditional simulation studies necessary. In this vein, studies
performed on aqueous basic KOH and NaOH solutions!78~180
will be reviewed (see, e.g., refs 324—328 for similar AIMD
simulations where the effects of counterions and concentra-
tion on H'(aq) charge defects were studied).

The computed IR spectra obtained from AIMD simula-
tions'”® of KOH solutions at concentrations of 1.5 and 13 M
using classical nuclei (and the deuterium mass for H) are
presented in Figure 20; it is noted in passing that these
spectra, as well as the general conclusions drawn, are in
accord with those obtained using NaOH in other AIMD
studies.'7*!%° The dilute case corresponds to the KOH to H,O
ratio 1:32, similar both to the standard AIMD simulations
of OH (aq) (except now the simulation box contains an
additional Kt counterion) and to the lowest concentration,
1:28, studied by neutron diffraction.?”” The high concentra-
tion of 13 M corresponds to a KOH to H,O ratio of about
1:3, which is the highest concentration investigated by
neutron diffraction'®”'*8 and is close to concentrations used
for standard (14 M) and time-resolved (13 M) IR spectros-
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Figure 20. Computed infrared spectra of OH™(aq) with counterions
in aqueous KOH solutions at concentrations of 1.5 M (solid line)
and 13 M (dashed line) for the frequency range 1000—3000 cm™!;
note that the deuterium mass is used for H. Reprinted with
permission from ref 178. Copyright 2006 American Chemical
Society.

copy.!**213 The spectrum obtained from the 13 M solution
in Figure 20 shows all of the features of the experimental
spectrum of 14 M KOH.?'3 Although the spectra cannot be
superimposed and the frequencies cannot be directly com-
pared because the calculations use deuterium while the
experiments do not, the overall shape of the computed
spectrum is in good agreement with the experiment, as
demonstrated in ref 178 (see the insets of Figures 3 and 4).
It is instructive to compare the IR spectra from Figure 20
with Figure 4a of ref 178, which shows the power spectrum
at 1.5 and 13 M concentrations obtained from the Fourier
transform of the velocity autocorrelation function, together
with the reported Raman spectra.?!* The power spectrum
contains a combination of IR and Raman intensities and,
therefore, cannot be directly compared to an actual Raman
spectrum. However, given that the IR intensity at 2400 cm ™!
is suppressed, the power spectrum should be dominated by
the Raman contribution. Thus, the sharp peak in the power
spectrum at 2400 cm™! is a suggestive feature that merits
special attention.

In order to understand the IR and power spectra and the
differences between them, we focus on the three main
features of the IR spectrum of the 13 M solution, namely,
the shoulder at 2400 cm™! and the two peaks at 2190 and
1950 cm™!. The shoulder can be assigned unambiguously
to the O*H' stretching mode of the (fully deuterated)
hydrated hydroxide in solution. The peak at 1950 cm™! can
be shown to correspond to the vibrations of OH bonds
donated directly to O%*, while the peak at 2190 cm™!
corresponds to the remaining OH vibrations. The high-
frequency shoulder in the IR spectrum of the 13 M solution
appears as a sharp peak in the Raman spectrum, a fact that
was suggested to support the traditional mirror image picture.
Here, we argue in favor of another interpretation that is
consistent with the dynamical hypercoordination structural
diffusion mechanism of OH™(aq) described in section 3.3.
The fact that the hydroxide ion can donate a weak hydrogen
bond (see Figures 4b, 6a, and 8a) for a significant fraction
of the total time, according to dynamical hypercoordination
in Figure 13b, indicates that, during these intervals, the O*H'
stretching mode experiences a red shift, thereby weakening
the contribution of the O*H' stretch mode (see Figures 4a,
6b, and 8b) in the IR spectrum, which is quasi-free for only
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Figure 21. Radial distribution functions, g(r), of OH (aq) of H'O,, for 6] < 0.1 A (a, left) and 101 = 0.5 A (b, right) without counterions
for a single OH™ anion in water obtained from the dynamical hypercoordination mechanism (solid), with counterions for a 1.5 M KOH
solution (dashed) as well as for a 13 M KOH solution (dotted); see the caption of Figure 2a and section 5.1 for definitions and labeling

conventions. Based on data from refs 16 and 178.

a small fraction of the total time. Consequently, a “full” IR
peak at 2400 cm ™! is not expected. However, as long as O*H’
is a quasi-free stretch for some fraction of the time, it will
appear as a strong signal in the Raman spectrum, in contrast
to what is observed in the IR spectrum. This interpretation
is consistent with the wealth of more recent experi-
ments'341907200.202.205 that support dynamical hypercoordina-
tion of OH (aq) in general and the capability of O*H' to
donate a HB by its H' hydrogen in particular (see section
3.5).

In Figure 21, the H'O,, radial distribution functions are
shown for the active and resting states (using the usual two
o windows, i.e. 10l < 0.1 A and 16l = 0.5 A, respectively)
for the high and low concentration KOH solutions as well
as for the standard OH (aq) simulation of dynamical
hypercoordination without any counterion (cf. Figures 6 and
8). This analysis shows that, independent of concentration
and counterion, the H'O,, peak around 2 A is less prominent
when the hydroxide ion is in the hypercoordinated, resting
state in panel b, thus accepting four HBs by its oxygen. This
peak is clearly more prominent in the active state when
OH™(aq) accepts only three HBs in panel a. Counterions even
seem to enhance the peak in the small d-regime somewhat.
Interestingly, it has been stressed in the more recent neutron
diffraction studies'””'*%?% ysing LiOH, NaOH, and KOH
solutions that the donated HB by H' does not depend strongly
on concentration (see section 3.5), in agreement with the
AIMD simulations.'”® In contrast, the number of HBs
accepted by O* is found to depend significantly on concen-
tration in these experiments and in AIMD simulations.'”®
The latter issue is examined here in more detail using the
O*X (X = O and H) radial distribution functions and their
running coordination numbers for the two d-windows at both
KOH concentrations compared to the standard OH (aq)
simulation of dynamical hypercoordination, in which no
counterion is present (see Figure 22). These radial distribution
functions and coordination numbers show a suppression of
the hypercoordinated complex corresponding to the majority,
resting state in the 13 M solution. In particular, for [0l = 0.5
A, the average coordination number drops to 4.6, whereas it
is roughly 5.0 in the 1.5 M solution. This AIMD prediction
is in accord with subsequent experimental findings of a

systematically decreasing number of accepted HBs with
increasing concentration of aqueous alkali solutions using
neutron diffraction techniques,'*”1%82% as discussed in detail
earlier in section 3.5. As in the experiment,'®® the AIMD
simulations'’® 8 predict no significant change of the
hydroxide solvation shell when a different counterion (Na*
instead of K*) is employed. A similar finding was reported
in passing in a study® devoted to solvated electron produc-
tion in water by reaction of neutral hydrogen with hydroxide.
In ref 69, one OH™ charge defect and one H’, i.e. a solvated
neutral hydrogen atom,®® were hosted simultaneously in a
periodic supercell containing 32 water molecules (one
simulation was performed with 64 water molecules), which
has the same concentration as one OH™ and one K in a
box of 32 waters.!”® In particular, it was concluded in ref 69
that “The introduction of the H" atom in the close vicinity of
the hydroxide anion does not alter the picture of the isolated
hydroxide anion as depicted by Tuckerman et al.*! ” (quoted
from ref 69; note that ref 41 therein is ref 135 in this
manuscript).

The free energy profiles in Figure 23 at 1.5 and 13 M
KOH show that, despite this reduction in the population of
complexes accepting four HBs, corresponding to the resting
state in the dynamical hypercoordination mechanism, PT is,
nevertheless, less probable at high concentration, since the
barrier of about 1.3 kcal/mol at 1.5 M is found to increase
to approximately 1.8 kcal/mol at 13 M concentration.
Examination of the contributing configurations reveals that
this increase in the barrier at 13 M arises from structural
distortions of complexes that accept three HBs, which are
the active states in dynamical hypercoordination. As this
distortion is found to hinder PT, an inevitable increase in
the PT barrier is the result (see ref 178 for more details).

Still, there is an additional twist when comparing the
solvation and charge migration at 13 M to the lower
concentration case. As Figure 24 shows, at 13 M, the
solvation structure of ordinary water molecules themselves
is significantly distorted compared to the case at 1.5 M.
Again, this is in qualitative agreement with experimental
findings'’”!%® based on water—water radial distribution
functions of NaOH solutions which show a distortion of the
HB network and an eventual collapse of the second
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Figure 22. Radial distribution functions, g(r), of OH™(aq) with respect to O* (left panels) and O (right panels) for 10| < 0.1 A and for Il
> 0.5 A in the top and bottom panels, respectively, without counterions for a single OH™ anion in water obtained from the dynamical
hypercoordination mechanism (solid), with counterions for a 1.5 M KOH solution (dashed) as well as for a 13 M KOH solution (dotted);
see the caption of Figure 2a and section 5.1 for definitions and labeling conventions. Here, O* is the proton-receiving oxygen, and O is the
proton-donating oxygen. The insets show the corresponding running coordination numbers, n(r), where the dashed horizontal lines mark
the preferred coordination numbers. Based on data from refs 16 and 178.
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Figure 23. Canonical (Helmholtz) free energy profile of OH™(aq)
at 300 K along the proton transfer coordinate ¢ without counterions
for a single OH™ anion in water obtained from the dynamical
hypercoordination mechanism (solid), with counterions for a
1.5 M KOH solution (dashed) as well as for a 13 M KOH solution
(dot-dashed). Note that the thermal energy is kg7 =~ 0.6 kcal/mol
at 300 K. Based on data from refs 16 and 178.

neighboring shell as a function of increasing concentration
(similar to the effect observed when compressing pure water).
As was shown in ref 178, this distortion gives rise to a
reduction in the average water coordination number: there
are simply not enough water molecules present in the 1:3
solution to fully solvate all ions.'®” The implication of this
phenomenon for charge migration in OH (aq) solutions at
high concentration is that before a first solvation shell water
can transfer one of its protons to the hydroxide ion, its own
coordination shell must also adjust so as to be similar to
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Figure 24. Radial distribution functions, g(r), of OH (aq) with
reference to all oxygen atoms without counterions for a single OH™
anion in water obtained from the dynamical hypercoordination
mechanism (solid), with counterions for a 1.5 M KOH solution
(dashed) as well as for a 13 M KOH solution (dot-dashed), where
thick and thin lines refer to X = O and X = H partner atoms,
respectively. Based on data from refs 16 and 178.

that of the hydroxide ion. This additional presolvation step
in the dynamical hypercoordination mechanism at high
concentration, combined possibly with the suppression of
PT events due to a non-negligible structural distortion of the
active state complexes (which increases the PT free energy
barrier), is presumably partially responsible for the decrease
of molar conductivity at 13 M.

Despite the observed effects on structure and free energies
in the high concentration limit, the above discussion makes
it clear that dynamical hypercoordination, and thus the
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resulting structural diffusion mechanism of OH ™ (aq), remains
essentially the same at high and low concentrations.!”® In
particular, it should be pointed out that, even at high
concentration, the mechanism based on a coordination
number reduction of the hydroxide through loss of a first
solvation shell member is still operative, as is confirmed by
the coordination numbers in Figure 22, even though it is less
efficient for the reasons given above. This conclusion, based
on AIMD studies,'”® "% is consistent with experimental
findings extracted from a systematic series of studies of
concentration and counterion effects on the solvation shell
structure of OH ™ (aq) using neutron diffraction.’”*~2% In view
of the general consistency between the AIMD simulations
and the neutron diffraction measurements, it is particularly
significant that, although the dynamical hypercoordination
mechanism obtained from these AIMD simulations is
qualitatively different from the traditional mirror image
picture, the experimental IR spectrum can, nevertheless, be
reproduced in these calculations as well (see Figure 3 of ref
178).

Having elucidated the influence of high concentration (here
13 M) on charge migration in aqueous bulk solutions
according to the dynamical hypercoordination mechanism,
we ask finally how reliable it is to neglect the counterions
at low concentration, 1.5 M, which is one of the assumptions
underlying the “standard approach” (see section 4.6). (Note
that neglecting the counterions at high concentration would
be futile, as they play a crucial role, arising from strong cation
solvation effects, in structuring the solution.) To probe this
assumption, the 1.5 M KOH data, obtained with one OH™
and one K" in the simulation cell, were compared to the
standard simulation setup. It should be clear from the total
oxygen—oxygen and oxygen—hydrogen radial distribution
functions shown in Figure 24, as well as from the radial
distributions involving only the hydroxide defect presented
in Figures 21 and 22, that the structures of the hydroxide
solvation shell and, most importantly, the coordination
numbers at 1.5 M KOH, are very similar to those obtained
without the counterion. Beyond structural analyses, the free
energy profiles of the two cases depicted in Figure 23 are
also found to be similar. The PT barrier obtained in the
standard simulations is about 1.1—1.2 kcal/mol (see also
the classical free energy profile in the upper left panel of
Figure 18), which is close to the value of about 1.3 kcal/
mol obtained for the 1.5 M KOH solution. All this supports
the basic assumption that, at relatively low concentrations
of about 1:30 and at even lower concentrations of about 1:60
(which has been shown to lead to the same dynamical
hypercoordination picture as the 1:30 case in section 4.6),
the effect of the counterion is negligible in that it does not
qualitatively alter the OH (aq) solvation and migration
picture. Again, the negligible influence of the K* counterion
complies with the observations in ref 69 showing that a
hydrated H" atom® does not strongly affect the solvation
behavior of an isolated OH™(aq) at concentrations of 1:32.

7. Charge Migration in Aqueous Basic Solutions:
Status Quo et Quo Vadis

The solvation shell structure of hydroxide, as well as its
charge migration mechanism and the observed anomalously
high conductivity of aqueous basic solutions, have been
believed to be closely related to what is known about excess
protons in water for roughly a century. The basis for this
assumption originates, most likely, with Danneel'> in his
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three-page note “Notiz tiber Ionengeschwindigkeiten” from
1905 (see section 3.1 for more background information) and
has been refined by Hiickel, Bernal and Fowler, Wannier,
and many others up to the present.+81 =8 144155-158,160.162-164.166,167
The essential concept introduced by Hiickel is to view H;O"
as a water molecule with an excess proton, “H;O" = H,0O
+ H™, while OH™ is regarded as H,O with a proton missing,
symbolically “OH~ = H,O — H"”, i.e. a water molecule
with a “proton hole”. By assuming analogous solvation shell
topologies in aqueous solution, it was thought that the
structural diffusion mechanism of OH (aq) could be straight-
forwardly derived from that of H(aq) by reversing hydrogen
bond polarities and the direction of proton transfer. This
notion is most clearly illustrated in Figure 3, which is
reproduced from ref 163, in which these ideas are reviewed.
Thus, according to this so-called “mirror image” or “proton
hole hopping” mechanism (presented in section 3.2), OH™
accepts three HBs by its oxygen site and donates none.
Structural diffusion is driven by the same type of fluctuations
in its second solvation shell that drive H"(aq) migration (as
summarized in section 2). In this vein, an intermediate H;0O,™
complex, i.e. schematically [HO+++H++<OH]", is formed,
which can be regarded as the proton hole analogue of the
Hs0,% “Zundel complex™, i.e. [HyO+++H++OH,]", of the
H*(aq) case.

A vastly different solvation and migration scenario, which
we term the “dynamical hypercoordination” mechanism
(discussed in section 3.3), has been revealed for OH (aq)
based on a series of ab initio molecular dynamics studies in
the last 15 years (using the methods presented in section 4).
One of the key predictions to have emerged from these
studies is that the hydroxide anion in water preferentially
accepts four hydrogen bonds at its oxygen site in a roughly
square-planar arrangement, as shown by the representative
snapshot in Figure 4a. This “hypercoordinated” solvation
state!® is, however, unable to accept another proton from a
neighboring water molecule; that is, it is the resting and thus
the majority state that is essentially inert to proton transfer.
Even in this resting state, there is a small propensity to find
an additional, fifth water molecule in the neighborhood of
the hydroxyl hydrogen site, as seen in the upper right corner
of Figure 4a. The resting state can be activated dynamically
by fluctuations in the first solvation shell of the OH™ that
reduce the number of accepted waters from four to three
and establish an additional donated hydrogen bond from the
hydroxyl hydrogen to a water molecule in its vicinity. This
transient minority state depicted in Figure 4b adopts a locally
tetrahedral structure in its first solvation shell similar that of
a typical intact water molecule in the bulk but different in
that it accepts three HBs and donates one. In such a short-
lived configuration, a proton can be transferred readily along
one of the three accepted hydrogen bonds, which converts
this particular OH™ defect into a regular water molecule that
accepts two and donates two hydrogen bonds. Note that the
weak hydrogen bond donated by the hydroxyl hydrogen in
the square-planar majority state is now transmuted into a
regular hydrogen bond. The net effect of this proton transfer
is a translocation of the negative charge defect to the
hydrogen-bonded water molecule that donated the proton
according to the sequence of events presented in the
snapshots of panels (e) — (h) of Figure 12 extracted directly
from ab initio path integral simulations. Neither quantum
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effects on nuclear motion nor concentration/counterion
effects alter the key characteristics of this mechanism (see
section 6).

Evidently, the traditional mirror image mechanism and the
novel dynamical hypercoordination mechanism are mutually
exclusive so that the question must be answered as to which
one of the two is in closer accord with experiment. This
comparison is based on detailed analyses of the different
solvation shell structures in section 5.2, diffusion coefficients
in section 5.3, charge migration in section 5.4, dynamics and
kinetics in section 5.5, and rotational relaxation in section
5.6. A key difference between the two advocated mechanisms
is the underlying preferred solvation shell structure of the
OH(aq) defect, which can be compared directly to experi-
mental findings. Fortunately, there is now a wealth of recent
diffraction and spectroscopic experiments on hydroxide
anions in bulk aqueous environments (see section 3.5),
including LiOH, NaOH, and KOH basic solutions of varying
concentration, that probe the solvation structure of OH ™ (aq).
The experimental findings in bulk solvation environments
strongly support the existence of hypercoordination of the
oxygen, its preferentially acceptance of four hydrogen bonds,
the ability of OH (aq) to donate a fifth (weak) hydrogen
bond via its hydrogen site, and the fact that the H;O, ™ is a
short-lived transient complex rather than a stable intermedi-
ate. This, in turn, substantiates the ability of the novel
dynamical hypercoordination mechanism to describe struc-
tural diffusion and charge migration in aqueous basic
solutions.

This overall consistent picture developed here has impor-
tant and far-reaching ramifications. Most importantly, a
fundamental asymmetry exists in the solvation pattern of
OH (aq) compared to H'(aq), which leads not only to
strongly different structural diffusion mechanisms of the
hydrated hydroxide versus the hydrated proton but also to
different behavior in more general terms. For example, the
dynamical hypercoordination picture of OH (aq) diffusion
can be expected to influence how we understand phenomena
such as the conductivity of negative versus positive charge
defects along hydrated membranes and water wires and the
properties of charge defects in hydrogen-bonded networks
embedded in restricted geometries and under confinement.
In addition, the different solvation shell properties of
OH™(aq) versus H"(aq) will impact our understanding of the
equilibrium charge state, basic or acidic, of finite aqueous
droplets and extended surfaces, as well as interfaces involving
water.!”~*! In particular, experimental support has been given
to the idea that OH™ is the most surface-excluded hydrated
anion in the series OH™, C17, Br~, NO;™, and I” whereas
the hydrated proton H* is the most strongly surface-
accumulated.” Settling the question of the basicity or acidity
of aqueous interfaces will, in turn, influence our understand-
ing of atomospheric chemical processes, including aerosol
reactions, gas uptake, and nanocatalysis.’>?’ The novel
solvation patterns uncovered in the ab initio molecular
dynamics simulation might also have an impact on our
understanding of the role of OH (aq) in the Hofmeister
series!720:277071 and the properties of negative versus positive
charge defects in nonaqueous associated liquids, including
their mixtures with water, charge transport in biomolecular
systems,> 3617 and fuel-cell technologies based on alkaline-
anion exchange membranes.**"*’ Recently, the hypercoor-
dinated state has been proposed for trapping of OH™
impurities in ice and, thereby, to account for the relatively
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low proton activity observed in isotopic substitution experi-
ments in hydroxide-rich ices.®’ Given the general importance
of charge migration in basic and acidic aqueous environ-
ments, we believe it is timely to discuss the fundamental
asymmetry revealed in the solvation pattern of OH (aq)
versus H'(aq) and the dynamical hypercoordination mech-
anism by extending or updating modern textbooks on
Physical Chemistry.

In the course of the studies we have performed, we have
demonstrated that what we have termed the “presolvation
concept” (explained in section 2) provides an astonishingly
simple but useful viewpoint for understanding, in general
terms, charge defect migration in hydrogen-bonded systems
starting from an assumed preferential solvation pattern of
the pertinent defect. The presolvation concept not only
rationalizes charge migration in acidic bulk solutions (see
section 2) but is also able to predict consistent structural
diffusion mechanisms of OH™(aq) depending on the solvation
shell properties, as demonstrated for three vastly different
scenarios (see section 3). Presolvation is seen not only to
predict the mechanism that is consistent with experiment,
based on the proper solvation shell structure, but it also offers
a microscopic rationalization of the failure of other proposed
mechanisms. Moreover, it can be successfully generalized
to cope with interfaces (see section 6.2). Overall, although
the solvation, diffusion, and kinetics of OH (aq) are quite
different from those of H*(aq), despite superficial similarities
and suggestive symmetries, the presolvation concept provides
a unifying perspective on both basic and acidic solutions.
Moreover, the presolvation concept provides a consistent and
unified means by which charge defect transport mechanisms
can be understood in numerous other types of hydrogen-
bonded systems.**#57 An example is charge transfer along
a hydrogen-bonded water wire,> which requires accounting
for the reduced solvation number of the preferred state due
to geometric confinement and possibly different solvating
acceptor and/or donor groups.

When comparing solvation of OH~ versus H' in bulk
liquid water, another important observation is that aspects
of the hydration shell of the latter can essentially be
reproduced using fairly small H" «(H,0), clusters by varying
their size. In particular, the crucial limiting complexes of
Hf(aq), i.e. the Zundel [H,O<*+H---OH,]" and Eigen
H;0™+(H,0); motifs, can be mimicked using finite n = 2
and n = 4 clusters, respectively. This is distinctly different
for OH (aq), where the hydrogen bond donated by the
hydroxyl hydrogen is not present in finite OH™ *(H,0),
clusters in a similar size regime (see section 6.2). Neverthe-
less, an interesting charge translocation mechanism is found
at microsolvation conditions with n = 6 in simulations.?!!
This restricted mechanism seems to share the feature of the
dynamical hypercoordination scenario that PT preferentially
occurs once a roughly square-planar coordination of the
oxygen site involving four accepted hydrogen bonds is
reduced to three in an approximately tetrahedral arrangement;
however, it lacks the stabilizing influence of the donated
hydrogen bond involving the hydroxyl hydrogen. This should
serve as a reminder that microsolvation studies in the gas
phase, both in the virtual lab and in the real one, might lead
to qualitatively different conclusions from solvation studies
carried out in condensed phase environments. Thus, an
interesting yet challenging idea for studying dynamical
hypercoordination, which is key to understanding basic
solutions in general and OH™(aq) in particular, might be to
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grow clusters sufficiently large to involve the donated
hydrogen bond. This approach could be attempted both
theoretically and experimentally. Furthermore, the interplay
of quantum effects and thermal fluctuations with polarization
due to bulk solvation can lead to surprising phenomena for
the smallest possible hydroxide and hydronium microsolvated
complexes (see section 6.2).

Hypercoordination of the hydroxide anion also has an
impact on the way basic solutions should be modeled in the
future in the framework of force field based molecular
dynamics. This is particularly important in view of the
demonstrated failure of molecular dynamics based on
standard OH /water nonpolarizable force fields to explain
recent diffraction data on OH (aq) solvation.'®* Fortunately,
there are promising advances to design improved classical
force field models!”’ for the hydroxide anion. One route is
to optimize the force field using accurate interaction energies
of an OH™ that accepts four water molecules at its oxygen
(i.e., much like the hypercoordinated state shown in Figure
4a) with polarizability added at the oxygen site.'® Four such
models have been constructed and shown to yield semiquan-
titative agreement with X-ray data,'®® which is a major
improvement over the nonpolarizable force field employed
earlier.’® Another promising route is to parametrize a
multistate empirical valence bond model'* to describe basic
aqueous solutions.*® Alternatively, improvement can be
obtained by taking into account explicitly the hypercoordi-
nated solvation shell of OH (aq) in terms of a ringlike
structure'®? that can accept three or four hydrogen bonds at
the oxygen site. In particular, a massless, charged ring, rather
than the usual point charges, is used in the “charged ring”
(CR) model'® to represent the negative unit charge in order
to mimic the ringlike electron localization function isosur-
faces reported in refs 135 and 215 (see Figure 4). Based on
this model, work is in progress to generalize this idea to
parametrizing an empirical valence bond model*?’ for fitting.
Apparently, such a combined model has been used most
recently to aid in the interpretation of time-resolved vibra-
tional spectroscopy.?’® Unfortunately, however, no details of
this model and its performance were presented in the main
article or in the Supporting Information in ref 206 that would
allow an objective assessment of its quality. Clearly, in
addition to hypercoordination at the oxygen site, any accurate
empirical model also needs to capture the ability of OH™ (aq)
to transiently donate a weak hydrogen bond involving its
hydroxyl hydrogen.

The rich conclusions and predictions extracted here from
elaborate ab initio computer simulations, which are supported
by a wealth of recent time-averaging diffraction and
spectroscopic experiments, should be a challenge to future
time-resolved experiments on OH™(aq), such as those in ref
206. In view of these findings, it seems most promising to
carry out such experiments directly in the condensed phase
in order to probe the ultrafast hydrogen bond dynamics in
the bulk environment. This would yield direct access to the
kinetics induced by the migration of OH (aq) charge defects,
where the detailed predictions collected in section 5.5 could
serve as useful guidelines. Recent impressive advances’30~33
in this direction are encouraging.’**~3*} In addition to the
spectacular successes for the H*(aq) case,?929>98:100.101 thig
route will certainly open up novel experimental avenues for
research into proton transfer reaction dynamics and charge
defect migration kinetics in many different classes of
associated liquids.
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9. Note Added in Proof

Publications that appeared in the ISI Web of Science after
submission of the manuscript are added in proof:

Several papers, including two Comments and a Reply
addressing interfacial properties of the hydroxide ion, are
collected as a “Frontiers Discussion”.***73*® They refer to
the issue of interfacial solvation and the charge state of
surfaces of basic aqueous solutions addressed in the general
introduction and concluding sections and refs 17—31 cited
therein; in particular, the Comment/Reply discussion is
related to ref 31 of this review. Moreover, a publication
discussing a polarizable empirical force-field study of the
reorientational behavior’*® has been included in this string
of papers on the solvation properties of hydroxide ion, which
refers to the discussion presented in section 5.6 herein. It
should be noted, however, that this empirical model does
not allow for proton transfer events. Specific hydroxide ion
binding at the oil/water interface has been investigated in
ref 350, structure and charging of hydrophobic material/water
interfaces have been studied in ref 351 with a focus on
interfacial hydroxyl and hydronium ions, and ref 352
discusses various aspects of experimental and computational
approaches and conclusions derived from these approaches
concerning the sign of the excess charge at water surfaces.

Computational details and a quality assessment of the
multistate empirical valence bond model extending the
“charged-ring” model'®* used in ref 206 to explain femto-
second pump—probe and 2D infrared experiments are now
available in ref 353, which replaces the private communica-
tion in ref 329.

Following ref 60, the role of hydroxide ions in the
diffusion of topological charge defects in ice was studied in
ref 354, and the effect of hydroxide ions on proton transfer
and H/D isotopic exchange of water molecules was examined
at the surface of amorphous ice films in ref 355. Adiabatic
and vertical ionization energies of the aqueous hydroxide
anion, the vertical attachment energy of an electron to the
aqueous hydroxyl radical, and the corresponding adiabatic
electron affinity have been determined in ref 356. Binding
energies of deprotonated, protonated, and neutral water
clusters have been evaluated using a variety of electronic
structure methods,>” which refer to the discussion in section
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3.5 on the accuracy®***** of computed relative stabilities of

microsolvated OH™ clusters.

Finally, drawing on the population correlation function
formalism introduced in ref 134 as a tool to quantify charge
migration in hydrogen-bonded systems (see section 5.5),
investigations of the kinetics of positive charge defects
appeared in the most recent literature.*>%->
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