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ABSTRACT
Experimental findings by others suggest that OH radicals are formed in unexpected abundance on or near surfaces of 1–50 μm micro-
droplets comprised of pure water, but the mechanism by which these radicals are generated is not yet fully resolved. In this work, we
examine two possibilities using ab initio electronic structure methods: (1) electron transfer (ET) from a microdroplet surface-bound OH−

anion to a nearby H3O+ cation and (2) proton transfer (PT) from such a H3O+ cation to a nearby OH− anion. Our findings suggest
that both processes are possible but only if the droplet’s underlying water molecules comprising the microdroplet provide little screen-
ing of the Coulomb interaction between the anion and cation once they reach ∼10 Å of one another. In the ET event, an OH radical
is formed directly; for PT, the OH formation occurs because the new O–H bond formed by the transferred proton is created at a bond
length sufficiently elongated to permit homolytic cleavage. Both the ET and PT pathways predict that H atoms will also be formed. Finally,
we discuss the roles played by strong local electric fields in mechanisms that have previously been proposed and that occur in our two
mechanisms.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0188908

I. INTRODUCTION
In this paper, we have studied what can happen when an OH−

anion and an H3O+ cation recombine to form a water dimer (H2O)2.
The novel aspects of this study involve considering the possibilities
that an encounter between these ions might result in electron trans-
fer to generate an OH radical and a H3O Rydberg radical and/or
proton transfer involving collisions with sufficient kinetic energy to
fragment the water dimer into H2O(OH) +H. In both reactions, OH
radicals can be formed. Before explaining the methods we employed
and discussing our findings, we want to let you know what motivated
us to explore these possibilities.

A. Motivation
Dick Zare’s group1,2 reported that H2O2 appears to be formed

from microdroplets of water with diameters in the 1–50 μm range
with higher local concentrations of H2O2 generated in smaller
droplets than in larger droplets, suggesting that the generation of
H2O2 occurs near the surface of the droplet. Those researchers
proposed it was likely OH− anions residing near the surface of the

droplets that were operative and suggested that OH radicals pro-
duced from detaching an electron from OH− anions were reacting
to generate H2O2.

The Zare group proposed that OH− ions near the surface are
more susceptible than OH− anions in the bulk to losing an electron
to generate OH radicals. We know that in the bulk, it takes about
3.5 eV to detach an electron from OH−, but it still takes 1.83 eV to
detach an electron from an isolated OH− ion. Zare et al. suggested
that strong local electric fields, which had been shown to occur at
or near the interface,3,4 might facilitate detachment of an electron
from OH− to generate an OH radical and a free electron, but they
noted that they did not know where the detached electron then goes.
This seems plausible to us, but we thought of two other options that
we decided to explore, both of which account for the fate of all the
electrons.

It is with these experimental findings in mind that we under-
took this study in which we examined the electronic energy surfaces
that would govern two reactions OH− +H3O+ → H2O⋅ ⋅ ⋅H2O and
OH− +H3O+ → HO +H3O, either of which could generate the OH
radicals postulated to produce H2O2. In the latter reaction, OH is
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a primary product, and the fragile H3O Rydberg radical would be
expected to dissociate to produce H atoms and H2O. In the for-
mer reaction, if the final encounter of the cation and anion were
sufficiently energetic, as we show to likely be the case, the nascent
H2O⋅ ⋅ ⋅H2O water dimer could fragment into H + H2O⋅ ⋅ ⋅OH and,
thus, provide a source of the OH radicals.

These two reaction pathways involve electron transfer and pro-
ton transfer. In this study, we examine them both treating the
anion–cation encounter in the absence of any solvation and treating
it with solvation modeled using a continuum solvation model. We
wish to emphasize that such approximate treatment of surface solva-
tion effects should not be expected to provide quantitatively accurate
predictions. However, we do think that our work provides a route
toward suggesting whether either of the two reaction pathways could
be feasible for OH− and H3O+ ions existing on the liquid/vapor
water interface. Before proceeding further, we think it is appropriate
to justify our approach in a bit more detail.

In 2001, Geissler et al.5 studied the autoionization of liquid
water to generate OH− and H3O+ using ab initio molecular dynam-
ics simulations. Because the autoionization is an extremely rare
event, they employed a specialized transition path sampling tech-
nique to simulate the surrounding solvent’s (rare) fluctuations that
are needed to bring three water molecules into what they termed a
hydrogen-bond “wire” geometry. Upon reaching this critical geome-
try, a proton transfer along the wire within the three water molecules
occurs to generate the ion-pair products. These products have some
chance to diffuse apart, but most of the time they recombine to
reform the neutral water trimer wire. We will provide a bit more
detail about this study later when we discuss our results.

Subsequently, Hassanali et al.6 studied the recombination of
H3O+ and OH− in water again focusing on “wire” structures within
which the ultimate proton transfer step occurs. They found two time
scales to be relevant: one (∼0.5 ps) in which the electric fields gener-
ated by the surrounding solvent compress a small number of water
molecules into a wire geometry that allows the proton transfer to
begin and the second (∼65 fs) relates to how long it takes the proton
transfer step to occur within the wire.

It should be noted in both of the studies just discussed that it
was only the behavior of the water molecules involved in the proton
transfer process once they were within ∼10 Å of one another that was
incorporated. They did not explicitly include the diffusive motions
of the OH− and H3O+ ions away from or toward one another after
or prior to the proton transfer event because such motions take place
on timescales well outside the range of their simulations.

In our study, we also focus primarily on what happens when the
OH− and H3O+ ions on a microdroplet’s surface are within ∼10 Å,
not as they undergo Grotthuss proton transfers or diffuse or hop
from site to site. We do not use the same three-water wire model
as employed in Refs. 5 and 6. Instead, we consider the encounter
of a single OH− ion with a single H3O+ ion once they have come
within ∼10 Å of one another on the microdroplet’s surface. We do
so either in the absence of any representation of the droplet’s surface
solvation effect by using a continuum polarization model to simulate
these effects.

We are attempting to model the behavior of OH− and H3O+

ions residing on the surface of the microdroplet where they are
attached to solvent water molecules from below (i.e., inward toward
the bulk liquid). Moreover, as explained above, we do so only once

the ions have come within ∼10 Å of one another. We view the
surface-translational movement of these ions as occurring by their
being temporarily detached from the underlying solvent molecules,
allowing them to hop a short distance (<10 Å) to another bind-
ing site, ultimately reaching critical distances at which an electron
or proton transfer can occur. As we discuss later, their detach-
ment from a binding site could occur thermally (N.B., at 298 K0,
kT = 0.026 eV = 0.6 kcal/mol) or could be assisted by the Coulomb
attraction potential −14.4 eV Å/[εR(Å)] between the two ions, where
the dielectric constant ε is used to model any screening that might
be present and R(Å) is the distance in Å between the anion and
cation.

For a cation/ion pair that has migrated to such a critical dis-
tance, the underlying solvent molecules might, of course, have an
effect on their mutual interaction energy. In our study, we attempt
to address this issue not in a manner to achieve accurate predictive
reaction rates. Instead, we are trying to explore whether either of the
two reaction pathways we present here could be plausible explana-
tions for the source of OH radicals that seem to be formed in the
Zare-lab experiments. Therefore, we explore the electronic energy
surfaces relevant to the two reactions in three cases: in the absence of
any dielectric screening, with screening to model the high-frequency
dielectric response (ε = 2) of the water solvent, and with screening to
model water solvent’s full dielectric response (ε = 78). For one OH−

anion and one H3O+ cation within ∼10 Å, there may be few or no
H2O molecules immediately between them on the surface, but there
will be numerous H2O molecules below and to the sides of them in
the underlying liquid of the droplet. If the electron transfer or proton
transfer event is very fast, the underlying solvent may only have time
to exert its high-frequency screening. On the other hand, if either
of these transfer processes is slow, the full screening could be more
appropriate. This illustrates how we view the results thus obtained as
limiting-case estimates whose value mainly offers guidance for what
mechanisms are plausible.

B. Outline of our study
In Sec. II, we detail the computational methods employed in

our study. In Sec. III, we first provide and discuss the results of our
electron transfer calculations and then do likewise for our proton
transfer study. In Sec. IV, we reflect on what our findings say and
suggest about the experimental findings reported in Refs. 1 and 2.

II. METHODS
The equilibrium structure and the corresponding harmonic

vibrational frequencies of the isolated neutral (H2O)2 water dimer
were determined by applying the second-order Møller–Plesset
(MP2) perturbation method7–9 with the aug-cc-pVDZ10 basis set
supplemented with 3s3p sets of diffuse functions centered on both
oxygen atoms. The extra diffuse functions do not share exponent
values, and we used even-tempered11 three-term s and three-term p
basis sets. The geometric progression ratio was equal to 3.2,12 and
for each symmetry, we started to build up the exponents of the
extra diffuse functions from the lowest exponent of the same sym-
metry included in the aug-cc-pVDZ basis set designed for oxygen.
As a consequence, we achieved lowest exponents of 2.4097 × 10−3

and 2.0923 × 10−3 a.u. for the s and p symmetries, respectively.
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We examined the lowest eigenvalue of the atomic orbital over-
lap matrix to determine that near linear dependency was not a
problem.

The relaxed scans of the potential energy surfaces [i.e., partial
geometry optimizations assuming a certain interatomic separation
(either oxygen–oxygen or oxygen–hydrogen) frozen and the other
bond lengths and angles relaxed to minimize the energy] were
performed at the same MP2/aug-cc-pVDZ + 3s3p theory level.

The avoided crossings between the OH⋅ ⋅ ⋅H3O and
OH−⋅ ⋅ ⋅H3O+ energy profiles (representing the two singlet
states) for the oxygen–oxygen separations near the crossing points
were studied by using the complete active space multiconfiguration
SCF procedure13–18 involving four electrons and a subset of four

orbitals in the active space [i.e., CAS-SCF(4,4)] with an MP2-level
electron correlation correction19 to the CAS-SCF energy. The
diabatic energy profiles describing the heterolytic and homolytic
dissociation of the water dimer into either H2O(OH−) + H+

or (OH)H2O + H were determined likewise [by employing the
CAS-SCF(4,4) technique together with the MP2-level correction].
In all CAS-SCF calculations, the aug-cc-pVDZ + 3s3p basis set
was used. This particular active space was selected so that all of
the following orbital occupancies could be accommodated: (i) the
closed-shell situation in (H2O)2, (ii) the doubly open-shell situation
in (H2O)OH + H, (iii) the closed-shell situation in (H2O)OH−

+ H+, (iv) the doubly open-shell situation in OH + H3O, and (v)
the closed-shell situation in OH− +H3O+. In all cases, we examined

FIG. 1. Energies of OH−⋅ ⋅ ⋅H3O+ (green) as a function of the O–O distance with all other coordinates relaxed to minimize the energy for ε = 1 (a), 2 (b), and 78 (c). In blue
is shown the asymptotic energy of OH + H3O and in red is the asymptotic energy of OH− + H3O+.
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the resultant occupied molecular orbitals to assure that they had the
desired character.

The solvent effects were approximated by employing the polar-
ized continuum solvation model (PCM)20–22 within a self-consistent
reaction field treatment, as implemented in the GAUSSIAN16 pack-
age [the default options for PCM and dielectric constants (ε) of
2 and 78 were used]. All calculations were performed with the
GAUSSIAN16 (Rev. C.01) program suite.23

III. RESULTS
A. Overview of reaction energy profiles

In Fig. 1, we show plots of the relative energies of the reactants
and products in the proton-transfer (PT) and electron-transfer (ET)
reactions with the screening from the surrounding water treated
using PCM dielectric constants of 1, 2, and 78. All energies are
shown relative to that of the water dimer at its equilibrium geom-
etry. At each distance ROO between the two oxygen atoms, the
other bond lengths and angles have been “relaxed” to minimize
the energy unless specified otherwise. As stated earlier, it is more
likely that the two ions undergo Grotthuss, diffusion, or hopping
movements along and on-and-off the surface. However, once they
come within ∼10 Å of one another, we think that the energy pro-
files in Fig. 1 can be quite relevant as a way of thinking about
what might occur if the underlying droplet surface has no additional
effects.

We first wish to point out a few key features of the data shown
in Fig. 1(a). The energy profile for the OH−⋅ ⋅ ⋅H3O+ ion pair fol-
lows, at large ROO, the functional form 9.87 eV–14.4 eV Å/ROO(Å)
expected for the two ions whose energy lies 9.87 eV above that of the
water dimer at large ROO and decreases according to an unscreened
Coulomb attraction. Second, the energy profile of the OH⋅ ⋅ ⋅H3O
radical pair varies little with ROO and is shown to lie 6.44 eV above
the water dimer at large ROO. Later, when we address the details of
the coupling between the ion-pair and radical-pair curves, we will

show more precise data for both curves computed for a range of
ROO values near the crossing at the relaxed geometry of the ion pair.
In those calculations, a common geometry is employed because the
ET process is initiated at the ion-pair geometry and occurs faster
than the radical-pair formed has time to undergo geometrical relax-
ation. Third, the radical-pair and ion-pair curves appear to intersect
near ROO = 5.0 Å; this is where the ET event might take place as
we discuss in detail later and where we will provide a more precise
value for where an actual avoided crossing occurs. Fourth, the ion-
pair curve undergoes a steep drop of ∼4.74 eV near ROO = 3.6 Å;
as we show later, this is where the PT takes place to form the water
dimer.

We show in Figs. 1(b) and 1(c) plots analogous to those in
Fig. 1(a), including/approximating solvation effects in terms of a
continuum dielectric constant of ε = 2 and ε = 78, respectively. There
are a few things to notice in Figs. 1(b) and 1(c) when compared to
Fig. 1(a). First, for ε = 2, the OH−⋅ ⋅ ⋅H3O+ and OH⋅ ⋅ ⋅H3O curves
still have a crossing, but it occurs at a much longer ROO than for ε = 1;
for ε = 78, the OH⋅ ⋅ ⋅H3O curve remains far above the OH−⋅ ⋅ ⋅H3O+

curve at all distances, so there is no crossing. These data suggest
that ET might be operative but only if the microdroplet’s environ-
ment is very weakly solvating (e.g., consistent with ε = 2 or lower).
Second, although the ROO value at which the ion-pair curve under-
goes a sudden drop is a bit smaller for ε = 2 and ε = 78 than for
ε = 1, the energy-drops’ magnitudes are quite different; for ε = 1, the
drop is 4.75 eV, and for ε = 2 and ε = 78, they are 3.5 and 2.4 eV,
respectively. These changes in the energy drop will be shown later to
play key roles in deciding whether PT can be a source of OH radical
formation.

Before moving on to discuss the possibility of ET, we want
to further clarify what is happening in the regions of steep drops
shown in Fig. 1 by demonstrating that the reaction energy pro-
files illustrated in the steep-drop regions are good representations
of the corresponding intrinsic reaction coordinate (IRC) profiles.
The IRC is defined as the minimum energy reaction pathway in

FIG. 2. Energies of OH−⋅ ⋅ ⋅H3O+ along the intrinsic reaction coordinate (a) starting at ROO = 4.0 Å and leading to the equilibrium geometry of the water dimer; energies
along this same path plotted as functions of the O–O distance (b).
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mass-weighted Cartesian coordinates between the chosen stage of
a reaction and its final product. In our case in which we proceed
downhill to the water dimer minimum, it traces out a path parallel
to the local gradient starting at a point where this gradient lies along
the negative Hessian eigenvalue’s eigenvector. In mapping out the
energy profile associated with the IRC associated with Fig. 1(a), we
utilized the Gonzalez–Schlegel method.24

For the case shown in Fig. 1(a), we carried out such an IRC
study beginning at an ROO value of 4 Å and we followed the IRC
downward in energy to the water-dimer product geometry. The
energy variation along this IRC is shown in Fig. 2(a). At each point
along this IRC, we measured the ROO value; this allowed us to make
a plot of energy vs ROO for points actually lying on the IRC. The data
for this plot are shown in Fig. 2(b).

This test shows that the behavior of the energies shown in Fig. 1
where steep drops occur is indeed properly representative of the
actual IRC energy profiles in these regions. As we show later, it is
in these regions that a proton is transferred from H3O+ to OH−, and
the magnitudes of the energy drops play key roles in determining
whether the PT mechanism can generate OH radicals.

B. Electron transfer pathway
To determine whether it is feasible to suggest that the ET path,

which generates OH + H3O, is feasible, we had to examine the
avoided crossing between the OH⋅ ⋅ ⋅H3O and OH−⋅ ⋅ ⋅H3O+ curves.
As explained in Sec. II, we used a CAS-SCF procedure to calcu-
late the energies of these two singlet states for ROO values near the
suggested crossing points shown in Fig. 1. Both the ion-pair and
radical-pair energies were computed, for each ROO, at the relaxed
geometry of the ion pair because this is the geometry at which the
ET is initiated. In Fig. 3, we show these energy plots for ε = 1 and
ε = 2 (recall, no crossing occurs for ε = 78).

Because the HO−⋅ ⋅ ⋅H3O+ and HO⋅ ⋅ ⋅H3O states are of the
same spatial and spin symmetries, they undergo an avoided cross-
ing whose magnitude (i.e., the minimum energy gap) reflects the
electronic coupling between the OH− ion’s pπ orbital and the H3O

radical’s Rydberg orbital that are involved in the ET event. Clearly,
the coupling strength, as contained in the minimum energy gaps
shown in Fig. 3, between these two states is much smaller for
ε = 2 than for ε = 1.

To estimate the probability P of ET for each of these cases,
we make use of Landau–Zener theory,25 which approximates the
probability as P = 2πH2

h̵v∣ dE1
dR −

dE2
dR ∣

. Here, H is the magnitude in the

coupling between the two states (determined as 1/2 the minimum
splitting between the pairs of curves shown in Fig. 3), and v is
the speed at which the two ions pass through the crossing point.
∣ dE1

dR − dE2
dR ∣ is the difference in the slopes of the two curves as

they approach the avoided crossing. This expression for the ET
probability can be recast in units of eV for energies and Å for
distances as P = 68.7∣HeV ∣2√

KEeV
μamu
∣ dE1

dR −
dE2
dR ∣eV/Å

, where μ is the reduced mass

of the OH−⋅ ⋅ ⋅H3O+ pair in atomic mass units. Estimating the
slopes as in Fig. 3 and employing the H energy gaps reported there
and inserting 17 × 19/36 as the reduced mass, these probabili-
ties turn out to be P = 0.11(KE)−1/2 and P = 5 × 10−5(KE)−1/2,
respectively.

It is difficult to know what values are appropriate to use for the
kinetic energy with which the ion pair enters the avoided crossing.
For ε = 2, it seems reasonable to estimate KE either in terms of a
thermal value or by the energy drop the ion-pair state undergoes as it
evolves from its asymptote to the crossing. At 298 K0, KE = 0.026 eV,
so (KE)−1/2 = 6.2. Alternatively, using the energy drop [see Fig. 1(b)]
of 6.56–6.50 = 0.06 eV, one obtains (KE)−1/2 = 4.1. In either case,
the probability P = 5 × 10−5(KE)−1/2 turns out to be very small. This
suggests that if the underlying solvent provides screening consistent
with the high-frequency dielectric or more, ET is not to be expected
as a pathway to OH formation.

On the other hand, if the situation is more realistically
described by the ε = 1 model whose results appear in Figs. 1(a)
and 3(a), our predictions are different. Again estimating the
kinetic energy as thermal [(KE)−1/2 = 6.2], the ET probability
P = 0.11(KE)−1/2 turns out to be 0.68. An upper limit to KE can

FIG. 3. Energies of the adiabatic HO−⋅ ⋅ ⋅H3O+/HO⋅ ⋅ ⋅H3O states near their avoided crossing for ε = 1 (a) and ε = 2 (b), showing the minimum energy gap and the points
used to estimate the slopes.
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be obtained by assuming that the ion-pair retains its full Coulomb
energy drop of 9.87–6.44 = 3.23 eV [see Fig. 1(a)] as it evolves from
large ROO to the crossing point. In this case, the ET probability
P = 0.11(KE)−1/2 turns out to be 0.06. It seems highly unlikely that the
ion-pair would evolve unhindered over large distances as the latter
estimate assumes. Hence, we are more inclined to make an estimate
using the lower KE value. This would suggest that if the underly-
ing solvent had little or no dielectric screening effect on the ion-pair
encounter, there should be a good chance of an ET event, which
could then be a source of OH radicals. It is useful to note that in
this case, H atoms should also be formed, an outcome that could be
subjected to experimental test.

C. Proton transfer pathway
As an introduction to how we attempt to simulate the PT path-

way, in Fig. 4, we show a depiction taken from Ref. 5 that was used
to describe the PT process involved in the reverse process: form-
ing OH− and H3O+ from water. The picture of the PT reaction
put forth in Ref. 5 is quite similar to that contained in the well-
known Marcus theory. In both, it is a collective reorganization of
many surrounding solvent molecules that gives rise to a change in
the local potential energy landscape experienced by the proton to
be transferred. These collective geometrical displacements involve
many solvent molecules, which precludes focusing on one or a few
molecular coordinates to define some kind of intrinsic reaction path.
In the Marcus theory, a solvent reorganization coordinate is intro-
duced, while in Ref. 5, a coordinate q that interpolates between
geometries representative of OH− OH2 OH3

+ and OH2 OH2 OH2
is introduced.

In Fig. 4, the potential energy landscape experienced by the
proton to be transferred is shown as a function of a coordinate q
measuring the extent of transfer. In the top picture, there is a poten-
tial minimum at q = 1, which describes the water wire in its (H2O)3
water-trimer state. The H3O+⋅ ⋅ ⋅H2O⋅ ⋅ ⋅OH− species is depicted at
the left where q = 0 and where there is no minimum in the energy
profile. This is a picture of the energy landscape discovered dur-
ing the molecular dynamics simulation of Ref. 5 and reflects one
situation of the solvent’s internal electric fields. In the middle and
bottom pictures, which relate to two other situations of the solvent’s
electric fields, the energy profile is shown (middle) evolving into
one having minima at both q = 1 and q = 0 but with the water
trimer being lower and subsequently (bottom) into a profile in which
the H3O+⋅ ⋅ ⋅H2O⋅ ⋅ ⋅OH− minimum is lower than the water trimer
minimum. The evolution in the transferred proton’s energy pro-
file was induced through changes in the surrounding water solvent
molecules’ electric fields taking place during the molecular dynamics
simulation.

In our case, the proton to be transferred also exists in a land-
scape that has two minima: one in which it is bound within the
H3O+ ion and the other when it transfers from H3O+ to the
OH− ion to reside within (H2O)2. In Fig. 5, we illustrate (for
now qualitatively) the two local minima when the two ions are
far apart by the two black potential energy profiles V(R(H-OL))
and V(R(H-OR)). In V(R(H-OL)), the proton is bound to the oxy-
gen atom on the left (hence the label L) within the water dimer.
In V(R(H-OR)), it is bound to the oxygen atom on the right
within H3O+.

FIG. 4. Energies of the H3O+⋅ ⋅ ⋅H2O⋅ ⋅ ⋅OH− (left) and (H2O)3 (right) structures
as functions of a PT reaction progress variable q for three values of the solvent’s
local electric field (top to bottom).
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FIG. 5. Qualitative depiction of local minima holding the transferred proton within
the water dimer (black curve on left) and within the OH−⋅ ⋅ ⋅H3O+ ion pair (black
curve on right). In blue and green, the ion-pair curve is duplicated as the two ions
move closer (to ROO = 5 Å and ROO = 3.57 Å). The presence of an activation bar-
rier at ROO = 5 is indicated by the blue arrow, and the absence of a barrier at
ROO = 3.57 Å is indicated by the green arrow. The fucia curve represents
the homolytic cleavage profile leading from the water dimer to H atoms and a
H2O⋅ ⋅ ⋅OH radical complex.

Unlike the situation described earlier in which it was evolution
of the electric fields from the surrounding bulk water that induced
the evolution of the energy landscape, in our case, it is the evolution
of the stabilizing Coulomb potential arising from movement of the
anion and cation toward one another, as also suggested in Fig. 5 by
the black, blue, and green V(R(H-OR)) profiles. Figure 5 also con-
tains in fucia a potential that relates to the homolytic cleavage of an
O–H bond within the water dimer; its importance will be discussed
after we conclude our discussion of the PT process.

At very large ROO (top right), the proton to be transferred
(red) is bound within H3O+, and the variation in its energy as its
O–H bond length is stretched is colored black and denoted V(R(H-
OR)), where OR denotes the oxygen atom on the right where H3O+

exists. As the two ions approach one another, the ion-pair state’s
minimum and potential profile decrease in energy due to the attrac-
tive Coulomb interaction between the two ions. For example, at the
intermediate ROO distance of 5 Å, there remains an activation barrier
(blue arrow), a proton on H3O+ must overcome to reach the black
water-dimer potential V(R(H-OL)); that is, PT is an activated pro-
cess under these conditions. As the two ions approach even closer,
they reach a ROO value of 3.57 Å at which the minimum on the
V(R(H-OR)) branch of the energy surface intersects the water dimer
branch (green arrow). At this critical distance, the PT can occur
with zero activation energy, and this is where steep drop off seen in
Fig. 1(a) takes place. The lack of an activation energy should not be
surprising as it also occurs in Marcus theory when the minimum of
one Marcus parabola intersects the other parabola whose minimum
lies at a lower energy.

Further examining what happens in the steep drop regions,
in Fig. 6, we show for ε = 1 the geometry of OH−⋅ ⋅ ⋅H3O+ at
ROO = 5.00 Å at the top [far away from the steep drop as can be seen
in Fig. 1(a)] and at ROO = 3.57 Å in the middle (just prior to the steep
drop). At these two geometries, the proton to be transferred is still
attached within the H3O+ unit and has an associated bond length
that is less than 0.2 Å longer than in isolated H3O+ (0.98 Å). Then,

FIG. 6. Geometries of the two fragments at three values of the O–O distance
illustrating the sudden change between ROO = 3.57 Å and ROO = 3.56 Å.

suddenly, at ROO = 3.56 Å, the proton has moved onto the OH− site
to form an intact H2O where its bond length (0.97 Å) is very close to
that within the water dimer.

There are two important observations we want to emphasize
about the structures shown in Fig. 6. First, at long ROO values and
even just prior to the PT event, the proton to be transferred is bound
to the H3O+ unit within a very narrow range of bond lengths near
the equilibrium length in H3O+ (0.98 Å). This observation allows
us to think of the position of the active proton at all times prior to
PT as near the minimum of the black, blue, and green V(R(H-OR))
curves shown in Fig. 5. Second, just prior to PT, the active proton
resides 2.41 Å away from the HO− anion’s oxygen atom labeled
OL, which is quite far from its equilibrium distance after PT when
this proton resides within the water dimer (0.97 Å). This allows us
to position the curve crossing between the green V(R(H-OR)) and
black V(R(H-OL) curves in Fig. 5 at an extended bond length within
the black water-dimer V(R(H-OL)) curve on the left in Fig. 5. This,
in turn, is the origin of our claim that the water dimer formed by
PT will possess significant vibrational energy in the newly formed
O–H bond.

Now, it is time to discuss the role of the fucia energy pro-
file shown in Fig. 5. The black V(R(H-OL)) and fucia V(R(H-OL))
curves shown there represent diabatic energy profiles describing
heterolytic and homolytic dissociation of the water dimer into
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FIG. 7. Quantitative plots for ε = 1, 2, and 78 (top to bottom) of the diabatic
heterolytic (red) and homolytic (blue) dissociations discussed in the text as func-
tions of the length R(OH2⋅ ⋅ ⋅HO–H) of one O–H bond that is broken with all other
degrees of freedom relaxed to minimize the energy. In fucia is shown the distance
ROH from the transferred proton to the OH− anion’s oxygen atom at the steep
energy drop in Fig. 1.

H2O(OH−) + H+ or into H2O(OH) + H, respectively. The mecha-
nistic picture described above suggests that the PT event generates a
water dimer structure OHH⋅ ⋅ ⋅OH2 in which the newly formed O–H
bond is quite elongated and resides on the left oxygen atom. In now
considering the homolytic cleavage of this dimer to form H atoms
and OH⋅ ⋅ ⋅OH2 radicals, it is by no means clear which O–H bond
might undergo cleavage. It may well be that intramolecular vibra-
tional energy transfer takes place between the nascent O–H bond
and other O–H bonds in the dimer. Regardless, our point is that
there exists sufficient energy in the nascent water dimer to cleave
one of its O–H bonds, and it is such a process that we now consider.

To quantitatively characterize the heterolytic and homolytic
energy profiles, we carried out ab initio calculations in which an
O–H bond within the water dimer OH2⋅ ⋅ ⋅OH2 that is not involved
in hydrogen bonding is elongated while relaxing all other geomet-
rical degrees of freedom. In Fig. 7, we show the resulting diabatic
energy profiles relating to heterolytic and homolytic bond cleavage
for the three dielectric environments considered here.

The data in Figs. 1 and 7 combine to suggest that the following:

i. for ε = 1, PT happens where the steep energy drop occurs in
Fig. 1(a), and the total energy involved in the steep drop (per-
haps combined with thermal kinetic energy and the Coulomb
energy drop associated with the ions’ last displacement to
approach the critical distance) produces a new O–H bond suf-
ficiently “hot” to provide access to the homolytic dissociation
pathway leading to H2O⋅ ⋅ ⋅OH +H;

ii. for ε = 2 and ε = 78, PT can happen where the steep drops
occur in Figs. 1(b) and 1(c), respectively. However, the energy
released in either of these PT energy drops (3.5 and 2.4 eV,
respectively as seen in Figs. 1 and 7) does not produce the new
O–H bond with enough energy to access the homolytic disso-
ciation pathway as illustrated in Fig. 7. Thus, in these two cases,
PT is not predicted to produce OH radicals and H atoms.

IV. SUMMARY
Our study leads us to conclude that electron transfer from OH−

to H3O+ to generate OH +H3O is feasible only if the microdroplet’s
environment produces little screening of the Coulomb attraction
between the two ions once they are within ∼10 Å of one another.
Screening consistent with a dielectric constant of 2 or more would
render this pathway extremely unlikely or impossible. Thus, if
the screening is small enough, this electron transfer process could
be a source for the OH radicals that were reported in Refs. 1
and 2, but we note that H atoms should be generated (by fragmen-
tation of the fragile H3O radical) in equal amounts, so experiments
could be undertaken to search for them or for the products of their
subsequent reaction as a test of this proposed mechanism.

We also considered proton transfer from H3O+ to OH− to gen-
erate (H2O)2 and found that the water dimer would be formed with
its newly formed O–H bond quite elongated. For ε = 1, the excess
energy deposited in this elongated bond in the proton transfer step
seems to be sufficient for the water dimer to undergo homolytic
cleavage to form H2O⋅ ⋅ ⋅OH +H, again offering a route to OH radi-
cal and H atom formation. However, for ε = 2 and ε = 78, the excess
energy realized in the proton transfer is considerably less and not
sufficient to allow H2O⋅ ⋅ ⋅OH +H to occur.
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Finally, let us return to the issue of the role of strong local elec-
tric fields in the formation of OH radicals as discussed in Refs. 1
and 2. In those references, the authors suggest that an electric field
in the 2–4 × 107 V/cm range acting over a distance of 5 Å would
be sufficient to strip an electron off of an OH− ion to generate an
OH radical. For example, a field of 4 × 107 V/cm moving an elec-
tron a distance of 5 Å would involve an energy of 2 eV, which is in
excess of the 1.8 eV needed to detach an electron from a bare OH−

anion. Reference 1 cites Ref. 3, noting that electric fields of this mag-
nitude have been found in theoretical simulations of water, and Ref.
2 notes that in Ref. 4, electric fields of similar strength were found
for those water molecules residing on microdroplet surfaces having
two O–H bonds directed outward toward the vapor phase (so-called
AA water molecules). It is known26 that such AA molecules are
especially capable of attracting and binding an excess electron, so
it seems reasonable to suggest that it is such water molecules, when
assisted by enhanced local electric fields, that are able to detach an
electron from OH− to form OH. In this case, the electron should
be found bound to a surface AA water molecule, thus suggesting an
experimental test for this pathway. This kind of mechanism certainly
remains a realistic possibility that our study does not reflect nega-
tively on, but we do attempt to enhance it by suggesting where the
electron detached from OH− goes (to an AA water molecule). We
also want to point out that on pg. 678 of Ref. 25, the authors dis-
cuss the likelihood that a donor OH2 molecule with one of its O–H
bonds directed toward a surface AA molecule could enhance the AA
molecule’s electron binding strength (e.g., by forming a OH2⋅ ⋅ ⋅OH2
structure having partial OH−⋅ ⋅ ⋅OH3

+ character).
In the two possibilities we suggest as alternative mechanisms,

strong local electric fields also play key roles, but it is not the fields
induced by the underlying water solvent molecules; instead, it is the
strong field operative between an OH− anion and a H3O+ cation
residing on the surface. In the ET mechanism, once these two ions
are within 5 Å of one another, which is where the ET is most likely to
occur (see Fig. 1), their mutual Coulomb potential is 14.4/5 = 2.88 eV
for ε = 1, more than sufficient to remove an electron from OH− to
produce OH. We note that an energy of 2.88 eV would correspond to
an electric field of 5.8 × 107 V/cm acting to move an electron from
OH− anion’s oxygen atom onto the H3O+ cation when these two
ions are separated by 5 Å.

In the PT mechanism, it is the strong inter-ion attraction that
brings the two ions from ∼10 Å into the region of the strong drop off
in energy (see Fig. 1) where the O–H bond formed after the PT event
is extremely elongated. In this case, for ε = 1, the OH radical is gen-
erated by the nascent vibrationally hot water molecule undergoing
homolytic cleavage.
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21S. Miertuš and J. Tomasi, “Approximate evaluations of the electrostatic free
energy and internal energy changes in solution processes,” Chem. Phys. 65,
239–245 (1982).
22M. Cossi, V. Barone, R. Cammi, and J. Tomasi, “Ab initio study of solvated
molecules: A new implementation of the polarizable continuum model,” Chem.
Phys. Lett. 255, 327–335 (1996).

J. Chem. Phys. 160, 034708 (2024); doi: 10.1063/5.0188908 160, 034708-9

Published under an exclusive license by AIP Publishing

 18 January 2024 21:44:23

https://pubs.aip.org/aip/jcp
https://doi.org/10.1073/pnas.1911883116
https://doi.org/10.1021/jacs.2c02890
https://doi.org/10.1038/s41467-021-27941-x
https://doi.org/10.1021/ja802851w
https://doi.org/10.1126/science.1056991
https://doi.org/10.1073/pnas.1112486108
https://doi.org/10.1103/physrev.46.618
https://doi.org/10.1016/0009-2614(88)85250-3
https://doi.org/10.1016/0009-2614(90)80029-d
https://doi.org/10.1063/1.462569
https://doi.org/10.1063/1.438165
https://doi.org/10.1063/1.458773
https://doi.org/10.1080/00268977900102871
https://doi.org/10.1016/0009-2614(81)85480-2
https://doi.org/10.1016/0009-2614(82)85052-5
https://doi.org/10.1039/fs9841900137
https://doi.org/10.1016/0009-2614(92)85244-5
https://doi.org/10.1016/0009-2614(96)00027-9
https://doi.org/10.1016/0009-2614(88)80296-3
https://doi.org/10.1016/0009-2614(88)80296-3
https://doi.org/10.1016/0301-0104(81)85090-2
https://doi.org/10.1016/0301-0104(82)85072-6
https://doi.org/10.1016/0009-2614(96)00349-1
https://doi.org/10.1016/0009-2614(96)00349-1


The Journal
of Chemical Physics ARTICLE pubs.aip.org/aip/jcp

23M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R.
Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li, M.
Caricato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci,
H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D. Williams-Young,
F. Ding, F. Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson, D.
Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada,
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E. Peralta,
F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov,
T. A. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. P. Rendell, J. C.
Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo,

R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas, J. B. Foresman,
and D. J. Fox, Gaussian 16, Revision C.01, Gaussian, Inc., Wallingford CT,
2016.
24C. Gonzalez and H. B. Schlegel, “An improved algorithm for reaction path
following,” J. Chem. Phys. 90, 2154–2161 (1989).
25A nice modern treatment can be found in E. P. Glasbrenner and W. P. Schleich,
“The Landau–Zener formula made simple,” J. Phys. B: At., Mol. Opt. Phys. 56(10),
104001 (2023).
26N. I. Hammer, J.-W. Shin, J. M. Headrick, E. G. Diken, J. R. Roscioli, G. H. Wed-
dle, and M. A. Johnson, “How do small water clusters bind an excess electron?,”
Science 306, 675–679 (2004).

J. Chem. Phys. 160, 034708 (2024); doi: 10.1063/5.0188908 160, 034708-10

Published under an exclusive license by AIP Publishing

 18 January 2024 21:44:23

https://pubs.aip.org/aip/jcp
https://doi.org/10.1063/1.456010
https://doi.org/10.1088/1361-6455/acc774
https://doi.org/10.1126/science.1102792

