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ABSTRACT: In solution-phase chemistry, the solvent is often considered to be merely a
medium that allows reacting solutes to encounter each other. In this work, however, we show
that moderate locally specific solute−solvent interactions can affect not only the nature of the
solute but also the types of reactive chemistry. We use quantum simulation methods to explore
how solvent participation in solute chemical identity alters reactions involving the breaking of
chemical bonds. In particular, we explore the photoexcitation dynamics of Na2+ dissolved in
liquid tetrahydrofuran. In the gas phase, excitation of Na2+ directly leads to dissociation, but in
solution, photoexcitation leads to an isomerization reaction involving rearrangement of the first-
shell solvent molecules; this isomerization must go to completion before the solute can
dissociate. Despite the complexity, the solution-phase reaction dynamics can be captured by a
two-dimensional energy surface where one dimension involves only the isomerization of the
first-shell solvent molecules.

Most chemical reactions take place in solution, where the
solvent is typically viewed as a background medium for

reacting solute molecules to encounter one another via
diffusion. Of course, for a few special cases, such as solvated
electrons1 and charge-transfer-to-solvent transitions,2,3 solvents
can help to create electronic states that otherwise would not
exist if the solutes were in the gas phase. And in electron
transfer and related reactions, solvent reorganization is the
primary driving force to move charge from the donor to the
acceptor and thus determines the reaction rate.4−9

In addition to the special cases where reactions cannot occur
without solvent mediation, the presence of solvent molecules
can also strongly alter our gas-phase-like picture of solution-
phase chemistry: solvent molecules can do much more than act
as a reactive medium. For example, first-shell solvent molecules
can “cage” the products of photodissociation reactions,
inhibiting separation of the photofragments and promoting
recombination.10−14 Additionally, photoreaction pathways and
photofragment relaxation time scales can differ depending on
solvent polarity15−17 or viscosity.18 Moreover, solvent inter-
actions can alter the potential energy surface on which
reactions take place, changing them significantly from what
they were for an isolated gas-phase solute.19−28 Previously, we
have shown that Pauli repulsion interactions from surrounding
solvent molecules can compress a solute’s bonding electrons,
raising a solute’s bond vibrational frequency.29 We have also
shown that modest locally specific solute−solvent interactions,
with energetics similar to those of a hydrogen bond, can
change the chemical identity of a solute.30,31 In such cases, the
chemical species must be thought of as a solute−solvent
complex rather than a gas-phase solute perturbed by solvent
interactions.30,31

In this work, we use quantum simulation methods to
examine how solvent-induced changes in chemical identity
affect the breaking of chemical bonds. In particular, we show
that for a diatomic solute that normally undergoes a
photodissociation reaction in the gas phase, the chemistry
following photoexcitation in solution is entirely different: the
solution-phase dynamics involves a two-step process whose
first step is best described as a photoisomerization reaction
involving solvent rearrangement, followed by a second quasi-
dissociative step that can take place only after the solvent
isomerization is complete. Because rearrangement of the
solvent molecules rather than the separation of solute
photofragments dominate the early time dynamics, the
solution-phase reaction needs to be described by a two-
dimensional potential energy surface involving collective
motion of the first-shell solvent molecules rather than the
simpler one-dimensional potential energy curves that describe
the gas-phase photoreactivity. The results indicate that the
solvent can play an intimate role in chemical reactions
involving bond breaking or formation, potentially requiring a
whole new formalism beyond what is typically used for
solution-phase reactivity.
The system we choose to study in this work is the Na2+

molecule dissolved in liquid tetrahydrofuran (THF), which we
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simulate using mixed quantum/classical (MQC) molecular
dynamics (MD). The Na+ solute cores and THF solvent
molecules are treated classically, while the valence bonding
electron is treated quantum mechanically. We simulate
photoexcitation of the solute by taking uncorrelated equili-
brium configurations of the ground-state system and placing
the bonding electron onto its first excited state at time zero,
then propagating dynamics adiabatically to generate a
nonequilibrium ensemble of 20 trajectories. We chose this
system because it is readily amenable to study via MQC MD:
the electronic structure of gas-phase Na2+ is fairly easy to
describe because of the relative lack of exchange and
correlation contributions between the valence bonding
electron and the core electrons,32 and the necessary
electron−Na+ core and electron−THF pseudopotentials33

have already been developed and thoroughly bench-
marked.34−37 The methods we employ here are similar to
those in our previous work,21,30,31 and they reproduce the gas-
phase quantum chemistry of Na2+

32,34 and experimental
properties of Na+:solvated electron tight contact pairs in liquid
THF quite well.37,38 Further details are given in Methods and
the Supporting Information.
In the following discussion we will show that the character of

the bonding electron will change from π-like to σ*-like. For
systems where the change in bond length can be significant,
such as ours, it is possible that the electronic character of the
excited states might change as a result of diabatic crossing, for
which the use of adiabatic dynamics would not be appropriate.
However, our analysis shows that the change in electronic
character following photoexcitation of our system is driven

adiabatically by solvent rearrangement. A detailed discussion of
why adiabatic dynamics are appropriate for our study is given
in the Supporting Information.
As a reference point for understanding solvent effects on

chemical bond-breaking, we begin our analysis by studying the
behavior of the photoexcited Na2+ solute in the gas phase.
Figure 1a shows snapshots of the bonding electron’s charge
density for the solute in the ground state before excitation
(left), in the Franck−Condon region immediately following
excitation (center), and when the fragments have separated to
a distance of 8 Å (right). The ground and Franck−Condon
excited-state charge densities clearly resemble bonding σ and
antibonding σ* molecular orbitals, respectively, with the nodal
plane of the excited-state wave function oriented perpendicular
to the bond axis. As the molecule separates, half the bonding
electron is associated with each Na+ core, as there is nothing in
the gas phase to break the symmetry to localize the electron
and create the eventual Na0 + Na+ photoproducts. We21,39 and
Gervais and co-workers14,40 have also explored how Na2+
behaves in Ar following photoexcitation. Gervais and co-
workers also noticed an inversion of electronic structure
character with Li2+ in Nen clusters, although from diabatic
crossing.20

In liquid THF, however, the solvent forms dative bonds to
the solute,37 which changes the solute chemical identity.30 For
Na2+ in liquid THF, two new chemical species are formed,
consisting of Na(THF)4−Na(THF)5+ and Na(THF)5−Na-
(THF)5+ complexes, which we will refer to as (4,5) and (5,5),
respectively, for brevity. We have previously argued that these
complexes are separate molecules (with a ∼6 kBT barrier for

Figure 1. Simulation snapshots of the excited-state electron density for Na2+ in different environments: (a) the gas phase; (b) in liquid THF; (c) as
a gas-phase Na(THF)4−Na(THF)5+ solvated cluster. In each panel, the left-most image displays a snapshot of the Na2+ species in its ground-state
equilibrium, the center image shows the electron density in the Franck−Condon region immediately after photoexcitation, and the right-most
image shows the excited-state electron density after the photofragments have separated to a distance of ∼8 Å. The Na+ cores are plotted as black
spheres, and THF solvent molecules are plotted as turquoise sticks with red oxygen atoms. Dative bonds are shown as thin black lines connecting
THF oxygen sites and Na+. The gas-phase Na2+ bonding electron density resembles a σ* MO immediately after photoexcitation. In the presence of
datively bonded THF, however, the Franck−Condon excited-state bonding electron density resembles a π MO, whose node reorients to a σ*
orientation by the dissociation limit.
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interconversion between them) with distinct Na+−Na+ bond
lengths, vibrational frequencies, and electronic absorption
spectra.31 Here, we focus on the chemistry following
photoexcitation of the (4,5) species for conciseness, but a
similar analysis and conclusions for photoexcitation of the
(5,5) complex can be found in the Supporting Information.
The change in chemical identity from gas-phase Na2+ to a

(4,5) (or (5,5)) solvated complex completely changes the
electronic structure of this species,30,31 as can be seen in Figure
1b. Due to Pauli repulsion of the datively bound THF
molecules, the bonding electron has its excited-state node
oriented parallel to the Na+−Na+ bond axis, similar to the
structure of a π bonding molecular orbital (center). As the
Na+−Na+ distance lengthens, the electron density shifts so that
the node now lies perpendicular to the bond axis, picking up
σ* character (right; see also the movie of this process included
in the Supporting Information).21 Because of the differences in
electron density between panels a and b of Figure 1,
photoexcitation of Na2+ in liquid THF, where dative bonds
with the solvent cause changes in the chemical identity of the
solute, cannot be thought of as simply a gas-phase Na2+
photodissociation reaction slightly perturbed by the solvent.
In Figure 1c, we show what happens following photo-

excitation of a (4,5) Na2+/THF complex as a gas-phase cluster,
removing the effect of the bulk solvent. The excited-state
relaxation process in this case is similar to what occurs in the
full liquid phase, where the bonding electron initially has π
character but transitions to have more σ* character by 8 Å.
This verifies that the datively bound THF molecules are
important participants in this photoexcitation reaction,
confirming that the proper chemical identity is a complex
that includes the datively bound THFs rather than a solvent-
perturbed Na2+. A comparison between panels b and c of
Figure 1, however, shows that photoexcitation of (4,5) in
solution can be thought of as similar to that of the gas-phase
(4,5) complex with minor perturbations, emphasizing that
including the datively bound solvents as part of the solute is
necessary to understand this condensed-phase photoreaction.

The snapshots seen in Figure 1 lead to an obvious question:
what causes the excited-state bonding electron to change its
character from π-like to σ*-like? The answer lies in the specific
datively bonded solvent molecular geometry and how this
geometry evolves following photoexcitation. For the 4-
coordinated end of the (4,5) complex, the solvents are initially
arranged in a seesaw configuration and evolve into a more
tetrahedral configuration after photoexcitation and subsequent
relaxation. For the 5-coordinated end of the (4,5) complex, we
see square pyramidal and trigonal bipyramidal configurations
before and after photoexcitation, respectively. To track the
dynamics of these local solvent geometry changes, we define an
order parameter, h(t), based on the interior angles of the
coordinating THFs at each end of the (4,5) complex. The h(t)
function is constructed to have a value of 0 when the local
geometry is seesaw/square pyramid and a value of 1 when the
local geometry is tetrahedral/trigonal bipyramid. Details of
how h(t) was constructed are given in Methods.
Figure 2 shows the connection between the molecular

geometry, h(t), of the (4,5) complex (green curves) and the
change from π-like to σ*-like character, via the angle of the
node in the excited-state wave function relative to the Na+−
Na+ bond axis (blue curves), for the first picosecond following
excitation. The node angle is calculated by taking the dot
product of the ground-to-first-excited-state transition dipole
moment with a unit vector along the Na+−Na+ bond axis, so
that a value of 0 results when the nodal plane is parallel to the
bond axis (π-like) and a value of 1 means that the nodal plane
is perpendicular to the bond axis (σ*-like). The data show that
the rotation of the excited-state node from parallel to
perpendicular occurs during the same ∼200 fs period following
excitation as the coordinating THFs change their geometry
from a seesaw/square pyramid to a tetrahedral/trigonal
bipyramid configuration. In other words, after photoexcitation,
the motions of the datively bound solvent molecules are
directly tied to the rotation of the node in the bonding
electron’s wave function. Since the distance between the two
photofragments does not change during this solvent rearrange-

Figure 2. Nonequilibrium ensemble average dynamics of the molecular geometry, h (green curves), and node angle (dashed blue curves) of the
(4,5) species following photoexcitation. Panel a shows the molecular geometry and node angle evolution for the (4,5) complex in liquid THF, while
panel b shows the same for the (4,5) gas-phase cluster. In both cases, there is a significant change in the molecular geometry over the first ∼200 fs
that is correlated with a change in the node angle. Panel c illustrates the ideal molecular geometry states of both the 4-coordinate and 5-coordinate
ends of the (4,5) complex with h = 0 equating to a seesaw/square pyramidal state and h = 1 equating to a tetrahedral/trigonal bipyramidal state.
Error bars represent the standard error.
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ment, as discussed further below, we refer to the dynamics
during this ∼200 fs window as a photoisomerization process.
The fact that the initial photoexcitation produces an excited-

state wave function with more π character than σ* character
suggests that there is little driving force to separate the Na+
ions in the Franck−Condon region: in other words, the
presence of the datively bonded THF solvents means that
photoexcitation is not initially dissociative.21 Yet, if trajectories
are run for a sufficiently long time, i.e., a time much longer
than necessary for the gas-phase photodissociation reaction,
the Na+ ions in liquid THF eventually do separate. To
understand this later-time separation and include the fact that
the datively bonded solvent molecules are part of the identity
of the molecule,30,31 we define a dissociation parameter, R,
based on the distance between the centers of mass of the
Na(THF)4+ and Na(THF)5+ photofragments. What we will
show next is that h and R represent effectively orthogonal
parameters that are capable of describing the excited-state
dynamics of (4,5) complexes in either liquid THF or the gas
phase.
The left side of Figure 3 shows two-dimensional energy

surfaces for the photoexcitation of (4,5) in liquid THF (panel
a) and for the (4,5) gas-phase complex (panel b), where one
axis is the datively bonded solvent molecular geometry, h, and
the other is the distance between photofragment centers of

mass (COM), R. The specifics of how these surfaces were
generated are included in Methods. Briefly, these surfaces show
the enthalpic contribution to the dynamics calculated directly
from the solute potential energies during the nonequilibrium
trajectories; thus, they are not free energy surfaces as they do
not include any entropic contributions. An accurate
representation of the free energy landscape would require
transition path or importance sampling methods, which would
have been prohibitive given the expense computational
associated with the quantum mechanically determined
trajectories. Fortunately, it appears that an enthalpy
representation is sufficient for our analysis.41−43 Superimposed
on the energy surfaces are orange curves showing the time-
averaged behavior of the nonequilibrium ensemble. The right
side of Figure 3 shows the same 2-D nonequilibrium average
behavior from a “top-down” view, where the energy change is
shown via the color of the curve. The time along the
nonequilibrium average trajectory is labeled at a few select
points in both sets of plots.
At the time of photoexcitation, Figure 3 shows that the

average equilibrium configuration of the (4,5) complex has a
value of R ≈ 6 Å and h ≈ 0.4, indicating a geometry that is
closer to seesaw/square pyramid. Immediately following
photoexcitation, the (4,5) complex in liquid THF (Figure
3a) spends the first ∼200 fs moving solely along the molecular

Figure 3. Two-dimensional energy surfaces (shown in blue in the left diagrams) with axes representing the datively bonded solvent geometry, h,
and the photofragment distance separation, R, for the nonequilibrium dynamics following photoexcitation of a (4,5) Na2+/THF complex (a) in
liquid THF and (b) as a gas-phase cluster. The right diagrams show the same nonequilibrium average trajectory from a “top-down” view with the
color used to indicate the value of the energy. The time following photoexcitation is shown at a few select points. Clearly, the first ∼200 fs of the
motion out of the Franck−Condon region is entirely along h, effectively a photoisomerization reaction that is associated with a ∼ 200 meV drop in
energy. Only after the isomerization is complete can the system begin to move along the R dissociative coordinate. Dissociation of the gas-phase
cluster in panel b is driven by only a ∼100 meV energy loss, while that of the (4,5) complex in the liquid in panel a is accompanied by nearly a 1 eV
energy loss due to a change in chemical identity as the reaction occurs (cf. Figure 4).
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geometry coordinate, with the datively bonded THFs isomer-
izing to achieve a more tetrahedral/trigonal bipyramid
structure (h = 0.8), a process that is driven by an energy
drop of ∼200 meV. The energy surface, which is calculated
using only the enthalpy, does not show a clear barrier that
forces motion along only the molecular geometry coordinate,
but an entropic barrier must be present since dissociative
motion does not take place until after the isomerization is
complete. Only after the isomerization is complete does the
system begin to move along the COM-to-COM distance
coordinate (accompanied by fluctuations along the geometry
coordinate), which leads to a roughly 1 eV additional energy
drop. The velocity of motion along the R distance coordinate
(compare Figure 4) is much slower than for a bare gas-phase
Na2+ molecule, so we refer to this separation as being only
weakly dissociative. For comparison, the photodissociation
reaction of bare gas-phase Na2+ has the fragments reaching a
distance of 8 Å by ∼140 fs.
For photoexcitation of a gas-phase (4,5) complex (Figure

3b), the first ∼200 fs of dynamics after excitation is nearly

identical to that seen in solution, with motion solely along the
molecular geometry axis and an associated energy drop of
∼200 meV. Once the isomerization is complete, the system
then moves slowly along the R coordinate, but the energy drop
along this coordinate is now only ∼100 meV instead of nearly
1 eV. The net conclusion from Figure 3 is that once we
account for the fact that the solvent is part of the chemical
identity of the molecule, the energy surface to describe
photoexcitation is two-dimensional: photoexcitation results in
a two-step, sequential process where the first step involves
solely isomerization of the datively bonded THFs. This means
that carefully considering the chemical identity and choosing
the correct reaction coordinates are critical for understanding
solution-phase photexcitation reactions: if one were to think of
the species as Na2+ dissolved in THF without explicitly
considering the solvent, there would be no easily constructed
potential energy surface that could readily explain the excited-
state dynamics of this species.21

Figure 3 also leaves us with an interesting puzzle: why is the
energy drop along the R coordinate nearly an order of
magnitude larger for the (4,5) complex in solution than that
for the same complex in the gas phase? The two sets of
simulations differ only in the presence of additional classical
solvent molecules, so somehow the presence of extra THF
molecules leads to additional relaxation, but only after the
initial photoisomerization reaction is complete. To understand
where this additional energy relaxation comes from, in Figure 4
we plot the photofragment separation, R, and the total solvent
coordination number of the complex (on a color scale) against
time for the initially-(4,5) complex in both liquid THF (panel
a) and as a gas-phase complex (panel b). The THF
coordination number is calculated using a counting coor-
dinate30,31,37,38 based on the distance of the datively bonded
THF oxygen atom from the Na+ core, as detailed in Methods.
Figure 4b shows that the gas-phase (4,5) complex does not

change its THF coordination with time, which makes sense
given that the complex is isolated in the gas phase. The
situation is quite different, however, when the (4,5) complex is
photoexcited in liquid THF. Figure 4a shows that once the
isomerization is complete, THF molecules from the surround-
ing solvent can begin to datively coordinate with the solute, so
that the solute coordination state changes from (4,5) to (5,5)
in about half of the nonequilibrium trajectories, and in roughly
10% of the trajectories, the coordinate state can further change
to (6,5). The additional solvation energy that accompanies
higher-coordinated complexes is what results in the additional
energy drop along the COM-to-COM distance coordinate, R,
following photoexcitation in the liquid versus that in the gas
phase. In other words, the energy difference is the result of the
solute chemical identity changing on-the-fly during the
photoreaction, effectively converting the system from a (4,5)
to a (5,5) surface that has a lower zero of energy.
In summary, we performed nonequilibrium excited-state

simulations via MQC MD that show that viewing moderately
interacting solvent molecules as a part of the chemical identity
of the solute is important to understand simple photoexcitation
reactions in solution. The simulations show that the solvent
plays an intimate role in the breaking of solution-phase
chemical bonds. For our reaction of interest, it is clear that
what originated as a photodissociation reaction of Na2+ in the
gas phase is better understood as a two-step, sequential process
of a solvated (4,5) complex, with the first step being a

Figure 4. Plot of (4,5) Na2+/THF complex fragment distance
coordinate, R, following nonequilibrium photoexcitation, with the
color representing the total coordination number of datively bonded
THFs in (a) liquid THF and (b) as a gas-phase cluster. As the R
coordinate for the (4,5) complex in liquid THF increases, panel a
shows that the total THF coordination number increases, indicating a
change in chemical identity to (5,5) and in a few cases, to (5,6). In
panel b, the (4,5) cluster coordination number cannot change with
time because there are no additional solvent molecules with which to
coordinate. Panel c plots the nonequilibrium ensemble average of the
THF coordination number for the initially-(4,5) complex in the liquid
(black curve) and as a gas-phase cluster (red curve). The additional
complexation in the liquid is what leads to the extra dissociative
driving force seen in Figure 3a. The error bars shown in panel c are for
the standard error.
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photoisomerization reaction that must be completed before the
second, weakly dissociative step can take place.
We close by noting that it certainly should be possible to

experimentally detect the solvent effects described above. In
previous work, we argued that one could create Na2(THF)n+
species either in mass-selected gas-phase clusters or via pulse
radiolysis in solution and that the different complexes present
at equilibrium could be separated by transient hole-burning.31

Since the photoisomerization step involves rotation of the
transition dipole between ground and excited state of the
complex, one should be able to use polarized transient
absorption spectroscopy to directly observe the isomerization
reaction. This would allow direct interrogation of the role of
the solvent in chemical bond breaking reactions in solution.
We also expect that the solvent effects on chemical identity
described above will apply generally to bond breaking and
bond formation reactions in solution.

■ METHODS
Overview of Simulation Details. In the MQC MD simulations,
the Na+ cores and the THF solvent molecules are treated
classically while the bonding electron of the solute is treated
quantum mechanically. The quantum mechanical electron is
treated on a basis of 643 grid points that span the entire
simulation box. The time-independent Schrödinger equation is
solved for the bonding electron at each time step. Interactions
between the electron−Na+ core and electron−THF solvent
molecules are treated using pseudopotentials that have been
previously developed and thoroughly benchmarked.34−37 The
quantum electron contribution to the dynamics is accounted
for through the Hellman−Feynman force.
The system is composed of two Na+ cations bound by a

single quantum mechanical electron and 254 THF solvent
molecules (in the liquid phase). The box size is 32.53 cubic
angstroms to match the experimental density of THF (0.89 g/
mL at ∼298 K) with periodic boundary conditions. A time step
of 4 fs was used with the velocity Verlet algorithm to propagate
dynamics, and all simulations were performed on the (N, V, E)
ensemble at ∼298 K.
All data presented in this work are from a set of 20 adiabatic

nonequilibrium trajectories for each stable Na2+/THF
complex, (4,5) and (5,5), both in liquid THF and as gas-
phase clusters. The trajectories start with uncorrelated
equilibrium configurations, and at time zero, the bonding
electron is promoted into the first electronic excited state,
initiating nonequilibrium photodissociation dynamics. For
trajectories in the liquid phase, the simulations were run for
a total of 5 ps and trajectories for the gas-phase clusters were
run for 3 ps. The figures presented focus on the first
picosecond after photoexciation to highlight the isomerization
step while including part of the dissociative step.
Molecular Geometry Coordinate. We analyzed the dynamics of

our solvated complexes using a molecular geometry order
parameter, h, based on the interior angles (∠OTHF−Na+−
OTHF) of the solute−solvent complex. We start by defining the
sum of the squares of the angle deviations from an “ideal”
geometry as ϕ(t):

t t( ) ( ( ) )
i

i i
2=

(1)

where θ is the angle for the solvent configuration at time t, α is
the angle of the ideal final structure (either 109.5° for
tetrahedral or 90° or 120° for a trigonal bipyramidal structure),

and i iterates through all interior angles of the solute−solvent
complex. With ϕ(t) in hand, we then define our solvent
geometry order parameter h(t) by applying a logistic function
to classify the configurations:
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where βi is one of the ideal angles for either the seesaw or
square pyramid initial geometry and κ is a scaling parameter,
with κ−1 = 714 degrees2 for seesaw to tetrahedral and κ−1 = 570
degrees2 for square pyramid to trigonal bipyramid geometries.
With this definition, h(t) has a value of 0 when the local
geometry is seesaw on the 4-coordinate side and square
pyramid on the 5-coordinate side, and a value of 1 for the
corresponding tetrahedral and trigonal bipyramid geometries.
The values of h(t) shown in Figures 2 and 3 result from
averaging across both ends of the molecule.
Energy Surfaces. The blue shaded energy surfaces in Figure 3

are sampled using the enthalpy of the solute−solvent complex
during the nonequilibrium dynamics. They are constructed by
taking the sum of the Na+−Na+, Na+−THF, and THF−THF
classical potential energies and the energy of the quantum
mechanical bonding electron, effectively giving us the enthalpy
of the solute−solvent complex. At each 4 fs time step in our
nonequilibrium ensemble, the molecular geometry, h, and
photofragment distance, R, were binned with the enthalpy to
create our 2-D energy surfaces. The number of values in each
bin depends on how often our nonequilibrium ensemble visits
each (h, R) pair. For the initial motion along the h-coordinate,
i.e., along the isomerization step, there are, on average, 31
samples per bin, and for subsequent motion along the R-
coordinate, i.e., the weakly dissociative step, there are, on
average, 121 samples per bin. The orange curve is the
ensemble average (in other words the time average) of the 20
nonequilibrium trajectories.
Coordination Number Coordinate. For determining whether

or not a THF molecule is part of the solute complex, we define
a continuous coordination number, nNa+, as

n S r r( )
i

iNa O, Na= | |+ +

(3)

where i runs over every THF oxygen site and rNa+ and rO,i are
the positions of the Na+ core and the ith oxygen site,
respectively. We then define a counting function, S(r), as

S r
r r

( )
1

1 exp ( )c
=

+ [ ] (4)

where rc is a cutoff radius that determines when a solvent
molecule is coordinated to the Na+ and κ−1 is the width of the
transition region where the function switches from 1 to 0
around rc. For this work, we selected κ−1 = 0.2 Å and rc = 3.65
Å, corresponding to the first minimum of the Na+−THF
oxygen site g(r). These values are similar to those used by our
group in previous publications21,30,31,37 but have been slightly
reoptimized to better represent the complexation of the Na2+
molecule.
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