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ABSTRACT: Understanding the solvation structure of the hydrated electron, an excess electron in

q a Hard cavity model

bulk water, has been a long-standing challenge. Experiments have shown that the solvation entropy, (DFT)

which encodes how the water molecules near the electron behave, is anomalously large and positive for od
the hydrated electron. Here, we use semiclassical and ab initio alchemical simulations to calculate the
solvation entropy of several simulation models of the hydrated electron, including ab initio density

% S <0

Soft cavity model

functional theory (DFT) with a hybrid GGA functional. We find that cavity-forming one-electron (MQO)

models with relatively soft cavities correctly predict the sign of the hydrated electron’s solvation

ASgoy > 0

entropy but underestimate its magnitude. Both a noncavity one-electron model and hard cavity-
forming DFT vyield an incorrect sign for the solvation entropy. The calculated solvation entropies of
each model are consistent with the structure and dynamic behavior of the first-shell waters molecules.

xcess electrons in liquid water form stable species called

hydrated electrons. These nominally simplest of anions
have been the topic of active research since their discovery,’
including investigations of their fundamental behavior, power-
ful reducing strength,” and anomalous chemical reactivity.*°
Despite decades of experimental’ ™" and theoretical”™”~"®
research, however, there is still no definitive characterization of
the structure of this species; that is, we still do not know
definitively how the structure of liquid water changes in the
presence of an excess electron, or how much of the excess
charge is donated onto the first-shell water molecules. The
structure of the waters surrounding the hydrated electron (e}:yd)

is intimately connected to its reactivity; for example, the way
waters are organized may explain why the Marcus theory of
electron transfer'® fails for reactions involving hydrated
electrons.'”

Early theoretical work viewed the hydrated electron as a
charge defect localized to a cavity in bulk water,'® a perspective
that has been corroborated by one-electron molecular
dynamics (MD) simulations in which the interaction between
the quantum electron and the classical water is described by a
pseudopotential.”*° In ‘cavity-forming’ one-electron models,
the excess charge density occupies a roughly spherical space in
bulk water into which water molecules do not penetrate, so the
epyq Dehaves approximately as a particle in a spherical box.>*"**

In 2010, our group introduced a noncavity-forming one-
electron model of the hydrated electron that was in good
agreement with experiment for many observables.”'’ However,
the consensus of further theoretical work has concluded that a
cavity model is more consistent with most experimental results
for this object. Despite this consensus, no single model is able
to match with experiment across the board. This is because not
all cavity-forming models of the ¢, 4 are equivalent, as each
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model yields different solvation structures and thus different
predictions of experimental observables.

In recent years, ab initio quantum chemistry calculations
based on density functional theory (DFT) have become
tenable for small hydrated electron simulations.'"'*'*** Most
such DFT-based simulations use the PBEO0-D3 level of
theory;'"'>** the ena simulated this way also occupies a

cavity,'"'* but the cavity is smaller and has much more
structured positions of the surrounding water molecules than is
typical in one-electron simulations.'* We refer to the PBEO-
D3-simulated e, 4 structure as a ‘hard” cavity because of the

limited fluctuations of the surrounding water molecules
compared to the ‘softer’ cavities seen in most one-electron
simulations.”’

We note that because DFT is an ab initio theory, simulations
of the ¢4 are still quite limited in size (tens of water

molecules) and duration (<25 ps). Despite this, machine-
learned interatomic potentials have been used to alleviate these
limitations to some extent,”> >’ and recent work has shown
that the solvation structure of the PBE0O-D3-based hydrated
electron does not change much going from 128 to 256 water
molecules.”® DFT is also susceptible to density-driven errors
depending on the functional being used, an issue that is
particularly important for anionic systems with diffuse charge
density such as the hydrated electron.”” Although the results
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presented here are only for the PBEO functional, we have
previously shown that the solvation structure of the hydrated
electron is quite insensitive across a half-dozen functionals
spanning many rungs of Jacob’s Ladder’.***

All of this leads to the main question to be addressed in this
paper: what local hydration structure and degree of
fluctuations makes the most sense in explaining the physical

properties and chemical reactivity of the e, 47 We answer this

question by explicitly calculating the solvation entropy for
three one-electron models as well as DFT-based simulations of
the hydrated electron using the PBEO hybrid exchange-
correlation functional with the D3 dispersion correction.

The solvation entropy (AS,,) is a thermodynamic quantity
that quantifies how the translational and rotational degrees of
freedom of the solvent are impacted by the presence of a
solute. Experiments have shown that the hydrated electron has
a solvation entropy of +124.6 J/mol-K,>" a remarkably high
value for a small ion in solution. The large positive value
implies that the hydrated electron behaves like a hydrophobic
ion that does not strongly orient or restrict the motions of
nearby water molecules, but instead allows them to move more
freely relative to water molecules in the bulk.’ Interestingly,
new experimental spectroscopic work®® has further confirmed
that the hydrated electron increases the range of motion of the
nearby solvent molecules, consistent with a positive entropy of
solvation. Thus, the solvation entropy is one of the key
experimental observables that can help distinguish between
proposed hydration structures of the hydrated electron from
different simulation models.

Why have not researchers previously tried to reproduce the
large positive solvation entropy of the e,y from simulation?

The reason is that calculating thermodynamic quantities from
simulation is a highly nontrivial task, particularly for quantum
mechanical objects like the hydrated electron. We accomplish
this calculation by taking advantage of an alchemical simulation
methodology (outlined in the Supporting Information) and a
multistate free energy estimator.’”””> We determine the
solvation entropy for three one-electron models: the Turi-
Borgis (TB) model,"” which treats the electron as residing in a
somewhat soft cavity; an optimized version of this model
developed by our group, referred to as the TBOpt model,”
which produces an even softer cavity that allows waters to
partly penetrate into the electron density; and our previous
noncavity model,"” referred to as LGS, where water molecules
reside within the electron density. Because of limited statistics
associated with DFT-based simulations, we also determine the
solvation entropy for the PBE0-D3 ¢, 4 using several different

methodologies, all of which agree within error.

We find that the two soft cavity-forming one-electron
models give the correct sign of the solvation entropy but
underestimate its magnitude, indicating that the predicted
structures are in somewhat reasonable agreement with
experiment. Both the noncavity and the hard-cavity PBEO-
D3-based ¢,y models give an incorrect negative sign for the

solvation entropy. We note that given the difficulty in
converging thermodynamic quantities for limited-statistics ab
initio simulations,** >’ our results are unable to pin down a
precise numerical value for the solvation entropy of the PBEO-
D3-simulated hydrated electron, but the agreement between
our different approaches does allow us to conclude that the
value is negative.

The fact that there has been no direct experimental
measurement of the e, 4’s structure has important implications

both for chemical reactions involving this species™*® as well as
for testin§ the different theoretical approaches that simulate its
behavior.' ' #'>'%?® Most theoretical work relies on the
calculation of experimental observables that depend only
indirectly on the solvation structure of the hydrated electron.
Common observables include the absorption spectrum,”'"*
which is related to the radius of gyration of the electron’s wave
function,™*® the vertical binding energy (VBE),” which is
measured by photoelectron spectroscopy,’’ and the partial
molar volume, which also has been measured experimen-
tally,®1213

Unfortunately, the absorption spectrum is not terribly
sensitive to the details of the local hydration structure, as
any structure that produces an electron with about the right
size yields a spectrum in decent agreement with experiment.
The VBE is challenging for ab initio simulations to compute
because of subtleties with the zero of energy with periodic
boundary conditions and the fact that it is difficult for DFT-
based simulations to correctly predict the band gap of liquid
water.*” There also has been conflict between theory and
experiment about how photoelectron spectra are corrected for
scattering” "> and whether or not surface-bound electrons are
present.”* The partial molar volume, which is the volume
change of a solution when one mole of solute is added, is
perhaps the measure that is most directly connected to the
hydration structure, but there is still no clear consensus as to
which model, if any, provides the best match to experi-
ment./12:13

The most common way to characterize the structure of a
solvent around a solute is by examining the most probable
solute—solvent distances. Figure 1(a) shows electron-oxygen
radial distribution functions (RDFs), which plot the proba-
bility of finding the O atom of a water molecule at a given
distance from the electron’s center, for each of the four
different ¢, 4y models explored in this work. The two cavity-

forming one-electron models (purple and blue curves) show
generally broad and relatively unstructured RDFs, indicating
that the nearby water molecules are free to sample many
different distances from the hydrated electron’s cavity. The
noncavity model (green curve) shows that water can penetrate
nearly all the way to the electron’s center of mass, but is
otherwise also quite unstructured. The DFT model (based on
PBEO0-D3, red curve), in contrast to all of the one-electron
models, shows a sharply structured solvation environment with
a well-defined cavity and three distinct solvation shell peaks
where waters prefer to sit in relation to the electron. This type
of solvation motif is characteristic of ions with negative
solvation entropies, such as Cl~, which strongly order the
surrounding solvent and restrict solvent translational degrees
of freedom.

In addition to ordering the distance at which solvent
molecules sit, solutes can also restrict the orientations that
solvent molecules can sample. Figures 1(b)—(e) show
distributions of the angles taken by the dipole moments of
the water molecules in the first solvation shells of the different
hydrated electron models. The way we calculate this is defined
in the Supporting Information (SI), and values around —0.7
indicate that a water molecule is coordinating the electron with
a hydrogen pointing inward (i.e,, H-bond solvation). The two
cavity-forming one-electron models, and particularly the
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Figure 1. (A) Electron-water RDFs for different simulation models of
the hydrated electron. The cavity-forming one-electron models (TB,
purple; TBOpt, blue) show relatively unstructured ‘soft’ cavities; the
noncavity model (LGS, green) allows water molecules to penetrate
nearly to the center of the hydrated electron, while PBE0-D3 (red)
yields a highly structured ‘hard’ cavity with a solvation structure more
reminiscent of a small ion like CI”. Water dipole dot product
distributions of the first-shell waters for the (B) TB, (C) TBOpt, (D)
LGS, and (E) PBE0-D3 hydrated electron models. Here, a value of
—1 means that the water dipole points toward the electron’s center, a
value of +1 means that the water oxygen points toward the electron’s
center, and a value of —0.7 means that a water H-bond points at the
electron’s center. The one-electron models show broader distributions
of water-electron coordination angles while the PBE0-D3 model
strongly orients the first-shell waters, again reminiscent of an ion like

Cl.

TBOpt model, produce relatively broad water angular
distributions, indicating that the first-shell water molecules
can undergo a high degree of orientational fluctuations. The
interior waters in the non-cavity-forming one-electron model
have essentially random dipole orientations, as the waters in
this model prefer to form H-bonds with themselves rather than
with the eh_yd.lo In contrast, the PBE0-D3-based DFT model

shows a highly peaked distribution with a maximum value
around —0.7, indicative of strong H-bond solvation and little
flexibility in the orientations of the first-shell waters, again
similar to what might be seen for an ion with negative solvation
entropy like CI™.

Given the strong differences in the hydration structures of
the different e, ,; models, one would expect that they should

also have different solvation entropies, AS,,. Calculating the
solvation entropy from molecular dynamics simulations
involves computing the way the free energy, A, of a system
changes upon the addition of a solute to the solvent; once this

free energy change is known from thermodynamic integration,
described below, the solvation entropy can be calculated
directly from the internal energy change, AU (which is directly
available from the end-point simulations), using the definition
of the Helmholtz free energy: AA = AU — TAS. For
simulations with limited statistics, such as those based on DFT,
it can be difficult to pin down the equilibrium average value of
AU, which in turn limits the precision with which AS can be
determined.

Given this difficulty, for our DFT-based ¢;, 4 simulations, we

also have investigated an alternate approach that forgoes
calculation of the internal energy. The idea is based on the fact
that the entropy can also be expressed as a temperature

derivative of the free energy: S = —(aA) . Thus, by
N,V

oT
computing the solvation free energy at two different temper-
atures (T — AT and T + AT), the entropy at temperature T
can be found from a finite-difference (FD) approach to this
derivative:**

_AA(T + AT) — AA(T - AT)
2AT (1)

We note that this approach implicitly assumes that the heat
capacity is constant over the range 2AT, which is an excellent
approximation for our choice of water near room temperature
with AT =25 K, as we assume here. Indeed, this range of 2AT
is known to be a conservative estimate for calculating aqueous
solute solvation entropies.”> We use neural network potentials
(NNPs)* to compute the free energy at two different
simulation temperatures. The NNP methodology we choose
has precedent in the literature for modeling the temperature
dependence®® and other properties””*® of the hydrated
electron.

Since thermodynamic quantities like the solvation entropy
are state functions, the path over which we introduce the solute
to the solvent to calculate the solvation free energy does not
have to be physical. Thus, for our other approach to calculating
AS of the eh_yd, we take advantage of an ‘alchemical’

AS(T) =~

methodology, where a ¢,y is slowly grown (or equivalently

annihilated) into a simulated box of pure water. This is done
by defining a potential energy function that linearly
interpolates between the potentials of two thermodynamic
states, A and B:

U(r), = U(r)y4 + (1 = 4)-U(r)g (2)

via a coupling parameter, A. The solvation entropy is the
entropy of transfer of an ideal gas-phase solute into a fully
interacting solvent. Thus, state A corresponds to a gas-phase
solute plus separate pure solvent system and state B
corresponds to the interacting solution. Since the entropy of
solvation is the entropy difference between these two end-
states, it includes contributions from (i) how the electron
changes the translational/rotational/vibrational degrees of
freedom of nearby water molecules, and (ii) perturbation of
the water—water interactions due to the nearby electron.

For our mixed quantum-classical simulations, we can directly
scale the interaction between the classical waters and the
quantum mechanical hydrated electron by linearly scaling the
pseudopotential contribution to the potential energy. For ab
initio DFT, this type of scheme is not feasible since there is no
way straightforward way to decouple the potential between the
water and excess electron from the total potential energy.

https://doi.org/10.1021/acs.jpclett.5c02808
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However, there is a straightforward approach to implementing
eq 2 for ab initio simulations: at each time step of a DFT-based
molecular dynamics simulation, a DFT calculation is done for
both a pure water state and a hydrated electron state. The
atomic forces and total energies of the simulation can then be
taken as simple linear interpolations between these two end-
point calculations. Unfortunately, this methodology is very
computationally expensive, since 24 DFT calculations must be
done at every MD step for a pathway of A alchemical state
points. There has been very recent work on Hamiltonian
interpolation,*® which necessitates only a single calculation per
step per A state, however, this methodology is not yet
widespread in quantum chemistry packages. In the SI, we
present an additional methodology for recovering the solvation
free energy of the PBEO-D3-based hydrated electron via an
indirect thermodynamic cycle.*”** This method, which is
hindered by one-sided averaging between DFT and a MQC
simulation model, predicts a comparable free energy as our
other methods.

Once an alchemical solvation simulation has been run, the
free energy difference between the two end-states can be
recovered by solving either the Bennett Acceptance Ratio
(BAR) or the multistate Bennett Acceptance Ratio (MBAR)
equations;””*>* the free energy also can be obtained directly
via thermodynamic integration (TT):>>"’

AA(B—>A)=/01<60—ZJ> ai
A

©)

For hydrated electrons, there is a subtlety with the choice of
reference states.”’ In our implementation, the potential of the
system when 4 = 0 is that of pure water. But to compute
solvation free energies, a better choice of reference state should
be that of pure water plus an ideal gas solute that interacts with
itself but not with the solvent. Of course, hydrated electrons do
not exist in the absence of liquid water, so we have implicitly
chosen the energy of the isolated gas-phase electron species to
be zero. In the Supporting Information, we present calculations
where we consider several other possible reference states, such
as a free electron or an electron in a box, but we find that no
matter what state we choose, these corrections make essentially
no numerical difference to the final calculated entropy values.

We also note that it is typically difficult to compute solvation
free energies for char%ed systems simulated with periodic
boundary conditions.'>*** This is because there is not a well-
defined vacuum reference energy in periodic systems, so it is
not possible to directly compare computed free energies with
experiment unless significant finite-size corrections are
applied.” In this work, however, we focus on the solvation
entropy and not the free energy. The finite-size corrections for
computing the solvation free energy at different temperatures,
as well as for the internal energy, occur in the exact same way
and do not have an entropic component. This means that
when taking the difference between the free energy at different
temperatures or the difference between the free and internal
energies to calculate the solvation entropy, electrostatic finite-
size effects precisely cancel. In the SI, we verify that even
though our calculated free energy and internal energy values
are sensitive to finite-size effects, as expected, the resulting
calculated solvation entropy values are not. Since there are
significant approximations involved in determining the
magnitude of the finite-size free energy shifts, we choose not
compare our free energy and internal energy values to other

theoretical works that employ different approaches to account
for finite-size corrections.'>*°

Figure 2 shows the calculated solvation entropies for four
different hydrated electron models as well as the experimental

100 DFT
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Figure 2. Solvation entropy values for different hydrated electron
models (colored bars) in comparison to experimental values (black
bar). The strongly positive experimental solvation entropy’" indicates
that the hydrated electron behaves like a hydrophobic ion
(chaotrope). The soft cavity-forming one-electron models (TB;
purple bar, TBOpt; blue bar) yield positive solvation entropies of the
correct magnitude, although they underestimate the experimental
value. The non-cavity-forming one-electron model (LGS; green bar)
and the PBE0-D3 (orange and red bars) model produce qualitatively
incorrect negative solvation entropies, which are typically associated
with hydrophilic ions (kosmotropes) such as Cl™. The orange bar
shows the solvation entropy calculated using the FD approach® with
NNPs,*® while the red bar indicates the entropy calculated from ab
initio TI>° with an explicit calculation of the internal energy. Error
bars are either raw standard deviations or estimates of the standard
error from bootstrapping; convergence tests are detailed in the SI.

value (black bar). The cavity-forming one-electron models
(purple and blue bars) predict the correct sign of AS but have
magnitudes that underestimate the experimental value. This
suggests that the ¢ 4 produced from these models do not

strongly orient or translationally restrict the waters around
them, thus allowing for those waters to sample a variety of
configurational states. However, these models do not allow the
waters to sample as many configurations as would be seen
experimentally. The noncavity (green bar) and PBE0-D3 (red
bar from TI and orange bar from FD) hydrated electron
models both predict a negative solvation entropy, which is
qualitatively different from experiment.

The negative solvation entropy for the PBE0-D3 solvated
electron makes sense, given that ions that show similarly
structured aqueous solvation environments also have negative
entropies of solvation.”’ This makes physical sense, as two
solutes that disrupt the structure of liquid water in the same
way, such as the PBE0-D3 ¢, 4 and CI7, should yield similar

AS,’s. The negative AS produced by the noncavity LGS
model likely has to do with the increased density of the water
molecules inside the electron,'® which restricts their freedom
to diffuse and rotate relative to the bulk. Overall, our results
indicate that both the PBE0-D3 and LGS hydrated electron
models overly restrict the configurational degrees of freedom
of the nearby solvent molecules relative to bulk water."*
Converging estimates of thermodynamic solvation quantities
is notoriously challenging for DFT-based simulations®”** due
to their computational cost, so that they provide only limited
statistics from independent configurations. This is why the
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Figure 3. (A) Survival probabilities (SPs) for first-shell waters around different models of the hydrated electron (various colored curves) as well as
those for pure classical SPC/Flex water (black curve) and pure PBE0-D3 water (solid gray curve). We also implemented a Behler-Parinello neural
network>”*” trained on pure water PBE0-D3 simulations to calculate these correlation functions out to longer times (dashed gray curves). It is clear
that the long relaxation times are also reflected in the longer, NNP-based, simulations. The TB and TBOpt models (purple and blue curves,
respectively) have SP decays that are much faster than those of bulk water, indicating that being near these electrons makes exchange of waters
more facile, as expected for a solute with positive solvation entropy. The LGS (green curve) and PBE0-D3 (red curve) models have significantly
slower survival probability decays, with waters near the PBEO-D3 electron exchanging more slowly than bulk PBE0-D3 waters. (B) First-shell water
orientation autocorrelation functions for different hydrated electron models and pure water (same colors as panel A). The waters near the soft-
cavity TB and TBOpt electrons are able to reorient more quickly than waters in bulk water, a chaotropic behavior consistent with a positive
solvation entropy. The waters surrounding the noncavity LGS and hard-cavity PBE0-D3 hydrated electron models reorient more slowly than in the
comparable bulk water, indicative of kosmotropic character associated with negative solvation entropy.

DFT-based PBE0-D3 ¢4 solvation entropies (with both the

TI method and NNP FD methods) shown in Figure 2 have
much larger error bars than those for the one-electron models.
As mentioned above, for the DFT TI methodology, most of
the uncertainty comes from estimation of the AU from the
end-point simulations.”"””>” In the SI, we present an analysis of
several techniques for determining the uncertainty in the
PBEO-D3 e}:yd internal energy; we find that even with the most

conservative error bars, the final calculated value of the
solvation entropy must still be negative.

We note that our simulations are of similar or longer length
compared to other DFT-based studies that compute solvation
free energies of aqueous ions, and that our reported error bars
are more conservative.”*>”°%*7 For the NNP FD method of
computing AS for the PBE0-D3 ¢, 4, the uncertainty depends

only on the accuracy of the free energies at the two
temperatures. With the longer NNP-based trajectories that
can sample hundreds of uncorrelated configurations, this
makes the net error bar for AS smaller than that based on the
directly simulated free and internal energies. The error bar
shown for the FD-based AS in Figure 2 uses the raw standard
deviation for the uncertainties, which is the most generous
error bar possible. Since limited statistics prevent us from
pinning down a precise value, our main conclusion for the
PBEO-D3 hydrated electron based on both the TI and NNP
FD approaches is that its solvation entropy is negative.

To show that the different signs of the predicted solvation
entropies of the different models make physical sense, we
examined the translational and rotational motions of the first-
shell water molecules around each of the different e, 4 models.

To do this, we first calculated survival probabilities (SPs) of
waters in the first shell, which is the likelihood that a given
water molecule in the first solvation shell remains in the first
shell for some amount of time in the future. The decay of this
measure indicates how long water molecules remain next to
the ¢, 4: a decay faster than that observed in bulk water

indicates enhanced translational freedom, while a decay longer
than that observed in bulk water indicates restricted transla-

tional motion. We also examined water orientation autocorre-
lation functions, C,(t), which measure how quickly the first-
shell waters are able to reorient. This quantity is computed as
C.(t) = (P,[/i(0)-i(t)]), where P, is the second-order
Legendre polynomial and y is a unit vector along the water
O—H bond axis.

In general, it is known that aqueous ions with positive AS,,
tend to have waters that reorient more quickly than waters in
the bulk (faster decay of C,(t)), while ions with negative
solvation entropies show slower reorientation of their first-shell
waters.”>® Of course, the solvation entropy is not dictated
solely by the way first-shell waters behave near the solute,
however, there is a known connection between solvation
entropy and the kosmotropic/chaotropic behavior of aqueous
ions.”" In other words, even though the solvation entropy is
determined by the equilibrium solvation structure and not by
dynamics, there is a strong correlation between the transla-
tional and rotational dynamics of the first-shell waters around
aqueous ions, the value of AS, and as discussed further
below, the position of an ion on the Hofmeister series.”””®
Thus, we examine the first-shell water dynamics around each of
our hydrated electron models to better contextualize our
solvation entropy results.

Figure 3(a) shows SPs for the first-shell water molecules
surrounding the different ¢,y models (various colored curves),

along with the average SP of waters in the bulk for SPC/Flex
classical water (used in the one-electron simulations, black
curve) and for PBE0-D3 water (solid gray curve). The two
cavity-forming one-electron models both have first-shell SPs
that decay faster than that of bulk water; the translational
motion of these first-shell waters is enhanced by the presence
of the electron. The noncavity model (green curve) has a
decay that is also somewhat faster than bulk water, but is
markedly slower than those of the two cavity models. For the
PBE0-D3 ea_q (red curve), the SP decay is slower than that seen

in bulk PBEO-D3 water, something that is not consistent with
the strongly positive experimental solvation entropy but which

fits well with our calculation of a negative AS,, for this model.
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The orientation correlation functions, shown in Figure 3(b),
indicate that the first-shell waters around the two cavity-
forming one-electron models rotate faster than those in bulk
water, consistent with their positive AS,. This result is also
consistent with recent experimental terahertz spectroscopy
results® which show evidence for polaronic coupling between
the hydrated electron and the librational modes of nearby
water molecules. In contrast, the waters near both the PBEO-
D3 and noncavity LGS models show restricted rotational
motion relative to pure water. For PBE0-D3 in particular, this
net restriction of rotational motion, which is consistent with
the tight angular distributions in Figure le, makes perfect sense
in light of the negative solvation entropy calculated for the
PBEO0-D3 hydrated electron. All of our results imply that the
‘soft’ cavity-forming TB and TBOpt one-electron models are
doing a better job at qualitatively simulating the way the ¢, 4

interacts with nearby water molecules than the noncavity LGS
model or PBE0-D3. This result has broad implications for
understanding the solution-phase behavior and reactivity of
hydrated electrons, and strongly emphasizes that not all cavity
structures are equivalent in terms of mapping simulations onto
experimental observables.

One important chemical behavior that is particularly
sensitive to the local hydration structure is ion pairing. The
way aqueous ions interact with each other is captured by the
Hofmeister series,”® which orders ions from chaotropic
(positive or weakly negative AS,;,) to kosmotropic (very
negative solvation entropies). Kosmotropes and chaotropes
tend to pair with ions like themselves, so that studies of
competitive ion pairing between different ions can hel
determine their position on the Hofmeister series.’®*~%
For hydrated electrons, pairing with cations leads to a modest
blue shift of the e, 4’s absorption spectrum,"**** and indeed,

for soft-cavity-forming one-electron models like TBOpt,
chaotropic cations induce a larger spectral shift than
kosmotropic cations.”’ ~®* This indicates that the electrons in
these models are chaotropic, consistent with their positive
AS,,, in Figure 2. In contrast, the PBEO-D3-simulated e, 4

strongly overpairs with kosmotropic sodium cations, leading to
a predicted spectral shift in the opposite direction of that seen
experimentally.'* Taken together, this all makes sense: PBEO-
D3 produces a highly kosmotropic electron, which would
prefer to strongly pair with kosmotropic cations like Na* even
though experimentally little pairing is observed.®**®

In summary, we present explicit calculations of AS,y, for
different simulation models of the ¢4, and find that different

solv

models produce solvation entropies with different signs. This
shows that even though a model produces a cavity hydrated
electron, the local solvation structure may be qualitatively
incorrect because not all cavity structures are equivalent.
Hydrated electrons are champion chaotropes with a large,
positive solvation entropy and thus interact with water
molecules in a more hydrophobic rather than hydrophilic
manner. Simulation models based on DFT using the PBE0-D3
functional, as well as a noncavity one-electron model, predict
hydrated electrons with behavior that is more consistent with
hydrophilic ion solvation, in contrast to experiment.’’ All of
our solvation entropy results are consistent with both the
structure and dynamics of the water molecules around the
different hydrated electron models, as well as the way these
models undergo ion pairing.

We note that to date, there is no single simulation model of
the hydrated electron that correctly predicts all experimental
observables. For example, although the TBOpt model correctly
predicts a positive entropy of solvation, depending on the
electrostatic calculation scheme being used, this model predicts
an underestimated or negative partial molar volume, in
contrast to experiment.””67 Conversely, PBE0-D3 DFT
predicts a qualitatively correct, albeit significantly under-
estimated, partial molar volume,'> but does not correctly
predict the experimental absorption spectrum,""**** vertical
detachment energy,11 ion pairing69 or transient hole-burning
dynamics™® of the hydrated electron. Each experimental
observable probes slightly different aspects of the hydrated
electron’s solvation structure, and a holistic view of how a
model predicts each of these measures is crucial for building a
realistic understanding of e, 4 simulation.

We note that DFT is not a systematically improvable level of
theory, so one might expect that the use of different exchange-
correlation functionals could have a large impact on simulation
results for the egyd system. However, dramatic changes in the

solvation structure would be needed for the calculated AS, to
reverse sign to become in qualitative agreement with
experiment. To date, essentially every ab initio simulation of
the hydrated electron®' "> shows a highly structured
solvation environment that is very similar to that presented
here with the PBEO exchange-correlation functional. In fact, we
recently used numerous different density functionals to
simulate the hydrated electron®* and found that (except for
functionals that led to a nonlocalized hydrated electron), the
solvation structure was remarkably consistent across func-
tionals spanning Jacob’s Ladder.*

Opverall, although our work does not pinpoint the precise
hydration structure of the e, 4, it does show that soft cavity-

forming one-electron models produce a structure that is more
consistent with experiment in terms of the entropy of
solvation. The results suggest that these softer cavity models
treat the electron in a more hydrophobic manner compared to
PBEO-D3-based DFT and a noncavity pseudopotential model.
Our work emphasizes that not all cavity models of the hydrated
electron are equivalent, as different cavity structures can
produce opposite signs for the predicted solvation entropy. We
hope that this work inspires further investigation of the
solvation structure of the hydrated electron, emphasizing that
any good model must not only correctly predict the electron’s
absorption spectrum, vertical detachment energy and molar
solvation volume, but also the strongly positive solvation
entropy.
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