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Abstract

Free energy analysis of solvation structures of free di-
valent cations, their ion-pairs and neutral aggregates in
low dielectric solvents reveals the multiplicity of thermo-
dynamically stable cation solvation configurations and
identifies the micro- and macroscopic factors responsi-
ble for this phenomenon. Specifically, we show the role
of ion-solvent interactions and solvent mixtures in de-
termining the cation solvation free energy landscapes.
We show that it is the entropic contribution of solvent
degrees of freedom that is responsible for the solvation
multiplicity, and the mutual balance between enthalpic
and entropic forces or their concerted contributions is
what ultimately defines the most stable ion solvation
configuration and creates new ones. We show general
consequences of ion solvation multiplicity on thermo-
dynamics of complex electrolytes, specifically in the
context of homogeneous or interfacial charge transfer.
Identified factors and their interplay provide a path-
way to formulation of solvation design rules that can be
used to control bulk solvation, interfacial chemistry and
charge transfer. Our findings also suggest experimen-
tally testable predictions.
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The science of solvation is at the heart of efforts
towards the synthesis and design of a new genera-
tion of multivalent ion-based energy storage technolo-
gies.1,2 In the bulk electrolytes, structural and dynam-
ical aspects of ion solvation dictate chemical reactiv-
ity via solvent-specific redox potentials largely deter-
mined by solvation energies of reacting species. Pro-
cesses of ion (de)solvation also control the interfacial
chemistry,3 charge transfer kinetics and transport prop-
erties, especially in solid4 and polymer electrolytes5 and
ion-conducting membranes.6,7 The energetics of ion sol-
vation and the competition between enthalpic and en-
tropic factors ultimately define the bulk and interfa-
cial speciation which, in turn, defines the conductiv-
ity of electrolytes and stability of electrochemical inter-
faces. However, “taming” the complexity of solvation
phenomena remains a formidable challenge and we are
still far from taking full advantage of the opportunities
this complexity grants.

There have been multiple attempts to benefit from
manipulations with solvation of ionic species. The
suppression of the solvent electrochemical activity in
“water-in-salt” electrolytes8,9 is an excellent example of
gaining extra stability in conventional electrolytes with
ions whose solvation shells are dramatically altered. An-
other example is the placement of charged functionali-
ties in polymer backbones that enables tailoring the sol-
vation cage environment and thereby offering efficient
control over the conductivity and selectivity of such
membranes.10 In the field of multivalent cations and
molecular anions in organic and aprotic solvents we see
further evidence of the benefits that manipulation with
ion solvation may provide: (1) electrolytes with mixed
anions with different cation coordination strengths that
enable decoupling cathodic and anodic processes to
reduce corresponding overpotentials and suppress un-
wanted side reactions,11 (2) tuning the anion-solvent
interactions as well as the anion shapes,12,13 and (3) in
surface passivation assisted by neutral salt associates.14

However, further progress is hindered by the lack of
a molecular level understanding of related phenomena.
Specifically, divalent cations salts in low dielectric sol-
vents demonstrate a non-trivial concentration depen-
dence of molar ionic conductivity. Spectroscopic and
electrochemical probing reveals the unusual promotion
of cations fully solvated by solvents at higher concen-
trations as opposed to predominant neutral aggregates
forming in diluted electrolytes.15,16 The relative anion
and solvent donor numbers, the configurational flexibil-
ity of solvent, enhanced ionicity caused by formation
of neutral or charged salt complexes17,18 are proposed
origins of these anomalous effects. Despite significant
progress, these rationales are difficult to convert into a
practical manual to meet specific metrics for design of
new electrolytes, and many open questions remain.

Recently, using advanced free energy sampling tech-
niques and the time-averaged continuous definition of
coordination number as a metric to characterize solva-
tion structures we predicted that some solvents19 may

support multiple (e.g., five- and six-fold) thermodynam-
ically stable solvation configurations of cations. More-
over, in contrast to singular stable solvent coordina-
tions resulting from simulations employing cluster anal-
ysis based on hybrid quantum chemistry and polariz-
able continuum modeling (QM-PCM) paired with reg-
ular molecular dynamics (MD), the free energy analy-
sis revealed that the multiplicity of solvation structures
of monoatomic cations or, as in the case of Zn2+, the
ability to accommodate a continuum of solvation con-
figurations degenerate in free energies (Fig. S2), is an
important microscale descriptor and could be a general
feature of many electrolytes. The existence of multiple
stable ion coordinations in solutions provides a channel
to affect the reactivity of electrolytes due to the direct
connection between ion solvation free energies and their
redox potentials. The solvation multiplicity may also
imply a significant difference between electronic prop-
erties of polyatomic solutes with distinctly different sol-
vation environments.20 Depending on ones needs - fa-
cilitating either reduction or oxidation of ions - the pro-
motion of populations of lower or higher coordinated
states, respectively, may be beneficial. Being able to
switch between multiple solvation configurations would
grant additional power to control bulk and interfacial
speciation in electrolytes and allow us operate at the
level of specificity that nature employs to turn subtle
differences in alkali cations solvation into efficient and
robust mechanisms in living cells.

However, before formulating principles of engineering
solvation for multivalent ion electrolytes, we need to
address several important questions. First, as the mul-
tiplicity of solvation structures of multivalent cations
seems a general feature, it remains largely unclear what
its origin is and what micro- and macroscopic factors
can influence it. As evidenced by many experimental
and theoretical studies, fully solvent solvated cations
are rather an exception for multivalent aprotic elec-
trolytes which instead exhibit many forms of ion-pairs
and neutral aggregates. Therefore, the second question
becomes: does the solvation multiplicity extend to the
ions pairs, and if so, then what are the characteristics
of their solvation dynamics (e.g., minimum free energy
pathways, kinetic barriers, etc.)? Finally, as the ener-
getics of solvation defines the thermodynamic popula-
tion of ionic species, how does the multiplicity of sol-
vation influence the equilibrium speciation of charged
complexes, especially in low permittivity solvents at fi-
nite salt concentrations?

From a theoretical standpoint, controlling solvation
implies control over interatomic interactions and molec-
ular degrees of freedom. Therefore, general principles
of engineering solvation should be then formulated in
terms of short and long range interactions and en-
thalpic and entropic factors. To provide practical guid-
ance we focus herein on the role of temperature, and
Coulomb and van der Waals forces as a way to modulate
(non)specific ion-ion and ion-solvent interactions. We
also consider the mixing of solvents as an additional way
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Figure 1: Temperature dependence of solvation structure of
Mg2+ in tetrahydrofuran (THF). 1D free energies (in kT units) as
functions of coordination numbers (number of oxygens of THF’s
molecules) for various temperatures (250 K to 400 K) are shown
by colors. Dominant 6-fold and minor 5-fold configuration struc-
tures are shown. Inset shows the temperature dependence of the
difference of free energies of five- and six-fold coordination states
∆Gc1c2

(T ) = Gc1(T ) − Gc2(T ) (colored dots) and the linear fit
(blue line).

to affect the solvation environment. To illustrate these
factors we consider MgTFSI2 in tetrahydrofuran (THF)
and diglyme (G2) electrolytes as important benchmark
and widely studied systems,21–30 to showcase various
facets of solvation phenomenon. To properly describe
the entropic contribution of the solvation and kinetic
barriers we perform free energy analysis31,32 using the
metadynamics protocol as an advanced sampling tech-
nique33,34 in the framework of classical MD paired with
QM-PCM calculations (see the SI for details). We de-
fine the ion coordination number (CN) with respect to
species of interest and the ion-ion distance as collective
variables (CVs) used to compute 1D and 2D free energy
surfaces.

We start by analyzing the temperature dependence
of solvation structure of Mg2+ ion in THF (see SI for
details). Previously, it was found19 that Mg2+ demon-
strates multiplicity of stable solvation configurations
in THF. In the low concentration limit, our classi-
cal free energy sampling reveals that the lower 5-fold
coordinated state becomes more stable with increas-
ing temperature (see Table S2) as shown in Fig. 1.
This observation highlights the role of entropy in sta-
bilization of lower coordinated states that compen-
sates their enthalpy loss. Further analysis requires the
proper partitioning of the enthalpy and entropy con-
tributions.35 Assuming that neither enthalpy nor en-
tropy depend explicitly on temperature, we approxi-
mate the temperature dependence of the free energy dif-
ference between stable five- and six-fold configurations
as ∆Gc1c2(T ) = ∆Hc1c2 − T∆Sc1c2 , where c1 and c2
correspond to the lower and higher coordination states,
respectively. The linear fit (see inset Fig. 1) shows
that this approximation is reasonable (R2 = 0.914)
and gives ∆Gc1c2(T )[kcal/mol] = 12.4279 − 0.02943T.

Figure 2: Dependence of solvation structures of Mg-cation in
THF on the effective cation charge at T = 298K. 1D free ener-
gies (in kT units) as functions of coordination numbers (number
of oxygens of THF’s molecules) for various charges of Mg-cation
(+1.2 to +2.2) are shown by colors. 1D ab initio free energy
dependence for Mg2+ at T = 298K in THF19 is shown in the
inset.

At room temperature, ∆Hc1c2 = 13.282 kcal/mol and
∆Sc1c2 = 29.41 cal/mol · K implying that the enthalpy
of the lower coordinated state, c1, is less stable (less
negative), as we might expect from electrostatics, while
the entropy of the same state is higher (more positive).
There are two other effects associated with the temper-
ature dependence of ∆Gc1c2 . As classical free energy
sampling predicts, the lower coordinated state c1 be-
comes not only more populated with temperature in-
crease but also more stable as the kinetic barrier ∆G†

c1

that separates c1 from c2 increases (see Figures S3, S4)
as well. Accordingly, the reverse kinetic barrier ∆G†

c2

decreases albeit not as fast as ∆G†
c1

does. These ob-
servations imply that entropy influences not only the
mutual populations of coordination states but also the
dynamics of ion solvation. Another interesting feature
of the temperature dependence of solvation structures of
the Mg2+ ion in THF is the monotonic shift of ∆G(CN)
to the lower values of CN. This could be explained as
the effects of anharmonicity of the Mg2+ - solvation
sphere potential. At higher temperatures, less solvent
molecules spends time inside the solvation sphere of a
fixed radius.

Even though the control over temperature provides a
macroscopic way to influence the balance between en-
thalpic and entropic forces, it has a limited potential
to control ions solvation environment, since tempera-
ture is normally set externally. In the following sections
we focus on microscopic factors that may control ion
solvation configurations, specifically on those that de-
fine the chemistry of electrolytes itself. To this goal, we
consider how electrostatic interactions and the charge
of the cation can impact the multiplicity of solvation
and the ultimate population of various ion coordination
states. So far we tacitly assumed that the Mg-cation
bears the full +2 charge. However, the polarization of
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Figure 3: Dependence of the solvation structure of “ef-
fective” Mg cation in THF on the depth of vdW interaction
between Mg and oxygens of THF. The charge of Mg cation
is set as 2+ and the temperature is 298K. Off-diagonal el-
ements εvdW (Mg-O) =

√

εvdW(Mg)εvdW(O) were set at 0.2,
0.39, 0.8, 2.50, 5.0, 10.0, 15.0, 20.0 kcal/mol as indicated by col-
ors. εvdW (Mg-O) = 0.39 kcal/mol (black curve) is the original
value.19

the ion, the covalency, the ionicity of the ion-solvent
bonding, the specific environment or presence of inter-
acting species36 all affect the localization of the charge
and thus the Coulomb interactions. Being motivated by
the comparison between classical (fixed charge) and ab
initio free energy samplings,19 here we explore the role
of Coulombic forces by tuning the “effective” charge of
the Mg-cation in bulk THF and evaluate its free energy
surface as a function of cation coordination number. In
Fig. 2 we show the results of calculations. Ab initio
modeling predicts (see inset Fig. 2) the lower and higher
coordinated states to be almost degenerate in free ener-
gies whereas classical sampling with +2 charge on the
Mg-cation results in a difference of ca. 8 kT at room
temperature. However, when the cation charge is re-
duced by 20% (Mg1.6+) the 5-fold coordinated state be-
comes significantly stabilized and the classical sampling
yields a free energy surface almost identical to that of ab
initio umbrella sampling. Bader charge analysis on the
Mg-cation in ab initio calculations also suggests that its
charge is less than +2. Further “discharging” (Mg1.2+)
destabilizes the 6-fold coordinated state and makes co-
ordination of the Mg-cation practically unimodal with
its 5-fold coordination. On the other hand, promot-
ing cation hardness with some extra charge (Mg2.2+)
clearly shows the enhancement of enthalpic forces and
stabilization of 6-fold coordination state (see Table S3).
This analysis shows that both the population of different
solvation configurations and the dynamics of solvation
are very sensitive to the state of “effective” charge of
cations. Therefore, by choosing a coordinating solvent
by its ability to hybridize electronically with a cation
could be a way to exercise and accomplish control over
ion solvation environment.

Next we explore the role of van der Waals (vdW) in-
teractions in defining ion solvation free energy profiles.

Figure 4: Free energy analysis of solvation structure of Mg2+

in a mixture of THF and water. Left: 1D free energy profile as a
function of Mg2+ - water molecule distance in bulk THF. Right:
2D free energy surface with respect to Mg-cation coordination
with water and THF molecules in 1 M solution of water in THF.
Structures of Mg-cation six fold coordinated with water and with
THF are shown. The charge of Mg cation is set as 2+ and the
temperature is 298K.

Specifically, we focus on the ion-solvent vdW interac-
tions that along with Coulomb potentials largely deter-
mine ion solvation free energies and ion-solvent radial
distribution functions.37 We analyze how the depth of
the vdW interaction between an “effective” Mg2+ ion
and oxygen atoms of THF affects the multiplicity of sol-
vation while keeping the equilibrium vdW interatomic
distance fixed at the original value as well as the charge
2+ and temperature at 298K (see SI for details). The
dependence of the ion solvation configurations on the
vdW radius of ions in water was previously studied.38

In Fig. 3 we see that the variation of vdW parameters
has a non-trivial impact on the solvation structure of
the “Mg”-ion and it changes not only the values of opti-
mal coordination numbers but also the number of sta-
ble solvation configurations. Specifically, the increase
of εvdW(Mg-O) from its original value of 0.39 kcal/mol
(black curve) first destabilizes the lower coordinated
state making it finally disappear (Fig. 3 red and orange
curves, respectively) while shifting down the value of the
most stable coordination. At εvdW(Mg-O) ≃ 5 kcal/mol
(green curve) a new higher coordination state appears
and what used to be a higher coordinated state becomes
now a new lower one (see Figure S5). Further increase
of εvdW(Mg-O) stabilizes this new higher coordination
state (CN ≈ 6.35) and depopulates states at CN ≈ 5.6
(green, lightblue and blue curves, respectively). Even-
tually, sufficiently high values of εvdW(Mg-O) create a
third stable coordination (violet curve). On the other
hand, εvdW(Mg-O) values smaller than 0.39 kcal/mol
promote a lower coordinated state at CN ≈ 5.2 (ma-
genta curve). The non-monotonic change of global min-
imum of ∆G(CN) as a function of εvdW(Mg-O) reflects
the competition between attractive ion-solvent interac-
tions and the steric solvent-solvent repulsion, the en-
thalpy and entropy driven mechanisms of stabilization
of solvation configurations.

Finally, we explore the effects of mixing solvents on
the Mg-cation coordination. Specifically, we focus on
a mixture of THF and water as even a trace amount
of water was shown to greatly affect the performance
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Figure 5: Free energy analysis of solvation structure of Mg-
cation in MgTFSI2 in THF (a,b) and G2 (c,d). a) 2D free energy
profile as a function of the coordination of Mg-cation with respect
to oxygens of THF and oxygens of TFSI-anions. b). The optimal
path connecting the local minima (A-E). c) 2D free energy profile
as a function of the coordination of Mg-cation with respect to
oxygens of G2 and oxygens of TFSI-anions. d) The optimal path
connecting the local minima (A-E). The secondary minima A′

and B′) are shown as well. Temperature is set at T = 298K.

of non-aqueous electrolytes and kinetics of Mg deposi-
tion.39 In Fig. 4 (left panel) we show the free energy
profile of removal of one water molecule from Mg2+ ion
in bulk THF. This analysis shows that the replacement
of a water molecule in the Mg-cation solvation sphere by
a THF molecule is very unlikely due to the high kinetic
barrier of ∼ 50 kT . This exchange is also thermodynam-
ically very unfavorable. Further analysis of solvation
structure of Mg-cation in a mixture of water and THF
reveals its extremely high hygroscopicity as 6-fold coor-
dination with water is thermodynamically very stable
as compared to configurations with few THF molecules
in the solvation shell. This analysis highlights that Mg-
cations work like an efficient scavenger that binds all
available water molecules. On the other hand, this im-
plies that these traces of water will be delivered to the
interface and Mg-cations solvated with water may be a
culprit for unwanted passivation of an electrode.

So far we considered the solvation structure of the Mg-
cation in isolation assuming a very low concentration of
salt. However, as mentioned above, in low dielectric
solvents a significant population of neutral aggregates
is expected. Herein, we consider the solvation struc-
tures of magnesium bis(trifluoromethanesulfonyl)imide
(MgTFSI2) in THF and diglyme (G2). In Fig. 5 we
show 2D free energy surfaces of solvation structures of
the Mg-cation in MgTFSI2 resolved with respect to co-
ordination with oxygens of the solvent molecules and
oxygens of TFSI-anions. Our analysis largely confirms
the “6-fold” rule of Mg coordination in both THF and
G2 (Fig. 5 a,b and c,d, respectively) implying that the
minima on the free energy surfaces correspond to com-
binations of coordination numbers that in total give six.
Besides global minima that correspond to 4 oxygens of
solvent and 2 oxygens from distinct TFSI-anions our

Figure 6: Temperature dependence of solvation structure of
Mg-cation in its ion-pair MgTFSI+ in THF. 1D free energy pro-
file as a function of the coordination of Mg-cation with respect to
oxygens of THF molecules. Profiles for T = 250K, 298K, 400K
are indicated by colors (red, green and violet, respectively). The
stable structures of bidentate, monodentate and a solvent sepa-
rated ion-pair are shown.

analysis revealed other thermodynamically stable satel-
lite configurations. Moreover, as predicted these config-
urations, whose populations are relatively significant as
compared to the most stable one (less in THF, more
in G2), are separated by substantial kinetic barriers
(∼ 10-15 kT ). Solvent separated ion-pairs (SSIP) as
well as di-bidentate configurations are also predicted
to co-exist with other configurations (points A and
E in Fig. 5 a and c). The lowest free energy path-
ways between the most stable solvation configurations
of MgTFSI2 in THF and G2 are shown as connected
dots in Fig. 5 a and c and a parametric 1D plots in
b and d. The key feature of these pathways are their
staircase shape: the transformation of the Mg-cation
solvation follows the path that suggests the sequential
alternation of coordination with respect to solvent and
then with respect to TFSI-anion(s) or vice versa but
not a concerted change of coordination with respect
to solvent and anions. The free energy profile of Mg-
solvation in G2 is more complex and reveals more satel-
lite structures. Specifically, it shows some secondary
minima (e.g., A′ and B′) that do not follow the “6-fold”
rule. These results are expected given the configura-
tional flexibility of G2 molecules with multiple points of
coordination with the Mg-cation.

We can extend the analysis of the multiplicity of solva-
tion structures of the Mg-cation to its ion-pairs, specif-
ically to MgTFSI+ in THF. Here, the cation can be
solvated by a solvent (THF) subsystem or the anion
or both. The comparison of solvation environments
of the Mg cation in MgTFSI2 and MgTFSI+ in THF
shows the effects of TFSI anions that offer additional
possibilities for the coordination. In Fig. 6 we show
1D free energy profiles with respect to the coordination
of the Mg-cation with oxygens of THF molecules for
T = 250K, 298K and 400K. As our analysis shows,
MgTFSI+ in THF can exist in three configurations: sol-
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vent separated ion-pair (SSIP) and mono- and bidentate
contact ion-pairs. At room temperature, the monoden-
tate configuration of MgTFSI+ is the most stable one
(compare with T=0 QM-PCM energies see Table S5 and
Figure S1). The temperature dependence of solvation
structure of the ion-pair reveals the same general trend
as for an isolated Mg-cation. The increase of tempera-
ture results in entropy driven stabilization of lower co-
ordinated states with respect to the solvent subsystem.
SSIP can be also partially stabilized by the entropy gain
due to the release of TFSI-anion. The 5-fold coordi-
nation state of the Mg-cation is eliminated due to the
substantial enthalpy gain of coordination with the neg-
atively charged TFSI-anion. These constructive effects
of enthalpy and entropy gain favor the bidentate con-
figuration of MgTFSI+ at higher temperatures.

Despite the fact that our free energy analysis pro-
vides direct estimates of free energy differences between
various coordination states, the predictions of average
populations of these states at finite salt concentrations
will be incorrect as they rely on single species proper-
ties at infinite dilution. However, our ability to theoret-
ically and computationally predict speciation of ionic
species at finite concentrations remain fairly limited.
In the framework of statistical mechanics many ap-
proaches have been developed to study thermodynamics
of ion-pairing. McMillan-Mayer and Kirkwood-Buff in-
tegral equations40,41 were used to calculate concentra-
tion dependent activity coefficients. Classical density
functional theory42–44 and the reference interaction site
model (RISM)45,46 were used to calculate ion-ion and
ion-solvent correlation functions. Ion-pairing in low per-
mittivity solvents was also extensively studied using a
wide range of multiscale computational methods. The
improvements in predictions of structural and transport
properties of such electrolytes were achieved with many-
body polarizable force fields47–49 or the ion charge
renormalization method based on the semi-empirical
“charge titration”.50 The predictions of equilibrium pop-
ulation of ionic species and the dissociation constants
Kdis were recently improved using rescaling of dielec-
tric constants of solvents caused by formation of so-
lute dipolar aggregates (“redissociation”).17,18,51 How-
ever, these relatively cheap computational recipes suffer
from the lack of consistency caused by problems of find-
ing a self-consistent solution for coupled εs = εs(ρi) and
ρi = ρi(εs), where εs and ρi are the dielectric permit-
tivity of a solution and the ion-ion distribution func-
tion, respectively. Moreover, since the main focus of
QM-PCM protocol based methods is on finding the en-
ergy difference ∆Gdis between bound and dissociated
states, the discussion of equilibrium population of ion-
pairs remains incomplete as the stability of that popu-
lation implies kinetic barriers (Figure S6) that separate
these states whose evaluation is beyond the scope of
these methods.

From a fundamental standpoint, the observability of
dissociation of ion-pairs in computational experiments
is not just a problem of the force field or the electronic

structure method. In systems with long-range interac-
tions many-body correlations play a critical role in the
processes of equilibration.52,53 Therefore, accounting
for the proper time and length scales in simulations is
equally important for modeling of electrolytes. An elec-
trolyte with an equilibrium ion-ion distribution function
ρi(r) can be characterized by Bjerrum lB =

zizje
2

εskT
and

Debye lD =
√

εskT
4πe2

∑
j
z2

j
nj

mean-field length scales54

that specify the dielectric and ionic screening, respec-
tively. With the limited applicability to electrolytes
with finite concentration, where both the dielectric con-
stant εs and the ion concentrations nj are not exactly
known, these lengths are still foundational for studies
of dynamics of ion-ion correlations55 in a wide range
of concentration regimes.56–58 For monovalent (zj = 1)
electrolytes with nominal bulk concentration n at room
temperature, lB [Å] = 576.2

εs
and lD[Å] = 0.341

√

εs
n[M ] .

The comparison of these length scales with an aver-
age ion-ion distance ao[Å] = 11.84

3
√

n[M ]
reveals that in

low permittivity solvents and concentrations up to 1M
the main mechanism of screening (see Figure S7) is
the Debye screening. For example, in THF (εs = 7)
lB = 82.3Å, lD = 2.85Å and lD = 0.9Å as com-
pared to ao = 25.5Å and ao = 11.84Å for n = 0.1M
and 1M , respectively. These rough estimates show that
even in classical MD simulations with unit cell sizes of
5 to 10 nm the thermodynamically stable ion dissocia-
tion is highly problematic. The relaxation time of the
slow ions subsystem τρi→ρ

eq

i

55,59 may be too long for
the atomic simulations, and the effective mechanism of
screening can be lost by the time when the majority
of ions have already formed ion-pairs or neutral aggre-
gates. It is worth noting that charge rescaling schemes
(e.g., qeffi = qi√

ε∞
) only weaken the ionic screening.60

The conventional way to overcome the problem of fi-
nite simulation times is to use the free energy sampling.
∆Gdis(rij = ao) (see Figure S6) of a ij-pair of ions
would be then used to calculate the equilibrium pop-
ulation. However, when one defines a low-dimensional
CV (e.g., a distance between i and j ions) for this sam-
pling, the degrees of freedom of other ions are treated
the same way as in the normal MD protocol, i.e., within
a kT energy window. This entails the loss of the Debye
screening as a factor of stabilization of ion dissociated
states, and estimates of both ∆Gdis and kinetic barri-
ers will be severely impaired. In Figure S8 we illustrate
these ideas. The 2D free energy analysis of dissociation
of Mg(TFSI)2 in THF and diglyme at infinite dilution
with mutual distances between Mg-cation and TFSI-
anions as CVs shows that neither the full dissociation
(Mg2+−2TFSI−, black lines a, d) nor the partial one
(MgTFSI+−TFSI−, blue and red lines b, c and e, f) is
stable. Therefore, ∆Gdis at the cation-anion distance
of r = 15Å cannot be used to evaluate the dissocia-
tion constant Kdis and the relative population of free
ions versus bound configurations. This analysis also re-
veals multiple local free energy minima at shorter ion-
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ion distances that correspond to mono- and bidentate
MgTFSI+ ion-pairs with either TFSI-anions or SSIP.

Having analyzed various factors that can shape solva-
tion structures of cations in free or ion-pair forms, we
can discuss the multiplicity of solvation from a general
theoretical standpoint and show the main implications
of this phenomenon for engineering ion solvation. The
analysis of the temperature dependence of cation sol-
vation structures w/o counterions (Fig. 1, Fig. 5 and
Fig. 6), on the one hand, and ion-solvent (non)specific
interactions (ion charge Fig. 2 and vdW interactions
with the solvent Fig. 3), on the other, revealed the prin-
cipal role of entropy in stabilization of low coordinated
states. As we showed, it is instructive to separate the
contributions from the solvent and from counterions.
We can then hypothesize that the very existence of the
ion solvation multiplicity crucially depends on the en-
tropic contribution of solvent degrees of freedom (avail-
able at a given temperature) that is comparable to the
enthalpic ion-solvent part of the solvation free energy.
We then expect that in solvents with more thermally
accessible degrees of freedom (high entropy solvents)
that are directly affected by coordination with a cation,
this multiplicity will be enhanced. The analysis of T-
dependences of solvation structures of a free Mg-cation
and the MgTFSI+ ion-pair in THF suggests the same
trend: higher temperature promotes lower coordination
of the cation with the solvent. In the case of a free
cation, entropy and enthalpy work against each other,
and it is entropy that stabilizes the lower coordination.
In the case of the MgTFSI+ ion-pair, the multiplicity
of solvation is promoted by the concerted contribution
from both entropy and enthalpy. Here, the entropic gain
due to the release of solvent molecules from the cation
coordination sphere works along with the enthalpy gain
due to the strong Coulomb attraction between counteri-
ons. We expect the same trends from neutral aggregates
(e.g., Mg(TFSI)2). The modulations of the cation hard-
ness (ionic charge) and the solvent donor number (vdW)
can be further used to tune or sample the relative stabil-
ity and population of the coordination minima. Charge
delocalization over the solvation sphere is also expected
to greatly affect the solvation multiplicity.

Similar principles can be applied for engineering of
solvation in other media. Specifically, the efficient
segregation of solvation configurations of cations can
be achieved in polymeric membranes with solvation
cages tuned purposely to accommodate lower and higher
cation coordination states. The design of such mem-
brane functionalities should follow the same rules to
achieve a proper balance between entropy and enthalpy
of solvation.

Another important consequence of ion solvation mul-
tiplicity is related to the homogeneous or interfacial
charge transfer. In the conventional Marcus theory,
the contributing reactant and product states along a
generalized solvent polarization coordinate are normally
considered as single minima parabolas.62–64 Depending
on the overall exergonicity of the charge transfer reac-

Figure 7: Illustration of the charge transfer kinetics in the
case when one of the contributing states has two minima. Free
energy gains ∆G0

1 and ∆G0
2, solvent reorganization energies λ1

and λ2, kinetic barriers ∆G†
1

and ∆G†
2

that correspond to the
charge transfer to higher and lower coordination states of an ion,
are shown respectively. Standard notations for ∆G and λ are
used.61 A mixed regime corresponds to a situation when λ1 <
∆G0

1 but λ2 > ∆G0
2.

tion (tuned by e.g., an external bias) there are three
distinct regimes: regular, when the solvent reorgani-
zation energy λ is higher than the overall free energy
gain ∆G0, barrierless, when λ = ∆G0, and inverted,
when λ < ∆G0. As our study suggests, when solvent
fluctuation effects are included explicitly,65 besides ion-
ion or ion-electrode distance coordinates, at least one of
the contributing states should be properly represented
by a multiminima surface. The immediate consequence
of the interplay between crossing states with multiple
minima is a new "mixed" regime, when increasing exer-
gonicity leads to an inverted regime with respect to one
minimum (e.g., higher coordination state) but remains
in the regular regime with respect to another one (see
Fig. 7). This may have an interesting impact on the
processes of corrosion, especially with a surface coat-
ing that offers multiple ion solvation configurations, or
homogeneous catalysis that involves complex ions.66

Given the new perspectives that ion solvation multi-
plicity grants, it would be interesting to explore this
phenomenology experimentally. Due to the sensitiv-
ity to the solvent dynamics around ions and ion-pairs
of NMR,67 dielectric relaxation68 and anisotropy de-
cay measurements with polarization-resolved IR spec-
troscopy,69 we expect these experimental techniques
paired with synthesis efforts on high entropy solvents or
membranes to be appropriate tools to study predicted
effects.

....................................................................................
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