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ABSTRACT: Even though single hydrated electrons (ehyd− ’s) are
stable in liquid water, two hydrated electrons can bimolecularly
react with water to create H2 and hydroxide: ehyd− + ehyd− + 2H2O →
H2 + 2OH−. The rate of this reaction has an unusual temperature
and isotope dependence as well as no dependence on ionic
strength, which suggests that cosolvation of two electrons as a
single hydrated dielectron (e2,hyd2− ) might be an important
intermediate in the mechanism of this reaction. Here, we present
an ab initio density functional theory study of this reaction to
better understand the potential properties, reactivity, and
experimental accessibility of hydrated dielectrons. Our simulations
create hydrated dielectrons by first simulating single ehyd− ’s and then injecting a second electron, providing a well-defined time zero for
e2,hyd2− formation and offering insight into a potential experimental route to creating dielectrons and optically inducing the reaction.
We find that e2,hyd2− immediately forms in every member of our ensemble of trajectories, allowing us to study the molecular mechanism
of H2 and OH− formation. The subsequent reaction involves separate proton transfer steps with a generally well-defined hydride
subintermediate. The time scales for both proton transfer steps are quite broad, with the first proton transfer step spanning times
over a few ps, while the second proton transfer step varies over ∼150 fs. We find that the first proton transfer rate is dictated by
whether or not the reacting water is part of an H-bond chain that allows the newly created OH− to rapidly move by Grotthuss-type
proton hopping to minimize electrostatic repulsion with H−. The second proton transfer step depends significantly on the degree of
solvation of H−, leading to a wide range of reactive geometries where the two waters involved can lie either across the dielectron
cavity or more adjacent to each other. This also allows the two proton transfer events to take place either effectively concertedly or
sequentially, explaining differing views that have been presented in the literature.

■ INTRODUCTION

When an excess electron is formed in liquid water, a stably
solvated species known as the hydrated electron (ehyd− ) is formed.
Hydrated electrons have garnered significant theoretical and
experimental interest due to their fascinating properties,
reactivity, and pertinence to a variety of fields such as radiation
chemistry,1−4 biochemistry,4,5 and atmospheric chemistry.6

Though hydrated electrons have been extensively studied by
both simulation7−18 and experiment,1−3,19−22 much remains
unknown about the solvation structure of hydrated elec-
trons4,7,15−17,23−25 as well as about the mechanism of their
reactivity as strong reducing agents in solution.14,26−28

One of the reasons that hydrated electrons are not a stable
equilibrium species is that they not only react with protons in
water (which are naturally present at 10−7 M concentration) but
they also can react with each other. The latter process, which we
refer to as the dielectron hydrogen evolution (DEHE)
reaction,16 can be summarized as29

+ + +e e 2H O H 2OHhyd hyd 2 2 (1)

The rate of this reaction is diffusion-limited and also
independent of ionic strength.30 The DEHE reaction has an
unusual temperature dependence, with Arrhenius-like behavior
up until 150 °C followed by a decrease in rate with increasing
temperature and then plateauing of the rate at a higher
temperatures.3 There is also a significant isotopic enrichment
factor that strongly favors H over D.29,31 The absence of atomic
hydrogen in the reaction products31 suggests that H· is not an
intermediate in the reaction process. The fact that triplet H2 is
not bound30 means that whatever the reactive dielectron species
is, the two electrons that react must be initially spin singlet.
Although the detailedmechanism of theDEHE reaction is not

definitively known, the behaviors of the DEHE reaction
described above imply that there likely is a reactive intermediate
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in which two hydrated electrons combine to form a hydrated
dielectron (e2,hyd2− ) prior to reacting.1,3,32,33 Dielectrons should
have more reducing power than single hydrated electrons and
thus are likely better able to react with the surrounding water.33

The idea that e2,hyd2− might be a quasi-stable species has inspired a
host of mixed quantum/classical34−37 and ab initio15,38

simulations to learn about the properties of this possible reactive
intermediate. Recent experimental work from Hartweg et al.39

has shown indirect evidence of dielectrons forming in ammonia
solutions. Of particular interest is what the solvation structure of
dielectronsmight be: do the two paired electrons occupy a single
cavity in solution, or are they instead solvated in separate but
nearby cavities and exist as a solvent-separated pair?29

Whether or not dielectrons are involved in the DEHE
reaction, two groups have performed ab initio simulations to test
the possible role of e2,hyd2− as an intrinsic part of the reaction
mechanism. First, Landman and co-workers16 did a simulation
based on density functional theory (DFT) using the PBE
exchange−correlation functional40 and studied what happened
when two excess electrons were placed onto an isolated water
cluster. These researchers found that the configuration with
both electrons separately bound to the cluster surface was
slightlymore enthalpically favored than the structure where both
electrons were colocalized to the same cavity in the cluster
interior.16 By using steered first-principles Born−Oppenheimer
molecular dynamics, they also found that the colocalized
electrons were able to concertedly extract two protons from
two nearby waters to directly produce H2.
More recently, Bu and co-workers15 performed DFT-based

simulations using the hybrid PBE0 functional41 with periodic
boundary conditions, to represent bulk water, plus two excess
electrons. These researchers ran multiple trajectories and found
that, although two excess electrons could be separately solvated
in two different cavities as two single ehyd− ’s, having both electrons
localized in a single cavity to form e2,hyd2− was more stable. They
also found that only formation of a hydrated dielectron led to the
DEHE reaction.15 That is, solvent-separated electron pairs were
not observed to react with water. Interestingly, the mechanism
they observed involved sequential proton transfers with a
hydride subintermediate

+e e ehyd hyd 2,hyd
2

(2)

+ +e H O H OH2,hyd
2

2 (3)

+ +H H O H OH2 2 (4)

where we refer to reaction 2 as the recombination reaction,
reaction 3 as the first proton transfer step (PT-1), and reaction 4
as the second proton transfer step (PT-2).
All of this leads to the series of questions about themechanism

of the DEHE reaction that we explore via DFT-based
simulations in this paper. First, are the proton extractions in
the DEHE reaction sequential or concerted? Second, instead of
simulating water with two excess electrons from the beginning,
what happens if a second electron is injected in the presence of
an already-equilibrated hydrated electron?37 This is a scenario
that could potentially be explored in pump−probe experiments,
and the presence of a well-defined zero of time also allows us to
better understand the lifetime of the e2,hyd2− intermediate. Finally,
what determines the identities of the first and second protons to
be extracted, as well as the lifetime of the potential H−

subintermediate?

Here, we work to answer these questions by running an
ensemble of ab initio trajectories using DFT with the PBE041

exchange correlation functional in a fully periodic system of 64
water molecules. Rather than vertically injecting two excess
charges at the same time, we added a second excess charge to a
system with an already equilibrated single ehyd− . We find that the
time from injection of the second electron to the time of PT-1
varies from ∼130 fs to nearly ∼1.5 ps. We also see that the
duration of reaction (i.e., the time between PT-1 and PT-2 or the
H− lifetime) also showed significant variation between 30 and
130 fs, indicating that the proton transfers can occur either
sequentially or effectively concertedly. Next, we see that the first
proton to be abstracted must be on a water molecule that not
only has significant electron density from e2,hyd2− but also is part of
an extended H-bond chain with neighboring waters. This is
necessary to allow the newly formed hydroxide ion to be driven
away from the H− subintermediate on time scales faster than
standard diffusion. Finally, we find that PT-2 is mediated both by
solvation of the hydride subintermediate and by O−H bond
lability. Overall, this work presents a deeper understanding of
the mechanism of DEHE reaction.

■ METHODS
To simulate the formation of hydrated dielectrons and the
subsequent DEHE reaction via sequential injection of an excess
electron into an already equilibrated single-electron system, we
used starting configurations from our previously published
DFT-based ehyd− simulations.8,11,23 These simulations were done
with the CP2K42 software package in the N, V, T ensemble at a
temperature of 298 K. A time step of 0.5 fs was used, and a
Nose−Hoover43 chain thermostat was coupled to the system to
maintain the target temperature. The volume of the system was
chosen to reproduce the correct experimental density of water at
298 K and 1 atm. The PBE041 exchange−correlation functional
was used with 25% exact exchange (note that the related
simulations in refs 17,44,45 were performed with 40 or 50%
exact exchange) and the Grimme’s D3 dispersion correction46

along with a triple-ζ basis set. Hartree−Fock (HF) exchange
calculations were expedited by way of an auxiliary density matrix
method.47

We selected a series of 16 uncorrelated equilibrated initial
configurations and then changed the system charge from −1 to
−2 and the total spin multiplicity from 2 to 1, thus introducing a
second excess electron with the opposite spin of the already-
equilibrated hydrated electron. We made this choice since, as
mentioned above, triplet H2 is not bound,

30 suggesting that
reactive dielectron species should initially be present as singlet
electron pairs. The choice to study only singlet dielectrons is also
justified by previous work from Bu and co-workers,15 who found
that the spin-paired singlet state of the dielectron at this level of
theory was more stable than the triplet state. Trajectories were
propagated after the second electron was injected either until the
DEHE reaction was complete or halted after 2.1 ps if no reaction
occurred. Visualizations were done using VMD,48 and the
trajectory animations shown in the Supporting Information
were generated using an in-house TCL script.
To determine whether or not H-bond chains between water

molecules existed, hydrogen bonds were detected using
geometric criteria49 with a donor−acceptor distance of 3.0 Å
and a cutoff angle of >150° using an in-house Mathematica50
script. Hydrogen bond chains were built by identifying
alternating donor/acceptor hydrogen bond motifs, starting
with selected water molecules in the first solvation shell of the
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dielectron or hydride. We found, as with previous work in the
literature,51 that hydroxide motion by Grotthus-type proton
“hopping” only occurred in the presence of pre-existing
extended H-bond chains.
As part of our investigation of the DEHE reaction mechanism,

we also explored how the second proton abstraction to form H2
was displaced from the proton motion to form the H−

subintermediate. We first defined an O−H lengthening vector
at the time of PT-1

=r r rOH,PT 1 H ,PT 1 O ,PT 11 1

and then computed hydride displacement vectors over the
reaction duration

=d r ri i iH , H , H , 1

where rH⃗, rH⃗−, and rO⃗ are hydrogen, hydride, and oxygen
positions and i represents a time-step after PT-1 and before PT-
2. These vectors were then normalized and their dot product
taken at every step of the reaction duration to determine the
relative displacement. This hydride displacement measure is
shown pictorially and discussed further in conjunction with
Figure 5, below; the dot product vs time plots for each individual
trajectory are shown in the Supporting Information.

■ RESULTS AND DISCUSSION
We began our investigation of the DEHE reaction process by
first considering the recombination step of the proposed
mechanism, eq 2. Following injection of a second, spin
antiparallel, excess electron into our simulated system that
contained a hydrated electron, we found that in every trajectory,

the second electron immediately localized into the same solvent
cavity and spatial orbital as the first. We have argued, based on
both experiments and simulations, that injected electrons are
trap seeking,52 so it makes sense that the pre-existing hydrated
electron’s cavity serves as a highly stable trap into which the
second electron can colocalize. Thus, if diffusion is not required
to bring the two separately solvated electrons into proximity
(i.e., if the second electron is injected) and the two electrons
have opposite spin, the recombination step happens essentially
instantaneously. This suggests a potential experimental route to
controllably forming dielectrons, by injecting additional
electrons in the presence of already-equilibrated hydrated
electrons.37 This also means that we can controllably form
solvated dielectrons in simulations, allowing us to investigate the
structure of this important intermediate during the period
between recombination and PT-1.
In our previous simulations on single hydrated electrons,8,23

we were able to track the ehyd− using either the spin density or the
localized singly occupied molecular orbital (SOMO) density.
This approach does not work for a dielectron system with two
spin antiparallel excess electrons and thus a net zero spin, so here
we locate the dielectron utilizing Maximally-Localized Wannier
Functions (MLWFs) of the two highest-energy orbitals,
calculated directly in CP2K.42 The orbital centers of the
MLWFs are then used as the center of the dielectron. Figure 1a
shows radial distribution functions (RDFs or g(r)’s) of e2,hyd2−

before the PT-1 step of the DEHE reaction takes place, along
with the RDFs of the ehyd− taken from our previous
simulations.8,11 We note that the single hydrated electron
RDF shown here differs slightly from the RDF in our past

Figure 1. (a) Dielectron (orange and blue curves) and single hydrated electron (black curves) radial distribution functions (RDFs) from the Wannier
center to both water oxygen (solid curves) and hydrogen (dashed curves). Dielectron configurations are sampled from before the PT-1 reaction occurs,
while the single electron configurations are taken from our previous work.11 The dielectron shows a slightly larger cavity region than the single electron,
but otherwise the two species have similar solvation structures. (b) RDFs of the hydride subintermediate with water O (orange curve) and H (blue
dashed curve) during the reaction period between PT-1 and PT-2. Although H− largely “inherits” the solvation structure of e2,hyd2− because many waters
do not have time during the reaction duration to solvate hydride, we do see that H− is smaller than e2,hyd2− because of electrostatic attraction to the central
proton. Moreover, since the H− proton often resides slightly off-center of the dielectron’s cavity, the second- and third-shell peaks are mostly washed
out. (c) Angular distributions of first-shell waters for both the single ehyd− (black bars) and the e2,hyd2− (blue bars). Values near−0.70 indicate solvation by
waters with H-bonds pointed toward the (di)electron center. Both structures are highly ordered, with the single electron being slightly more ordered
than the dielectron. (d) Angular distributions of first-shell waters for theH− subintermediate (orange bars). The slightly broader distribution relative to
the parent e2,hyd2− is likely due to incomplete equilibration, as H− only lives for tens to ∼100 fs.
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work8,23 because here we also use MLWFs to track the electron
center for better comparison, rather than the SOMO used in our
previous work.
Figure 1a makes clear that the central cavity region of the

dielectron is slightly larger than that of the single hydrated
electron, as seen by the distance where the e2,hyd2− −water oxygen
g(r) first becomes nonzero. We obtain a radius of gyration (Rg)
for the dielectron of 2.91 ± 0.17 Å, which is in qualitative
agreement with the value cited by Bu and co-workers,15 and is
24% larger than that of the single hydrated electron (Rg = 2.35±
0.09 Å) simulated at this level of theory. As above, we note that
this single electron radius of gyration differs slightly from what
we have previously published8,11,23 because it was calculated
using the MLWF density as opposed to the SOMO. The first
solvation shell peak, however, is nearly identical for both the
single and di-hydrated electron species, suggesting that addition
of a second electron causes only minor changes in the local
solvent structure beyond a slight expansion of the central cavity.
The histograms in Figure 1c show the angular distributions of

the first-shell water molecules around both the single hydrated
electron and the dielectron, calculated as the dot product of the
unit vector connecting the dielectron center of mass to the water
O atom with a unit vector along the water dipole. With this
definition, a dot product of ∼−0.7 is characteristic of water
pointing an O−H bond toward the (di)electron center of mass.
Thus, the sharp peak seen near −0.70 in both the single ehyd− and
the dielectron distribution is indicative of a very highly
structured solvation shell. Interestingly, the dielectron seems
slightly less structured than the single electron, which would not
be expected given the increased charge of the e2,hyd2− relative to
that of a single ehyd− . It is possible that this simply reflects
incomplete equilibration of the dielectron, as the subsequent
reactivity with water limits the equilibration time of the first
solvation shell. Despite this, the data in Figure 1 indicate that up

until the onset of PT-1, hydrated electrons and dielectrons are
similarly solvated by the surrounding water.
Of the 16 nonequilibrium trajectories that we ran, 10 of them

underwent the DEHE reaction within 2.1 ps of injection of the
second electron. Since there is no single definition that
determines precisely when a chemical reaction takes place, we
utilized both a “bond length criterion” and a “charge criterion” to
estimate precisely when each step of the reaction occurred. For
the bond length criterion, we defined the start of the reaction
(and thus the time of PT-1) as the moment where the first
reacting water’s O−H bond length begins to monotonically
increase from its equilibrium value. We then deemed that the
DEHE reaction is finished when the bond length of the newly
formed H2 reaches its equilibrium value. For the charge
criterion, we defined PT-1 as the moment when the net charge
on the O atom of the first reacting water passes a threshold
consistent with it being identified as a hydroxide ion (see the
Supporting Information for details on charge analyses). We then
defined the end of the DEHE reaction as when the net charge on
the O atom of the second reacting water achieves this same
threshold value. We see that stretching of the O−H bond of the
reactive waters occurs several time steps before the charge
finishes flowing onto either molecular fragment.
The distinction of these two reaction criteria is important as

they allow us to track different stages of the reaction mechanism
around the time of PT-1. When using the bond length criterion,
hydride has not yet completely formed and the e2,hyd2− still exists,
therefore we can study how the dielectron donates charge
density onto the first reacting water and the impact this has on
O−H bond breaking. This is a because O−H bond lengthening
precedes the charge flow that starts to reduce water to OH−. The
charge criterion, on the other hand, directly indicates when
hydride has formed (i.e., that the e2,hyd2− has just reacted to form

Figure 2.Distributions of times to reaction (panels a and c) and reaction durations (panels b and d) in fs using both the bond length reaction criterion
(panels a and c) and the charge reaction criterion (panels b and d). The time to reaction is the time from injection of the second hydrated electron to
the onset of PT-1, and the reaction duration is the time between PT-1 and PT-2. Use of the bond length reaction criterion shifts the reaction duration to
longer time scales, indicating that fluctuations in charge occurring between PT-1 and PT-2 precede significant bond length changes for the second
reactive water. This indicates that electron density donation into the water antibonding orbitals increased the lability of O−Hbonds, thus making them
more primed for reaction.

Journal of Chemical Theory and Computation pubs.acs.org/JCTC Article

https://doi.org/10.1021/acs.jctc.4c00780
J. Chem. Theory Comput. 2024, 20, 7337−7346

7340

https://pubs.acs.org/doi/suppl/10.1021/acs.jctc.4c00780/suppl_file/ct4c00780_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00780?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00780?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00780?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.4c00780?fig=fig2&ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://doi.org/10.1021/acs.jctc.4c00780?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


H− andOH−), allowing us a way to study the solvation and other
dynamics of the hydride ion.
Figure 2 shows distributions of both the time to the start of the

DEHE reaction (i.e., the time from injection of the second
electron to PT-1, left panels) as well as the reaction duration
(i.e., the H− lifetime, which is the time from PT-1 to the end of
the DEHE reaction, right panels), defined with both the bond
length (upper panels) and charge (lower panels) criteria.
Although the distributions do depend somewhat on the chosen
criterion, the data show clearly that the DEHE reaction occurs
on time scales of hundreds of fs up to a few ps. The duration of
the reaction also varies significantly, ranging from just a few fs to
over 100 fs. Thus, the disagreement between Bu and co-
workers15 and Landman and co-workers16 on whether the two
DEHE reaction proton transfers occur sequentially or
concurrently is likely due to insufficient sampling of reaction
dynamics, particularly with only a single trajectory being
explored in ref 16. We will argue below that the distribution of
reaction times occurs because of solvation effects that can either
promote concurrent proton transfers or delay the second
transfer long enough for H− to live as a transient
subintermediate.
Figure 3 shows representative snapshots of two DEHE

reactive trajectories at the time just before reaction (panels a and
d), during PT-1 (panels b and e), and during PT-2 (panels c and
f); here, the reactive protons are shown in green and the
dielectron MLWF charge density is shown as a blue mesh
isosurface. Movies of two representative reactive trajectories are
available in the Supporting Information. The trajectory shown in
panels (a−c) bears a strong resemblance to the one presented by

Landman and co-workers,16 in that the two reacting waters are
roughly opposite each other across the dielectron cavity and
there is little time between the two proton transfers. In the
trajectory shown in panels (d−f), however, the two protons are
not transferred concertedly, and the reacting waters are adjacent,
indicating that a cross-cavity geometry is not necessary for the
DEHE reaction to occur. Analysis of our reactive ensemble
shows that 4 out of 10 trajectories have an angle between the two
reactive waters (relative to the dielectron center of mass)
between 100 and 120°, with 5 trajectories having angles larger
than 120° and one having an angle of only 90°. We also found no
correlation between the reaction duration (i.e., how concerted
the two proton transfers are) and the positions of the reacting
waters, suggesting that the time between the two proton
transfers is controlled by something other than simple geometry.
The snapshots in Figure 3 and the movies in the SI show that

after PT-1, the first reacting proton essentially falls into the
center of the dielectron density to form the H− subintermediate.
This hydride ion is what then goes on to initiate PT-2, leading to
the formation of molecular hydrogen and completion of the
DEHE reaction. As seen in Figure 3b, there is significantly more
electron density donated onto the first reacting water than all the
other waters in the first shell, and we see this type of density
donation for every PT-1 event in our ensemble. This density
ends up as part of the H− ion before shifting to reside on the
second reacting water. This indicates that donation of excess
e2,hyd2− electron density into water antibonding orbitals is part of
what makes the O−H bond of the reacting water more labile, a
process that cannot occur when only a single electron is present

Figure 3. Snapshots of two representative DEHE reaction trajectories as a function of time from injection of the second electron. The system is shown
just before PT-1 takes place (panels a and d), as PT-1 takes place (panels b and e) and as PT-2 takes place (panels c and f). Oxygen atoms of water
molecules are shown in red, while H atoms are shown in gray. Reactive H atoms are highlighted in green, and the square of theWannier function for the
two highest occupied orbitals are shown as the blue isosurface mesh. This density corresponds to the e2,hyd2− before PT-1 takes place, and then represents
the H− ion during the time between PT-1 and PT-2. Before PT-1 takes place, the reacting waters are across the dielectron cavity from each other in the
trajectory shown in a, while they are adjacent to each other in the trajectory shown in d. In both trajectories, significant donation of dielectron density
onto the first reacting water precedes reaction, and during PT-1 a proton from the first reacting water falls into the e2,hyd2− center, forming H−. PT-2 is
preceded by donation of H− electron density onto the second reacting water molecule. The reaction duration (time between PT-1 and PT-2) varies
significantly for these two trajectories, due to details of the hydride solvation (see text for discussion).
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in the cavity, which limits the amount of potential charge
donation.
Analysis of our DEHE trajectories shows that although

electron density donation onto reacting waters is necessary for
both proton transfer steps to occur, it is not sufficient: for PT-1
in particular, there are many instances where a significant part of
the dielectron density resides on a neighboring water but proton
transfer does not occur. To understand why this is the case, we
investigated the role of hydrogen bonding in promoting
reactivity for both proton transfer steps. Figure 4 shows the

ensemble-averaged displacement of the hydroxide ions created
immediately following PT-1 and PT-2; for PT-1, the origin was
taken as the e2,hyd2− center of mass, while for PT-2 the origin was
the proton of the H− subintermediate. The hydroxide produced
from PT-1, denoted (OH−)#1, shows driven motion away from
the reaction center. This motion takes place through rapid
proton transfers (i.e., a Grotthuss-like mechanism)53 via proton
hopping along an H-bond chain. Conversely, the hydroxide
created from PT-2, denoted (OH−)#2, moves at the rate
expected for hydroxide diffusion (i.e., with both physical and
proton hopping motions) with this level of theory.51 In other
words, the proton-transfer-induced hopping rate for (OH−)#1
immediately upon creation is roughly five times that observed
for (OH−)#2.
This observation suggests that the PT-1 step cannot take place

unless there is a pre-existing H-bond chain that can help the
charge associated with (OH−)#1 get at least one solvent shell
away from the reaction center in the first ∼20 fs. This makes
sense given that the water donating the first proton lies in the
dielectron’s first solvent shell, so that (OH−)#1 forms directly in
the first shell of the newly created H− subintermediate, leading
to a strong electrostatic repulsion between the two adjacent
negatively charged species. Since this repulsion is unfavorable,
PT-1 does not occur until there is not only enough charge
density on the first-shell water but also that the first-shell water is
part of an H-bond chain that allows the hydroxide to quickly
move at least one solvent shell away by proton hopping. This

dual requirement explains the large dispersion in times for the
onset of PT-1 following formation of the e2,hyd2− . Landman and co-
workers16 also noted hopping of the resulting hydroxides after
the proton transfer step, but they did not comment on any
accelerated motion or how OH− hopping could impact
reactivity.
To confirm that the presence of an H-bond chain is required

for the PT-1 reaction to occur, we used a geometric criterion49 to
detect the presence of H-bonds between water molecules; see
theMethods section and Supporting Information for details. We
then defined hydrogen bond chains as collections of H-bonds
that begin at a given first-shell water and alternate through H-
bond donor and acceptor motifs. We found that at the time of
PT-1, the reacting water always had a hydrogen bond chain with
a length of at least 4 waters, with some reacting waters having
chain lengths up to 10 waters. We also saw instances when there
was significant electron donation onto a first shell water but no
reaction occurred because no H-bond chain was connected to
that water at that time; examples of this are detailed in Figure S6
of the Supporting Information. This verifies that PT-1 is
mediated by H-bond chain formation, which is required both to
better stabilize (OH−)#1 immediately upon its formation as well
as to mitigate the electrostatic repulsion with H− by providing a
proton hopping pathway to superdiffusively move this hydroxide
farther away.
For PT-2, on the other hand, (OH−)#2 is formed adjacent to a

neutral H2 molecule, and given that (OH−)#1 has already been
driven far from the reaction center, there is no electrostatic need
for an H-bond chain to drive rapid hydroxide displacement, and
indeed, none is observed. This is consistent with our H-bond
analysis, which showed that the PT-2 reacting water did not
always have a ≥ 4-water H-bond chain at the time of reaction,
discussed in more detail in the Supporting Information. Since
needing an H-bond chain is not required, this leads to the
question of what causes the dispersion in the reaction duration
times seen in Figure 2b,d.
We believe that the H− lifetime is also determined by

geometric criteria. After PT-1, the proton falls to the center of
the e2,hyd2− , so the newly created hydride effectively “inherits” the
dielectron’s solvation structure; indeed, Figure S1 in the
Supporting Information shows that e2,hyd2− and H− have similar
first-shell water coordination numbers. Figure 1b shows RDFs of
the hydride ion subintermediate, although we note that this
solvation structure is not equilibrated given the short average
lifetime of H−. This figure shows that the first solvent shell peak
of H− closely matches that of e2,hyd2− , verifying that the hydride
solvation structure is very similar to that of the dielectron. This is
further supported by the water dipole distribution in Figure 1d,
which shows that H−, which is only singly negatively charged,
orders the surrounding waters only slightly less that the doubly
negatively charged dielectron. Since the hydride subintermedi-
ate is a singly charged anion with a proton at the center, the
spatial extent of the charge density of H− is smaller than the
e2,hyd2− ; this means that hydride puts less charge density onto the
first-shell water molecules. This suggests that PT-2 cannot take
place until a first-shell water can move inward enough to have
enough charge density for the reaction to take place, placing at
least one restriction on when the DEHE reaction can go to
completion.
We also found that, in addition to having waters at an

appropriate distance from H− to react, the relatively wide
distribution of reaction durations also results from other aspects
of hydride solvation following PT-1. To see this, we investigated

Figure 4. (OH−)#1 and (OH−)#2 distances from the reaction center as a
function of time after proton transfer. The reaction center for (OH−)#1
is defined as the Wannier center of mass of e2,hyd2− , while the reaction
center for (OH−)#2 is the proton at the center of the hydride ion. Error
bars are calculated as the standard error of the mean. (OH−)#1 shows
rapid, driven motion away from the reaction center, mediated by
hydroxide hops down extended H-bond chains. (OH−)#2, on the other
hand, shows more diffusive movement.
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the translational displacement of the abstracted proton following
PT-1 as it first becomes hydride and then reacts via PT-2 to form
H2 (see the Methods section and Figure 5a,b for an illustration
of this analysis). In some trajectories, the first reactive proton
becomes H− by following a path straight along its original O−H
bond vector until it reacts with a proton from a second water
molecule to form H2. In other trajectories, however, the first
proton deviates from its initial O−H bond lengthening path.
This deviation could result physically, by deflection of the first
proton by other nearby water molecules, or could result from the
absence of a sufficiently reactive partner, either due to there
being no protons along its trajectory or due to those protons
having insufficient O−H bond lability. When such deviations
occur, the surrounding waters then solvate the newly formed H−

until a reactive partner is found and H2 can form.
To verify that deviations like this are involved in the

distribution of reaction durations, we calculated the distribution
of deviations of the abstracted proton from its original O−H
lengthening vector (defined at PT-1) over the time period
between PT-1 and PT-2; the way we calculate the deviation is
defined in the Methods section and shown pictorally in Figure 5
panels (a,b), with further details given in the Supporting
Information. Values of the deviation close to 1 indicate that the
abstracted proton closely follows its original O−H lengthening
vector up until PT-2, while smaller values indicate more
significant deviation from the original path. As shown in Figure 5

panels (c,d), this measure of proton deviation is inversely
correlated with the reaction duration, with a correlation
coefficient R2 = 0.83 (R2 = 0.54) for the charge (bond length)
reaction duration criterion; time traces of the deviation for
individual trajectories are shown in the Supporting Information.
Trajectories where the proton that forms hydride is highly
deflected go through a more extended period of hydride
solvation (tens to hundreds of fs), so that librational motions of
neighboring waters are required to eventually promote the onset
of PT-2.
Overall, our simulations and analysis provide a new

molecular-level understanding of the DEHE reaction process.
First, the reaction begins via the coalescence or recombination of
two separately solvated hydrated electrons into a single cavity.
This process could happen diffusively,15 or it could be induced
by injecting a spin-antiparallel electron into the proximity of a
pre-existing hydrated electron.37 The resulting e2,hyd2− starts to
become solvated for a variable amount of time until the PT-1
step occurs. PT-1 is initiated both by the presence of significant
donation of electron density from the dielectron onto a nearby
water molecule, which enhances O−H bond lability, and by that
water being part of an H-bond chain, so that the newly created
OH− product is able to rapidly move away from its H− partner.
There is then a fairly wide distribution of times between the
onset of PT-1 and PT-2, which results both from the degree of
solvation of the H− product and the degree to which the initially

Figure 5. Correlation between hydride displacement and the reaction duration (time between PT-1 and PT-2). At the time of PT-1 (panel a, with O
atoms shown in red, H atoms in gray and the reactive protons in green), we define the O−H lengthening vector as a unit vector along the O−Hbond of
the water that loses the first proton. We then define (panel b) an H− displacement vector as a unit vector along the difference in the positions of the
hydride proton at time step i (green proton on upper water) and the previous time step (translucent green proton on upper water). We then determine
the displacement as the dot product between these two unit vectors at each time step. Scatter plots of the average hydride displacement measure vs
reaction duration are shown for the bond length (panel c) and charge criteria (panel d). Both criteria show a significant negative correlation, with a
particularly strong correlation for the charge criterion. This is because hydride does not fully exist at the start of the reaction duration for the bond
length criterion. This means that time steps where the reactive proton has not yet become H− are contributing to the displacement in a spurious way.
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abstracted proton is deflected off of its initial O−H bond
lengthening path.

■ CONCLUSIONS
In this work, we presented a detailed investigation of the DEHE
reaction using DFT-based ab initio simulations, with the
reaction initiated by injecting a second electron in the presence
of an existing hydrated electron to impose a well-defined
reaction start time. Our results show immediate recombination
of spin antiparallel electrons into a single cavity to form a
hydrated dielectron; we saw no trajectories where the second
electron localized independently of the first. We also found that
the reaction proceeds via a multistep process via a hydride
subintermediate, but with a range of H− lifetimes that allowed us
to explain the discrepancy between previous DFT-based
simulations from other groups.15,16 We found that the
distribution of times from injection of the second electron to
the onset of the PT-1 reaction that forms H− results first from
the need for solvation to allow part of the charge density to
reside on a single first-shell water, and second from that water
being part of an extended H-bond chain so that the newly
formed hydroxide ion can move rapidly away from the reaction
center to minimize electrostatic repulsion between the OH− and
hydride. The distribution of reaction durations resulted both
from the dynamics of solvation of the newly created hydride and
the relative degree of mis-alignment of the abstracted proton
with its initial trajectory following elongation of an O−H bond.
We believe that the observations above can help to rationalize

the significant isotope effect29,31,54−56 seen for this reaction,
which strongly favors formation of H2 over D2 in H2O/D2O
mixtures, as well as the unusual temperature dependence of the
reaction rate.3 Of course, the zero point energy difference
between O−H and O−D bonds57,58 contributes to the selective
abstraction of protons over deuterons, and the observed isotope
effect may simply be a consequence of this difference. However,
we also know that D-bonds are stronger than H-bonds, so that
motion along and perpendicular to the water−water D-bond
distance is reduced in heavy water,57,58 and these librations are
needed to drive H/D-bond chain formation.59 This means that
waters in the first shell of the dielectron may be more likely to
rapidly build extended H-bond chains than D-bond chains due
to their greater fluctuations, so the fact that our simulations show
that H-bond chains are required to separate the like-charged
products of the PT-1 reaction also could help explain why this
reaction so heavily selects for proton rather than deuteron
abstraction. Moreover, it is also possible that zero-point energy
differences in O−H and O−D bond strengths could cause an
isotope effect for PT-2, where the hydride intermediate more
easily abstracts protons over deuterons.
The fact that an H-bond chain is required for the PT-1 step of

the reaction to occur also may help explain the reduced rate of
the DEHE reaction above 150 °C.3 One would expect that
formation of extended H-bond chains becomes less probable at
higher temperatures, possibly explaining why the reaction
appears to shut when the temperature is increased. Although
the need of H-bond chains may help rationalize the temperature
dependence, it is unfortunately not possible for us to comment
on the facts that the reaction rate is diffusion limited and
independent of ionic strength. This is because our simulations
start with the two electrons in the same cavity, so that the nature
of how two single electrons recombine and how recombination
might be affected by ion pairing with salt are not accessible from
our work. Simulations where dielectrons are prepared via

diffusive recombination of single electrons, particularly with
electron−electron distances greater than the experimentally
proposed reaction distance,30 would be needed to understand
these aspects of the reaction, but the system sizes required and
the time-scales necessary to observe the DEHE reaction are
presently not computationally feasible. Despite this, the work
presented here does add to a growing base of literature studying
the mechanism of hydrated electron reactivity, including not
only the DEHE but also the reduction of a variety of small
molecules in solution.14−16,25,27,28

We conclude by noting that our previous work studying single
hydrated electrons with DFT and the PBE0 functional11,23

indicated that the solvation structure is too kosmotropic
compared to experiment. Since we and others15,16 have shown
that the reacting water molecules are tightly bound in the first
shell of the dielectron, this suggests that the simulated dielectron
hydration shell also is overstructured, which may artificially
shorten both the time to reaction and the reaction duration
relative to experiment and/or other levels of theory. We also see
that donation of electron density onto first shell waters plays a
large role in enhancing O−H bond lability. This means that the
mechanisms and time scales that we observe for this simulated
reaction will likely depend significantly on the choice of the
exchange−correlation functional. Even something as simple as
changing the percentage of exact Hartree−Fock exchange in
hybrid functionals is known to change the band gap of liquid
water,60,61 which means it would also impact the amount of
(di)electron density that can be shared into the first-shell water
antibonding orbitals and thus the propensity for proton
abstraction. Further studies of dielectron reactivity using other
functionals and potentially other levels of theory are needed to
fully corroborate ab initio simulations with experimental
observations.
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