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ABSTRACT: Experiments show that the absorption spectrum of the hydrated electron
(ehyd− ) blue-shifts in electrolyte solutions compared with what is seen in pure water. This
shift has been assigned to the ehyd− ’s competitive ion-pairing interactions with the salt
cation relative to the salt anion based on the ions’ positions on the Hofmeister series.
Remarkably, little work has been done investigating the ehyd− ’s behavior when the salts
have chaotropic cations, which should greatly change the ion-pairing interactions given
that the ehyd− is a champion chaotrope. In this work, we remedy this by using mixed
quantum/classical simulations to analyze the behavior of two different models of the ehyd−

in aqueous RbF and RbI electrolyte solutions as a function of salt concentration. We
find that the magnitude of the salt-induced spectral blue-shift is determined by a combination of the number of chaotropic Rb+

cations near the ehyd− and the number of salt anions near those cations so that the spectrum of the ehyd− directly reflects its local
environment. We also find that the use of a soft-cavity ehyd− model predicts stronger competitive interactions with Rb+ relative to I−

than a more traditional hard cavity model, leading to different predicted spectral shifts that should provide a way to distinguish
between the two models experimentally. Our simulations predict that at the same concentration, salts with chaotropic cations should
produce larger spectral blue-shifts than salts with kosmotropic cations. We also found that at high salt concentrations with chaotropic
cations, the predicted blue-shift is greater when the salt anion is kosmotropic instead of chaotropic. Our goal is for this work to
inspire experimentalists to make such measurements, which will help provide a spectroscopic means to distinguish between
simulations models that predict different hydration structures for the ehyd− .

■ INTRODUCTION
The hydrated electron (ehyd− ) is an excess electron that is
solvated by liquid water.1 Despite a huge amount of interest in
hydrated electrons, their structure (e.g., the nature of any
cavities in which they reside, the way the first-shell water
molecules are arranged around the center of charge density,
and so forth) is not known experimentally.2−8 This means that
most of what we know about ehyd− structure comes from
computer simulations. Different simulations, however, use
different levels of theory (e.g., mixed quantum/classical
(MQC),9−12 density functional theory (DFT),13−16 and so
forth17), and different levels of theory predict different
structures. Most theoretical studies of hydrated electrons
have focused on their behavior in pure water,18 but ehyd− ’s are
also important in radiation chemistry and other chemical
environments where there is a high concentration of salt. Thus,
in this work, we continue our simulation-based investigation of
the properties of ehyd− ’s in electrolyte solutions.19−24 What we
find is that the way that hydrated electrons interact with
different salts depends sensitively on the simulated ehyd− ’s
structure so that experiments on hydrated electrons in
electrolyte solutions can infer a great deal about the ehyd− ’s
solvation environment.
Experimentally, it is known that the addition of salt leads to

a modest blue-shift of the hydrated electron’s absorption
spectrum without any noticeable change in shape.25−28 This

observation is quite different from what happens to solvated
electrons in other solvents, where excess electrons are known
to form tight-contact pairs (TCPs) with salt cations. Such
contact pairs have an absorption spectrum that lies midway
between that of a pure solvated electron and the fully reduced
cation species.29−35 The fact that the salt-induced spectral shift
is modest in water argues that aqueous electrons do not form
TCPs with most salt species, preferring to remain independ-
ently solvated even in high-concentration aqueous salt
solutions. Simulations indeed show that solvated electrons in
aqueous electrolytes do largely retain their identity, but the
precise nature of cation:electron pairing depends quite
sensitively on the level of theory,22 particularly the simulated
interaction between the water and the cation.21

The salt-induced spectral blue-shift of the ehyd− is known
experimentally to start quickly and then saturate with
increasing salt concentration.26 It is also experimentally
known that multivalent cations yield larger spectral shifts
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than monovalent cations at the same salt concentration.26 We
simulated these effects with MQC molecular dynamics (MD)
simulations and found that the concentration-dependent shift
results from an increase in the number of cations in the
proximity of the electron with increasing salt concentration,
where association of the second and third cations causes much
less spectral shift than the first.20 Our simulations also
suggested that multivalent cations cause larger spectral shifts
because more of them associate with hydrated electrons than
monovalent cations at the same concentration.19 However,
MQC simulations predict a salt-induced spectral blue-shift that
is an order of magnitude larger than that seen experimentally as
well as a spectral shape change.19,21,36 This suggests that the
MQC-simulated interaction between the ehyd− and cations is too
strong.20 Ab initio simulations based on DFT also have
explored cation:ehyd− pairing, but they predict a spectral shift
that is not only too large but also goes in the wrong
direction.22

One interesting feature of the behavior of hydrated electrons
in salt solutions is that the observed spectral shift depends not
only on the identity of the electrolyte cation but also the anion;
for example, perchlorate salts generally produce larger ehyd−

spectral shifts than chloride salts with the same cation.26 We
argued based on MQC simulations that this results from the
fact that many salts form strong cation:anion pairs in aqueous
solution, and that when an anion is strongly paired with a
cation, it decreases the strength of cation:ehyd− interaction, thus
reducing the extent of the blue-shift of the hydrated electron’s
absorption spectrum.19 This observation suggests that one can
infer information about the solvation structure of the ehyd− by
examining its competitive ion pairing with different salts: the
idea is to see whether the hydrated electron is more or less
likely to pair with a cation than a given anion, thus bracketing
the possible solvation structures of the ehyd− as being more or
less similar than those of various anions.
The main hypothesis to be tested via MQC MD simulation

in this paper is that the competitive ion pairing of hydrated
electrons with different salts is determined by their positions
on the Hofmeister series,37 i.e., by the details of how each
cation and anion is solvated by water. Small salt ions with high
charge density are referred to as kosmotropes, or structure
makers; the first-shell waters are usually strongly oriented
around such ions, leading to strongly negative solvation
entropies.38−40 On the other hand, larger salt ions with lower
charge density are referred to as chaotropes, or structure
breakers; these ions are hydrophobically solvated, with water
preferring to make H-bonds around the ion, leading to weakly
negative or positive solvation entropies.39,40 In general,
kosmotropic and chaotropic ions prefer to pair more strongly
with other kosmotropes and chaotropes, respectively, so that
only mixed kosmotrope/chaotrope salts typically have the ions
fully solvated independently.41 Since hydrated electrons are
champion chaotropes with a highly positive solvation
entropy,39,40 one would expect them to pair more strongly
with more chaotropic cations, such as Rb+, than kosmotropic
cations such as Na+ or Ca2+. To date, however, only a limited
portion of the experimental work on ehyd− ’s in electrolytes and
none of the simulation work have explored the behavior of
hydrated electrons in the presence of salts with chaotropic
cations.
Thus, in this work, we extend our previous MQC simulation

studies of hydrated electrons in electrolyte solutions in two
new ways. First, we analyze how ehyd− ’s behave in systems with a

mildly chaotropic cation, exploring their interactions with both
RbF (kosmotropic anion) and RbI (chaotropic anion) as a
function of salt concentration. Second, we also examine the
pairing behavior using two different ehyd− pseudopotentials: the
Turi-Borgis (TB) potential,42 which produces a fairly hard
cavity and which we used in our previous work,19−23,43 and a
modified version of the TB pseudopotential with optimized
polarization (TB-Opt),11,22 which produces a much softer
cavity structure than the original TB potential. We note that
the TB-Opt potential is very similar to a recently developed
potential that was empirically optimized to reproduce the ehyd− ’s
experimental vertical detachment energy and radius of
gyration.44 Based on the difference in the softness of their
cavities, we would expect the TB-Opt hydrated electron to be
more chaotropic than the TB hydrated electron.

Despite the expected difference in how chaotropic the two
hydrated electron models are, we find that for both of them,
the electron is more strongly associated with Rb+ ions in RbF
than RbI. This result makes sense since RbF is a mixed
chaotrope/kosmotrope salt that has little cation:anion pairing,
leaving Rb+ in RbF free to pair with the ehyd− . However, unlike
what we saw with Na+ and Ca2+,19 neither hydrated electron
model forms direct contact pairs with Rb+; instead, both ehyd−

models prefer to form solvent-separated pairs wherein the
cations are separated from the hydrated electron by roughly
one water molecule.

We find that the mildly chaotropic Rb+ cation pairs more
strongly with the TB ehyd− and that the TB-Opt electron’s water
solvation structure is more easily disturbed by the addition of
Rb+-based salts. We also find that both hydrated electron
models effectively compete with I− for pairing with Rb+,
although the TB-Opt model better displaces the I− ions that
are paired with Rb+. Given that the experimental ehyd− has a
much more positive solvation entropy than iodide,39,40,45 this
suggests that the more chaotropic TB-Opt model provides a
better description of the experimental hydrated electron than
TB, although even the TB-Opt model could still be too
kosmotropic relative to experiment. Our results also provide
firm predictions for experiments studying hydrated electrons in
the presence of salts with chaotropic cations and different
anions. In particular, we predict that the ehyd− ’s absorption
spectrum will blue-shift more in Rb+ (chaotropic) salts than in
Na+ (kosmotropic) salts, and that at high salt concentrations,
the blue-shifts will be greater for chaotropic cations paired with
kosmotropic anions (e.g., RbF) than for chaotropic cations
paired with chaotropic anions (e.g., RbI).

■ METHODS
As in our previous work,19−24 we used MQC methods to
simulate the hydrated electron’s behavior in pure water and in
1 and 3.8 m aqueous RbF and RbI salt solutions. The ehyd− was
simulated quantum mechanically, using both the TB42 and TB-
Opt11 pseudopotentials to describe its interaction with water.
The electron’s interactions with the various ions were also
described via pseudopotentials developed in-house using the
Phillips−Kleinman formalism46−49; the details of the develop-
ment and the actual potentials are given in the Supporting
Information (SI). The electron’s wave function at each time
step was determined from these potentials by solving the time-
independent Schrödinger equation on a 24 × 24 × 24 grid, and
the wave functions were then used to calculate the force from
the electron on the classical particles via the Hellman−
Feynman theorem.50,51
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Table 1 summarizes the setup of the different simulations
that we chose to run for each electron-water pseudopotential;

the parameters are similar to those of our previous work for
ease of comparison.19 We chose the flexible simple point
charge model for simulating the water−water interactions52

and used classical ion−water Lennard−Jones plus Coulomb
interactions for Rb+ and F− taken from refs 53,54 respectively,
with the usual Lorentz−Berthelot combining rules.55,56 The I−-
water Lennard−Jones interactions were described with the
same potentials used in our previous work.19 All of the
parameters we used are summarized in the Supporting
Information. We also tested other combinations of LJ
parameters from various sources,53,54,57−64 as described in
the Supporting Information, and found that although there
were quantitative differences, the use of different classical
potentials did not change the qualitative trends that we
observed.
The number of ions relative to the number of water

molecules are calculated based on literature densities at 1 and
3.8 m concentrations.65

Following a similar procedure as ref 19, for each system, we
first ran all-classical simulations of the various aqueous salt
solutions without the quantum mechanical electron in the
canonical ensemble (N, V, T) at T = 298 K with the Nose−́
Hoover66 chain thermostat for over a nanosecond to generate
equilibrium configurations. We then injected the quantum
mechanical electron using both the TB and the TB-Opt
pseudopotential models into an equilibrated salt solution
configuration. The MQC systems were then further
propagated for at least another nanosecond, and we used the
last ∼500 ps for analysis. Since both Rb+ and I− are heavy and
move slowly, we set the masses of these ions to be the same as
the mass of water to improve the system equilibration; for this
reason, we only report results based on averages over
equilibrium configurations and do not investigate any of the
system dynamics.
Absorption spectra were calculated following the method

used in ref 19. This consisted of calculating the transition
dipoles (μ0,i) of the quantum subsystem from the ground (0)
to each of the first three excited states (i) for at least 100
uncorrelated (spaced 2 ps apart) equilibrated MQC config-
urations and binning these by their transition energies (ΔE0,i)
into 0.01 eV wide bins according to
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The “stick” spectra generated this way were then convoluted
with a Gaussian function of width = 1

4 2
eV to generate the

spectra displayed below.
Potentials of mean force (PMFs) between a single Rb+ and

the ehyd− were calculated using the coupled-perturbed quantum
umbrella sampling method, restraining the distance between

the cation and the expectation value of the electron’s
position.67,68 Specifically, the Rb+−ehyd− distance was restrained
from 2.25 to 8 Å in 0.25 Å increments with a quantum
harmonic umbrella potential with a 1.5 eV/Å2 force constant.
PMFs between Rb+ and the different hydrated electron models
in the different simulated salt systems were calculated by taking
the negative natural logarithm of the corresponding radial
distribution function for comparison. We were unable to
directly calculate PMFs in high-concentration salt solutions via
umbrella sampling because it is not possible to account for
situations when distance to one cation is restrained but a
different cation moves closer to the ehyd− .20

■ RESULTS AND DISCUSSION
Our goals in this work are 2-fold. First, we wish to understand
the factors that contribute to the blue-shift of the hydrated
electron’s absorption spectrum in the presence of salt and the
nature of any ion pairing that takes place between the ehyd− and
salt cations. Second, we wish to better understand where
different simulation models of the hydrated electron sit on the
Hofmeister series based on the way they undergo competitive
ion pairing, with the hope that future experiments along these
lines can start to pin down possible structures for the hydrated
electron. In other words, since the mildly chaotropic Rb+

should pair more strongly with the chaotropic I− ion than the
kosmotropic F− ion, we can determine where the different
hydrated electron models sit on the Hofmeister series by
seeing how the ehyd− ’s compete with such anions in pairing with
Rb+.

We start by analyzing the pairing of our chosen electrolyte
ions in the absence of an ehyd− . Figure 1 shows the radial
distribution functions, g(r), of anions around Rb+ in 1 m
(panel A) and 3.8 m (panel B) RbF and RbI aqueous solutions.
At both salt concentrations, the RbI solutions show a very large
first-shell peak near 3.8 Å, indicating a strong degree of
contact-ion pairing between these two chaotropic ions;
integration of this peak (at 3.8 m) indicates that each Rb+ is
surrounded on average by 2.2 I− ions. In contrast, RbF
solutions show only a tiny first-shell peak near 3 Å with
essentially no F− ions in the first shell of Rb+, indicating a
much weaker pairing for this mixed chaotrope/kosmotrope ion
pair. Instead, these solutions show a more intense peak at ∼4.5
Å, indicating that Rb+ and F− form only some solvent-
separated ion pairs. This pairing behavior of both solutions is
as expected given the relative positions of these ions on the
Hofmeister series.

We next analyzed the pairing of our chosen Rb+ electrolyte
cation and the different hydrated electron models in the
absence of anions. Figure 2 shows the potentials of mean force
(PMFs) between a single Rb+ ion and the expectation value of
the ehyd− ’s position, with the zero of energy arbitrarily defined at
the farthest electron-cation distance. The PMF minima occur
around separations of 4.53 and 5.01 Å for the TB and TB-Opt
electron models, respectively, in agreement with the radial
distribution functions presented in Figure S4 in the Supporting
Information. Previous studies with sodium and calcium salts
show that the TB ehyd− forms contact-ion pairs (CIPs) with the
salt cation.19 In the case of Rb+, we do not see CIP formation
with either ehyd− model. Based on their respective diameters, the
expected contact pairing distance for Rb+ and a ehyd− should be
3.57 Å for the TB model and 3.63 Å for the TB-Opt model, as
indicated by the green arrow in Figure 2. Since the actual
minima are much farther than this, the PMFs suggest that both

Table 1. Setup Parameters for MQC Simulations

[salt] waters ions simulation box length grid basis length

None 480 0 24.328 Å 17.696 Å
1 m RbF 480 9 each 24.471 Å 17.800 Å
1 m RbI 480 9 each 24.774 Å 18.021 Å
3.8 m RbF 438 30 each 24.133 Å 17.554 Å
3.8 m RbI 438 30 each 25.116 Å 18.269 Å
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ehyd− models form solvent-separated pairs with Rb+. Further-
more, radial distribution functions shown in Figure S4 in the
Supporting Information indicate that there is a clear solvation
shell of water immediately surrounding both electron models
for both salt systems at each concentration.
Another feature of the PMFs in Figure 2 is that both ehyd−

models show generally similar free energies of interaction with
Rb+, −2.6 kBT for TB and −2.0 kBT for TB-Opt. This is quite
unlike the case with Na+, where the Na+−TB electron
interaction is 4.5 kBT deeper than the Na+−TB-Opt
interaction.22,36 The weaker overall attraction and the
similarity of the two electron models’ behavior with Rb+ result
from the fact that solvent-separated ion pairs generally have
weaker interactions.20,22 However, the equilibrium cation-
electron distance is ∼0.5 Å greater for the TB-Opt electron
than the TB ehyd− with both the Na+ and Rb+ cations,22

indicative of a stronger interaction for TB and thus suggesting
that the TB electron falls in a more similar position on the
Hofmeister series to these ions than does the TB-Opt ehyd− .
Armed with an understanding of the cation−anion and

cation-electron interactions in our chosen systems, we next
examine the effect of adding RbF and RbI salts on the different
model hydrated electrons’ absorption spectra. Figure 3A−D

shows the calculated absorption spectra of both the TB (solid
curves, panels A and C) and TB-Opt (dashed curves, panels B
and D) ehyd− models in both pure water and the various Rb+ salt
solutions. As seen in both experiments and simulations with
other electrolytes,19−22,26,36 the data show that the absorption
spectrum of both electron models blue-shifts with added salt
without a significant change in shape, suggesting that the
simulations are indeed capturing at least some aspects of the
experimental system.

The magnitude of the salt-induced spectral blue-shift for the
TB electron (Figure 3A,C) is significantly smaller than that
seen in our previous simulation work with NaCl and CaCl2.

19

For example, the TB electron’s spectrum shifts ∼750 meV to
the blue in 1 m NaCl19 but only ∼150 meV in 1 m RbF; this is
another indication that the TB ehyd− forms only solvent-
separated pairs with Rb+ instead of CIPs with more
kosmotropic cations. Moreover, the magnitude of the spectral
shift does not saturate with increasing salt concentration in the
Rb+ salt solutions in the same way it does in Na+ and Ca2+
solutions20 or experimentally:26 the shift is larger from 1 to 3 m
than from 0 to 1 m. This suggests that each cation that
(solvent-separately) pairs with the TB ehyd− contributes roughly
equally to the spectral shift, emphasizing that ion pairing of
hydrated electrons is fundamentally different with chaotropic
cations like Rb+ than with the kosmotropic cations that were
studied previously.19−24

The TB-Opt ehyd− ’s spectral behavior, as shown in Figure
3B,D, is also different from previous work with Na+. Noting
that the TB-Opt electron’s spectrum in pure water is ∼200
meV redder than that of the TB ehyd− ,11 we see that the TB-Opt
electron experiences slightly larger relative spectral shifts in the
presence of Rb+ than the TB electron, which is a different
behavior than we previously observed with Na+.22 The fact that
TB ehyd− ’s absorption spectrum is affected more by Na+ and the
TB-Opt is affected more by Rb+ suggests that the TB electron
is more kosmotropic than the TB-Opt electron. As the strongly
positive experimental solvation entropy of the ehyd− indicates
that it is highly chaotropic,39,40 this suggests that the TB-Opt

Figure 1. Classically simulated (with no ehyd− ) Rb+-anion radial
distribution functions, g(r) (left axis), and running coordination
number (right axis) in 1 m aqueous RbF/RbI (A) and 3.8 m aqueous
RbF/RbI (B). In agreement with expectations from the Hofmeister
series and chaotrope/kosmotrope pairing, Rb+ (a mild chaotrope)
forms many more contact pairs with I− (a chaotrope) than with F− (a
kosmotrope) at both salt concentrations. There are ∼0 first-shell F−

around Rb+ at both concentrations, while there are ∼0.65 first-shell I−
around Rb+ in 1 m RbI and ∼2.2 in 3.8 m RbI (see the Supporting
Information for more details on coordination numbers).

Figure 2. Potentials of mean force (PMFs) between a single Rb+ and
the centers of mass of the TB/TB-Opt ehyd− ’s, calculated following ref
67. The minimum potential energy occurs around 4.5−5 Å, although
the expected contact-ion pair (CIP) distance is slightly over 1 Å closer
than the minimum (green arrow), indicating that the minimum
corresponds to solvent-separated cation-electron pairs. Figure S5 in
the Supporting Information shows that as the salt concentration
increases, the energy well between Rb+ and the TB ehyd− gets shallower,
consistent with results in ref 20.
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model likely has a higher solvation entropy than TB and thus is
in better agreement with experiment.
Figure 4A summarizes how the absorption maxima of the

different ehyd− models’ spectra shift in the presence of different
concentrations of RbF and RbI. In the 3.8 m salt systems, RbF
blue-shifts the absorption spectra of both electron models
more than RbI, but in the 1 m solutions, RbF blue-shifts the
spectra slightly less than RbI. This is a clear signature of
competitive ion pairing, where concentration-dependent
changes in the cation:anion interactions affect how the cations
can in turn interact with the different hydrated electron
models. Below, we propose a model, summarized in Figure 4B,

that is able to roughly explain the observed spectral trends with
both anion identity and salt concentration.

To better understand the competitive ion pairing behavior
with the different Rb+ salts and concentrations, we examined
the number of cations and anions present in the vicinity of the
different ehyd− models. Figure 5 shows a “heat map” of the
number of cations present in the first (solvent-separated) shell
of the TB (left panels) and TB-Opt (right panels) electrons
against the number of the first-shell anions around only those
cations. The way we define the first-shell cutoffs for each
system from the corresponding radial distribution functions is
described in detail in the Supporting Information.

The thin blue lines on the “heat maps” in Figure 5 display
the average total number of the solvent-separated Rb+’s around
the different ehyd− ’s and the average total number of anions
around those Rb+ cations, allowing us to divide the two to
obtain the number of anions per first-shell cation. The results
of this calculation are summarized in Table 2. For example, for
the 1 m RbF system, there are typically 3.83 Rb+ around the
TB ehyd− (blue horizontal line) and a total of 0.11 F− around all
of these Rb+, yielding 0.03 F− around each first-shell Rb+.

Figure 5 and Table 2 help us gain insights into where the
different paired species in our simulations sit relative to each
other on the Hofmeister series. First, we see that there are
generally more Rb+ cations around the different ehyd− models in
the RbF systems than RbI systems, indicating that both
electron models out-compete F− more than I− in pairing with
Rb+. Based on the idea that ions that are similarly positioned
on the Hofmeister series have the strongest tendency to pair,
this suggests that our simulated I− is in a similar Hofmeister
series position as Rb+ and more chaotropic than F−. Next, we
find that the TB and TB-Opt ehyd− ’s have very different local
environments in the same salt system: the TB electron
generally has more Rb+ in its first solvent-separated shell than

Figure 3. Simulated absorption spectra of the TB hydrated electron
(solid curves) in 1 m salt solutions (A), the TB-Opt hydrated electron
(dashed curves) in 1 m salt solutions (B), the TB ehyd− in 3.8 m salt
solutions (C), and the TB-Opt ehyd− in 3.8 m salt solutions (D). The
purple curves show the spectra of the different electron models in
pure water for comparison. The general shape of the absorption
spectra is about the same for the simulated systems, and the trends in
the peak shifts of the absorption spectra are summarized in Figure 4A
below.

Figure 4. Absorption spectra peak energies of the TB (solid lines) and
TB-Opt (dashed lines) ehyd− models in each of the eight salt systems
(A), and effective cation charge model predictions of the relative
absorption peaks in the same salt systems (B). The effective cation
charge model predictions generally agree with the simulated trends,
predicting that compared to the ehyd− in pure water, 1 m RbI produces
a slightly greater blue-shift than RbF, but 3.8 m RbF produces a much
greater blue-shift than RbI; the model also captures the fact that as
concentration increases for both salts, the absorption blue-shift is
greater.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.4c04290
J. Phys. Chem. B 2024, 128, 8557−8566

8561

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.4c04290/suppl_file/jp4c04290_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04290?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04290?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04290?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04290?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04290?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04290?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04290?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04290?fig=fig4&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.4c04290?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the TB-Opt electron, particularly in the RbI solutions. This
suggests that the TB electron model is in a Hofmeister position
similar to that of Rb+, leading to more favorable pairing, which
is consistent with the PMF in Figure 2, which shows that TB
ehyd− −Rb+ interactions have a deeper free energy well than TB-
Opt ehyd− −Rb+ interactions.
To take a step further in elucidating how chaotropic the two

ehyd− models are and determining their Hofmeister series

ordering, we next examined how the TB and TB-Opt electron
hydration structures are altered upon the addition of salt and
the formation of solvent-separated ion pairs. Figure 6 shows

the orientational distribution of the first-shell water molecules
around the different hydrated electron models in each
electrolyte solution. The x-axis is defined as the dot product
between a unit vector connecting the water O atom to the
center-of-mass of the ehyd− and a unit vector along that water’s
dipole. With the way we define the dipole, a value of −1 means
that the two H atoms point toward the electron’s center, a
value of +1 means the O end of water points toward the ehyd− ,

Figure 5. Heat maps, normalized by total density, showing cation and
anion distributions near the different ehyd− models in 1 m (panels A−
D) and 3.8 m (panels E−H) salt solutions: the y-axis shows the
number of Rb+’s one solvent shell away from the ehyd− , while the x-axis
reflects the total number of first-shell anions around those Rb+’s. Thin
blue lines denote the average values along each axis for the respective
systems. For all systems, the number of Rb+’s near both electrons
increases as the salt concentration increases. For both ehyd− models, the
number of anions per first-shell Rb+ is similar for RbF, but the Rb+’s
near the TB electron are more strongly paired with I− at both
concentrations compared to the TB-Opt electron.

Table 2. Average Total Number of Anions around First-
Shell Rb+ Cations, Average Total Number of First-Shell
Rb+’s in Solvent-Separated Pairs with the Different ehyd−

Models, and Their Quotient, the Average Number of Anions
per First-Shell Rb+

system
total anions around

1st-shell Rb+
total Rb+
around ehyd−

anion per 1st-
shell Rb+

1 m RbF TB 0.11 3.83 0.03
1 m RbF TB-Opt 0.07 3.85 0.02
1 m RbI TB 2.31 4.72 0.49
1 m RbI TB-Opt 0.72 3.05 0.24
3.8 m RbF TB 0.63 7.00 0.09
3.8 m RbF TB-Opt 0.97 6.54 0.15
3.8 m RbI TB 5.71 5.73 1.00
3.8 m RbI TB-Opt 4.04 4.40 0.92

Figure 6. Water solvation orientational structure around the TB
(solid lines) and TB-Opt (dashed lines) ehyd− models, characterized as
a dot product between a unit vector connecting the electron center-of-
mass to a first-shell water O atom and a unit vector along that water’s
dipole. The purple traces in both panels show the distributions for
both the TB (solid trace) and TB-Opt (dashed trace) electron models
in pure water for reference, showing that both models are
predominantly solvated by water H-bonds. Upon the addition of
salt, the TB ehyd− (solid traces) maintains its local solvation structure,
but the TB-Opt ehyd− (dashed traces) does not, whether at 1 m salt
(panel A) or 3.8 m salt (panel B). The greater disruption of the TB-
Opt ehyd− ’s solvation structure correlates well with the fact that its
spectral shift (Figure 4A) is larger.
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and a value of ∼ −0.7 means that a water H-bond is directed
toward the electron’s center.
The purple traces in Figure 6 show the water orientation

around the simulated ehyd− in pure water; the peak near −0.7
indicates that the predominant first-shell solvation motif for
both models is via water H-bond donation. Upon the addition
of salt, the water structure around the TB-Opt ehyd− (dashed
traces) is significantly disturbed, to the point where at the 3.8
m salt concentration, there is essentially no preferred first-shell
water orientation with either salt. In contrast, the TB ehyd− (solid
traces) shows no change in its local hydration structure within
error when salt is added. The fact that Rb+ cations can disrupt
the solvation structure of TB-Opt electrons but not TB
electrons indicates that the TB-Opt ehyd− is much more
chaotropic than Rb+, while the TB ehyd− is more kosmotropic
than Rb+. The fact that the local hydration structure is so
strongly disrupted explains why the TB-Opt electron generally
shows a greater absorption spectral shift than the TB electron
in Figure 4A, even though the TB-Opt electron generally has
fewer salt cations in the solvent-separated ion pairs.
This observation of how Rb+ salts affect simulated ehyd− ’s is

quite different from our previous work, where we saw that the
TB electron’s solvation structure was disrupted upon formation
of contact pairs with Na+, while the TB-Opt electron’s
structure was generally unaffected.22 This difference arises
because Na+ is more kosmotropic than the TB ehyd− so that
when these two species are in a contact pair, the Na+
determines the net orientation of the water molecules that
reside in the first shells of both species.21 This allows us to pin
down the position of the TB ehyd− on the Hofmeister series as
somewhere between that of Na+ and Rb+, a result that does not
fit well with the fact that the experimental solvation entropy of
the hydrated electron is much larger than that of Rb+.39,40,45

We also previously found that the softer cavity and more
fluxional structure of the TB-Opt ehyd− allows the proximal water
molecules to solvate both the electron and Na+ relatively
well.22 (We note that ehyd− ’s simulated by DFT69 actually
disrupt the hydration structure of paired Na+, indicating that
DFT-simulated hydrated electrons are even more kosmotropic
than Na+, in sharp contrast to experiment).22,23 Here, the fact
that even in a solvated-separated pair, Rb+ can disrupt the
solvation structure of the TB-Opt electron indicates that the
TB-Opt electron lies to the chaotropic side of Rb+ on the
Hofmeister series.
By combining this insight with our previous work, we can

order all of our simulated ions along the Hofmeister series. Not
surprisingly, F− is the most kosmotropic out of all the species
in this simulation study and our previous work.19−22 Based on
its ion pairing behavior, Rb+ is in a roughly similar position as
I− on the Hofmeister series. Rb+ is also similarly chaotropic
compared with the TB electron and less chaotropic than the
TB-Opt electron. Thus, based on the observed competitive
pairing and which ions disrupt the hydration structure of the
others, we can estimate the relative positions of the different
species on the Hofmeister series (from most kosmotropic to
most chaotropic) as follows:

< < <+e eF I TB Rb TB Opthyd hyd (2)

Given that the ehyd− has the highest solvation entropy and is
thus the most chaotropic of the simple ions,39,40,45 our
simulations thus indicate that the more chaotropic TB-Opt

electron model matches better with experiment than the TB
model, although it still is not likely chaotropic enough.

We note that as of this writing, no experiments have been
performed measuring the spectrum of the hydrated electrons in
salt solutions with chaotropic cations and different anions, so
this work provides an experimental prediction that can be
directly tested. Based on the above reasoning, we predict that
the experimental results should mirror the trends seen with the
TB-Opt ehyd− model more than the TB ehyd− model. In previous
work, we found that the TB-Opt model showed a spectral blue-
shift of ∼70 meV in ∼1 m aqueous Na+ solutions,22 a result in
reasonable agreement with experiments at higher salt
concentrations.26 Here, we predict a larger spectral blue-shift
of ∼200 meV under similar conditions for Rb+ salts.
Furthermore, the experiments that measured the ehyd− ’s
absorption spectrum in electrolyte solutions used salts with
kosmotropic cations and kosmotropic anion, kosmotropic
cation and chaotropic anions, and chaotropic cations and
kosmotropic anions;26 thus, we also predict that experiments
using chaotropic cation salts will show a greater spectral blue-
shift for kosmotropic counterions (like F−) than chaotropic
counterions (like I−) due to competitive ion pairing.

With a better understanding of where different ehyd− models
sit on the Hofmeister series, we can return to analyzing how
competitive ion pairing determines the observed spectral shifts.
Specifically, the data in Figure 5 and Table 2 can be used to
rationalize the spectroscopic trends observed in Figures 3 and
4A. We find that the total number of Rb+ cations in the first
(solvent-separated) shell of both ehyd− models correlates well
with the observed concentration-dependent trends in the
spectral shifts for both salts. We also see, however, that the
number of anions near those cations also needs to be
considered to explain the finer details of the spectral shifts,
such as why at 1 m salt concentration, the difference between
the spectral blue-shifts in RbI and RbF is smaller than that at
3.8 m for both hydrated electron models.

There are about the same number of F− and I− ions around
each first-shell Rb+ in 1 m RbF and RbI, respectively, leading
to similar blue-shifts of the TB and TB-Opt ehyd− spectra in the
1 m salt solutions. On the other hand, there are many more I−

than F− around each first-shell Rb+ at 3.8 m, leading to much
larger spectral blue-shifts for both hydrated electron models in
3.8 m RbF than 3.8 m RbI, where the effect of the cations in
RbI on the electrons is “mitigated” by all the nearby anions.
We observed a similar effect with kosmotropic cation salts and
the TB ehyd− in our previous work,19 and the data here indicate
that this type of competitive ion pairing also holds for
chaotropic cation salts as well as for the TB-Opt ehyd− model.

To summarize the effect of competitive ion pairing on the
observed spectral shifts of the different ehyd− models, we
developed an effective cation charge (ECC) model that
describes the effective charge of Rb+ cations in solvent-
separated pairs felt by the electron, taking into account
shielding by the anions and the relative distances of all of the
ions. We choose a relatively simple model for this:

=
=

q

d
ECC

i

N
i

i1 (3)

where N is the total number of ions surrounding the ehyd− , and qi
is the charge of each ion. Here, di is a discretized distance that
can take on one of three values: 1, 2, or ∞, as illustrated in
Figure 7. The idea is that the ehyd− feels the full charge of any
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solvent-separated paired Rb+ ions that are not also paired with
salt anions but only feels half of the charge of solvent-separated
paired Rb+ ions that are also paired with salt anions far from
the electron. Finally, anions closer to the ehyd− than Rb+

completely screen the Rb+’s cationic charge from the ehyd− .
Figure 4B shows that the ECC for both ehyd− models in the

different salt solutions has a very similar pattern as the
calculated spectral shifts in Figure 4A. In our previous work,
studying hydrated electron pairing with kosmotropic cations,
we were able to rationalize the observed spectral shifts using
only the number of cations near the ehyd− and number of anions
around those cations.19 However, to accurately explain our
observations with the chaotropic Rb+ salts studied here, we
find that we must distinguish between anions that are close to
only the first-shell cations and anions that are close to both the
first-shell cations and ehyd− . This is because Rb+ and the ehyd−

form only solvent-separated pairs, allowing anions to get as
close (and occasionally closer) to the electron as the cations,
something that we did not observe with Na+ or Ca2+.19 In this
SI, we show other attempts to rationalize the calculated
spectral shifts that did not work as well as the ECC model. The
fact that the ECC model is more complex than what we saw in
our previous work indicates that changing the position of the
cation on the Hofmeister series fundamentally changes the ion-
pairing relationships and, thus, the hydration and ion solvation
structures around the different ehyd− models.

■ CONCLUSIONS
In summary, we analyzed how two different ehyd− models, TB
and TB-Opt, interact with various concentrations of RbF and
RbI aqueous salt solutions. For all of the systems we studied,
the mildly chaotropic Rb+ ion and electron form only solvent-

separated pairs, with the closest cation:ehyd− interaction being at
least one water molecule apart. This leads to an overall weaker
interaction than that observed for hydrated electrons in direct
CIPs with kosmotropic cations,19−23 as indicated by the
ehyd− :Rb+ PMFs seen in Figure 2.

Based on the extent of competitive ion pairing between the
charged species in the different systems that we examined, we
find that both ehyd− models out-compete F− more than I− in the
pairing with Rb+ in 3.8 m, indicating that the chaotrope/
kosmotrope ion pairing strengths based on the Hofmeister
series also apply to chaotropic cation salt solutions. This leads
to RbF having a stronger cation:ehyd− interaction with both
electron models because RbF has a weaker cation:anion
interaction. As a consequence, we predict that salts with
chaotropic cations and komsotropic anions should produce
larger blue-shifts in the ehyd− ’s absorption spectrum than salts
with other cation/anion combinations. These ideas are
consistent with previous simulation work that explains why
larger blue-shifts are observed with stronger (cation:ehyd− )
interactions.19−22 We also predict a stronger concentration
dependence for the spectral blue-shift with chaotropic cations
compared to that with kosmotropic cations.

We also examined the hydration structures around the ehyd−

and found that electrolytes with chaotropic cations disturb the
solvation structure of the TB-Opt electron much more than
the TB electron, resulting in the former’s absorption spectrum
having greater shifts. By looking at the spectral shifts, degree of
ion pairing, and how the paired ions disrupt each others’
hydration spheres, we were able to roughly place all of the ions
in our simulations on the Hofmeister series, as summarized in
eq 2. Importantly, we conclude that the TB-Opt electron is
more chaotropic than the TB electron (which is also more
kosmotropic than Rb+), suggesting that the structure of the
TB-Opt electron is closer to experiment given that it is known
experimentally that the ehyd− is a champion chaotrope.39,40

Since previous work shows that TB-Opt electron’s predicted
absorption spectrum shift in the presence of ions is much
closer to experiment than either the TB model or DFT-based
simulations,22 we predict that the greater spectral blue-shift of
the TB-Opt ehyd− with Rb+ (chaotropic) salts compared to Na+
(kosmotropic) salts that we see should also be observed
experimentally, and we hope this work inspires experimen-
talists to perform exactly this comparison. We note that
previous experiments studying Cl− salts found that the more
chaotropic Cs+ indeed produced a greater blue-shift of the
electron’s spectrum than the more kosmotropic Na+,26

consistent with our simulations, which also suggest that there
should be a smaller induced shift for salts with both chaotropic
cations and anions. Overall, given that there are no easy ways
to directly measure the solvation structure of hydrated
electrons, we believe that studying the way they undergo ion
pairing with electrolytes whose ions have different positions on
the Hofmeister series provides a strong indirect route to
understanding the molecular nature of the ehyd− .

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcb.4c04290.

Pseudo-orbital/pseudopotential calculations, additional
radial distribution functions and PMFs, lists of

Figure 7. Illustration of di values in the ECC, eq 3. di = 1 if the ion is
within the first solvent-separated shell of the electron (SS), inside the
green shaded region; the red anion sphere labeled Ad=1

− is an example.
di = 2 if the anion is within the first shell of Rb+ (CIP) but not within
SS (inside shaded yellow regions); the red anion sphere labeled Ad=2

− is
an example. di = ∞ if the ion is far from both the electron and its first
solvent-separated shell of Rb+ (white space outside the figure). The
SS and CIP distances are determined by the corresponding radial
distribution function and are summarized in the Supporting
Information.
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