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ABSTRACT: The hydroxyl radical (OH*) is a highly reactive oxygen
species that plays a salient role in aqueous solution. The influence of
water molecules upon the mobility and reactivity of the OH*
constitutes a crucial knowledge gap in our current understanding of
many critical reactions that impact a broad range of scientific fields.
Specifically, the relevant molecular mechanisms associated with OH*
mobility and the possibility of diffusion in water via a H-transfer
reaction remain open questions. Here we report insights into the local
hydration and electronic structure of the OH* in aqueous solution

from Car—Parrinello molecular dynamics and explore the mechanism

of H-transfer between OH* and a water molecule. The relatively small free energy barrier observed (~4 kcal/mol) supports a
conjecture that the H-transfer can be a very rapid process in water, in accord with very recent experimental results, and that this
reaction can contribute significantly to OH* mobility in aqueous solution. Our findings reveal a novel H-transfer mechanism of
hydrated OH*, resembling that of hydrated OH™ and presenting hybrid characteristics of hydrogen-atom and electron—proton
transfer processes, where local structural fluctuations play a pivotal role.

B INTRODUCTION

The hydroxyl radical (OH*) is a highly reactive species that is
ubiquitous in our environment. It plays crucial roles in diverse
fields ranging from water remediation and environmental
cleanup, radiation processing and nuclear reactors, to medical
diagnosis and therapy." OH* is a critical chemical species in the
lower atmosphere,™ it is an essential compound to the body’s
natural defense mechanisms,* and is believed to be responsible
for damage to DNA, lipids, and proteins. Yet, its reactivity is
apparently strongly influenced by water molecules.”® The
possible existence of a H,0—OH* complex has been
speculated to affect strongly the diffusion and oxidative capacity
of the radical. Particularly, the [H,O--HO*] interaction in
which OH* acts as a H-bond donor has been found as a
minimum in the potential energy surface of OH*—H,O dimers
in the gas phase.””'" However, direct experimental measure-
ments of transient neutral species is very challenging, and
indeed the data available for OH* are limited." The
temperature dependence of the OH* diffusion coefficient, for
example, has only been estimated by assuming Stokes law
behavior or by assuming the temperature dependence is the
same as for water self-diffusion."

In addition to a molecular mechanism, OH* can be expected
to be able to diffuse in water via hydrogen (H) exchange,
analogous to the proton-exchange reaction in the case of the
hydroxide anion (OH™).">"® A detailed investigation has led to
a clear understanding of the nature and transport mechanism of
OH™ in aqueous solution."*'> In the case of OH¥, it is believed
that this species unselectively ‘snatches’ an electron from any
molecule due to the unpaired electron in its electronic
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structure. Therefore, a H-hopping chain reaction may be
anticipated in aqueous solution; however, such a process has
not been previously demonstrated by experimental or
computational studies owing to the immense challenges that
OH* reactivity and lifetime have posed. Motivated by the
apparent lack of data for OH¥, the inherent difficulties faced in
its experimental detection, and the inconsistency in the rather

12,13,16,17
on the

limited number of molecular dynamic studies
chemistry of this important chemical species in liquid water, we
have performed extensive Car—Parrinello molecular dynamics
simulations with a large 63-H,O—OH?* system. In a very recent
article'® we have shown that previous theoretical results'>>*6
with smaller systems were contaminated by system size effects,
being biased by the presence of a three-electron two-centered
hemibond structure between the oxygen atoms of a water
molecule and the radical. This hemibond is an apparent artifact
of the self-interaction error,'® which is known to effect GGA
DFT functionals, and has been demonstrated to decrease
significantly as the system size (number of water molecules) is

. . . . 18,20
increased in this particular system.

Here we provide
insights into the local hydration structure and mobility of
OH* in aqueous solution, demonstrating that the H-transfer
between a OH* and a water molecule can be a very rapid

reaction and revealing key aspects of this process.
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B METHODS

The standard Car—Parrinello®® DFT-based ab initio molecular
dynamics method was used with the CPMD** code to study
63 H,0—OH* systems within a 12.56 A cubic simulation box.
Periodic boundary conditions were applied, and the simulation
temperature was set to 310 K. The local spin density (LSDA)
functional theory was used to account for the unpaired electron on the
OH¥*. The following two different density functionals were utilized and
compared: the gradient-corrected exchange-correlation energy func-
tionals of Becke—Lee—Yang—Parr23’24(BLYP) and the HCTH/120.>°
BLYP was included since it was previously applied in the study of
systems of 31 H,O molecules and a hydroxyl radical.">'*'® The
HCTH/120*° functional was also employed because it has been
reported to better reproduce the properties of liquid water.**” This
particular functional is a highly parametrized GGA functional which
was fit to a large set of empirical molecular properties. For our
simulations, we have primarily applied the HCTH/120 functional and
the Troullier—Martins norm conserving pseudopotential,”® where the
valence electronic wave function is described with a plane wave basis
with an energy cutoff of 90 Ry which provides a reasonable basis set
convergence for this particular system. In addition, we compare the
results obtained from the HCTH/120 functional with those obtained
with the BLYP functional with the Goedecker® norm-conserving
pseudopotential and a valence electronic wave function described with
a plane wave basis with a 75 Ry energy cutoff since this scheme was
previously applied in the study of systems with 31 H,O molecules and
a hydroxyl radical.'">">'® We use this scheme with the BLYP functional
for both small (31-H,0—OH*) and large (63-H,0—OH*) systems
for consistency. Tests with the BLYP functional in combination with
either pseudopotentials gave the same results. In general, the
parameters used for the dynamics followed those used in previous
CPMD simulations for aqueous OH* systems'® where a fictitious mass
of 600 au was utilized in the present study, whereas previous
calculations employed 600 au and 800 au.'® Taking into account the
importance of a reasonable selection of the fictitious electronic mass in
a Car—Parrinello molecular dynamic simulation, the Supporting
Information explores the possible impacts of the selected parameters.
The fictitious electron kinetic energy and the dynamics of atoms were
controlled by a chain of three Nose—Hoover thermostats>® operating
at characteristic frequencies of 6000 cm™" and 2000 cm™, respectively.
During the 7 ps equilibration and the subsequent 50 ps of simulation,
the total energy was monitored as well as the kinetic energy of the
fictitious electronic degrees of freedom. The average fictitious kinetic
energy was maintained at levels of 0.06 Ha and remained stable during
the whole simulation. The time step was set to 0.1 fs.

Constrained MD and Metadynamics. The free energy of the
hydrogen transfer reaction between the hydroxyl radical and a water
molecule was determined using both constrained molecular dynam-
ics® and metadynamics®* simulations. This is a challenging unitary
reaction (OH* + H,0 — H,0 + OH*) to study in liquid water, due
to the relatively small barrier for the transfer process and the possible
involvement of other neighboring water molecules. In terms of the
constrained MD simulations, the difference between the distances
O*—H and O-H was, after considerable testing, selected as a
constraint (R). Here, a sequential approach was applied, starting the
constrained MD simulations from a configuration that is close to the
initial state of the reaction, and from there subsequently starting each
new constraint run from the end point of the previous simulation. For
each 0.1 A increment, the average constraint force was measured over
a 3 ps trajectory. From such simulations the free energy profile was
obtained from a straightforward thermodynamic integration over the
coordinate R. Lagrangian metadynamics proved useful for the
characterization of the free energy barrier for a 31-H,0—OH* system
with the HCTH/120 functional. For this smaller system the H-transfer
reaction is not observed to proceed spontaneously, therefore allowing
for reasonable performance of the metadynamics approach. Details of
this approach have been extensively published.**** The chosen set of
collective variables included CNg*_p, representing the coordination
number of all hydrogen atoms around the radical oxygen (O*) within
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a radius of 1.2 A, and the CNy*_y, representing the coordination
number of all hydrogen atoms around the radical hydrogen (H*)
within a radius of 1.7 A. After extensive testing these were the only
parameters found to be successful in achieving a reasonable description
of the H-transfer reaction within metadynamics.

B RESULTS AND DISCUSSION

“Inactive” State of OH* in Aqueous Solution.
Significant contributions to the knowledge of the local solvation
structure of the OH* in aqueous solution can be provided
through the simulation of a large 63-H,0—OH?* system. From
our results, OH* is found to exist in an “inactive” state,
OH*(H,0), (Figure 1, IA), in which OH* has three H-bond-
donating neighbors and one H-bond-accepting neighbor (radial
distribution functions (RDF) and coordination numbers (CN)
for this structure are provided in the Supporting Information).
This local solvation structure has been reported by Adriaanse et
al. after an empirical self-interaction correction (additive
correction to the Kohn—Sham total energy) was included in
the DFTMD method to suppress the formation of the
hemibond, as an alpparent artifact of the SIE in DFT.**
Tuckerman et al,'*"® reported an OH™(H,0), structure for
the OH™ “inactive” state where in this case a four-fold planar
coordination around the oxygen atom is observed (Figure 1,
IIA). The differences between the “inactive” states of both
species can be explained by utilizing the electron localization
functions (ELF) for isolated OH* and OH™ shown at the top
of Figure 1. ELF provides a useful method for the analysis of
electron localization in a chemically intuitive way and indicates
spatial regions where electron pairs are most likely to be
found.>® We can deduce from these figures that OH™ has the
three lone pair electrons in a delocalized ring structure around
the oxygen atom'*" supporting the hypercoordination of this
species in its “inactive” state (Figure 1, IIA), while for OH* a
similarly delocalized continuous ring is shown for the ELF for
beta spin—orbitals (ELF-f). In addition, a p-like function for
the OH* unpaired electron appears in the ELF of alpha spin—
orbitals (ELF-a). This then explains the observation that one of
the three accepting hydrogen bonds of OH* is stronger than
the other two, which corresponds to the interaction with the
OH* unpaired electron. In fact, from the electronic features of
the “inactive state”(see Figure 2c, IA) it can be seen that at this
point the OH* shares positive spin density with the hydrogen
of the closest water molecule, indicative of a stronger
interaction with this H-bond-donating neighbor. As can be
seen in Figure 2d, IA, the highest occupied molecular orbital
(HOMO) is located on the OH* in the “inactive state”, while
the ELF-a and ELF-f} have representative features of an isolated
OH* and a water molecule at this point.

In the case of OH, a proton-transfer reaction was found to
be a fast event in aqueous solution, strongly influenced by
structural fluctuations. Within our simulations, spontaneous H-
transfers were observed on a roughly 30 ps time scale (three
events in a total of 100 ps). In its “inactive” state (Figure 1, IA)
the radical seems to be already favorably “pre-coordinated”
(with respect to its H-bond-donating neighbors) to accept a
hydrogen atom from a neighboring water molecule. If this (cf.
Figure 1, IA) were the appropriate solvation structure for the
H-transfer reactions, then H-transfers in water could proceed
essentially uncontrolled, and consequently, a very high mobility
of OH* in aqueous solution would be observed.

H-Transfer Mechanism of Hydrated OH*. There are
apparent structural and electronic constraints in the “inactive”
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Figure 1. Schematic representation of the first solvation shell of the
OH* (column I) and the OH~ (column II)'*'for different steps
during the hydrogen or proton transfer reaction, respectively, from a
nearest neighbor water molecule. (A) Molecular configuration prior to
the reaction, corresponding to the “inactive state”; (B) the “active”
state; (C) the transition state (TS); and (D) post-transfer.). In these
configurations, dotted lines between oxygen and hydrogen atoms
indicate 7o < 3 A. ELF isosurfaces (0.85) for isolated OH* and OH™
are shown. For OH*, ELF-# and ELF-a are represented as magenta
and cyan isosurfaces, respectively.

state that inhibit the H-transfer reaction. The transformation
from the “inactive” OH*(H,0), (Figure 1, IA) to an “active”
OH*(H,0); arrangement, (Figure 1, IB), occurs through a
weakening of the [H,0--HO*] hydrogen bond during local
structural fluctuations; the [H,O--HO*] interaction has been
already recognized as the most stable for the OH*,0 dimer in
the gas phase.” "' Here we define the “active state” as the
configuration from which the reaction is observed to proceed.
Hence, the “active state” state shown in Figure 1, IB is
necessarily visited before the H-atom can be transferred. This is
potentially the rate-limiting step for the H-transfer reaction.
This finding is consistent with the frequency observed for the
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H-transfer events during our simulations, as the OH™* needs to
experience the appropriate structural fluctuations to escape
from the “inactive’state.

As further evidenced below, in its “pre-transition” state the
OH* takes on some aspects of OH™ character. In this state
OH* also has a three-fold coordination, as in Figure 1, IB, but
the hydrogen atom has started to be transferred, although is still
not fully shared by the two oxygens (named IB* in Figure 2).
Specifically, a charge polarization of the (H;0,)* complex is
observed in this state with the development of a partial negative
charge on the hydroxyl moie?. A similar charge polarization
was observed by Mitroka et al.” when studying the influence of
water molecules in the reactivity of the OH* with organic
compounds (i.e., hydrogen atom abstraction). This movement
of electron density to the OH* moiety is visualized in Figure 2,
IB*, which shows the structural and electronic features for the
“pre-transition” state. From this figure an early electron
movement is evident compared to the position of the hydrogen
atom (or proton) (c.f. evolution of the HOMO and the spin
density from IA to IB). The chemical potential difference
between the @ and f states at each identified stage (IA: 3.2,
IB*: 0.0, IC: 1.15 and ID: 2.99 (kcal/mol)) is also indicative of
this fact. Although this reaction should be defined as a
hydrogen-atom transfer (HAT) reaction, because both the
electron and the proton come from the same bond,* the
electronic features gresented in Figure 2 are suggestive of a
hybrid mechanism®® apparently involving aspects of HAT and
electron—proton transfer (EPT). As has been previously
stated, the definitions of HAT and EPT become blurred in
some cases due to the extent of electronic coupling and
delocalization involved. In the proton exchange mechanism
suggested for the hydrated OHT, a first-solvation-shell H-bond
breaking event also occurs, which transforms the OH™(H,0),
structure (Figure 1, ITA) into an approximately tetrahedral
OH™(H,0); structure (Figure 1, IIB)."*"S Interestingly then
the mobility of OH* in aqueous solution has aspects
resembling that of hydrated OH, that is the “active” states
of both species, OH*(H,0); (Figure 1, IB) and OH™ (H,0),
(Figure 1, IIB)"* appear rather similar. This could be important
to the understanding of chemical reactions in water in which
OH™ and OH* are both involved, particularly electron-driven
processes.”” At the transition state, the hydrogen atom (or
proton) is now fully shared by the two OH moieties,
corresponding to the formation of a (H;0,)* entity; at this
point the environment around each OH moiety becomes
similar (the coordination number is 4.0 around both). The
[H,0--HO*] distance shortens dramatically at this point
(Figure 1, IC), to facilitate the appropriate pre-solvation of
the new formed water molecule. In the case of OH™, a weak H-
bond between the OH™ hydrogen and a H-bond-accepting
water is also formed in the transition state (Figurel, IIC). After
the H-transfer, the new OH¥* is formed in its “inactive”
OH*(H,0), state (Figure 1, ID), where a similar situation is
observed for the OH™(Figure 1, IID). The consequence of this
process is that the radical center has migrated to a new site in
the H-bond network. In the post-transfer state (Figures 1, ID
and 2, ID) the new OH* carries the major portion of the spin
density, similar to the initial state (Figure 2, IA), with only a
small amount of positive spin density appearing near the
hydrogen of the closest water molecule. In a general analysis of
the ELF functions for the reaction (Figure 2, column b), we
note that before the H-transfer (Figure 2, IA) the ELF-a has
representative features of an isolated OH* and water molecule,
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Figure 2. Molecular configurations and electronic features for different states during the spontaneous H-transfer reaction (the OH* and the water
molecule involved in the reaction are represented). Row legends: (IA) initial state, (IB*) pre-transition state, (IC) transition state (H;0,)* complex,
(ID) post-transfer state. A dark-blue sphere represents the oxygen atom of the initial radical. The whole reaction (conversion from IA to ID) occurs
in approximately 0.7 ps. Column (a) shows molecular configurations in which the black numbers are atomic distances and red numbers are the bond
orders; column (b) presents the ELF-f3 as magenta isosurfaces (0.85) and the ELF- as cyan isosurfaces (0.85). Column (c) shows the evolution of
the spin density, where the yellow isosurfaces correspond to +0.0004 and green isosurfaces correspond to —0.03. In column (d), the evolution of the
HOMO is presented where red and blue isosurfaces have values of —0.03 and +0.04, respectively. For (IA) and (ID) the HOMO is localized on the
OH* and is perpendicular to the H-bond with the nearest neighboring water molecule. For (IB*) both HOMO and HOMO-1 orbitals are shown
due to the existence of & and 8 degenerated states centered on the water and OH* oxygens, while at the transition state (IC), the HOMO is shared
across the (H;0,)* complex.
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Figure 3. Free energy profiles from constrained molecular dynamics (MD) simulations for the H-transfer reaction between OH* and a neighboring
water molecule. The BLYP (blue line) and the HCTH/120 (magenta line) density functionals for the displacement coordinate R (see schematic
illustration) were applied. The average r;*(, distance (see schematic illustration) for every constrained MD step is represented by the second axis

(right) and the red line.

which become somewhat modified in the pre-transition state
(Figure 2, IB*). In the transition state (Figure 2, IC) a
symmetric electronic structure, consistent with sharing of
electrons, is apparent, with similar character on both oxygen
centers. At the completion of the transfer (Figure 2, ID),
teatures typical of the new isolated OH* and water molecule
are once again seen. Taking into account the above
observations, the diffusion mechanism of OH* in aqueous
solution via H-transfer reactions can be summarized as: (1)
formation of an “active state” transient OH*(H,0); structure
by the weakening of the [H,0--HO*] hydrogen bond through
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local structural fluctuations, (2) formation of a (H;0,)*
complex with an early electron transfer while the H-atom is still
not equally shared between the two oxygens in the “pre-
transition” state (EPT), (3) formation of a [H,O--HO*]
hydrogen bond in the transition state to facilitate the
appropriate “pre-solvation” of the newly formed water
molecule, and (4) completion of the HAT/EPT reaction
resulting in a new OH* in the “active state” state and a new
water molecule.

Free Energy Barrier for the H-Transfer Reaction.
Having established the mechanism, we examine the free energy
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Figure 4. Free energy landscape from a metadynamics simulation for the H-transfer reaction between OH* and a neighboring water molecule for a
31-H,0—OH* system. The HCTH/120 density functional was applied, the coordination numbers (CN) O*—H (within 1.2 A) and H*H (within
1.7 A) are employed as collective variables. Within the initial state of the reaction (labeled I) OH* can be seen sharing positive and negative spin
density with the hemibonded water in this small 31-H,0—OH* system. Applying metadynamics the system evolves to the “inactive” states (IA)
shown in Figure 1 and follows the same mechanism from IA to ID (see Figure 1). After the transfer, the new water again forms a hemibond with the

newly formed OH* (F).

barrier for this reaction which we conjecture can be a very fast
event. From our simulations, a time scale of 30 ps can be
considered a rough estimation of the lifetime of the OH* in
aqueous solution. Constrained molecular dynamics (MD)
simulations® were used to estimate the free energy barrier
for the reaction (Figure 3). The value obtained of about 4 kcal/
mol is in good agreement with experimentally derived values’
and high level ab initio calculations in the gas phase.® In
addition, the average ry*o distance was determined from
gu™o(y) for each step of the constrained MD to confirm the
crucial influence of this H-bond-accepting neighbor of the OH*
during the transfer. As can be observed in Figure 3 (red line),
the average r* distances reveal that the interaction with this
H-bond-accepting water neighbor weakens significantly just
prior to the formation of the transition state, starting at the
“active” state for this species and taking a maximum value in the
“pre-transition” state (Figure 3, IB, red line). In the transition
state (Figure 3, IC, red line) this distance shortens to provide
the appropriate coordination in the first solvation shell of the
newly formed water molecule. No other significant structural
change was observed during the reaction (see Supporting
Information).

Metadynamics®* was also explored as a means to estimate the
free energy barrier for this reaction (see details in Methods
section). This is a powerful tool that can be used for both
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reconstructing the free energy and for accelerating rare events
at the classical or quantum level.** Its application to a 63-H,0—
OH* system proved problematic probably due to the fact that
the H-transfer reaction is not a rare event for this larger system
(due to the small barrier of this unitary reaction). As we have
shown very recently,'® there is a system size effect in the Car—
Parrinello simulations of the OH* in aqueous solution in
which, for small 31-H,O—OH¥* systems, the OH* oxygen
interacts strongly with the oxygen of a neighboring water
molecule to achieve a separation of ~2.4 A. The unpaired OH*
electron is tied down in this three-electron two-centered
hemibonded structure, as shown in the spin density of the
structure denoted by (I) in Figure 4. Consequently, the H-
transfer reaction becomes a rare event in this small 31-H,0—
OH* system. The application of metadynamics did force the
system to overcome the hemibonded arrangement before
following the same H-transfer mechanism explained above. As
illustrated in Figure 4 the initial state (I) corresponds to a local
OH* structure (two H-bond-donating neighbors, a H-bond-
accepting neighbor and a fourth water molecule forming a
hemibond) that was found to be stable for at least 160 ps.'®
The inclusion of repulsive potentials within metadynamics
forces the local solvation structure of OH* to evolve to the
“inactive” state (IA) previously presented in Figure 1, IA. The
process then follows the same mechanism (see Figure 1) in
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which the “active” state (IB), pre-transition state, transition
state (IC), and again “inactive” state (ID) are visited, ending
with a H-transfer reaction. As expected for this small system,
after the formation of the new radical, the newly formed water
quickly rotates to form a new hemibonded structure (structure
denoted by (F) in Figure 4). Interestingly, this artificial
dynamics yields a free energy barrier that is only somewhat (1—
2 kcal/mol) higher than the constrained MD result for the
reaction profile given in Figure 4, which is consistent with the
observation that the hemibonded dimer in the gas phase is
around 1.8 kcal/mol more stable (with BLYP) than the
hydrogen bonded configuration (see the Supporting Informa-
tion of ref 34). This alternate means confirms that the barrier
for this reaction has an upper bound of 6 kcal/mol and is
indeed small. A rough estimate for the total activation energy
for the proton exchange reaction for OH™ is 3 kcal/mol,'* and
indicates that OH* should be less mobile than OH™ in aqueous
solution. This is confirmed by the fact that the self-diffusion
coefficient of OH* in water has been estimated as 2.8 X 107
cm?/s*” (slightly higher than that of water molecules, 2.5 X
1073 cmz/s) which is significantly slower than the diffusion
coefficient of OH™ in aqueous solution (5 X 107> cm?/ $).J6 A
rough estimate from the present work of the self-diffusion
coefficient of OH* in aqueous solution is similar to that of a
water molecule (see Supporting Information). Interestingly,
this value of the diffusion coefficient is comparable to previous
estimates from experiment.”® The H-transfer reaction can
therefore represent an alternative means of diffusion of the
radical under appropriate conditions and could contribute
significantly to the mobility of OH* in solution.

B CONCLUDING REMARKS

Overall, the H-transfer reaction appears to exhibit a hybrid
mechanism involving aspects of both HAT and EPT, with a
slight polarization of the pre-transition (H;0,)* complex. Our
simulation results strongly support a very recent spectroscopic
observation®” made during the irradiation of OH™ in aqueous
solution, in which a novel geminate recombination channel of
the electron and OH* was claimed to arise from ultrafast H-
transfers from neighboring water molecules. While the direct
detection of the explicit transfer would be very challenging, in
part because of its very short subpicosecond time scale,
experimental confirmation can now be undertaken with the use
of the microscopic details provided by this work. Our results
evidence that H-transfer may represent an alternative
mechanism for OH* diffusion in water; this would suggest
that OH* mobility via H-transfer reactions can be rather
sensitive to the local environment and its fluctuations. Given
the great importance of this highly reactive species to a broad
spectrum of scientific and industrial fields, detailed studies
focused on exploring these mechanisms further is clearly
warranted. For example, theoretical investigations probing the
possible impact of quantum effects would seem desirable,
although would be significantly more challenging than the
extensive computations of this work.

B ASSOCIATED CONTENT

© Supporting Information

Radial distribution functions and coordination numbers;
possible effects of the electronic fictitious mass and system
size on the local structure; estimation of the self-diffusion
coefficient of OH* in aqueous solution; details of metady-
namics simulations; full list of authors of reference 1. This
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material is available free of charge via the Internet at http://
pubs.acs.org.
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