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ABSTRACT: In the radiation chemistry of water, two hydrated electrons (ehyd− ) can react to
form H2 and OH−. Experiments and simulations suggest that this reaction occurs through a
mechanism involving colocalization of two ehyd− ’s into the same solvent cavity, forming a
hydrated dielectron e(( ) )hyd 2

2 intermediate, with aqueous hydride (H−) as a subintermediate.

However, there has been no direct experimental observation of either e( )hyd 2
2 or H−. Here, we

present TD-DFT-based predictions for the absorption spectrum of open-shell-singlet and
triplet ehyd‑ pairs, e( )hyd 2

2 , and H−. We find that relative to ehyd− , triplet and open-shell singlet
electron pairs show spectral shifts to the blue and red, respectively. Additionally, we find that
e( )hyd 2

2 absorbs even further to the red, and that H− has a charge-transfer-to-solvent-like
transition at wavelengths several eV to the blue, providing a direct experimental handle with
which to probe these species. We propose a three-pulse transient absorption experiment that
should allow detection of e( )hyd 2

2 and H−.

An excess electron in liquid water forms a stably solvated
species known as the hydrated electron (ehyd− ).1−5 Though

hydrated electrons are the simplest chemical solute, they
display a wide array of fascinating properties and have been of
considerable experimental4−7 and theoretical8−13 interest over
the last several decades. Experimentally, hydrated electrons are
easily made via pulse radiolysis,4,5,14 multiphoton ioniza-
tion,15−18 or the charge-transfer-to-solvent excitation of
solvated anions.19−22 Theoretically, their treatment results in
a challenging but potentially tractable quantum many-body
problem.23,24 Despite this, there are still many open questions
about the ehyd− , namely the nature of the solvation structure
around this species8,9,25,26 and how the solvation structure
controls its reactivity as a strong reducing agent in
solution.13,27−29

Hydrated electrons are known to react with a variety of
organic molecules,30 and recent ab initio simulation work has
illuminated some features of this reactivity,13,28,29 particularly
for the reduction of CO2.

13,29 The reaction of interest for this
work, which is common in the radiation chemistry of water,
involves two hydrated electrons reacting with H2O to form
hydrogen gas and hydroxide:

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

This hydrogen evolution reaction typically takes place in high
concentration ehyd− solutions. These solutions are thought to
contain a mixture of single ehyd− ’s, separate but spin-correlated
ehyd− pairs with parallel spins (triplet), and separate but spin-

correlated ehyd− pairs with opposite spins (open-shell singlet). It
is also possible that two ehyd− ’s at high concentration can occupy
the same cavity in the singlet spin state, a species termed the
hydrated dielectron, e( )hyd 2

2 .
Experiments have observed that atomic hydrogen is not a

product of reaction (1) and that the only products are
diamagnetic,31 suggesting that H· is also not a reactive
intermediate. Since triplet H2 is unbound, the hydrated
electrons that participate in this reaction, as well as any
reactive intermediates, must be spin singlet.31 Thus, the
intermediates in this reaction have been speculated to be the
spin-paired hydrated dielectron and/or the aqueous hydride
ion.32 From experimental measurements of the reaction rate,
Schmidt and Bartels estimated that ehyd− ’s within ∼9 Å of each
other combine to initiate reaction (1).31 The mechanism of
this reaction is thought to proceed via the following multistep
process involving formation of the e( )hyd 2

2 intermediate:33,34

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

2+ + (3)

H H O H OH2 2+ + (4)

Despite their potential importance as intermediates in
reaction (1), the existence of hydrated dielectrons has not
been directly established. Experiments have sought to measure
this species using absorption spectroscopy, and early work
from Basco et al.35 argued that the absorption of the e( )hyd 2

2

should occur in the IR at wavelengths >700 nm. However,
subsequent works either did not find an IR absorbing species,36

assigned the dielectron absorption as occurring in the UV,37 or
concluded that there were no absorption signatures consistent
with e( )hyd 2

2 .32 In alkali metal/ammonia solutions, dielectrons
are suspected to play a role in the increased electrical
conductivity and decreased spin density that accompany an
insulator-to-metal transition observed with increasing alkali
metal concentration.38 Moreover, in recent work, Hartweg et
al.39 implicated the formation of dielectrons in ammonia
clusters following UV excitation in the presence of already-
existing solvated electrons.

Based on all the indirect experimental evidence for solvated
dielectrons, there has been a significant theoretical push to
understand their properties,40−45 including previous work from
our group.33,46−48 Ab initio simulations predict that spin singlet
hydrated electron pairs in close proximity preferentially occupy
the same cavity,33,34,49 forming e( )hyd 2

2 , and that spin triplet
hydrated electron pairs prefer to occupy separate cavities.34 All
of the ab initio simulations,34,49 including ours,33 predict that
hydrated dielectrons are indeed the primary intermediate of
reaction (1), as specified in reactions (2) and (3).

Our previous publication studying reactions (2−4) found a
range of lifetimes for the e( )hyd 2

2 and H− intermediates. We
saw that a second electron injected in the presence of an
already-equilibrated ehyd− instantaneously localizes into the same
cavity to form e( )hyd 2

2 , giving a rigorous time zero for starting

reaction (2). The e( )hyd 2
2 lives for hundreds of femtoseconds,

on average, before reaction (3) takes place.33 We found that
the time scale of this first proton abstraction to form H−

depends on the existence of a hydrogen bond network to
shuttle the OH− far from the reaction center through a
Grotthus-type50,51 proton hopping mechanism.33 Once
formed, the H− intermediate exists for 10 to ∼150 fs,
depending on the degree of solvation, before reaction (4)
takes place.33 These relatively short lifetimes are the reason
why direct experimental detection of e( )hyd 2

2 and H− in
reactions that require diffusion of two electrons to start
reaction (2) has been unsuccessful thus far.

In this work, we propose that for the possible intermediates
for reaction (1)�separated spin-paired singlet or triplet
hydrated electron pairs, hydrated dielectrons in a single cavity
and solvated H−�the best route to investigate them
experimentally is through ultrafast transient absorption spec-
troscopy.

To date, the only studies of hydrated dielectron spectros-
copy via simulation was in previous work from our group using
mixed quantum/classical simulations;46−48 there have been no
ab initio-based spectroscopic studies of paired hydrated
electrons, dielectrons or H−. If the absorption spectrum of
e( )hyd 2

2 (i.e., two spin singlet electrons localized to the same

solvated cavity) has unique spectral features or dynamic
behavior compared to that of a (single) ehyd− , then it should be
possible to experimentally characterize this species if one knew
where to look. It is also possible that as two hydrated electrons
approach each other en route to reaction (2), their mutual
coulomb repulsion and/or interaction of their solvation
structures could affect their spectroscopy in measurable ways.
The H− intermediate in reaction (3) could also have
experimentally identifiable spectral features.

The goal of this paper is to provide ab initio-predicted
spectral features for all of these species, with the hope of
inspiring experimentalists to look for their signatures. We take
advantage of trajectories from our previous work33 to perform
a time-dependent density functional theory (TD-DFT)
analysis of the spectroscopy of e( )hyd 2

2 and H−. We also
study the spectral behavior of separate but interacting (single)
ehyd− pairs in both the triplet and open-shell singlet spin states.
We find that the absorption spectra of both triplet and open-
shell singlet ehyd− pairs show noticeable shifts (∼0.2 eV)
depending on the distance between them. As the distance
between the electrons decreases, the absorption spectrum of
open-shell singlet ehyd− pairs red-shifts, while that of spin triplet
electron pairs blue-shifts, providing a definitive spectral
signature of ehyd− interaction that could be observed
experimentally. We also predict that if a second (opposite
spin) hydrated electron is injected in the presence of an
already-equilibrated ehyd− , dielectrons will be formed immedi-
ately, with a spectrum that is ∼0.3 eV red-shifted from that of
the single ehyd− . Additionally, we predict that the H−

subintermediate has an absorption spectrum that is a few eV
blue-shifted from all the other species, providing a unique
spectral window for its potential observation. With knowledge
of the spectroscopy and lifetimes of the reaction (1)
intermediates,33 we offer a set of specific pump/probe
experiments that could be performed to detect these species.

The details of our simulations are largely the same as those
used in our previous work9 and are described in more detail
below in the Methods section. Briefly, we perform AIMD
simulations with 64 water molecules and one or two excess
electrons in the N, V, T ensemble at 298 K. The PBE052

exchange-correlation functional was used with 25% exact
exchange with Grimme’s D3 dispersion correction.53 In this
work, hydrated (di)electrons are represented using their
maximally localized Wannier functions (MLWFs),54 and
their positions determined as the Wannier orbital centers
(WOCs).

Sixteen trajectories were performed in which a second ehyd−

was injected into an already equilibrated ehyd− system with
parallel spins to simulate triplet ehyd‑ pairs. We then took 22
equilibrated triplet electron pair congifurations and changed
the spin state to antiparallel, thus simulating open-shell singlet
ehyd− pairs. The open-shell singlet systems were run until the ehyd−

pairs recombined into hydrated dielectrons, which occurred in
less than 1.5 ps in 13 of our trajectories. Configurations for
calculating the spectra of e( )hyd 2

2 and H− were taken from

trajectories from our previous work.33 These e( )hyd 2
2

configurations were pulled from trajectories a few hundred fs
after injection of the second ehyd− to provide time for solvent
equilibration, and also were sampled prior to the start of
reaction (3). Hydride configurations were taken after the
completion of reaction (3) and prior to the start of reaction
(4).
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Absorption spectra were calculated using Tamm-Dancoff
approximation (TDA) TD-DFT in CP2K.55 These calculations
are fully periodic and 10 excited states were used to determine
the spectra for ehyd− /paired ehyd− systems, while 20 excited states
were used for the e( )hyd 2

2 and H− systems. We note that use of
this methodology introduces a significant spectral blue-shift
compared to both our previous nonperiodic calculations that
used an optimally tuned range-separated hybrid func-
tional9,11,56 and the experimental spectrum.57 This method-
ology is also known to sometimes include spurious charge
transfer transitions,9,58 and these are removed from our spectra
using the so-called “Ghost Hunter” index.59 Further details can
be found in the Methods section and SI. However, use of the
periodic TD-DFT methodology does allow us to make
rigorous relative spectral comparisons between each of the
electron-based species explored in this work. Further details on
calculation of the absorption spectra are provided in the
Methods section.

To understand the spectral features of the intermediates
associated with reaction (1), we start by examining what
happens when hydrated electrons are present in close
proximity (i.e., the left side of reaction (2)). Previous
experiments have initiated reaction (2) through the generation
of high-concentration ehyd− solutions via either pulse radiol-
ysis31,32 or flash photolysis.35,37 It is thought that singlet ehyd−

pairs can combine via diffusion to form e( )hyd 2
2 , while triplet

ehyd− pairs cannot form dielectrons.31 The questions we now
address pertaining to reaction (2) are: do spin-correlated ehyd−

pairs have spectral features that are distinct from those of the
equilibrium hydrated electrons? Is there any difference
between the absorption spectra of singlet and triplet ehyd− pairs?

In Figures 1b and d, respectively, we report the electron−
electron distance (r1,2, calculated as the distance between
WOCs) dependent absorption spectra of triplet (blue curves)
and open-shell singlet (green curves) ehyd− pairs. The black
dashed line in each panel marks the peak of the equilibrium
absorption spectrum of the (single) ehyd− calculated using the
same methodology. At relatively far distances (r1,2 ≥ 5.7 Å),
the spectra of triplet and open-shell singlet ehyd− pairs matches
that of single hydrated electrons; the electron pairs also have
similar solvation structures as single hydrated electrons (Figure
S5 in the SI). As r1,2 decreases, however, we observe significant
(∼0.2 eV) shifts of the spectra of triplet and open-shell singlet
electron pairs: the spectrum blue-shifts as triplet-paired
electrons approach each other, but red-shifts when the
electrons’ spin are open-shell singlet.

Spectroscopically, hydrated electrons behave roughly as
particles in a spherical box, with three quasi-degenerate s → p
electronic transitions.60 Indeed, visualization using natural
transition orbitals61 (Figure S6 in the SI) show that our TD-
DFT-calculated spectral transitions do resemble s → p
transitions. In the spherical box model, the excitation energies
depend on the size of the box, which for a ehyd− is roughly its
radius of gyration (Rg). Figures 1a and c show scatter plots of
the average radius of gyration, ⟨Rg⟩, calculated from the
MLWFs of both electrons, versus r1,2 for triplet and open-shell
singlet electron pairs, respectively. The solid black lines are
least-squares fits to the data points to emphasize the trends.
Clearly, the ⟨Rg⟩ of triplet ehyd− pairs decreases and that of open-
shell singlet ehyd− pairs increases as the electrons approach each
other. This trend correlates well with the observed spectral
shifts, with smaller box sizes for triplet pairs increasing the

excitation energies while larger box sizes for singlet pairs
decrease excitation energies as the electrons get closer to each
other.

The fact that singlet and triplet ehyd− pairs have opposite
spectral trends with distance is likely due to Pauli repulsion. As
the ehyd− cavities become closer together, the parallel spins of
triplet ehyd− pairs prevent the two electrons from overlapping in
space. This Pauli repulsion causes each ehyd− to decrease its Rg to
accommodate the proximity of the other electron. For open-
shell singlet pairs, in contrast, electrons with opposite spin can
overlap in close proximity; this means that each electron can
slightly occupy the other’s cavity, increasing their ⟨Rg⟩. Figure
1e plots the electron−electron overlap for triplet (blue data
points) and open-shell singlet (green data points) ehyd− pairs,
calculated as the dot product of their MLWF densities. The
data show that the open-shell singlet electron−electron overlap
increases with decreasing r1,2 while the triplet electron−
electron overlap remains close to zero as the electrons
approach each other, consistent with the distance-dependent
trends in ⟨Rg⟩. Additionally, the absence of configurations with
closer r1,2 highlights the significant energetic barrier for triplet
ehyd− pairs to spatially overlap.

The data in Figure 1 predict that there is a distinct spectral
feature associated with the recombination of singlet ehyd− pairs

Figure 1. Comparison of the average radius of gyration, ⟨Rg⟩, panels
(a) and (c), and the TD-DFT-calculated absorption spectra, panels
(b) and (d), as a function of the electron−electron distance, (r1,2), for
triplet and open-shell singlet hydrated electron pairs, respectively. The
black lines in panels (a) and (c) are least-squares fits to the data
points to emphasize the trends. The ⟨Rg⟩ of triplet electron pairs
decreases as the electrons approach each other while that of open-
shell singlet electron pairs increases. This leads to a blue-shift of the
spectrum of triplet pairs and a red-shift of that of open-shell singlet
pairs relative to the spectrum of (single) hydrated electrons, whose
spectral maximum is indicated by the black dashed lines in panels (b)
and (d). Panel (e) plots the electron−electron MLWF overlap for
both types of electron pairs as a function of r1,2. When in close
proximity, open-shell singlet electron pairs (green data points) are
able to overlap while triplet pairs (blue data points) are not,
explaining the observed trends in ⟨Rg⟩.
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that may be detectable via transient absorption spectroscopy.
One possible experiment would be to generate a high
concentration of ehyd− ’s via some short-pulse method, such as
pulse radiolysis,31,32 charge-transfer-to-solvent excitation of a
dissolved anion like I− or Fe(CN)6

4[ ] ,19−22 or direct
multiphoton ionization of water.15−18 It is well-known that
following their initial injection, nonequilibrated hydrated
electrons absorb to the red of the equilibrium ehyd− spectrum,
but equilibration is known to be complete in ≤1 ps after
injection.20,62−64 Once equilibrated, if the concentration is
high enough, a subset of the electrons will be paired as open-
shell singlets, producing a red shoulder in the transient
absorption spectrum that should decay on the time scale of
reaction (2), leaving the equilibrium (single) ehyd− spectrum
behind. It might also be possible to pick up the spectral
signatures of proximal triplet ehyd− pairs (for which there should
be three times as many as singlet pairs given the spin statistics)
as a blue shoulder on the equilibrium spectrum, although this
may be harder to detect given that the equilibrium spectrum
has a strong absorption tail to the blue.57

It is worth noting, however, that our simulations predict a
significant absorption spectral shift only at quite small
electron−electron distances. If the paired hydrated electrons
are separated by ≥6 Å, their spectra are indistinguishable from
those of equilibrated single hydrated electrons. If the reaction
distance of ∼9 Å estimated for reaction (2) is correct,31 then
there would be very little transient population of singlet ehyd−

pairs relative to single hydrated electrons, thus decreasing the
chance of detecting this species via transient absorption
spectroscopy.

Given the challenges in measuring the spectral shifts of
hydrated electron pairs at high concentrations, we next
propose a different experiment46−48 that should provide better
access to detect the presence of the e( )hyd 2

2 and possibly also
the H− reactive intermediates. First, a short laser or radiolysis
pulse could be used to generate hydrated electrons. After a
time delay to ensure that this population reaches equilibrium, a
second pulse could then used to generate additional electrons;
based on our previous simulations,33 some of these will
colocalize into the same cavity as a pre-equilibrated hydrated
electron, directly creating e( )hyd 2

2 . The second pulse thus

provides a rigorous time zero for the generation of a e( )hyd 2
2

population, which is expected to live for ∼1 ps.33 The
questions we explore next is what are the spectral features of
the dielectron, and is there is an experiment that could also
detect the H− subintermediate?

Figure 2 plots radial distribution functions (RDFs) between
the centers of the electron (black dashed curves), dielectron
(orange curves) and the H (panel a) or O (panel b) atoms of
the surrounding water molecules; panel c shows running
coordination numbers calculated by integrating the center-to-
oxygen RDFs. The data show that the hydrated dielectron has
a slightly larger cavity than the (single) ehyd− , as seen from the
fact that its first shell peaks sit at a farther distance. The
running coordination number shows that the larger and more
highly charged e( )hyd 2

2 has an additional coordinating water
molecule (∼6) compared to the single ehyd− (∼5).10 We also
find an Rg of 2.91 Å for e( )hyd 2

2 compared to 2.51 Å for the
single ehyd− , as calculated using their MWLF densities. All of
these measures indicate that the hydrated dielectron sits in a

larger cavity than the hydrated electron, which along with the
electron−electron repulsion should give a distinct spectral
signature that could be detected by transient absorption.

Figure 2 also shows the solvation structure of the H−

subintermediate (plum curves). Our previous simulations
indicate that H− lives for ≤100 fs due to the rapid rate of
reaction (4),33 so the solvent structure of this species never
fully comes to equilibrium before it reacts. As a result, H−

largely adopts the solvation structure left behind by the e( )hyd 2
2

that created it from reaction (3), so the two species have
generally similar RDFs. We note that H− is significantly smaller
than the dielectron due to coulomb attraction from the central
proton, which allows some of the first-shell waters to move
closer to the H− center prior to reaction (4), as seen by the
tails toward smaller distances in the RDFs.

Figure 3 plots the TD-DFT calculated optical absorption
spectra of the hydrated electron (black dashed curve),
hydrated dielectron (orange curve), and hydride (plum
curve). The e( )hyd 2

2 spectrum exhibits a significant red-shift

Figure 2. Radial distribution functions (RDFs) of the hydrated
electron, hydrated dielectron, and hydride from our DFT-based
simulations. Panel a shows center to water H RDFs, panel b shows
center to water O RDFs, and panel c shows the running water
coordination number of each species. The black dashed, orange, and
plum curves correspond to the hydrated electron, hydrated dielectron,
and hydride, respectively. The positions of the first-shell H and O
atoms are slightly farther for dielectrons than for (single) hydrated
electrons, indicating a larger cavity. The running coordination number
shows that the larger dielectron has ∼6 first-shell waters, which is
more than the ∼5 of the single hydrated electron. Since hydride is
generated when the dielectron abstracts a proton from a coordinating
water and does not have time to equilibrate, the H− solvation
structure is similar to that of the dielectron water structure, though
perturbed.
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of ∼0.3 eV compared to that of the single ehyd− . This red-shift
results from both the fact that the dielectron has a larger cavity
and thus Rg and the fact that the coulomb and exchange
repulsion between the two electrons should raise the ground-
state energy more than the excited-state energies relative to the
(single) ehyd− . We note that the spectral shift is larger than that
of the open-shell singlet ehyd− pair in close proximity due both to
the larger Rg and the stronger coulomb/exchange repulsion of
e( )hyd 2

2 from greater electron overlap.
Our prediction is that if one were to create dielectrons with

two sequential pump pulses to induce colocalization, a third
probe pulse should be able to detect them by probing at
wavelengths on the red side of the single ehyd− absorption
spectrum. This prediction falls along the same lines as Basco et
al.,35 who also concluded that the signature absorption of the
dielectron occurs in the IR at wavelengths >700 nm. The one
caveat for this experiment is that the predicted lifetime of
e( )hyd 2

2 is comparable to the solvation relaxation time of the
(single) electrons generated by the second pump pulse, so
precise characterization of the solvation dynamics following the
first pump pulse will be needed to determine if the second
pump pulse produces an additional red-shifted spectral feature
associated with dielectrons.

Our simulations also predict that even though the H−

subintermediate has a much shorter lifetime than e( )hyd 2
2 , it

might be easier to detect spectroscopically: the plum curve in
Figure 3 suggests that H− absorbs several eV to the blue of
hydrated electrons and dielectrons. In the gas phase, H− does
not have any bound electronic excited states,65 but the
presence of surrounding solvent can create bound excitations,
referred to as charge-transfer-to-solvent (CTTS) states. The
position of the H− absorption band fits well to assignment as a
CTTS transition. Previous calculations predicted that the
CTTS spectrum of aqueous Na− would be at ∼3 eV,66 and one
would expect the H− CTTS excitation to be higher in energy
than that of Na− based on the higher electron affinity of H
relative of Na. In the SI, we provide snapshots of the H− NTOs
associated with the strongly allowed TD-DFT transitions,

which do somewhat resemble what might be expected for a
CTTS transition.

In conclusion, we report predicted spectroscopic signatures
of the reactive intermediates that take part in reaction (1).
Direct measurements of open-shell singlet and triplet ehyd− pairs
might be feasible in experiments generating high concen-
trations of ehyd− through short-pulse methods: open-shell singlet
ehyd− pairs are predicted to exhibit a detectable red shoulder on
the equilibrium ehyd− absorption spectrum, while triplet electron
pairs in close proximity should exhibit a blue shoulder, leading
to a potentially observable broadening of the spectrum relative
to the spectrum of single hydrated electrons. For hydrated
dielectrons, despite a large amount of theoretical interest, there
has yet to be any direct observation by experiment. To remedy
this, we have proposed the following three-pulse transient
absorption experiment to detect this important intermediate.

The first pulse in this experiment is used to generate single
hydrated electrons in solution. Techniques such as multi-
photon ionization,67,68 CTTS excitation of anions,19−22 or
pulse radiolysis31 can generate high concentrations of injected
hydrated electrons, in some cases up to decimolar concen-
trations.67 These conduction band electrons are then allowed
to equilibrate into hydrated electrons. This first set of hydrated
electrons would have a half-life of up to microseconds,69

providing ample time and trap density for the introduction of
the secondary pulses for electron capture and subsequent
probing.

Once the first population of hydrated electrons is
equilibrated, a second set of hydrated electrons is then injected
into the solution via one of the methods listed above. Our
previous experiments have shown that injected electrons in
aqueous NaCl solutions preferentially localize near Na+ traps
rather than localizing independently into cavities irrespective of
traps.70 Other experimental work that injected electrons at
decimolar concentrations into liquid water observed saturation
of the available traps, forcing these electrons to remain
delocalized in the conduction band until additional traps
became available.67 These results suggest that injected
electrons are always trap-seeking, and thus should prefer to
localize in the cavities of pre-existing hydrated electrons rather
than elsewhere in the liquid. Indeed, our previous theoretical
work33,46−48 has shown that injected electrons are captured
with 100% efficiency if a previously equilibrated hydrated
electron is available. Moreover, theoretical work by Bu and co-
workers has shown that hydrated dielectrons are energetically
more stable than two separate single hydrated electrons.34

Together, this body of experimental and theoretical work
suggests that equilibrated hydrated electrons, which can be
produced in decimolar concentrations,67 can serve as traps for
injected conduction band electrons (if they are spin
antiparallel).

One caveat with the source of the secondary injected
conduction band electrons is that their introduction should not
directly perturb the population of pre-existing electrons. For
example, if one were to create the secondary electrons via
multiphoton ionization at 266 nm,67,68 some of the pre-existing
electrons might also be excited at this wavelength, leading to
signals that could confound the observation of dielectrons.
However, hydrated electrons have a very low absorption cross-
section at 266 nm,3 and if one generated the secondary
electrons via CTTS excitation of a strongly absorbing species
like K4Fe(CN)6,

70,71 nearly all of the light would be absorbed

Figure 3. TD-DFT calculated and normalized absorption spectra of
the hydrated electron (black dashed curve) and the hydrated
dielectron (orange curve) and hydride (plum curve) reactive
intermediates. Relative to the spectrum of the single ehyd− , the
absorption spectrum of the dielectron intermediate shows a significant
red-shift, providing a signature that could be detected experimentally.
The hydride subintermediate exhibits a large spectral blue shift
relative to the other species, offering another potential spectroscopic
signature that could be used to test the mechanism of reaction (1).
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by the ferrous cyanide with essentially no excitation of the pre-
existing hydrated electrons.

Once the secondary electrons are injected, 25% of them
should have singlet-paired spins with the pre-existing hydrated
electrons; as argued above, the fact that hydrated electrons are
trap-seeking suggests that a significant fraction of these should
be captured by the pre-existing electrons to form dielectrons.
The dielectrons have a unique spectral feature, absorbing well
to the red of single hydrated electrons. Of course, the “hot”
injected electrons that do not recombine into dielectrons will
also absorb to the red of the single hydrated electron, but the
spectral kinetics of hot electron relaxation have been well-
studied since the 1980s.20,62−64 In our proposed 3-pulse
experiment, the spectral relaxation of “hot” single hydrated
electrons can be well characterized after the first excitation
pulse, so that one could look for spectral differences associated
with the second excitation pulse that would be indicative of
dielectron formation. Given that the lifetime of hydrated
dielectrons in our simulations is predicted to be longer than
the relaxation time of single injected electrons,33 it should be
possible to see the singlet hydrated dielectrons after any triplet-
paired hydrated electrons and noncaptured singlet hydrated
electrons have finished their relaxation process.

Spectral detection of hydrated dielectrons will be aided by
the fact that their oscillator strength is twice that of single
hydrated electrons, so that it may be possible to isolate their
spectral signatures even if only a few percent of the secondary
hydrated electrons are converted to dielectrons. If needed, one
could also run the experiment at higher temperatures, where
the rate of dielectron conversion to hydrogen slows down,31,72

possibly extending the lifetime of this important reactive
intermediate.

We also predict that the same 3-pulse experiment might be
able to detect the hydride ion subintermediate by probing deep
in the UV, providing possible proof of the mechanism
suggested by reactions (3) and (4). We acknowledge that
the hydride lifetime as characterized by our previous work33,34

is short (order tens to ∼100 fs), however, the distinctness of its
spectral signature relative to the other intermediates may make
its detection feasible, albeit difficult.

■ METHODS
To simulate the hydrated dielectron via sequential injection of
an excess electron into an already equilibrated single electron
system,33 we used starting configurations from our previously
published single hydrated electron simulations.9 These
simulations were done with the CP2K73 software package in
the N, V, T ensemble at a temperature of 298 K. The
simulation cell contained 64 water molecules with a cell length
of 12.427 Å. A time step of 0.5 fs was used, and a Nose-
Hoover74 chain thermostat was coupled to the system to
maintain the target temperature. The volume of the system was
chosen to reproduce the experimental density of water at 298
K and 1 atm. The PBE0 exchange-correlation functional with
default 25% exact exchange, Grimme’s D3 dispersion
correction,53 and Goedecker-Teter-Hutter(GTH) pseudopo-
tentials75 along with the TZVP-GTH basis set were used in
these simulations. Hartree−Fock (HF) exchange calculations
were expedited by way of an auxiliary density matrix method.76

We acknowledge that other groups have simulated the
hydrated electron with the PBE0 functional using 40% exact
exchange,10,12 including work studying the DEHE reaction.34

Our previous work has shown that the resulting solvation

structure for 25% or 40% exact exchange PBE0 are nearly
identical.9 Moreover, the agreement of our current work with
that of Bu and co-workers34 indicates that, for the case of
dielectron reactivity, varying the amount of exact exchange
over this range does not make a significant difference.

Absorption spectra calculations were done using Tamm-
Dancoff time-dependent density functional theory55 (TD-
DFT) in CP2K.73 The calculations were fully periodic and for
each configuration, 10 excited states were calculated for the ehyd−

and paired ehyd− systems, while 20 excited states were used for
the e( )hyd 2

2 and H− species. Approximately 50−100 config-
urations were used for each system.

Previously, we calculated the absorption spectrum of the
(single) hydrated electron using a nonperiodic TD-DFT
methodology suggested by Uhlig et al.,77 which involves
periodic replication of point charges around the quantum box,
removal of periodic boundary conditions, and the use of an
optimally tuned range-separated hybrid functional. Unfortu-
nately, for the simulations presented here, the process of
replication is complicated by the inclusion of two electrons
that in many configurations exist relatively far apart. This led to
difficulties with performing this replication because electrons
near the edge of the simulation box did not remain localized in
their cavities. Therefore, we decided to do fully periodic TD-
DFT calculations to obtain the absorption spectra in this work.
We note that this makes comparing the spectra presented here
to those presented in previous work more difficult, but this
choice allows for a detailed comparison of the spectra of the
different intermediates that are calculated at the same level of
theory.

As mentioned above, calculating the spectra using periodic
TD-DFT calculations also leads to issues with spurious charge
transfer states,59,78,79 so to remedy this we employed the so-
called ghost hunter index59 to identify and remove such
spurious states. We found that the only spurious states with
non-negligible oscillator strengths appeared on the red-side of
the calculated spectrum and that there were no nonspurious
states in this region, so we also implemented an energy cutoff
whereby transitions with energies below the cutoff were
removed from our spectral calculations. Details of how we
developed the cutoff are shown in the SI.

In our previous work,9 where the single electron absorption
spectra was calculated using the nonperiodic TD-DFT
methodology of Uhlig et al.,77 the peak of the absorption
spectrum occurred at an energy of 2.52 eV, which is already
significantly blue-shifted from the experimental absorption
peak at 1.73 eV.80 For the periodic TDA TD-DFT calculations
of the single hydrated electron in this work, we find that the
calculated peak is further blue-shifted by ∼0.4 eV, lying at 2.92
eV. This additional blue shift likely results from a combination
of periodic boundary effects and the use of the PBE0
functional instead of the optimally tuned range-separated
hybrid ω-PBE functional.

For the structural analyses used in this work, including the
RDFs and calculation of Rg and r1,2, maximally localized
Wannier functions (MLWFs) were used to represent the
hydrated electron(s). We used the Wannier orbital centers to
determine of the positions and radii of gyration of the
(di)electron(s). We note that this measure provides a slightly
different center position than the spin density or SOMO that
we explored in our previous work.9 We made this choice
because the spin density cannot be used for the hydrated
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dielectron or open-shell singlet electron pairs because both
electrons occupy the same spatial orbital with opposite spins. A
similar issue affects triplet electron pairs, whose Kohn−Sham
orbitals are near-degenerate, so that each hydrated electron can
partially occupy both cavities, leading to an artificially high Rg
and skewing the calculated center to lie between the two
cavities. Our choice to use MLWFs thus allowed us to analyze
all the two-electron systems on the same theoretical footing. A
comparison of Rg calculated using the spin density, SOMO and
MLWF representations of the ehyd− can be seen in Figure S4 in
the SI.
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