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Abstract
Simulating the hydrated electron using den-
sity functional theory is challenging due
to the prevalence of self-interaction error
in standard functionals. Hybrid function-
als like PBEh(40) can reasonably describe
the chemistry of an excess electron in wa-
ter and partially mitigate self-interaction er-
ror by incorporating exact Hartree–Fock ex-
change, but they are computationally ex-
pensive making them impractical for large-
scale and long-time ab initio molecular dy-
namics simulations. Explicit self-interaction
correction schemes that are applied on an
orbital-by-orbital basis offer a potential al-
ternative when the correction is limited to
the singly-occupied molecular orbital ob-
tained with a generalized gradient approx-
imation functional. Here, we examine
whether the Perdew–Zunger self-interaction
correction scheme applied to the revPBE
functional can provide a computationally
efficient and physically sensible alternative
to PBEh(40) for the hydrated electron.
We find that functionals incorporating a

self-interaction correction scheme should be
viewed with caution when applied to the hy-
drated electron and its reactivity. Moreover,
we show that it is critical to consider exten-
sive sampling and diverse chemical environ-
ments when validating their performance.

Introduction
Hydrated electrons, e−aq, are ubiquitous
species in the radiation chemistry of aqueous
solutions and are among the most powerful
reducing agents available for advanced re-
duction processes.1–6 Structurally, they are
excess electrons not bound to any individual
atom or molecule but are instead localized
within a cavity in the solvent structure.7,8
The extremely negative reduction potential
of e−aq, E◦ ≈ −2.9 V, drives its facile reac-
tivity with many organic and ionic species
across a wide range of conditions. Since the
early 1960s, numerous independent exper-
iments have examined these reactions and
generated a wealth of thermodynamic and
kinetic data.9–17 However, a detailed mech-
anistic understanding of these one-electron
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transfer reactions remains elusive.
The intrinsically quantum mechanical na-

ture of the hydrated electron has chal-
lenged theoretical modeling. Nevertheless,
significant insight augmenting experimen-
tal measurements has been obtained over
the past two decades from computer simula-
tions. While one-electron pseudopotentials
have been, and continue to be, a valuable
approach within molecular dynamics (MD)
simulations,18,19 density functional theory
(DFT) has more recently emerged as a
key computational technique,20–23 especially
with respect to reactivity.24–28 However, the
cavity-bound structure is not the only possi-
ble one for the hydrated electron. It can also
delocalize (which is a higher energy state) or
react with water (a process that determines
its < 300µs lifetime3,14 in neat water) and
DFT functionals can struggle to accurately
describe the relative energies (and barriers)
for these outcomes.29
These difficulties are particularly challeng-

ing to overcome with generalized gradient
approximation (GGA) functionals, which
suffer from self-interaction error (SIE) aris-
ing from the unphysical interaction of an
electron with its own charge density. Thus,
to describe the electronic levels of an ex-
cess electron in neat water at room tem-
perature, DFT is commonly employed with
the hybrid PBEh(40) functional, as pro-
posed by Pasquarello et al.22,30 using 100%
PBE correlation, 60% PBE exchange, and
40% exact Hartree–Fock exchange. Un-
fortunately, despite the successes of this
functional in describing the chemistry of
the hydrated electron,6 the inclusion of the
four-center Hartree–Fock exchange integrals
severely limits the system sizes and simula-
tion times that are computationally accessi-
ble with it.
An alternative to the computationally ex-

pensive addition of exact Hartree–Fock ex-
change is a direct self-interaction correc-

tion (SIC) scheme that works via the ex-
plicit subtraction of the Hartree (H) and
exchange–correlation (XC) self-interaction
energy on an orbital-by-orbital basis.31–33
As these explicit SIC schemes are com-
monly applied only on the singly occupied
molecular orbital of a doublet-multiplicity
system computed using a GGA functional,
they offer a potentially efficient alterna-
tive to PBEh(40) for the hydrated electron.
Notably, modified versions of the Perdew–
Zunger (PZ) SIC approximation have al-
ready been employed with the BLYP and
PBE functionals to simulate the dynam-
ics and reactivity of the hydrated elec-
tron,25,26,34 but a systematic investigation of
their behavior is lacking.
The computationally demanding evalua-

tion of the orbital-dependent PZ-SIC ener-
gies can be greatly reduced by the use of the
restricted open-shell formalism, in which the
self-interaction correction is applied only to
the spin density associated with the singly
occupied molecular orbital. This avoids
the computational bottlenecks and techni-
cal difficulties associated with the treatment
of hundreds of molecular orbitals in the liq-
uid phase. In this particular formulation,
the correction is effectively expressed as a
scaled Hartree and exchange–correlation en-
ergy functional of the spin density, m =
ρα−ρβ, where ρα and ρβ are the spin-up and
spin-down electron densities, respectively.33
The resulting self-interaction-corrected en-
ergy is

ESIC = EKS[ρα, ρβ]−∆ESIC[ρα, ρβ], (1)

where

∆ESIC = cHEH[m] + cXCEXC[m, 0]. (2)

The scaling variables cH and cXC are em-
pirically tunable parameters that can, in
principle, be optimized for any GGA func-
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tional to approximately reproduce physical
observables predicted by higher levels of the-
ory.33 In this work, the spin density ob-
tained with the PBEh(40)-D3 functional is
chosen as the optimization target, as it pro-
vides a qualitatively sensible description of
the hydrated electron by partially mitigat-
ing the self-interaction error present in the
PBE functional through the inclusion of ex-
act Hartree–Fock exchange.22
In this Paper, we present a systematic

investigation of the PZ-SIC approximation
applied to the revPBE-D3 description of
the hydrated electron in water. We select
revPBE as the underlying functional to be
optimized due to its better description of the
structure and dynamics of liquid water35,36
compared to PBEh(40). Importantly, we
examine not only the predictions of differ-
ent SIC models for the hydrated electron in
different water configurations, but also their
performance in simulating the equilibrium
dynamics of the hydrated electron and its
reactivity with Zn(II). We show that the lat-
ter two tests are critical to determining the
quality of an SIC description.

Computational Methods
We start by propagating a 2 ns classical MD
trajectory for a water simulation box con-
taining one chloride ion using the Large-
Scale Atomic/Molecular Massively Paral-
lel Simulator (LAMMPS) code.37 From the
last 240 ps of these dynamics we extract
configurations every 20 ps, which are used
to initialize twelve independent 2 ps DFT
molecular dynamics trajectories. Finally,
10 ps hydrated electron DFT-MD trajecto-
ries are initiated by removing the chlorine
atom from the final configuration of each
of the aqueous Cl− DFT simulations and
changing the system’s spin multiplicity to a
doublet state. Both the aqueous Cl− and

e−aq DFT simulations are carried out with
the QUICKSTEP module within the CP2K
quantum chemistry suite.38
All hydrated electron trajectories are

propagated under periodic boundary con-
ditions and using the canonical (NV T ) en-
semble with a temperature of 25°C and
a density of 0.997 g/cm3 with 64 water
molecules. Simulations involving the Zn(II)
ion include 128 water molecules at a total
solution density of 1.0024 g/cm3. Trajec-
tories meant to simulate the thermaliza-
tion of an excess electron injected into neat
water used a simulation cell with a side
length of 9.81 Å and 32 waters. Clas-
sical trajectories used a 1 fs time step
to propagate the dynamics of a simula-
tion cell containing dozens of SPC/Fw
waters39 and one chloride ion modeled as
a Lenard–Jones sphere with charge −e,
ε = 0.1148 kcal/mol, and σ = 5.029 Å. The
classical Zn(II) ion was modeled with charge
+2e, ε = 0.25 kcal/mol, and σ = 1.95 Å.
DFT trajectories are propagated with a
0.5 fs time step and a 10−5 a.u. SCF con-
vergence threshold, using a TZVP valence-
electron basis set in combination with the
Goedecker–Teter–Hutter pseudopotentials
for the core-electrons. Grimme’s D3 disper-
sion empirical correction40 is used to im-
prove the modeling of long-range dispersion
forces of all DFT descriptions.
For the hybrid PBEh(40)-D3 molecular

dynamics simulations, we employ the un-
restricted Kohn–Sham formalism with a
plane-wave cutoff of 600 Ry. To acceler-
ate the calculation of the Hartree–Fock in-
tegrals, we use the auxiliary density matrix
method with the cFIT3 auxiliary basis set.41
On the other hand, we found it necessary,
to accurately capture the fine details of the
numerical spin density, to use a plane-wave
cutoff of 1000 Ry for the revPBE-D3 and
SIC-revPBE-D3 restricted open-shell Kohn-
Sham (ROKS) simulations. All DFT simu-
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lations use 4 multigrids with a grid-mapping
cutoff of 60 Ry. As shown in Fig. S1, our
cutoffs are chosen to predict well-converged
energies and forces.

Results

Self-Interaction-Corrected revPBE-
D3 Spin-Density Optimization

We first assess the performance of the PZ-
SIC approximation in predicting the radius
of gyration, Rg, of the spin density for hy-
drated electron configurations generated us-
ing the PBEh(40) functional. Specifically,
configurations are extracted every 125 fs
from a 10 ps PBEh(40)-D3 hydrated elec-
tron simulation with 64 water molecules at
25°C and 0.997 g/cm3. The corresponding
spin density for each extracted configuration
is recalculated using SIC-modified revPBE-
D3 functionals, constructed by systemati-
cally varying the contributions of EH and
EXC in Eq. (2). The results of these cal-
culations are presented in Fig. 1, where the
SIC-revPBE-D3Rg are compared to that for
the original PBEh(40)-D3 functional (recal-
culated with a 1000 Ry plane-wave cutoff to
provide a direct comparison).
The results shown in Fig. 1 for the

revPBE-D3 functional with no SIC show
that it overdelocalizes the spin density, even
when evaluated for configurations extracted
from a PBEh(40) trajectory with a well-
equilibrated solvent cavity for the hydrated
electron. Inclusion of the Hartree self-
interaction correction in the functional con-
fines the spin density to the solvent cavity,
as evidenced by the smaller radius of gy-
ration for the SIC-revPBE-D3 functionals
with EH scaled by cH = 0.15, cH = 0.20, and
cH = 0.30. These SIC-modified functionals
will hereafter be designated as SIC(15,0),
SIC(20,0) and SIC(30,0), respectively, and
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Figure 1: Correlation between the ra-
dius of gyration, Rg, of the spin den-
sity obtained with revPBE-D3 (orange),
SIC(15,0)-revPBE-D3 (purple), SIC(20,0)-
revPBE-D3 (pink), SIC(30,0)-revPBE-D3
(green), and SIC(30,10)-revPBE-D3 (yel-
low), and that obtained with PBEh(40)-
D3 (cyan). All configurations originate
from a single PBEh(40)-D3 hydrated elec-
tron simulation with 64 waters at 25°C and
0.997 g/cm3.

this SIC(cH × 100,cXC × 100) naming con-
vention is adopted for all SIC-revPBE-
D3 functionals in Fig. 1 and throughout
the manuscript. (Additional results for
SIC(15,5), SIC(20,5), and SIC(30,5) func-
tionals are shown in Fig. S2.)
In general, the degree of localization of

the excess electron increases upon addi-
tion of the Hartree term, EH in Eq. (2),
but decreases with increasing contributions
from the exchange–correlation term, EXC.
Namely, SIC(15,0) significantly ameliorates
the overdelocalization of the revPBE-D3 de-
scription. The SIC variant with a 20%
EH correction on the spin density gives
Rg values in very good agreement with
the PBEh(40)-D3 results, suggesting it may
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be an accurate SIC-based description for
the hydrated electron. Further scaling the
Hartree term by using the SIC(30,0) func-
tional predicts a hydrated electron that
is too localized. However, inclusion of
exchange–correlation in the self-interaction
correction scheme, in the SIC(30,10) func-
tional, increases the spatial extent of the
spin density, resulting in better agreement,
compared to SIC(30,0), with the radii of
gyration given by the reference PBEh(40)-
D3 functional. Indeed, the SIC(30,10) and
SIC(20,0) functionals predict Rg values that
agree well both with each other and the
PBEh(40)-D3 results.

Hydrated Electron Dynamics
with Self-Interaction-Corrected
Functionals

It is important to recognize that repro-
duction of the spin density for configura-
tions obtained from an MD simulation with
PBEh(40)-D3 does not guarantee stable hy-
drated electron dynamics with the SIC de-
scription. Accordingly, all functionals pre-
sented in Fig. 1 were also used to propagate
ensembles of 12 independent 10 ps DFT-MD
trajectories initiated with configurations un-
influenced by the PBEh(40)-D3 functional,
specifically, from equilibrated revPBE-D3
simulations of a Cl− ion in aqueous solution
(from which the chlorine atom is removed to
generate a hydrated electron, as described in
Sec. 2.
The average radius of gyration of the spin

density obtained over the course of these
simulations is shown in Fig. 2a for the dif-
ferent functionals. As expected, revPBE-
D3 fails to yield a stable hydrated electron.
Even when a solvent cavity of the appropri-
ate size is present at the start of the simu-
lation (by initiating from a solvated Cl− ion
configuration with the Cl atom removed),
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Figure 2: a. Average radius of gyration for
the spin density obtained with PBEh(40)-
D3, revPBE-D3, and SIC-revPBE-D3 func-
tionals. b. Distance between the spin
density centroid and the nearest hydrogen
atom. Averages are computed over 12 inde-
pendent trajectories per functional, and the
same set of initial configurations is used to
initiate corresponding trajectories across all
revPBE variants.

the excess electron delocalizes throughout
the simulation cell in less than 1 ps. At
the opposite extreme, the SIC(30,0) trajec-
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tories result in reaction of the excess elec-
tron with a water molecule to generate H·
within a few hundred fs after initiation of
the simulation, a reaction that is known ex-
perimentally to occur on a timescale longer
than µs.3,14 This is reflected in the average
distance between the spin density’s centroid
and the nearest hydrogen atom, shown in
Fig. 2b and Fig. S3. This overlocalization
(which results here in a lowering of the bar-
rier to reaction with water) is a well-known
failure of the SIC scheme and arises from an
overcorrection of the Hartree energy.
The other three SIC functionals give in-

termediate values of the average radius of
gyration. Interestingly, while the SIC(15,0)
functional predicts an 〈Rg〉 that is too large
for PBEh(40) configurations, Fig. 1, when
used to propagate a DFT-MD trajectory,
it predicts an average radius of gyration of
∼ 2.3 Å. This reasonably reproduces the
average PBEh(40) Rg of 2.1 Å and is in
good agreement with the experimental value
of 2.45 Å inferred from moment analysis
of the absorption spectrum.42 The nearest-
neighbor distance of 〈rHmin〉 ∼ 1 Å is also in
reasonable agreement with the e−aq–H radial
distribution function typically observed for
cavity-like hydrated electrons.
In contrast, while the radius of gyration

obtained using SIC(20,0) to recalculate the
spin density of PBEh(40)-D3 configurations
is in excellent agreement with the results
of the hybrid (Fig. 1), the 1.8 Å average
radius of gyration it predicts when used
to propagate dynamics agrees neither with
PBEh(40)-D3 nor experiment. In addition,
the average distance between the electron
and the nearest H atom lies below 1 Å and
decreases with time, inconsistent with a sta-
ble cavity structure. Inspection of the in-
dividual trajectories reveals an even more
complex story. The behavior can be visual-
ized through a combination of the electron–
water radial distribution functions (RDFs),

presented in Fig. 3 and the probability den-
sity functions of Rg and rHmin estimated with
Gaussian kernels, shown in Fig. 4.
Despite the reasonable 〈Rg〉 value from

the DFT-MD simulations, one of the twelve
SIC(15,0) trajectories results in the excess
electron localizing on a hydrogen atom, e.g.,
reacting with a water molecule, as shown
in Fig. S5. This can be seen in the peak
around Rg ' 1 Å and rHmin ' 0 in the
probability distributions in Fig. 4 indica-
tive of formation of H·. As observed for
all SIC(30,0) trajectories, this unphysical lo-
calization occurs at the start of the simu-
lation and must arise from an overcorrec-
tion of the self-interaction error. The in-
spection also identified an SIC(15,0) trajec-
tory in which the excess electron became
delocalized after more than 9 ps of simula-
tion time, suggesting that attempts to elim-
inate overlocalization by further decreasing
the value of cH alone would be futile. The
smaller average Rg for the SIC(20,0) ensem-
ble is representative of a greater number of
overlocalized/reactive trajectories. This can
be seen in the Rg and rHmin distributions in
Fig. 4, where the peaks at Rg ' 1 Å and
rHmin ' 0 are even larger in amplitude than
for the SIC(15,0) case. This behavior high-
lights a major limitation of the present self-
interaction correction scheme as it is com-
monly implemented: it is not possible to ad-
equately compensate for the self-interaction
error of a GGA functional by exclusively
remedying the Hartree energy of the singly
occupied molecular orbital.
In contrast to the SIC(15,0) and SIC(20,0)

functionals, the excess electron–water ra-
dial distribution function of the SIC(30,10)
functional exhibits excellent agreement with
the PBEh(40)-D3 data, as presented in
Fig. 3. Furthermore, Fig. 4a shows that in-
clusion of both the Hartree and exchange-
correlation correction terms yields a radius
of gyration in good agreement with exper-
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Figure 3: Excess electron–water radial distribution functions are computed using the cen-
troid of the spin density and the center-of-mass of the water molecules, and averaged over 12
independent trajectories per functional. Shaded error envelopes denote one standard devia-
tion. Purple, pink, yellow, and cyan curves correspond to SIC(15,0)-revPBE-D3, SIC(20,0)-
revPBE-D3, SIC(30,10)-revPBE-D3, and PBEh(40)-D3, respectively.

iment, as the values are confined mostly
to the 2.0–2.6 Å region. Furthermore,
Figs. 4b and S5 show that the early time
overlocalization of the excess electron, ob-
served for the SIC(30,0) functional, is sup-
pressed in the SIC(30,10) case by inclu-
sion of the exchange–correlation correction,
without compromising the stability of the

hydrated electron.
While the SIC(30,10) functional provides

a more accurate description of the hydrated
electron than its SIC(15,0) counterpart, in-
clusion of the exchange–correlation correc-
tion substantially increases the computa-
tional cost of the method. SIC(30,10) pro-
vides only a modest 20% speedup rela-
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Figure 4: a. Probability density of the radius of gyration of the spin density for SIC(15,0)-
revPBE-D3 (purple), SIC(20,0)-revPBE-D3 (pink), and SIC(30,10)-revPBE-D3 (yellow). b.
The corresponding probability density for the distance between the centroid of the spin
density and the nearest hydrogen atom. Probability density functions are computed through
a Gaussian kernel density estimation.

tive to PBEh(40)-D3, compared to a more
than 55% reduction in computational time
for SIC(15,0). Memory requirements are
slightly reduced, by ∼ 12% and 25%
for SIC(30,10) and SIC(15,0), respectively.
Nevertheless, SIC-GGA functionals are ex-
pected to scale more favorably with system
size than hybrids due to the absence of the
four-center Hartree–Fock integrals.
We also calculate the partial molar vol-

ume, VM , of the hydrated electron within
the different descriptions based on the RDFs
shown in Fig. 3.43 We note, however, that
these are merely estimates as an accurate
determination of VM requires much larger
simulation cells, e.g., ∼ 2000 molecules,43
that are not accessible with DFT-MD. The
partial molar volumes obtained with the
SIC(15,0) and SIC(20,0) models are slightly
reduced relative to the PBEh(40)-D3 result
of 7.5 cm3/mol, which is itself smaller than
(but carrying the right sign as) the exper-
imental value of 26 ± 6 cm3/mol.44 The

SIC(30,10) description gives a VM identical
to the PBEh(40) result. However, the differ-
ences observed between the various density
functional approximations are not distin-
guishable within the statistical errors (even
with 120 ps of total simulation time).
Finally, we have also tested an SIC-based

approach for the PBE-D3 functional that
was recently introduced in the literature for
simulating the reactivity of the hydrated
electron with per- and polyfluoroalkyl sub-
stances.25 It differs from the orbital-by-
orbital SIC approaches considered here in
that it makes use of an average-density (AD)
SIC, where the self-interaction potentials
over the different spin orbitals are averaged
to produce a non-local correction applied to
all orbitals.45,46 The technical details and re-
sults of an ensemble of hydrated electron
trajectories simulated with this AD-SIC-
PBE-D3 functional are presented in the SI.
Note that we have not attempted to opti-
mize this functional using our spin density
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criteria but instead only evaluate its perfor-
mance to provide insight on the effectiveness
of a global SIC correction scheme on a func-
tional similar to revPBE.
As shown in Fig. S6, the corresponding

spin densities computed with AD-SIC-PBE-
D3 are of similar quality to those obtained
with the uncorrected revPBE-D3 functional
when evaluated for configurations obtained
with PBEh(40)-D3, and the excess electron
remains delocalized throughout the simula-
tion cell when it is used to propagate dy-
namics. We note that this functional was
optimized to reproduce the vertical detach-
ment energies of per- and polyfluoroalkyl
substances using higher levels of theory,25
and thus it is perhaps not surprising that it
does not perform adequately in this test.
Overall, our results indicate that agree-

ment with reference spin densities is a neces-
sary but insufficient condition for the devel-
opment of a viable SIC-modified functional
for the hydrated electron. Moreover, the
analysis of the individual trajectories em-
phasizes the importance of starting simula-
tions from as many uncorrelated configura-
tions as possible and propagating dynamics
for more than a few ps, as unphysical reac-
tivity might otherwise go undetected. These
observations underscore the importance of
extensive sampling when tuning SIC func-
tionals, as physically unreasonable behav-
iors that are not pervasive may be fortu-
itously hidden.

Reduction of Zn(II) with Self-
Interaction-Corrected revPBE-
D3

A fortuitous, yet important, feature of
the PZ–SIC scheme within the ROKS for-
malism, particularly for simulations of hy-
drated electron reactions, is that it does
not influence the behavior of the system’s

closed-shell moieties. This property is es-
pecially valuable in cases where the inclu-
sion of exact Hartree–Fock exchange can
perturb the coordination shell of a closed-
shell solute, such as Zn(II), in aqueous so-
lution. In Fig. S8, we show the Zn(II)–
O radial distribution functions and coordi-
nation number calculated with revPBE-D3,
revPBEh(40)-D3, and PBEh(40)-D3 for an
aqueous Zn(II) system without the hydrated
electron. Clearly, inclusion of Hartree–Fock
exchange reduces the coordination number
of the ion from six to four and thus makes it
is impossible to accurately simulate the re-
duction of Zn(II) by the hydrated electron in
aqueous solution using PBEh(40)-D3.47,48 It
is thus tempting to consider the SIC schemes
as a way to address this issue. In fact, while
SIC functionals have been used in prior re-
activity studies, their ability to accurately
describe the hydrated electron has not al-
ways been fully validated.25,26
To explore the reactivity of the hydrated

electron and assess the system-size depen-
dence of the SIC-revPBE-D3 functionals, we
doubled the number of water molecules in
the simulation cell from 64 to 128 and mod-
eled the reduction of Zn(II) at 25°C and
1.0024 g/cm3 using the SIC(30,10) func-
tional. The analysis presented in Fig. S7
demonstrates that the observed overlocal-
ization phenomena of the SIC(15,0) func-
tional is not a finite size artifact and further
confirms that this functional is unreliable for
simulating the hydrated electron.
With regards to reactivity, Bartels et al.

experimentally determined the correspond-
ing rate constant at zero ionic strength to be
(0.16 ± 0.01) × 1010 M−1s−1.15 Given that
our simulation cell has [e−aq] = [Zn(II)] =
0.432 M, the probability of a reaction occur-
ring within 5 ps is approximately 3.5×10−3,
which corresponds to a reaction in approxi-
mately 1 out of every 900 trajectories. In
other words, it is vanishingly unlikely to
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observe a reactive event using conventional
simulation techniques if the functional ap-
propriately describes the hydrated electron
and the Zn(II) ion. As shown in Fig. 5a, us-
ing the instantaneous distance between the
centroid of the spin density and the zinc
ion, we do not observe a successful reac-
tion with the SIC(30,10) functional. How-
ever, the hydrated electron does react, just
not with Zn(II). The presence of the metal
ion appears to accelerate the reaction of e−aq
with a water molecule; this can be seen from
the three trajectories shown in Fig. 5b where
the excess electron localizes on a hydrogen
atom, rHmin → 0. This clearly indicates that
this SIC scheme is not reliable for predicting
the reactivity of the hydrated electron with
Zn(II).

Discussion

Self-Interaction-Error Influence
over Localization

It is known from DFT simulations that an
excess electron introduced into water with a
pre-equilibrated solvent cavity present will
localize into the cavity to form a hydrated
electron if the chosen functional can de-
scribe the species.23 In the presence of two
quasi-degenerate solvent cavities that are
sufficiently far apart in space, an excess
electron would be expected to localize into
whichever cavity is most energetically favor-
able, rather than delocalize into both. Since
this phenomenon can be seen as analogous
to the localization of the electron in the H2

+

molecule at the dissociation limit, it is sen-
sible to suspect that functionals suffering
from self-interaction error will favor delocal-
ization. Thus, the extent to which an excess
electron delocalizes across both cavities can
be used as a semi-quantitative metric of SIE.
To this end, we prepared water config-
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Figure 5: a. Distance between the spin den-
sity centroid and the position of the Zn(II)
ion. b. Distance between the centroid of
the spin density and the nearest hydrogen
atom. Each color corresponds to a unique
SIC(30,10) trajectory.

urations with two nearly identical solvent
cavities by simulating 2 Cl– ions in a 128-
water simulation cell of side length 15.81 Å.
One classical MD simulation, following the
setup described in the Methods section, was
used to generate the structures from which 4
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independent ab initio trajectories were ini-
tiated. We used the r2SCAN meta-GGA
functional49 to equilibrate the system at the
DFT level; this functional is known to pro-
vide a reasonable description of liquid wa-
ter at room temperature50,51 and eliminates
any bias toward one of the functionals to
be evaluated. A total of 8 configurations
were extracted every 25 fs from the last 200
fs of the DFT trajectories, and both chlo-
rine atoms are removed before a single ex-
cess electron is added to the system. The
localization of the excess electron was de-
termined through an analysis of the spin
density, which was obtained from single-
point calculations without structural relax-
ation using HF, PBEh(40), revPBE, and
SIC-revPBE. Specifically, we integrated the
numerical spin density within 3 Å radius
spheres centered on the coordinates of the
chlorine atoms, which were more than 6 Å
apart.

m(rj) =

∫
|r−rj |

d3r m(r), (3)

where rj the position of cavity j with j = 1
or 2.
The results are presented in Fig. 6 and

show that HF, a level of theory free of one-
electron SIE by definition, localizes the spin
density preferentially into a single cavity, as
fully delocalized states with m(r1) = m(r2)
are absent from the distribution. PBEh(40),
a hybrid functional that includes 40% HF
exchange, tends to favor localization into
a single cavity, although it does occasion-
ally predict structures with the electron de-
localized across both cavities. On the other
hand, revPBE exclusively delocalizes the ex-
cess electron into both cavities, unless a self-
interaction correction functional is added
to it, as exemplified by SIC(30,10). Nev-
ertheless, SIC(30,10) does not completely
eliminate the self-interaction error inherited

from the parent GGA and notably under-
performs relative to PBEh(40). We suspect
that SIC(30,10) is inferior to PBEh(40) be-
cause the former only treats the SIE affect-
ing the singly occupied molecular orbital.
The effect of systemically varying the self-

Coulomb correction, EH [m], to revPBE is
presented in Fig. 6b. Generally, increas-
ing cH decreases the population of elec-
trons fully delocalized between the cavi-
ties, but the effects are modest. Further-
more, the data presented in the Results sec-
tion indicate that a better localized spin
density for static configurations does not
guarantee a proper treatment of the en-
ergetic barriers encountered in dynamics.
We can conclude that EH [m] successfully
removes the self-Coulomb interaction sys-
tematically but influences energetic barriers
non-intuitively. Inclusion of only the self-
exchange-correlation correction, EXC [m, 0],
in the SIC(0,10) model worsens the delocal-
ization of the excess electron with respect to
revPBE, but the same addition to SIC(30,0)
to produce SIC(30,10) improves the descrip-
tion of the localization in Fig. 6 and predicts
stable hydrated electron dynamics as shown
in Fig. 2.
The data presented in the Results section

illustrate that it is rather challenging to sys-
tematically improve an SIC functional for
the hydrated electron under periodic bound-
ary conditions, as structural metrics do not
provide insight into the energetic barriers
between the different states populated by
the excess electron and it is difficult to com-
pute accurate vertical detachment energies
to probe the stability of these structures.
One alternative is to examine the thermal-
ization of an excess electron injected into
neat water in the absence of pre-equilibrated
solvent cavities, as we now discuss.
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Figure 6: Difference in the amount of ex-
cess electron confined within 3 Å spheres
centered on positions r1 and r2, calcu-
lated by the integrating the spin density
obtained using a. HF (gray), PBEh(40)-
D3 (cyan), SIC(30,10)-revPBE-D3 (yel-
low), revPBE-D3 (orange), b. SIC(15,0)-
revPBE-D3 (purple), SIC(20,0)-revPBE-D3
(pink), SIC(30,0)-revPBE-D3 (green), and
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Localization Barriers with Self-
Interaction-Corrected revPBE-
D3

Experiment and simulation have established
that an excess electron will localize and ther-

malize into the hydrated electron within
hundreds of fs when injected into neat wa-
ter at room temperature.52–55 This behavior
should be generally reproduced by a DFT
functional that properly treats the elec-
tronic levels of an excess electron in water.
PBEh(40) is known to accurately describe
injection dynamics,30 so we simulate the lo-
calization dynamics of an excess electron
injected into neat water using SIC(30,0),
SIC(30,5), SIC(30,10), and SIC(30,20) to
gain qualitative insight into the energetics
of the delocalized and localized states of the
hydrated electron at the SIC-DFT level of
theory. By holding the Hartree contribu-
tion to the SIC constant while varying the
XC contribution, one can also examine the
influence of the latter in the “absence” of
self-Coulomb interaction.
We used a cubic simulation cell of side

length 9.86 Å with 32 SPC/Fw waters39
in classical MD simulations to create an
ensemble of initial configurations for our
SIC-DFT-based injection dynamics trajec-
tories. Eight uncorrelated configurations
were extracted from the equilibrated por-
tion of the classical MD trajectory and used
to initiate dynamics with an excess electron
added to the system. Four ps of simulation
time were collected for SIC(30,0), SIC(30,5),
SIC(30,10), and SIC(30,20) using the same
simulation protocols employed for our equi-
librium hydrated electron simulations. We
also include data for PBEh(40) to demon-
strate that it localizes an excess electron in
a sub-picosecond timescale under these con-
ditions.
We find that SIC(30,10) successfully local-

izes an excess electron, as shown in Figs. 7
and S9, but at a timescale (τ > 1 ps) that is
slow compared to experiment; in 3 out of 8
trajectories the excess electron remains de-
localized for the full 4 ps of the trajectory.
This indicates that the functional does place
the hydrated electron at a lower energy rel-
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ative than the delocalized state, but that it
does not quantitatively capture the energy
difference and/or the energetic barrier be-
tween these two states.
The exclusion of EXC [m, 0] further wors-

ens the description of excess electron local-
ization, as demonstrated by the failure of
SIC(30,0) to form a stable hydrated electron
within 4 ps in any of the eight trajectories,
illustrated in Fig. 7a by the compact radius
of gyration of the spin density. As was seen
with our pre-equilibrated cavity simulations,
rather than forming a delocalized or local-
ized hydrated electron, SIC(30,0) instead fa-
vors reaction with water to form OH– and
H·, but we also observed it form an OH·,
OH– , and an H2 molecule in 1 trajectory.
The reactivity can be seen by the distance
between the centroid of the spin density and
its nearest H atom, as shown in Fig. 7b.
When these results are rationalized with the
insight provided by Figs. 6 and 2, we can
reasonably speculate that it is not possible
to correct SIE using PZ-SIC exclusively on
the SOMO.
Increasing the exchange-correlation cor-

rection to the SIC(30,20) model, results in
complete failure to localize the excess elec-
tron in all eight trajectories, as shown in
Fig. 7a. No reactions were observed either,
as shown in Fig. 7b. We can conclude that
EXC [m, 0] lowers the energy of the delocal-
ized state relative to the localized hydrated
electron, which is not in accord with exper-
iment. Similarly, decreasing cXC from 0.10
to 0.05 to construct SIC(30,5) reduces the
number of reactions with water from 8 to 1
relative to SIC(30,0), yields stable hydrated
electrons, but still does not predict a local-
ization timescale in agreement with either
PBEh(40) or experiment.
As shown in Fig. S10, the SIC(30,20)-

PBE functional used by Marsalek et al.,34
which has previously been successfully used
to study the reaction of the hydrated elec-

tron with a hydronium ion in water clusters
(non-periodic conditions), also failed to lo-
calize the excess electron when injected into
neat water. Because SIC(30,20)-PBE was
tuned to replicate the energies of gas phase
clusters evaluated at the RI-UMP2/aug-cc-
pVDZ level of theory, our results suggest
that the energetic barrier between the delo-
calized and localized states of the hydrated
electron are not treated accurately in the
bulk liquid phase by this functional.
A similar approach, using the SIC(30,20)

correction on the SOMO and a semi-
empirical treatment of dispersion, but with
the BLYP functional was used by Uhlig
et al. in quantum mechanics/molecular me-
chanics (QM/MM) simulations of an ex-
cess electron in neat water.56 Interest-
ingly, the cH and cXC scaling parameters
for the SIC scheme used were taken from
the SIC(30,20)-PBE study of water clusters
given in Ref. 34, without further optimiza-
tion.57 Using 32 quantum mechanical wa-
ters surrounded by 992 classical ones, they
found a radius of gyration of ∼ 2.8 Å and
a vertical detachment energy of ∼ 3 eV,
larger and smaller, respectively, than exper-
imental measurements.56 It is unclear if the
successful localization of the electron with
this approach, in contrast to the failure we
observe for the SIC(30,20)-PBE model, is
due to the difference in functional or the
QM/MM description.
We note that PBEh(40) treats SIE by

adding a fixed amount (x) of exact HF ex-
change, but it also removes a complemen-
tary amount, 1−x, of approximate PBE ex-
change while keeping PBE correlation con-
stant. PZ-SIC, on the other hand, removes
SIE by subtracting EH [m] and EXC [m, 0].
Because PZ-SIC scheme introduces the com-
plexity of altering the correlation functional
as well, we can only point out that its in-
clusion seems to ameliorate the over local-
ization tendencies systematically introduced
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by EH [m] but does not improve the ener-
getic barriers between the states of the ex-
cess electron in a manner that yields predic-
tions in satisfactory agreement with experi-
ment. Thus, these results suggest that SIC
functionals could benefit from an optimiza-
tion protocol that targets the electronic lev-
els of an excess electron in the aqueous solu-
tion of interest, as established for PBEh(40)
by Ambrosio et al.22

Conclusions
We have systematically assessed the perfor-
mance of two distinct self-interaction cor-
rection schemes in describing the chemistry
of an excess electron in water. We found
that the Perdew–Zunger SIC approxima-
tion could be used to develop ostensibly
promising DFT descriptions of the hydrated
electron by tuning the SIC parameters for
revPBE to reproduce the spin density pre-
dicted by PBEh(40). On the other hand,
an average-density SIC functional based on
PBE that has been previously used in the
literature does not remedy the overdelocal-
ization problem in neat water inherited from
its parent GGA functional. It remains to be
seen if the AD-SIC functional can predict
stable hydrated electron dynamics after it is
tuned to reproduce the spin densities from
PBEh(40) hydrated electron configurations.
While some functionals based on the

PZ-SIC approach successfully reproduce
the hydrated electron behavior when ap-
plied to static configurations extracted from
PBEh(40)-based simulations, they do not
provide a reliable basis for DFT-MD sim-
ulations themselves. Specifically, we found
that SIC-GGA functionals that include only
the Hartree (EH) correction either fail to
suppress the delocalization of the excess
electron originating from the self-interaction
error or instead drive an unphysical over-
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Figure 7: a. Average radius of gy-
ration of the spin density and b. its
centroid’s minimal distance to a hydro-
gen atom for an excess electron injected
into neat SPC/Fw water configurations.
DFT dynamics were propagated using
SIC(30,0)-revPBE-D3 (green), SIC(30,5)-
revPBE-D3 (purple), SIC(30,10)-revPBE-
D3 (yellow), SIC(30,20)-revPBE-D3 (or-
ange) and PBEh(40) (cyan). Shaded regions
correspond to one standard deviation.

localization of the excess electron onto a
hydrogen atom, i.e., reaction with a water
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molecule.
Furthermore, great caution must be exer-

cised when using such correction schemes to
simulate the hydrated electron. That is, in
some cases we found multiple trajectories for
a given SIC-GGA functional that provide a
reasonable description of the hydrated elec-
tron, but this is not the case for all the tra-
jectories. Thus, in a limited number of short
trajectories it may erroneously appear that
a given functional may successfully repre-
sent the hydrated electron behavior because
insufficient sampling is masking a failure to
provide a fully robust description of the un-
derlying physics.
We successfully optimized an SIC-

revPBE-D3 functional to accurately repro-
duce the spin density and average dynamical
properties of the PBEh(40) hydrated elec-
tron by inclusion of an exchange-correlation
correction. However, when we applied it in
simulations of the hydrated electron in the
presence of Zn(II), it predicted significant
reactivity with water molecules in contra-
diction to experimental characterizations.15
This behavior demonstrates that even SIC-
based descriptions that adequately describe
the hydrated electron in neat water, in-
cluding in reasonably sampled DFT-MD
simulations, must still be fully validated for
use in describing solutions and reactivity.

Supporting Information

The Supporting Information is provided as
a PDF file and contains the following data:
Convergence thresholds for DFT-MD simu-
lations, self-interaction-corrected spin den-
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from DFT-MD simulations, average-density
self-interaction-corrected PBE-D3, system-
size effects on SIC(15,0) DFT-MD, Zn(II)
coordination number in liquid water
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