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ABSTRACT: It is well-known that when excess electrons are injected into an aqueous
solution, they localize and solvate in ~1 ps. Still debated is whether localization occurs via
“trap-digging”, in which the electron carves out a suitable localization site, or by “trap-seeking”,
where the electron prefers to localize at pre-existing low-energy trap sites in solution. To
distinguish between these two possible mechanisms, we study the localization dynamics of
excess electrons in aqueous NaCl solutions using both ultrafast spectroscopy and mixed
quantum-classical molecular dynamics simulations. By introducing pre-existing traps in the
form of Na® ions, we can use the cation-induced blue-shift of the hydrated electron’s
absorption spectrum to directly monitor the site of electron localization. Our experimental and
computational results show that the electron prefers to localize directly at the sites of Na*
traps; the presence of concentrated electrolytes otherwise has little impact on the way trap-
seeking hydrated electrons relax following injection.

Na* traps
found in solution

S ince hydrated electrons (eaq_’s) were first observed nearly electrons are trap digging.%25 On the other hand, Mostafavi
six decades ago,' they have become a paradigm system for and co-workers showed that, in mixtures of n-tributyl
comparing the results of mixed quantum/classical (MQC)>~° phosphate (TBP) and water, electrons prefer to solvate in
or ab initio’'" simulations with ultrafast spectroscopic water rather than TBP, which hints at trap-seeking behavior,*®
experiments.'*” " Of particular interest is the way in which although the time resolution of the pulse radiolysis they used
hydrated electrons localize and equilibrate after they are does not provide direct information on the primary localization
injected into liquid water either via pulse radiolysis or step. Thus, there has been no way to experimentally determine
multiphoton ionization. Ultrafast spectroscopy experiments which description, if either, is the most appropriate for
show that following injection, excess electrons in liquid water electrons injected in liquid water that is not part of a mixture.
first form an infrared-absorbing species on a 110—280 fs time The key to distinguishing the mechanism by which hydrated
scale, sometimes referred to as the “wet” electron, which electrons localize is to introduce pre-existing traps that are
subsequently converts into an equilibrated ¢, after 240—540 spectroscopically distinct from nontrapped e,q’s. Here, we

£, 12131516 provide such traps in the form of Na® cations by injecting
hydrated electrons into aqueous NaCl electrolyte solutions
with different salt concentrations. Hydrated electrons have a
blue-shifted absorption spectrum in the presence of dissolved
salts, with the magnitude of the spectral blue-shift depending
on both the salt concentration and the cation identity.”” We
(and others™®) have performed MQC simulations that showed
that the blue-shifted spectrum in electrolyte solutions results
from the formation of (cation,e”) contact pairs, where the
electron is bound to a nearby cation (or possibly more than
one cation”) by several kyT of free energy.30 Thus, for a
hydrated electron to equilibrate in an electrolyte solution, the

Several groups have performed simulations to
determine why hydrated electron equilibration takes place on
sub-picosecond time scales.”*'”~'" Some simulations inves-
tigating the rapidity of the e,,’s solvation have argued that the
electrons are trapped by local potential fluctuations in the
solvent or are “trap-seeking”. The idea is that liquid water
contains pre-existing structures that are energetically predis-
posed to accommodate excess electrons and that the electrons
prefer to localize in these places, where there is a lower barrier
to equilibration.””™** There is also the possibility that excess
electrons in liquid water can localize and equilibrate in any
kinetically accessible convenient spot, so that electrons are
“trap-digging”.

The evidence for trap-seeking or trap-digging behavior of Received: July 18, 2022
solvated electrons is varied. In liquid tetrahydrofuran (THF), Accepted:  September 1, 2022
the kinetics of injected electron equilibration in the presence of
traps (either sodium cations or small amounts of added water)
are relatively slow, with clear evidence for electron solvation in
regions free of traps at early times, showing that such solvated
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electron must eventually end up with at least one and possibly
several cation(s) located in its first solvation shell, constituting
a trap relative to localization in pure water.

In this work, we present a combination of ultrafast
spectroscopy experiments and MQC simulations that show
that injected hydrated electrons follow trap-seeking behavior.
We use the shift of the electron’s absorption spectrum as a
marker for whether or not there are cation(s), and thus traps,
in the vicinity of the electrons as they localize. Solvation in
ionic solutions is generally slower than in neat solvents because
the ions need to translationally diffuse to accommodate new
charge distributions.”’ >* We find, however, that hydrated
electrons injected in the presence of salts localize in essentially
the same amount of time that they do in neat water,
immediately achieving their blue-shifted equilibrium spectrum.
This is because e,, s prefer to localize in pre-existing traps
near sodium cations, so that electrons prefer to localize directly
in traps rather than localizing quickly and then seeking the
cationic traps diffusively on longer time scales.

The basic simulation and experimental data set supporting
the trap-seeking behavior of injected hydrated electrons is
shown in Figure 1. In both the experiments and simulations,
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Figure 1. Spectral dynamics of hydrated electrons injected into
aqueous electrolyte solutions. The top panels show the temporal
evolution of the hydrated electron’s absorption spectrum at short
(solid curves), medium (dot-dashed curves), and longer (dotted
curves) times. The bottom panels illustrate the relaxation dynamics
based on the time evolution of spectral differences, as discussed in the
main text. The left panels show the experimental results, collected
using 4.66 eV-excited [Fe(CN)¢]*" as the electron source; the right
panels show the results from simulation. The black, blue, and purple
curves correspond to 0, 1.0, and 3.8 m NaCl solutions, respectively.
The thin solid curves in (A) are fits to the experimental data that are
meant to guide the eye through the spectral region around 1.6 eV
where we cannot collect data due to scatter from the laser
fundamental; details of how these fits were produced can be found
in the Supporting Information. The energy scale for the simulations is
different from that for the experiments because the simulated
equililzrium absorption spectrum is blue-shifted relative to experi-
ment.’
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electrons are injected into aqueous solutions with different
NaCl concentrations, and the kinetics via which the electron
develops its equilibrium spectrum are monitored as a function
of time. In the experiments, we inject electrons by one-photon
exciting the charge-transfer-to-solvent (CTTS) transition of
[Fe(CN)4]*™ at 4.66 eV (266 nm). We chose this electron
source because photoexcitation ejects electrons up to 15 A
away, a similar distance to those generated via multiphoton
ionization of water.”* We also created electrons by multi-
photon ionization of water without a specific electron source,
but these attempts were complicated by the fact that
multiphoton excitation can also cause electron detachment
from the chloride ions in the electrolyte, which are present in
high concentration. Thus, one-photon CTTS excitation
provided the cleanest, most reproducible source of electron
injection. In Figures S1 and S2 of the Supporting Information,
we show that electrons created via CTTS excitation of
[Fe(CN)4]*", CTTS excitation of I7, and multiphoton
excitation of water have identical localization kinetics, so that
our conclusions regarding the trap-seeking behavior of the
hydrated electron are robust with respect to the electron
generation mechanism.

Figure 1A shows experimental transient absorption spectra
of newly created hydrated electrons at delay times of 0.25 ps
(solid curves, right after injection), 1 ps (dot-dashed curves,
roughly halfway through the localization process), and 10 ps
(dotted curves, well after the solvation process is complete) in
0 m (molality) (black curves), 1.0 m (blue curves), and 3.8 m
(purple curves) NaCl solutions. Initially, when electrons are
injected into solution, their absorption spectrum is broad with
a peak that extends well into the near-IR, the signature of the
so-called “wet” (prelocalized) electron.'”'? Then as the
electrons become solvated, their absorption spectrum blue-
shifts from the near-IR to the visible. By 10 ps, the absorption
spectrum of the injected electrons matches the well-reported
equilibrium spectrum of the hydrated electron. When the
process takes place with 1.0 or 3.8 m of added NaCl, the
equilibrium absorption spectrum of the injected electrons is
identical to that in pure water other than the modest spectral
blue-shift caused by the presence of the Na cation traps.”’

The amplified laser system in our experiments has its
fundamental wavelength near 1.55 eV (800 nm), so we
unfortunately cannot measure transient spectra in this region,
resulting in the “missing” data in Figure 1A. Thus, to more
easily visualize the spectral evolution following electron
injection into the different electrolyte solutions, we examined
a series of time-dependent spectral differences, AAOD(%),
which are shown in Figure 1C. To calculate the spectral
differences, we first normalized the measured transient
absorption dynamics of the injected electrons, AOD(t), at
1.13, 1.24, and 1.37 €V at a delay time of 10 ps, well after the
solvation process is complete. The spectral differences were
then calculated by subtracting the normalized AOD(¢) at 1.24
eV from that at either 1.13 or 1.37 eV. We note that dynamical
processes that uniformly affect the entire spectrum of the
hydrated electrons, such as geminate recombination, do not
appear in the spectral difference transients: the spectral
differences only report on kinetic processes that change the
shape of the hydrated electron’s spectrum, such as the
localization and solvation following injection.

Figure 1C shows that, at early times, AAOD for 1.13 eV is
positive and AAOD for 1.37 eV is negative, indicating that the
initially injected electron’s absorption maximum lies to the red

https://doi.org/10.1021/acs.jpclett.2c02243
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of its equilibrium position, as expected for the “wet” electron.
As the absorption spectrum of the injected electron blue-shifts
toward equilibrium, the AAODs for both 1.13 and 1.37 eV
decay, reaching zero after only a few picoseconds, indicating
that the solvation/localization process is complete and the
hydrated electron’s spectrum is at equilibrium and thus no
longer changes with time. Even more importantly, however, is
the fact that Figure 1C shows that, within experimental error,
the relaxation dynamics of electrons injected into neat water
are identical to those in 1.0 and 3.8 NaCl m solutions, despite
the fact that the electrolyte solutions are 10% and 50% more
viscous than neat water, respectively.*”

If electrons were trap-digging, they would localize in any
convenient kinetically accessible spots, so that water molecules
and Na* and CI™ ions would have to translationally diffuse to
accommodate the newly localized electron. As such hypo-
thetical trap-digging electrons finished solvating, their
absorption band would undergo an accompanying slow
spectral evolution to reach the blue-shifted equilibrium
position in the electrolyte solution. As we document with
the simulations below, this would lead to a long-time nonzero
tail or offset in the spectral differences, which we do not
observe. In addition, if ion diffusion were involved, we would
expect the dynamics of trap-digging electrons to be viscosity-
dependent, which we also do not observe.

Instead, if injected electrons were trap-seeking, they would
prefer to localize in places where there is an easy structural
path to equilibration. In this case, the injected electrons would
localize directly at the sites of the traps created by the sodium
cations. This would cause the transient absorption spectrum to
quickly reach its blue-shifted equilibrium position in the
presence of salt, with no viscosity-dependent dynamics on
longer time scales. Indeed, the facts that the data in Figure 1C
show no difference in localization dynamics for electrons
injected into 0, 1.0, and 3.8 m NaCl solutions and that the
spectral differences show no long-time offsets are consistent
with the conclusion that the injected electrons are trap-seeking.

To better understand why injected hydrated electrons are
trap-seeking, we also performed a detailed set of non-
equilibrium MQC simulations examining the injection of
excess electrons into NaCl solutions with the same
concentrations that we studied experimentally. The MQC
methods we use are identical to those used in our previous
equilibrium work on hydrated electrons in these electrolyte
solutions,””*° and details are given below and in the
Supporting Information. We chose MQC methods because
the simulation sizes and time scales needed at high salt
concentrations are far too large to be accessible by ab initio
techniques.

We start by examining the calculated time-dependent
spectroscopy of simulated hydrated electrons injected into
aqueous NaCl solutions in Figure 1B. For electrons injected
into neat water, the calculated transient absorption spectra
strongly resemble the experimental data in Figure 1A, but with
dynamics on a faster time scale and spectra that are blue-
shifted. Nearly every MQC simulation of electron injection
into pure water predicts relaxation dynamics that are faster
than experiment,”'”*® and this is also true for our simulations
here. The blue dot-dashed and purple dotted curves in Figure
1B show that the simulated localization of the electron in 1.0
and 3.8 m NaCl solutions takes the same amount of time as in
neat water, in agreement with the experimental results in
Figure 1A. To more directly compare to the experiments, we
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show simulated spectral difference dynamics in Figure 1D,
which are also in good agreement with the experiments shown
in Figure 1C, other than a small slow tail/offset in the
simulated data that will be discussed further below. We note
that we use bluer wavelengths for the simulated spectra than
the experimental spectra for this comparison because the
simulated equilibrium absorption spectrum is blue-shifted,” so
that the chosen wavelengths are in a comparable position
relative to the spectral maximum. The fact that the simulations
indeed capture the essence of the experiments means that we
can use insights from the simulations to understand the trap-
seeking behavior of hydrated electron localization in electrolyte
solutions.

We investigated the simulated injected electron’s trap-
seeking behavior by counting the number of Na* ions that lie
within 4.0 A of the electron’s center of mass as a function of
time, as shown in Figure 2; in other words, we examine the
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Figure 2. Simulated dynamics of cation/electron contact pair
formation following electron injection into aqueous 3.8 m NaCl
(panel A) and 1.0 m NaCl (panel B) solutions. Hydrated electrons
that localize in a region where there are no Na" cations are denoted
with black circles, while red triangles, orange squares, and yellow
diamonds indicate (nNa*, e”) contact pairs with n 1, 2, 3,
respectively.

number of cations that are close enough to participate in a
contact pair with the injected electron and thus serve as traps.
Distributions of the number of cations (and anions) that reside
close to the electron immediately following its injection are
shown in Figure S5 of the Supporting Information. As we have
documented in previous work, e, s are likely to interact with
multiple cations at higher salt concentrations, forming
complexes that contain up to three Na* ions and possibly
one or two CI™ ions along with the hydrated electron.””*” This
is because high-concentration aqueous NaCl solutions have
agglomerated Na®/Cl™ contact ion pairs, so that pre-existing
traps with multiple cations are available as localization sites for
an injected electron, as shown in Figure S$4.

In analyzing Figure 2, we need to note that, to reach
equilibrium, the simulated electron should have ~2 nearby
cations at 1.0 m NaCl concentration and ~2.5 nearby cations
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with 3.8 m of salt.”” Although the way in which the number of
nearby cations changes with time depends on the salt
concentration, it is the relative abundance of nearby Na'’s at
the moment of injection that determines the rate at which
equilibrium is achieved. The data in Figure 2 show that
simulated electrons in the 3.8 m NaCl solution approach
equilibrium more rapidly than those in the 1.0 m solution
because the simulated electrons can more immediately form
the (2Na*, ¢7) and (3Na*, ¢7) contact-pair species that
predominate at equilibrium. Even in the high-concentration
salt solutions, however, a certain fraction of the simulated
injected electrons (~80% at 1.0 m, ~30% at 3.8 m) does not
start in a contact pair with any sodium cations, and another
significant fraction (~20% at 1.0 m, ~40% at 3.8 m) starts
nearby only a single Na'. For these simulated electrons that
initially localize near zero or one Na’, diffusive motions are
needed to allow the eventual formation of the equilibrium
species with multiple cations paired with the e,,~. It is these
diffusive motions that are responsible for the long-time offsets
in the simulated spectral differences observed in Figure 1D.

The experimental data shown in panels A and C of Figure 1
do not show a small long-time spectral shift like that predicted
by the simulations. One possibility for the discrepancy is that
there actually is a long-time offset for the experimental
difference spectra, but it is not observable within our signal-to-
noise. More likely, however, is the possibility that the
simulations overexaggerate the importance of contact pairs
with multiple cations, so that the experimental equilibrium
involves mostly contact pairs with only a single Na* that are
kinetically easier to achieve. Indeed, in previous work, we
found that subtle changes in the classical cation/water
interactions used in the simulations could dramatically affect
the simulated stability of (Na*, ¢7) contact pairs30 and, thus,
also the distribution of multiple cation/electron pairs at
equilibrium. In addition, the simulations start with the electron
in the lowest adiabatic state of the water conduction band,
which may not be delocalized enough to be able to “sample”
the presence of proximal sodium cations: in other words, the
initial adiabatic state we simulate does not extend for the ~15
A ejection distance experimentally associated with the CTTS
excitation of [Fe(CN)4]*,* causing the simulations to
underestimate the number of electrons that find Na* traps at
early times.

At this stage, it is not possible for us to determine which of
these scenarios—missing a small longer-time spectral shift in
the experiments, overemphasizing the role of multiple cations
in contact pairs in the simulations, or underestimating the
spatial extent of the injected electron’s wave function—is
correct. However, what we will argue next is that no matter
which of these explanations is correct, both the experiments
and simulations still support the conclusion that the injected
electron is primarily trap-seeking rather than trap-digging.

Although the simulations predict that the dynamics of
forming multiple-cation contact pairs can be kinetically limited
by ion diffusion, particularly at intermediate salt concen-
trations, we can gain insight into the rate at which simulated
injected electrons equilibrate by investigating how quickly
(nNa*, ¢7) contact pairs (n = 1, 2 or 3) relax once they are
formed. We characterize the way these different contact pairs
relax via nonequilibrium solvent response functions, S,(t),
according to
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_ (U0 = (W),
(U(0))ne = (U (00)),e 1)

where U,(t) is the simulated eigenenergy of the relaxing
electron with n Na* neighbors at time ¢, and U,(c0) is the
equilibrated eigenenergy of each (nNa®, e¢”) species.”” The
subscript “ne” indicates that this quantity is a nonequilibrium
ensemble average over the 96 injection trajectories we ran in
each NaCl solution. In our calculation of S,(t), if the number
of cations associated with the electron, n, changes from what it
was initially, we remove those trajectories from the non-
equilibrium ensemble. Thus, S,(t) measures the relaxation of
injected hydrated electrons localizing directly near n Na* jons
without any subsequent ionic diffusion.

Figure 3 shows these solvent response functions for each
contact-pair species in both the 1.0 and 3.8 m aqueous NaCl
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Figure 3. Simulated nonequilibrium solvent response functions (eq 1)
for injected hydrated electrons that immediately form (nNa®, e”)
contact pairs with n = 0, 1, 2, 3 (black circles, red triangles, orange
squares, and yellow diamonds, respectively) in both 3.8 m NaCl
(panel A) and 1.0 m NaCl (panel B) solutions. There are too few
(3Na*, ¢7) in the 1.0 m NaCl solution to provide decent statistics.
The data show clearly that the time for the electron to relax is
essentially independent of whether or not it localizes next to one more
Na* cation, a hallmark of trap-seeking behavior.

solutions. Independent of the electrolyte concentration, all
three (nNa*, e”) contact-pair species show relaxation dynamics
that are very similar to those of the bare hydrated electron.
There may be a small relaxational slowdown associated with
the electrons that form two- (orange squares) and three-
(yellow diamonds) cation contact pairs; this slowdown is
because the cations in these complexes tend to favor linear and
trigonal planar arrangements around the hydrated electron at
equilibrium® that require some time to form from the initial
solution geometry prior to injection. But no matter how many
cations are involved and no matter what the salt concentration,
at least 90% of the solvent relaxation associated with injected
electrons that form ion pairs takes place in the same amount of
time as for an electron in pure water. In other words, the
simulations show that if the electron “lands” near one (or
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more) Na* cations, it localizes and produces its blue-shifted
spectrum with the exact same kinetics as electrons localizing in
pure water. This is exactly what is observed experimentally,
suggesting that no matter how many cations are involved in the
final equilibrium species, injected hydrated electrons are trap-
seeking.

In summary, the long-time tail observed for the simulated
spectral differences in Figure 1D is due to the fraction of
simulated trap-digging electrons that did not localize near a
Na* and thus needed to diffuse to find and pair with a Na* to
reach equilibrium. However, in the experiments (Figure 1C
and Figures S1 and S2 in the Supporting Information), no
matter what the electron source, the injected electrons always
appear immediately with their fully blue-shifted spectrum; the
lack of any long-time offset in the experimental spectral
differences indicates that hydrated electrons prefer to localize
directly in a contact pair “trap” with one or more sodium
cations. Of course, we cannot prove with certainty that this
trap-seeking behavior takes place in the absence of Na’, since
without the cations there is no extra spectral relaxation to
probe the electron’s location relative to a trap. The fact that the
solvation rate is identical with and without Na* in both the
experiments and simulations (and that we would expect
solvent motions in the ionic solution to be significantly slower
than those in pure water due to the ion-induced viscosity
increase), however, strongly indicates that the localization and
solvation mechanism is likely the same in the two cases, that is,
electrons are trap-seeking both with and without electrolytes in
liquid water.

B EXPERIMENTAL METHODS

The data shown above used electrons injected into the room-
temperature electrolyte solutions by exciting the charge-
transfer-to-solvent transition of 10 mM [Fe(CN)4]*~ by one-
photon absorption at 4.66 eV. As described in more detail in
the Supporting Information, we also used two-photon
excitation of 10 mM I™ at 2.48 eV as well as two-photon
ionization of water itself (possibly accompanied by two-photon
ionization of CI~ in the electrolyte) at 4.66 V. Although there
are differences in the long-time electron recombination
dynamics with the three different ways of generating the
electrons, the initial localization dynamics were indistinguish-
able within the experimental error. The pump/probe spec-
troscopy setup was the same as in our previous work studying
the temperature dependence of e,,~ relaxation.”® Briefly, the
laser system (Coherent Legend) produced ~3 mJ pulses of
~50 fs duration at 1.55 eV with a 1 kHz repetition rate.
Nonlinear optical crystals were used to create the pump light,
and a white-light continuum generated in either a sapphire or
CaF, plate was used as the broadband probe. Detection was
performed using a Helios (Ultrafast Systems) transient
absorption spectrometer, and the sample was flowed through
a 2 mm cell at a rate sufficient to ensure a fresh volume on
every laser shot.

B COMPUTATIONAL METHODS

Our simulations consist of a periodic box with Ewald
electrostatics and many hundreds of SPC-flex water mole-
cules® with the desired number of classical Na* and Cl~ ions
in the microcanonical (N, V, E) ensemble with a temperature
of ~300 K and the volume chosen to reproduce the
experimental density at 1 atm. Ninety-six 15 ps nonequilibrium
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trajectories at each NaCl concentration were initiated by
injecting an initially delocalized single quantum-mechanical
electron, represented in a basis of 24 X 24 X 24 grid points
into the solution in the lowest adiabatic eigenstate. We used
the pseudopotential developed by Turi and Borgis® (TB) to
describe the water-electron interactions and in-house devel-
oped””?”* Phillips-Kleinman (PK) pseudopotentials™ to
describe the ion-electron interactions. The velocity Verlet
algorithm®” was used with a 0.5 fs time step to propagate the
dynamics, with the quantum mechanical forces evaluated via
the Hellman-Feynman theorem. Additional details are
summarized in Table 1.

Table 1. Parameters for the Nonequilibrium Simulation
Trajectories Studied in This Work

molality H,0 NaCl box length (A) grid spacing (A)
0.0 499 0 24.65 0.747
1.0 481 9 24.49 0.742
3.8 439 30 24.34 0.738
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