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ABSTRACT: Despite extensive research on the behavior and Two Pathways for Recombination of Hydrated Electrons
properties of the hydrated electron (ej,q), relatively little is known
about the recombination of two hydrated electrons to form a
hydrated dielectron. Hydrated dielectrons are hypothesized to be
important in the radiation chemistry of water, particularly as an
intermediate in the reaction that produces molecular hydrogen: e; 4
+ ehya + 2H,O — 20H™ + H,. In this work, we investigate the
solvation structures and recombination dynamics of both singlet
and triplet hydrated electron pairs in bulk water using DFT-based
ab initio molecular dynamics simulations. Our findings reveal that
the recombination reaction leading to dielectron formation occurs
exclusively from the singlet state, with the dielectron occupying a
slightly larger cavity than the single electron. The potential of mean force for open-shell singlet electron pairs has a local minimum at
a distance corresponding to a metastable state in which two electron cavities are separated by a single bridging water molecule. From
this state, recombination to form dielectrons occurs by two distinct mechanisms: diffusive recombination and direct tunneling. These
pathways have an approximately 1:1 branching ratio, a balance set by the symmetry of the local solvation environment. Diffusion
occurs when both electrons experience similar, coupled solvation environments, while tunneling is triggered when asymmetric
solvation destabilizes one electron, which then tunnels into the more stable cavity of the electron pair in a manner mediated by the
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bridging water molecule.

B INTRODUCTION

Hydrated electrons (e}:yd’s), excess electrons that are solvated
into cavities in liquid water, are among the most powerful
aqueous reducing agents."” Hydrated electrons play crucial
roles in areas such as radiation damage in biological
3-6 7-9 ; 3,6,10-13
processes,” ~ nuclear reactors,’”~ and water interfaces.
As a result, ¢,4's have been a focal point of theoretical and
experimental investigations for decades, including studies of
L . . 1,6,10,14—18 .
their injection/relaxation dynamics, solvation struc-
16,19-23 . fe 24— .
ture, thermodynamic quantities, absorption spec-
trum, temperature dependence,32’33 and reactivity with
various substrates,'>** including reactions with potential
leverage for environmental remediation.”>™*” Unfortunately,
the same cannot be said for the hydrated dielectron (e%}lyd),
which has been implicated in several solution-phase radiation
chemistry processes,'***™** but has never been directly
observed,*** despite predictions of its spectroscopic fea-
30,4346
tures.

An important reaction in which e%}lyd is implicated is the so-
called dielectron hydrogen evolution reaction (DEHE), which
results in the formation of molecular hydrogen by the
following mechanism™*”**

31
1,10,14
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eigyd + H,0 - H + OH (2)
H + H,0 - H, + OH" (3)

The first step in the DEHE reaction process, eq 1, is the
recombination of two single hydrated electrons into a
dielectron species.”” Once eﬁ‘;yd is formed, the subsequent
proton transfers (eqs 2 and 3) involve interactions with
neighboring water molecules.** It is experimentally known that
the rate of the overall DEHE reaction is diffusion-limited with
a reaction distance of 9 A, exhibiting Arrhenius-like behavior
up to 150 °C* and a preference for hydrogen over
deuterium.'*** It is inferred that the two electrons in the
dielectron must be in the singlet spin state, as triplet H, is
unbound.” A key question, which we address in this work, is
whether dielectrons exist as solvent-separated contact pairs of
€hyd'S OF as single-cavity structures where both electrons occupy
the same spatial orbital.
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Theoretical investigations, including recent work from our
group,” have provided atomistic insight into the DEHE
reaction mechanism®**>*7°%°! a5 well as predictions for future
experimental work.* For example, Landman and co-workers
simulated hydrated dielectrons in water clusters and found that
for larger clusters, the electrons recombined rather than
remaining on the surface.” In their single trajectory, the two
proton transfers (eqs 2 and 3) occurred concertedly after the
recombination to form eﬁyd (eq 1). Bu and co-workers*’
performed ab initio molecular dynamics (AIMD) simulations
with 64 water molecules under periodic boundary conditions
and observed the recombination of singlet hydrated electron
pairs to form e%;yd (eq 1) with an adiabatic energy release of
approximately 0.5 eV. These workers reported reorganization
energies of 0.64 eV for e%;yd and 2.04 eV for the electron pair;
they also saw the two proton transfers occur sequentially rather
than concurrently.

In previous work,”® we simulated the injection of a second
electron into the cavity of a pre-existing hydrated electron to
explore the details of the two proton transfer reactions. We
found that the first proton transfer (eq 2) is influenced by H-
bond water chains that facilitate the rapid movement of newly
formed OH™ away from the former dielectron, while the
second proton transfer (eq 3) is controlled by the solvation of
the newly formed hydroxide ion.** We also provided a detailed
prediction of the spectroscopy of all of the reaction
intermediates,” potentially allowing dielectrons, hydrated
electron pairs, H™ and single hydrated electrons to be detected
in multipulse pump/probe experiments.

For all of this work, however, the details of the mechanism
underlying the recombination reaction, eq 1, including the
energy barriers, role of water reorganization during recombi-
nation, and the recombination rate, remain unknown. Thus,
the purpose of this paper is to address these questions using
DFT-based ab initio molecular dynamics simulations. We
investigate singlet and triplet hydrated electron pair solvation
structures in bulk solution and explore the recombination and
pairing process of hydrated electrons that lead to eq 1. We
calculate potentials of mean force (PMFs) between hydrated
electron pairs and find that spin singlet electrons form
metastable contact pairs separated by a bridging water
molecule, and that recombination into a single cavity takes
place over a small free energy barrier of about 1 kzT. In
contrast, spin triplet hydrated electron pairs repel each other at
all distances. Finally, we show that the recombination of singlet
€hya pairs to form E%E]yd proceeds both via diffusion-driven
recombination and by tunneling-mediated recombination in
which electron transfer is facilitated through the LUMO of the
water bridging the two cavities. The presence of two
recombination pathways may helg explain the experimentally
observed ~9 A reaction distance.*””"

B METHODS

The DFT-based ab initio simulations of hydrated electron pairs and
dielectrons presented here were performed using a system of 64 water
molecules with periodic boundary conditions. We started using
uncorrelated, equilibrated configurations of a 64-water system
containing one excess electron from our previous DFT-based
studies,’”*>>* and then introduced a second excess electron with
either the same (triplet) or opposite (singlet) spin. The simulations
were performed with an identical methodology to our previous single
excess electron work, allowing for direct comparison to the results
presented here. Briefly, the simulations were carried out with the
CP2K™* software package in the N, V, T ensemble using a 0.5 fs time
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step and a Nosé-Hoover thermostat®* to maintain a temperature of

298 K. Although the Nosé—Hoover thermostat was employed to
maintain the canonical ensemble, we acknowledge that in the context
of reactive trajectories, global thermostats can influence short-time
dynamics or lead to slow equilibration of the reaction coordinate.
However, the recombination events reported here depend on local
structural and dynamical features that converge on shorter time scales.
As such, although long-time ergodicity may not be achieved with our
choice of thermostat, the results should be representative of the local
thermal environment relevant to the hydrated electron recombination
process that we study. Future studies might benefit from micro-
canonical (N, V, E) ensembles or alternative stochastic thermostats to
further isolate dynamical effects from thermostatting artifacts. The N,
V, T ensemble was employed to ensure methodological consistency
with established benchmarks for the hydrated electron pairs**"**
and to maintain physical sampl_ing of the recombination kinetics, as
validated in previous studies.*"*>*° The system volume was chosen to
match the experimental density of liquid water at 298 K and 1 atm.
DFT calculations were performed using the PBE0®” functional with
25% exact exchange and Grimme’s D3 dispersion correction.”® We
employed a triple-( basis set (TZVP) and a plane-wave cutoff of S00
Ry. Hartree—Fock exchange calculations were accelerated using the
auxiliary density matrix method®” with a cFIT3 basis.

We chose to use 25% exact exchange with the PBEO functional
because previous work has shown that this provides a reliable
description of hydrated electrons,'”*>*>** and this choice also has
been used to investigate the solvated electron-driven reduction of
fluorocarbons.*”®" Some prior studies showed that using 40% exact
exchange, which better matches the experimental bandgap of liquid
water, led to more reliable calculated adiabatic electron affinity
values*”®* relative to experiment.”> However, there are minimal
changes in the simulated structural and electronic properties with the
two different choices of the amount of exact exchange used in the
hybrid functional."*%** We acknowledge that the precise solvent
structure and solvent reorganization energy may not be well
represented by any DFT-based model, and that the results may
vary slightly with different density functionals,'”>%3"%+~¢7

To study the properties of colocalized hydrated dielectrons, we ran
a total of 16 singlet state electron pair trajectories either until the
DEHE reaction occurred or until a time of 2.1 ps if no reaction
occurred. In this spin singlet case, we found that the second injected
electron always immediately colocalized with the pre-existing
hydrated electron into a single cavity. We also ran triplet state
electron pair trajectories, which were equilibrated for ~1—2 ps after
the second electron localized into its own separate cavity. We note
that previous hydrated electron studies have reported equilibration
within 1 ps of electron injection, givin§ us confidence that our
simulations were reasonably equilibrated.*>~"°

To prepare open-shell singlet (OSS) hydrated electron pairs for the
study of eq 1, we took 22 uncorrelated equilibrated triplet electron
pair configurations and flipped the spin state from triplet to singlet.
Once the spin was flipped, these OSS electron pair trajectories were
propagated for ~3 ps (9 trajectories) or until recombination into a
dielectron occurred (13 trajectories). In the 9 trajectories that did not
recombine, we found that the two electrons were “stuck” along the
diagonal of the simulation cell. Since this constitutes a finite size
artifact, we did not include these trajectories in our ensemble
averages. For trajectories with successful recombination, we observed
that the structural changes were largely confined to the first solvation
shell. Thus, although the finite size of our 64-water cell necessarily
truncates long-range solvent polarization and modifies the dielectric
screening of the electron—electron Coulombic repulsion, the fact that
recombination is driven predominantly by nearby waters and
proceeds through a local overlap of wave functions suggests that
the primary driving force is correctly captured within this volume.
Visualizations were done using VMD’' with an in-house TCL script,
and trajectory animations for representative trajectories are shown in
the repository.

In previous work, we and others”° examined DFT-
simulated hydrated electrons using either the spin density or the

19,33,52
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Figure 1. Radial distribution functions (RDFs or g(r)) and first-shell water angular distributions for hydrated electrons and dielectrons. Panel (a)
displays e™-O (solid curves) and ¢”-H (dashed curves) RDFs for triplet ((T), green curves) and open-shell singlet ((OSS), orange curves) hydrated
electron pairs. Panel (b) shows similar RDFs of €5,.4 (blue curves) and the single ¢4 (red curves). Panels (c,d) show angular distributions of the
first-shell waters for the four hydrated electron-based systems, where the water dipole dot product is that of a unit vector from the electron’s center
of mass to a first-shell water oxygen atom with a unit vector along that water’s dipole. A result of —1 indicates solvation by the water dipole, while a
dot product of ~—0.7 is indicative of H-bond solvation. Panel (c) shows the first-shell angular distributions for (T) (green) and (OSS) (orange)
hydrated electron pairs, while panel (d) shows the angular distributions for the single €y (red) and eﬂyd (blue). The RDFs and angular
distributions of both electron pairs closely matches those of the single ¢;, 4 while those of e%;,yd show a larger cavity with a more strongly defined

local structure.

localized singly occupied molecular orbital (SOMO). Of course, there
is no spin density for OSS hydrated electron pairs or for singlet
dielectrons due to antiparallel spins, and the SOMO does not provide
a meaningful spatial measure for either OSS or triplet €4 pairs due to
the quasi-degeneracy of the two cavities. Therefore, we tracked the
cavities of hydrated electron pairs using maximally-localized Wannier
functions (MLWFs), with the electron positions taken as the Wannier
orbital centers (WOCs) in the same fashion as in previous
work.**7*® These centers were used as the basis for (di)electron—
water radial distribution functions (RDFs) and provided the
electron—electron distances, r,, needed to calculate PMFs.
Recombination times for OSS trajectories were taken as the
simulation time where the electron—electron distance reached zero.
OSS electron pair density overlaps were computed as dot products of
the normalized MLWFs.

To study the interaction of water molecules with each of the
electrons in the OSS pair trajectories, we evaluated atomic
configurations from our DFT simulations using the mixed quantum-
classical TB pseudopotential model.”>”* We calculated integrated TB
potential values around each hydrated electron’s WOC every 2.5 fs.”*
The calculation procedure involved generating a sphere of evenly
spaced grid points within a 0.5 A radius of each hydrated electron’s
WOC and then numerically integrating the TB potential evaluated on
each grid point. We note that although the specific choice of grid size
and cutoff radius changed the absolute values of the calculated
potentials, the relative values were insensitive to these choices, so they
did not affect the overall analysis or any of the conclusions, as
described in the Supporting Information. For what is presented below,
we used a grid with 20 points in each direction to balance the
smoothness of the integrated potential with computational cost.
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B RESULTS AND DISCUSSION

We start our investigation of the molecular mechanisms
underlying eq 1 by studying the solvation structure of different
hydrated electron pairs. Figure 1 shows e —water oxygen
(solid curves) and e”—water hydrogen (dashed curves) radial
distribution functions (RDFs or g(r)’s, panels a and b) and
angular distributions (panels c and d) of spin singlet hydrated
dielectrons (blue curves/bars), separate OSS (orange curves/
bars) hydrated electron pairs, and spin triplet electron pairs
(green curves/bars). For reference, Figure 1 also shows these
same distributions for single e 4’s (red curves/bars) at the
same level of theory.

Figure 1b compares the solvation structures of the ¢4 and
€3hya- The structures are generally similar, but the dielectron
occupies a slightly larger cavity than the single hydrated
electron, consistent with its larger radius of gyration, R;, of 2.91
+ 0.17 A compared to 2.35 + 0.09 A for a single DFT-
simulated hydrated electron.”® These results are in good
agreement with those reported in ref 47. Additionally, the
larger R, of the e%;,yd is consistent with our recently published
work predicting that the dielectron should have a detectable
red-shift of its absorption spectrum relative to the e}:yd.“ The
sharper rise observed in the dielectron RDF indicates that the
dielectron is confined within a “harder” cavity than the single
hydrated electron. This DFT-simulated dielectron solvation
structure is sharper than what was seen in previous dielectron
studies using the mixed quantum-classical (MQC) approach.”

https://doi.org/10.1021/acs.jctc.6c00228
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https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.6c00228/suppl_file/ct6c00228_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.6c00228?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.6c00228?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.6c00228?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.6c00228?fig=fig1&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.6c00228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

Figure la presents RDFs for both triplet (eqyq + enya (T))
and open-shell singlet state (eq + €pqe (OSS)) hydrated
electron pairs. The hydration structures and radii of gyration
closely resemble those of single hydrated electrons, indicating
that the electrons in these gairs behave essentially
independently. In previous work,” we found that triplet and
open-shell singlet electron pairs exhibit opposite trends in R, as
the distance between them decreases: for triplet hydrated
electron pairs, R, decreases because Pauli and Coulomb
repulsion prevent overlap, while the R, of OSS hydrated
electron pairs increases because of favorable overlap of the
electrons between cavities at close approach.

Figure 1c,d illustrates the angular distributions of first-shell
water molecules around the single hydrated electron,
dielectron, and different spin hydrated electron pairs. These
distributions are calculated as the dot product of a unit vector
from the electron’s center of mass to a first-shell water oxygen
atom and a unit vector along that water’s dipole. With this
definition, a dot product of approximately —0.7, as seen in all
of the angular distributions, indicates H-bond coordination.
The angular distributions of the electron pairs presented in
Figure 1c strongly resemble that of a single e, 4 (panel d). In
contrast, Figure 1d shows that eﬁyd has a narrower distribution
of first-shell solvent orientations than the single ¢4 or
separated hydrated electron pairs, likely a consequence of
increased solvent—solute interaction due to the placement of
two charges in a single cavity.

With the structures of the species established, we turn next
to studying the interaction between paired hydrated electrons
with different spin configurations. Figure 2 presents PMFs for
triplet (panel a) and OSS (panel b) hydrated electron pairs.
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Figure 2. PMFs of hydrated electron pairs, plotted as free energy (F)
(with standard error bars that are often smaller than the data points)
versus distance between WOC’s of the two electrons (r, ,), for triplet
(T) (red, panel a) and open-shell singlet (OSS) (blue, panel b) spin
states. The PMF of (T) electron pairs in panel a shows purely
repulsive behavior with decreasing r;,. The “bump” between 4.3 and
4.9 A is the free energy cost to remove the bridging water molecule
between the two cavities, as shown in the snapshot. In panel b, the
PMF of (OSS) electron pairs shows a local minimum near a
separation of ~3.25 A indicating stabilization by a bridging water
molecule as seen in the corresponding snapshot. At even shorter r,,,
there is only a ~1 kT barrier to removing the bridging water, which
induces subsequent recombination of the two hydrated electrons into
a single cavity, forming a dielectron.
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The PMFs were obtained by direct sampling of the distance
between WOC’s of the two electrons, r,,, with most initial
separations starting in the range of 4—6 A; here, the standard
error was determined by bootstrapping via the SciPy library.”®
The zero of free energy for both profiles was established by
shifting the long-range asymptote to match the expected
screened Coulombic repulsion, k/r,,, where k represents the
dielectric constant of DFT water with the PBEO functional.
The PMF of triplet-paired hydrated electrons (Figure 2a)
shows overall repulsive behavior, a result that makes sense as
spin parallel electrons experience both electrostatic and Pauli
repulsion as the two cavities approach each other. The small
additional barrier between 4.3 and 4.9 A likely reflects the free
energy cost to remove or reorient a single water molecule
separating the two electrons.

In contrast, the PMF for OSS hydrated electron pairs
(Figure 2b) is downhill at short r,,, indicating that
recombination of these pairs into a solvated dielectron is
energetically favorable. The local minimum near 3.25 A
indicates the existence of a metastable solvent-separated
state,”” the result of a single bridging water that simultaneously
stabilizes both electron cavities by H-bonding, as shown in the
inset snapshots of Figure 2 (as well as below in Figure 5). We
see that there is a roughly ~1 kT barrier, associated with
disruption of the bridging water motif, for OSS electron pairs
to surmount in order to recombine into a hydrated dielectron;
this modest barrier is consistent with previous work.*” Overall,
however, it is energetically favorable for two spin-singlet paired
electrons to combine, consistent with both our previous
work™ as well as others"”" studying the DEHE reaction,
which found that OSS hydrated electron pairs quickly
recombine into a single cavity.

The experimental measurements by Schmidt and Bartels*’
indicate that the recombination of hydrated electrons is a
diffusion-limited process with an activation energy of ~20.3
kJ/mol. This value corresponds to the diffusional barrier of the
hydrated electron in bulk water, suggesting that the intrinsic
chemical barrier for recombination upon encounter is
negligible. Our computed barrier, to go from the metastable
electron pair state to form the dielectron, which is
approximately 1 kzT or ~2.5 kJ/mol is consistent with this
“barrierless” encounter regime, particularly given that the two
electrons in our simulations are effectively always inside the
reaction distance even at their maximum separation. This is
why the PMF in Figure 2b indicates that despite the natural
Coulombic repulsion between electrons, there are no
significant free energy barriers preventing recombination,
highlighting the strong stabilization of the dielectron cavity
relative to the single electron cavity. The absence of substantial
free energy barriers throughout the simulated range is also
consistent with the lack of ionic strength dependence on the
reaction rate.*””' This suggests that once two hydrated
electrons encounter each other within this range, the energetic
landscape allows for a relatively uninterrupted approach
toward the solvent-separated configuration and ultimately
recombination.

Given that it is energetically favorable for OSS hydrated
electron pairs to recombine, we next explored the precise
mechanism underlying eq 1 and the corresponding rate of this
part of the DEHE reaction. In the Supporting Information, we
show the distribution of times to recombination based on the
initial distances of the OSS electron pairs. However, since the
OSS electron-pair PMF has a metastable state, we decided to

https://doi.org/10.1021/acs.jctc.6c00228
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Figure 3. Kinetic analysis of the reaction of OSS hydrated electron pairs to recombine into hydrated dielectrons (eq 1). Panel (a) shows an
electron-pair survival plot starting from the local minimum of the OSS spin state PMF (r,, ~ 3.25 A). The y-axis represents the fraction of
trajectories that have not yet recombined as a function of time. The dashed green curve is a single exponential fit with a rate constant of 5.7 ps™".
Panel (b) shows nonequilibrium ensemble averages (curves) and standard deviations (shaded regions) of the electron—electron distance (red) and
the maximally localized Wannier function (MLWF) overlap (blue) relative to the time of recombination defined as “0”. Panel (b) shows that

electron distance decreases and density overlap increases to form the dielectron only over the last ~70 fs prior to recombination.
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Figure 4. Subensemble-averaged TB potential (black y-axis) for the two €hyd s in an OSS pair and average r, distances between the hydrated
electrons’ Wannier centers (green y-axis) for the last ~40 fs prior to recombination and dielectron formation (a,b). Average integrated TB
potentials plotted against r,, averaged over the 40 fs prior to recombination (c,d). Panel (a) shows the subensemble average for diffusion-driven
recombination, while panel (b) shows that for tunneling-driven recombination. The purple and yellow shaded regions of each panel correspond to
the calculated average TB potential values and standard deviations for the equilibrated e%;yd and e;, 4 species, respectively. The red curves show the
value of the integrated TB potential for the ¢j4 experiencing the higher potential, while the blue curve shows the integrated TB potential for the
lower-potential Eya- In diffusion-driven recombination, panels (a,c) show that both €hyd S experience similar solvation environments, even when they
reside only ~2 A apart, when the two cavities are merging together. In contrast, in the tunneling pathway, the two electrons remain 24 A apart until
the last few tens of fs and experience significantly different local solvation interactions (panel b). In tunneling trajectories, the electron with the
higher solvation potential is always observed to tunnel into the cavity of the electron with the lower potential. Panel d shows that the tunneling
trajectories begin at r,, & 4 A and have to cross a ~2.5 A wide and ~1 eV high TB energy barrier to recombine. The red dashed curve is to guide
the eye, and the barrier’s presence supports the assignment of recombination in these trajectories as a quantum mechanical event.

focus on the kinetics of recombination starting from electron pairs that have not yet recombined as a function of time (i.e., a
pairs separated at the distance of the PMF minimum. The value of “1” means no trajectories have recombined and a value
results are shown as the orange survival probability trace in of “0” means that all trajectories have undergone recombina-
Figure 3a, where the y-axis represents the fraction of electron tion). The green dashed curve is a single exponential fit to the
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overall decay kinetics starting from the stable bridging water electrons,”’ highlights the role of solvent fluctuations in

configuration at the PMF minimum; it has a decay rate of 5.7
ps_l.

It is important to distinguish this value from the
experimental diffusion-limited bimolecular rate constant of
6.0 X 10° M~ s71.*’ By starting the trajectories near the PMF
minimum (the bridging water configuration), we effectively
bypass the long-range diffusion regime in order to provide an
atomistic view of the short-range recombination mechanism.
The high effective concentration (~1.7 M) inherent to our use
of a 64-water cell allows us to sample these “inner-sphere”
kinetics with high statistical frequency, revealing the role of
bridging water fluctuations and wave function overlap that are
otherwise averaged out in bulk kinetic measurements.

To better understand the computed rate constant, we turn
next to examining the mechanistic details of the recombination
event. Figure 3b displays the average time evolution of the
MLWF overlap (blue curve with standard deviation shading)
and the average electron—electron distance, r, , (red curve with
standard deviation shading), over the reactive OSS electron
pair trajectories; the trajectories are aligned so that t = 0 is the
recombination time, allowing us to track the dynamics at times
immediately prior to recombination. The r;, remains largely
constant until approximately 70 fs before recombination, after
which it rapidly decreases from ~4 A, giving a more precise
time scale for the actual molecular recombination event.
Similarly, the average MLWF overlap remains minimal until
the same ~70 fs before recombination, then increases as the
electrons converge into the same cavity.

Although the average behavior in Figure 3 provides some
information about the recombination kinetics, when we inspect
the individual recombination trajectories, we see that there are
actually two distinct recombination mechanisms. These two
mechanisms are differentiated by the behavior of their MLWF
overlap dynamics, which are shown explicitly for each
trajectory in the Supporting Information. What we find is
that some trajectories exhibit a gradual increase in MLWEF
overlap over more than a hundred fs prior to recombination,
while others show an abrupt overlap increase in just the final
few tens of fs, leading to the ~70 fs average behavior. To
distinguish these two pathways, we noted that trajectories with
1, < 3 A at a time 40 fs before recombination consistently
displayed gradual MLWF overlap; we classify this subensemble
as exhibiting “diffusive” recombination, reflecting the pro-
gressive translation and merger of water-separated cavities via
coordinated solvation shell reorganization. In contrast,
trajectories with r,, > 3 A at a time 40 fs before recombination
all exhibited a rapid MLWF overlap increase; we classify this
subensemble as exhibiting “tunneling” recombination. Of the
13 trajectories that showed recombination, 6 proceeded via
diffusion and 7 by tunneling, yielding an approximate 1:1
branching ratio. The green dashed curves in Figure 4 show the
average ry, behavior of each of these two subensembles, with
panel a showing diffusive trajectories and panel b showing
tunneling behavior; here, the error bars are the standard error
for each subensemble.

We note that a few individual trajectories in both pathways
exhibit kinetic recrossing events. In these instances, the
electron pair temporarily sampled the dielectron configuration
before returning to the metastable separated bridging-water
state (see Figures S8 and S14 for representative trajectories
that show this kind of feature). This behavior, which also has
been observed in the reductive activation of CO, by hydrated
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modulating the final recombination step and further supports
existence of a small barrier to recombination.

To further elucidate these two recombination mechanisms,
in Figure S we visualized representative MLWF densities (blue
and green wire mesh surfaces) of OSS hydrated electron pairs
near the time of recombination, which as in Figure 4 we label

Diffusion:

Tunneling:

v

Figure S. Snapshots of squared MLWFs for OSS hydrated electron
pairs during two representative recombination trajectories, with t = 0
fs marking the recombination event, and the bridging water (BW)
molecule depicted with a yellow oxygen atom. Panels (a—d) show
diffusion-mediated recombination, while panels (e—h) illustrate
recombination by tunneling. In the diffusion pathway, panel (a)
shows the two electrons (blue and green mesh) occupying separate
cavities, which begin to merge in panel (b) in the direction of the
blue/green arrows. By panel (c), the densities of the two electrons
almost completely overlap as the cavities continue to gradually
combine. Finally, in panel (d), recombination is complete and both
electrons occupy a single merged cavity. In the tunneling trajectory,
panel (e) shows the two localized electrons in their separate cavities.
This situation remains until 40 fs prior to recombination, panel (f),
when the less solvent-stabilized electron (green mesh) begins to leak
density into the cavity of the other electron (blue mesh) through the
bridging water molecule. In panel (g), just S fs before recombination,
a substantial portion of the less stable electron has tunneled into the
more solvent-stabilized cavity in the direction of the blue/green
gradient arrow, with complete recombination achieved by panel (h)
where both electrons fully occupy the stable cavity.
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as time “0”. Figure Sa—d shows snapshots from a
representative trajectory in which recombination occurred
through the diffusive mechanism. Panel (a) shows the two
electrons residing in the local PMF minimum (cf. Figure 2
inset), where they are stabilized by a bridging water molecule
whose oxygen atom is highlighted in yellow. Panel (b) shows
an intermediate step in which the cavities of the two electrons
have just begun to start merging with each other. In panel (c),
the cavities have partially merged, and the two electrons are
starting to occupy each other’s cavities, increasing their
overlap. In panel (d), we see the cavities have fully merged
at the instant of recombination and the two electrons now
occupy the same orbital, having become a (not-yet
equilibrated) e%;lyd. Thus, the diffusion-based pathway for eq
1 involves a combination of cavity translation and libration of
the solvating waters. In the Supporting Information, we show
similar animations of recombination events for all of the
simulated trajectories.

Panels (e—h) of Figure S show snapshots of a recombination
event via the tunneling mechanism. In panel (e), as in (a), the
two electrons occupy the PMF minimum in adjacent cavities
connected by a single bridging water molecule. At t = —40 fs,
panel (f), the less stable electron (green) begins to leak density
into its more stable partner’s cavity (blue), which is still
separated by the bridging water. In panel (g), S fs prior to
recombination, the bulk of the less stable electron’s density has
funneled into the more stable cavity through the bridging
water. Finally, at the instant of recombination, panel (h) shows
that both electrons are colocalized in what had been the more
stable single-electron cavity. This tunneling mechanism
bypasses the translational reorganization of water molecules
required to merge the cavities in the diffusion pathway, instead
shuttling only one of the two e,’s to create a hydrated
dielectron. The rapid pair formation may be connected with
the transient transport mechanism proposed by Lan et al. for
single e}jyd’s,78 who identified transient “ghost” cavities enabling
jump-like transport. Our two-electron system suggests that
water density fluctuations can facilitate wave function overlap
not only into void cavities, but also into already-occupied ones.

To understand what determines whether eq 1 follows the
tunneling or diffusive recombination pathway, we examined
the local solvation environment experienced by each hydrated
electron in the times preceding recombination. If one thinks of
the recombination of two hydrated electrons as an electron
transfer reaction, then Marcus theory would suggest that the
solvent coordinate governing the reaction dynamics would be
the electrostatic potential exerted by the surrounding water
molecules on each electron. We found, however, that the
average electrostatic potential from the surrounding waters on
each electron was similar in the diffusion and tunneling
pathways (as detailed in the Supporting Information),
suggesting that a different local solvent coordinate must be
involved.

Given that eq 1 involves the complete disappearance of one
electron’s cavity and the (slight) expansion of the other’s cavity
as the dielectron is formed, it would make sense that the local
Pauli repulsive interactions between the electrons and their
first-shell water molecules should also play an important role.
Unfortunately, it is not straightforward to quantify the Pauli
exclusion forces exerted on a hydrated electron from DFT
simulations. Thus, to approximately account for both electro-
static and Pauli repulsion interactions between the electrons
and the water, we used the Turi-Borgis (TB) pseudopoten-
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tial.”>”> The TB potential not only includes an electrostatic
and polarization contribution but also accounts for the static
exchange interactions between an excess electron and water
molecules at the Hartree—Fock level of theory; this potential is
commonly used in mixed quantum-classical simulations of
hydrated electrons.”””?™® Thus, to estimate the total
interaction between our simulated hydrated electrons and
the surrounding waters, we took configurations from our DFT-
based trajectories and then integrated the value of the TB
pseudopotential (i.e.,, assuming that the DFT waters behaved
classically) over a 0.5 A radius sphere around each electron’s
WOC.

This integrated TB potential value serves as a local probe of
the electronic stabilization energy, capturing the competition
between the attractive electrostatic forces of the surrounding
water and the repulsive Pauli interactions between the excess
electrons and the electrons in the water molecular orbitals. A
formal definition of the integration procedure we use and a
detailed breakdown of the TB potential’s individual compo-
nents (electrostatic, polarization, and exchange) are provided
in the Supporting Information. It should be noted that this
potential analysis focuses exclusively on e, 4—solvent inter-
actions and does not include the direct ¢j4—ey,q interactions.
Thus, although the ¢ 4-pair interactions are accounted for
within the underlying DFT-based trajectories, our postprocess-
ing TB integration is intended only to help quantify changes in
the local solvation environment as the hydrated electrons
approach each other.

The purple and yellow shaded regions in each panel of
Figure 4 correspond to the calculated average integrated TB
potential values, with a one standard deviation uncertainty, for
the equilibrated e%‘;yd and eyq, respectively, providing reference
benchmarks for comparison with the nonequilibrium recombi-
nation trajectories. The blue and red curves in each panel
(which correspond with the left y-axes) show the integrated
TB potentials for each of the two electrons averaged over the
diffusion (panel a) and tunneling (panel b) subensembles;
graphs for each of the individual trajectories are shown in the
Supporting Information. We plot the potential for the less
solvent-stabilized electron in red and the more stabilized
electron in blue. In the diffusion-driven recombination
trajectories in panel (a), the potentials of both e 4’'s remain
similar within the uncertainty up through the point of
recombination. In contrast, the tunneling recombination
trajectories in panel (b) exhibit a clear divergence in the
solvent-exerted potential on the two electrons. Thus, the way
the water interacts with the electrons is clearly different in the
two mechanisms of hydrated electron recombination.

The contrasting potential profiles reveal that the recombi-
nation mechanism is determined by the degree of solvation
when electron pairs reach the PMF minimum. In diffusive
recombination trajectories, the metastable bridging water
configuration provides approximately symmetric stabilization
for both electrons, so their integrated solvent potentials
gradually converge from slightly below that of isolated single
electrons (yellow shaded region) into the dielectron regime
(purple shaded region) through coordinated librational and
translational motions of the first-shell waters. Conversely,
tunneling occurs when a strong solvation asymmetry develops
from fluctuations in either the bridging water orientation,
incomplete equilibration of the first solvation shells, or
stochastic variations in water hydrogen-bonding networks.
Any of these fluctuations serves to destabilize the solvent
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potential of one electron relative to the other. The character-
istic solvent potential spike that occurs roughly 20 fs prior to
recombination in tunneling trajectories seen in the red curve in
Figure 4b results from the less-stable electron undergoing
transient charge donation into the bridging water’s LUMO as
part of its rapid tunneling transfer into the more stable
electron’s cavity.

To further understand the nature of the recombination
barrier, we plot the average integrated potential as a function of
r1,, averaged over the final 40 fs leading to recombination in
Figure 4c,d. For the diffusive trajectories, panel c, the
potentials for both hydrated electrons remain relatively
clustered and fluctuate within a narrow range at shorter
separations, (r,, ~ 2 A). In contrast, for the tunneling
subensemble, panel d, there is a distinct energetic landscape
where the two electrons occupy significantly different solvation
environments even at larger separations ("1,2 ~ 4 A). The
destabilized electron (red) encounters a clear potential energy
barrier as r,, decreases. The dashed red curve is a trendline
that highlights the effective tunneling potential barrier that has
a ~1.0 eV height and a ~2.5 A width. The presence of this
barrier supports the tunneling assignment, and explains why
these trajectories must recombine via tunneling rather than
directly via diffusion.

As mentioned above, in the Supporting Information, we
compare the results in Figure 4 with a similar calculation using
only a purely electrostatic solvent potential, which shows no
distinguishable difference between the diffusion and tunneling
trajectories. This indicates that the main driving force that
determines the mechanism of recombination arises primarily
from Pauli repulsion and exchange interactions between the
hydrated electrons and the electrons in the water molecular
orbitals that are approximately accounted for with the TB
potential. No matter how they recombine, the electron-pair
system ultimately adopts the dielectron solvation structure
(purple region), but the route to achieving recombination
depends critically on Pauli repulsive forces in the local
solvation symmetry of the metastable configuration.

B CONCLUSIONS

In this paper, we presented a DFT-based simulation study of
the recombination dynamics of two hydrated electrons to form
a solvated dielectron (which then subsequently reacts with the
surrounding water to produce H, and OH™).*”***° Analysis of
radial distribution functions and radii of gyration confirm that
both single hydrated electrons and hydrated electrons in pairs
exhibit similar solvation structures, while the hydrated
dielectron occupies a somewhat larger cavity with slightly
more rigidly oriented first-shell waters. This structural
similarity indicates that relatively little solvent reorganization
is required for the recombination process, consistent with the
sub-ps time scales for recombination observed in our
simulations.

To characterize the free energy landscape governing
recombination, we constructed PMFs for both triplet and
OSS hydrated electron pairs. The triplet PMF is repulsive at all
separations due to combined electrostatic and Pauli repulsion
between parallel spins, with a modest barrier at 4.3—4.9 A
reflecting the free energy cost to disrupt solvent molecules
intervening between the two cavities. In contrast, the OSS
PMF is downbhill at short distances, confirming that spin singlet
electron pair recombination is thermodynamically favorable. A
local minimum at r,, ~ 3.25 A indicates a metastable solvent-

4809

separated configuration where a single bridging water molecule
simultaneously stabilizes both electron cavities, separated by a
~1 kT barrier from recombination into the dielectron state.

Time-resolved analysis of recombination dynamics from this
metastable configuration revealed two distinct mechanisms
that occur with approximately equal probability. The two
recombination pathways are either diffusive, characterized by
gradual increases in electron overlap over hundreds of
femtoseconds, or via tunneling, exhibiting abrupt overlap
development in just a few tens of femtoseconds. Our findings
provide theoretical validation for the existence of a stable,
solvent-separated singlet e;,4 pair hypothesized by Schmidt and
Bartels from the lack of ionic strength effect in the DEHE
reaction.”” Moreover, the Pauli-repulsion-driven tunneling
mechanism we observe, along with the sub-ps recombination
time scale, are consistent with the experimentally observed
reaction distance of ~9 A.*”*' By enabling LUMO-mediated
electron transfer across longer separations, tunneling effectively
extends the capture radius beyond what diffusive cavity merger
alone permits. This dual-pathway mechanism explains how the
system achieves rapid recombination, overcoming Coulombic
repulsion.
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