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Abstract

Here we present a theory of ion aggregation and gelation of room temperature ionic
liquids (RTILs). Based on it, we investigate the effect of ion aggregation on correlated
ion transport - ionic conductivity and transference numbers - obtaining closed-form
expressions for these quantities. The theory depends on the maximum number of asso-
ciations a cation and anion can form, and the strength of their association. To validate
the presented theory, we perform molecular dynamics simulations on several RTILs,

and a range of temperatures for one RTIL. The simulations indicate the formation of



large clusters, even percolating through the system under certain circumstances, thus
forming a gel, with the theory accurately describing the obtained cluster distributions
in all cases. However, based on the strength and lifetime of associations in the simu-
lated RTILs, we expect free ions to dominate ionic conductivity despite the presence
of clusters, and we do not expect the percolating cluster to trigger structural arrest in

the RTIL.

Introduction

Neat room temperature ionic liquids (RTILs) are electrolytes without any solvent: they are
composed of molecular cations and anions that are sufficiently asymmetric and bulky to pre-
vent solidification at room temperature.'™ RTILs are excellent solvents, have extremely low
vapour pressures,'® and are of great interest in energy storage devices because of their ability
to withstand larger voltages without electrochemical decomposition.*® However, owing to
their high ionic concentrations and complicated molecular nature, simple, chemically-specific
theoretical descriptions of RTILs have remained somewhat elusive.”

The conductivity of RTILs approximately follows that predicted by the Nernst-Einstein
relation with some suppression factor. This has been interpreted as the ionicity of RTILs,?

with the reduction factor being attributed to the presence of ion pairs in the system which

do not contribute to conductivity.? In fact, pioneering molecular dynamics simulations of

l 11 12-14

Feng et a investigated the role of ion clustering in the conductivity, where it was

found that “free” ions contribute the most.
Although the picture of RTILs as a mixture of ion pairs and free ions might be useful

15-19

conceptually, it is natural to question the validity of such a picture in such a highly con-

centrated system.?° Surface force apparatus measurements performed in RTILs, when inter-
preted in terms of the DLVO theory, has reported extraordinary long screening lengths?! 2

consistent with < 1% of free ions.?*?3 While other methods of probing the number of free

ions suggest significantly more free ions (15-25%) for common RTILs. 1518 With such sig-



nificant degree of ion association, we would undoubtedly expect high order ionic clusters to
be present. 112425

Thus, simple theoretical descriptions of RTILs beyond ion pairs are desired, but scarce.
Recently Ref. 26 developed a thermodynamic theory of ion aggregation with arbitrary sized
ionic clusters which predicted the emergence of a percolating ionic gel in super-concentrated
electrolytes. It built off the theory of aggregation and gelation in polymer physics,?" 35
where clustering and percolation of aggregates is known to occur. Simulations of super-
concentrated electrolytes have shown the presence of percolating ion networks.363® Moreover,

39,40,40-44 which can be indicative of

an elastic response has been measured in certain RTILs,
the formation of a gel. Thus, it seems possible, if not probable, that extensive ion aggregation,
and even gelation, is present in RTILs.

Here we study the limiting case of the theory established in Ref. 26: solvent-free RTTLs
modelled as an incompressible solution composed of solely ions. This naturally leads to a
physically transparent framework of correlated ion-transport in RTILs, yielding coupled flux
constitutive relations for diffusion and a modified Nernst-Eistein (NE) equation for ionic
conductivity (also seen in Ref. 25). Our analysis allows us to determine the importance of
clusters’ contribution to ionic conductivity. We perform molecular dynamics (MD) simula-
tions of 6 RTILs, and develop a general association criteria that is used to determine the
cluster distribution of the simulated RTILs. From MD simulations, we determine the hand-
ful of parameters needed to compute the cluster distribution from our theory. We find the
independently computed MD cluster distribution matches the theoretically computed distri-
bution, with parameters derived from MD, extremely well (note we only compare quantities
based off the cluster distribution between MD and theory - we do not investigate transport
using MD here). Finally, we discuss our model’s predictions of ion clustering and network
formation as they pertain to ionic conduction and structural arrest in RTILs. In the Sup-
porting Information (SI), we have a table of symbols, derivations of all equations and further

details of the simulations.
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Figure 1: (Left) Schematic of example RTIL ions, emim™* and BF; with iso-density surface
(corresponding to 2x the bulk density) of BF; around emim*, and emim* around BF;.
The former shows five distinct regions of preferred location for BF; around emim™ (f, = 5),
and the latter four distinct regions of preferred location for emim™ around BF, (f_ = 4).
Tonic associations, like the one shown in the bottom left, are formed when BF; and emim™
are found in each others high density regions (as seen by the iso-density surfaces which
correspond to 2x the bulk density). (Right) A cartoon depicting the ‘bonding’ of cations
and anions shown in the left panel.

Thermodynamics of Ion Clustering

We employ a Flory-like lattice fluid free energy of mixing?” used extensively for polydisperse

mixtures of thermoreversibly-associating polymer mixtures: 283

BAF = [Nuw I ($1m) + NiAuya] + AL N 4 AZIN, (1)

Im

Here 8 = 1/kpT is inverse thermal energy; Ny, and ¢, are the number and volume fraction
of Im clusters with [ cations and m anions, respectively; Ay, is the free energy of formation
of a rank [m cluster, which can have contributions from the combinatorial entropy, bonding
energy, and configurational entropy; A" and N are the free energy changes of i associating
to the gel and number of 7 in the gel, respectively.?"284% The free energy treats the electrolyte
as an ideal mixture of non-interacting ionic clusters. In this way, the correlations beyond
mean-field electrostatics are being treated via the formation of clusters. Our model does
not account for correlations beyond the formation of clusters. Thus, our model relies on the

assumption that the majority of the excess electrostatic energy of the mixture is modelled



via the formation of the ionic clusters.

The volume fraction of an ion cluster of rank im is expressed by ¢, = (I§+ +m&_) Ny, /€,
where &; is the volume of an ion relative to the volume of a lattice site and 2 denotes the
total number of lattice sites (and is a proxy for the total volume of the mixture). The volume
of a lattice site is arbitrary, and can either be taken to be the size of a cation, i.e. &, =1
or an anion, i.e. £ = 1. The system is considered to be incompressible (this is a reasonable
approximation for RTILs, as the percentage of space occupied by voids is of the order of 10
%46 at ambient conditions). A cation can associate to at most f, anions, and anions can
associate to at most f_ cations. f, and f_ are referred to as functionalities of cations and
anions, respectively. These functionalities are explained in more depth later.

The free energy is minimized by establishing equilibria between all ion clusters and free

ions, as derived in the SI.26 This process yields the following relation:

¢lm - Klmﬁblm(?(ﬁa (2)

where ¢19 and ¢g; are the volume fractions of free cations and anions, respectively, and
the equilibrium constant is Kj,, = exp(l+m — 1 — Ay,). The explicit form of A, was
derived in Ref.,?% and is detailed in the SI. It can be inserted into Eq. (2) yielding the

thermodynamically consistent cluster distribution

~ I/Vlm l m

Cm = 7~ (Ath10)” (Ah1o)™ . (3)
where ¢, is the dimensionless concentration of clusters of rank Im (# per lattice site), A =
exp(—BAF,_) is the ionic association constant (derived explicitly in the SI) which depends
on the free energy of ion association (AF._), Y19 = fid10/Es and o1 = f_¢o1 /& are the
dimensionless concentrations of available bonding sites of cations and anions, respectively,

and Wy, is the combinatorial multiplicity of Im clusters (number of different ways to form



a rank Im cluster), given by by*7

) (fol = DV(fom — m)
CUm(fl =l —m+DI(fem—m — 1+ 1)

Wi (4)

In Eq. (3), &, is written in terms of the volume fraction of free cations (¢10) and anions (¢o;),
but, in principle, ¢19 and ¢g; are unknown. We would like to know the distribution of clusters
in terms of the overall volume fraction of species, ¢, (volume fraction of cations) & ¢_
(volume fraction of anions). We accomplish this by introducing ion association probabilities,
pij, which is the probability that an association site of species 4 is bound to species j, where
i and j in a binary RTIL correspond to cations (+) and anions (—). In this way, the
volume fraction of free cations can be written as ¢ = ¢, (1 — p,_)’* and free anions as
bo1 = ¢_(1 — p_,)?~. Furthermore, we can determine the association probabilities through

a conservation of associations

Jepi— = f-p—+ (5)

and a mass action law between open and occupied association sites

M =prpy/(I=pr )1 =p_y), (6)

where ¢ = fipiCsan is dimensionless concentration of associations with Ce = 1/(&4 +&-)
denoting the dimensionless concentration of salt (# per lattice site). The definition of A
as the ionic association constant becomes clear from its appearance in the mass action law
[Eq. (6)]. It sets the equilibrium for association sites to be occupied or open. Note, that even
if A < 1, it does not mean that associating clusters have an unfavorable energetic interaction.
Precisely, a value of A < 1 means that if an equimolar mixture of open and closed sites were
introduce to each other the equilibrium would shift towards more open sites. The value of A,

itself would depend on both energetic and entropic contributions. Thus, even if the energy of



association is favorable, entropy can drive the association constant below one, as we describe
in more detail later. Equations (5)&(6) close the system of equations in the pre-gel regime,
and allows for the explicit calculation of cluster distribution.

If we assume that the RTIL is symmetrically associating (fy = f- = f,p.- =p_+ = p),

then a simple analytical form can be obtained

14 2Csan fA — V1 + 4Csane fA
b= .

2Esaltf/\ (7)

Analytical solutions for the asymmetric cases are written in the SI, which should be more

typical for RTILs. For symmetric RTILs, the fraction of free ions, «;, is simply

f
o= g 4 g = 501 + 510 I RY 1+ 4ésaltf)‘ -1 (8)
- 0 26sali& 2ésaltf>\ .

Here agy/19 are the fractions of free anions/cations, which are related to the dimensionless
concentration of anions/cations through 1/2¢,;. For large values of A the fraction of free
ions reduces to a = [2/Esq fA]?/2, which tends to zero.

If the functionalities of both ions are greater than 1 and the association probabilities
exceed a certain threshold, then the RTIL can form a percolating ionic gel.?® The criterion
that determines this threshold can be seen plainly by examining the weight average degree

of aggregation (the expected cluster size for a given ion), 7, can be expressed analytically as

Yol +m)cm 1+p

Sml+m)a, 1= (f—1)p (9)

n =

n diverges when p* = 1/(f — 1), which defines the gel point. This critical probability for

gelation corresponds to a critical association strength for gelation of

Esalt)C‘< = % (10)



In the SI, we give the general critical association strength for asymmetrically associating ionic
liquids. For A > A*, the RTIL will form a gel. The critical association constant decreases
as a function of f (for f > 2). Therefore, RTILs that can form more bonds with oppositely
charged ions will tend to gel more readily. Note that the values of \* are practically always
smaller than 1. This means that the gel phase will be present in ionic liquids even when
the ion association constant favors open sites. The low threshold for gelation is largely a
result of the high concentration of ions in RTILs, which pushes the equilibrium towards the
formation of associations and eventually the gel. In fact, we see from Eq. (10), that the \*
is inversely proportional to ¢s;. Thus, for ¢ << 1, A* would have to be much larger than
1 in order to observe a percolating gel.

gel

If the RTIL does form a gel, partitioning of species into the sol (¢5) and gel (¢%") phases
must be performed and separate association probabilities for species in the sol (pftole) must be
defined. These probabilities are determined from Flory’s criterion that the free ion volume
fractions can be written equivalently in terms of overall quantities and sol quantities.4®4?
The specific procedure associated with determining these probabilities is detailed explicitly

in the SI.

Correlated Ion Transport

Our thermodynamic description treats RTILs as an ideal mixture of polydisperse ionic clus-
ters. A consistent picture of ion transport would be independent diffusion of the ionic clus-
ters. Of course, the assumption of independent cluster diffusion neglects the electrostatic
interactions between clusters, which would inevitably result in molecular “friction” between
clusters. However, as we have mentioned, the ionic associations between ions to form clus-
ters should capture most of the electrostatic correlations beyond mean-field. Therefore, the
simple presence of clusters results directly to strong correlations between ions, which is likely

to dominate in strongly associated RTILs.
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Figure 2: (a) Dimensionless ionic conductivity, &, as a function of the ionic association
constant, A for f = 4. We use three different functional forms for the cluster diffusivity, D,
written in the legend of the left panel. In the inset, we plot the same curves on a log-log
scale. (b) Cation transference number using Eq. (14), with Dy, = Dy /(I +m)'/3, for various
ion functionalities. The sums in Eq. (14) were cut off for clusters containing less than 16
ions (I +m < 16). The asterisks mark the gel point.

Another factor we must now consider is the lifetime of associations. From a thermody-
namic point of view, ion cluster equilibrium is not ezplicitly dependent on the lifetimes of
associations, as the equilibrium between clusters is permitted to be dynamic. The lifetimes
of associations are important in terms of defining and computing the average thermodynamic
properties of those associations. Thus, we can think of association lifetimes as implicitly in-
fluencing the thermodynamics of ion cluster equilibrium. However, for kinetic processes, like
diffusion, the lifetime of a cluster will now play an important explicit role in understanding
what clusters may contribute to the diffusive relaxation of the system. Principally, in order
for a cluster to properly diffuse, the cluster must have a lifetime that is at least longer than
than the velocity correlation time of the cluster,!! which will be on the scale of the decay
rate of the velocity auto-correlation function (VACF). As we will show, this may provide a
size cut-off beyond which clusters will no longer contribute to overall ion diffusion.

Nonetheless, we may begin with the standard constitutive relation for diffusion that

molar flux of a cluster of rank Im, j;,, is just simply proportional to the gradient of its



electrochemical potential, fi,

jlm = _ﬁDlmClmvﬂlma (1].)

13 2

where Dy, is the diffusivity of the rank Im cluster. Note that we have excluded the “~” on
Cim, as this is the concentration of clusters in terms of mole/volume as opposed to # per
lattice site. The total flux of anions and cations can be computed by adding the contributions
of all of the clusters (j+ = >, ljim & j— = >, Miim)-

The electrochemical potential of a rank Im cluster is simply fi, = fm +e(l—m)¥, where
U is the electrostatic potential. Moreover, assuming a local equilibrium among ion clusters,
we may write the chemical potential of a rank Im cluster as py,, = luy + mu_, where p4 is
the chemical potential of a (free) cation or anion. Writing the flux relations in matrix vector

notation, also introducing the current density [i = e(j. —j_)], we have

J+ D,y D, e(Dy+ —Dy-) Vg
j— | = —2B¢csan D,_ D__ e(D__ —D,_) Vu_| (12)
i €(D++ — D+_) €(D+_ — D__) €(D++ — 2D+_ + D__) V\I[
where Dy = Y, Doy, Do = >, m*Dyum, Dio = >, ImDy,ou,, are binary
diffusion coefficients, and oy, = ¢m/2¢sa; is the fraction clusters of rank Im. The bi-

nary diffusion coefficients are elements of the diffusivity tensor, D, which is symmetric and
positive-definite (via the Cauchy-Schwartz theorem) in accordance with the Onsager recip-
rocal relations.®°

In the absence of chemical potential gradients, the ionic current is proportional to the

gradient of the electrostatic potential via the ionic conductivity

o = 2e*BCsanr Z(l —m)? Dy

Im

= 2e?Besa(Dyy — 2Dy +D__) (13)
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In the limit of all ions being free and the diffusion coefficient of the ions being related to the
unimpeded diffusion of ions (Stokes-Einstein), one would predict a much larger conductivity
than is observed in simulations and experiments.!'! Correlations between ions leads to the
formation of clusters, which diminishes the concentration of free ions. Therefore, the ionic
conductivity is reduced from the idealised NE relation in the presence of correlations, as has
been well known for a long time in dilute electrolytes.

Similarly, the ion transference numbers, ¢, are defined as

t, — Zlml(l B m)allem _ D++ — D+_ (14>
" Zlm(l - m)2allem D++ +D__ — 2D+_
for cations, and
t = Zlm m(l — m)allem o D__ — D+_ (15)

N Zlm(l — )20 Di, B Diy+D-_-2D,_

for anions. As we shall show, correlations between ions can give rise to large deviations
of transference numbers between ions, provided some asymmetry is present in the system.
Similar expressions (for conductivity and transference numbers) were recently proposed,
though without the derivation shown here, in Refs. 25 and 26.

However, before going any further, we must elaborate on the effect of finite cluster life-
time. In Ref. 11, the diffusion of ions exchanging between dynamical states in typical RTILs
was analyzed. It was shown that if the lifetime of ions in a state, simply considered to be
“free” or “bound” in Ref. 11, is much larger than the velocity correlation time, then we may
define independent diffusion coefficient for ions in those states. In terms of a cluster of rank
Im, to define its independent diffusion coefficient we require the following inequality to be

satisfied

Tulm < Tim (16)

11



where 7,5, and 7, are the velocity correlation time and lifetime of a cluster of rank im,
respectively. If the rank of the cluster is too large it will not obey Eq. (16), and thus
will not contribute to the diffusive relaxation of the system because it will break apart
before it can properly diffuse. The lifetime of a cluster of rank Im can be approximated as
Tim = T/ N B’lm,m where 75 is the average lifetime of an ion association, and N, = [4+m—1
is the total number of associations in a rank [m cluster because the clusters are assumed to
form Cayley trees. Note that the lifetime of a cluster decreases with the total number of
associations because only one association needs to break to destroy the cluster of rank Im.
The velocity correlation time for a cluster of rank Im can be defined as 7,1, = My, Dy, M
where M, is the mass of a rank Im cluster. In order to solve for the conductivity, transference
numbers, and each of the elements in D, we must therefore specify Dy,,, as well as 75. These
are generally not known for RTILs, but we may inspect various scalings for Dy, as well
as association lifetime to obtain qualitative predictions for the ionic conductivity and ion
transference.

For example, a lower bound on the conductivity can be obtained if we assume that
only free ions contribute, i.e. the diffusion constants of all other clusters are zero: Dy, =
Do(81,10m.0 + 0m.1010), where Dy is the self-diffusion coefficient of a free ion. Physically, this
would correspond to a case when the lifetime of all clusters is shorter than the velocity
correlation time for all associated clusters (ion pairs and greater), but where the lifetime of
free ions is larger than their velocity correlation time.!! In that case, the conductivity, non-

dimensionalized by the factor, 2e2Bcsq: Do (Nernst-Einstein conductivity), is simply given
by
=a=(1-p)/ (17)

Omin

for the symmetrically associating RTIL (the asymmetric case is shown in the SI).

On the other hand, an upper bound can be obtained if we assume the diffusion constants

12



of all finite-sized clusters are that of a free ion (Dy,, = Dy) and assume that the lifetimes
of ion associations are infinite (such that 7, > 7,5,). This approximation yields the closed

form
L—p
Omaz = ————————. 18
Y1+ (f-1p (18)
for the symmetrically associating RTIL. Naturally, if a percolating gel cluster is formed, we
assume it does not contribute to the conductivity even with this approximation, as the gel
is infinite in size and could never physically obey Eq. (16) for finite life associations. Thus,

0

when we surpass the critical gel point, we must use the sol probability, p*® and multiply

sol

Eq. (18) by the fraction of the ions in the sol, w3 = ¢35 /¢.. For finite association lifetimes,
it is clear that not all ionic clusters can contribute to conductivity. Indeed, within the
assumption of Dy, = Dy and assuming ions have equal masses (M, = M_ = M), Eq. (16)

yields a finite cluster size constraint of

(l+m)(l+m—1)<:—B:~B (19)

where 7, is the velocity correlation time of free ions given by M Dy, and we have defined

. . .. e - ~ B
the dimensionless association lifetime, 75 = —.

Tv,0
In between these two approximations [Egs. (17) & (18)], we can use the Stoke-Einstein
scaling in which Dy, is inversely proportional to its radius, i.e. Dy, = Dy/(I +m)'/3, which
also provides a finite cut-off for cluster sizes. These assumptions yield the bounded series

~ (I —m)2ay,,
Omid = ZZ: W7 (20)

where the sum is over all [ and m that satisfy Eq. (21), i.e. {l,m | Eq. (21)}. For this scaling,

our constraint in Eq. (16) yields a cluster size cut-off of

(I+m)?Pl+m—1) <7 (21)

13



Thus, depending on the specific scaling expected for cluster diffusivity (D), Eq. (16) can
be used to generate transparent cluster size constraints, as we have shown with Eqs. (19)

and (21). Timescales in literature are on the order of 1-100 ps for 75 depending on the

10,52 11,12,52-56 (

exact criteria for associations and roughly 1 ps for 7, o based on the decay time
for the velocity auto-correlation function). Thus, 75 could potentially vary from 1 to 100.
Though as we discuss later in the text, simulations performed in this study suggest 75 < 4.

The conductivity approximations, G,in, Omaez, and G4, are plotted as a function of
A in Fig. 2 for symmetrically associating ions. For &,,,; we cut the summation off for
clusters containing less than 16 ions. This corresponds to dimensionless association lifetime
of 75 = 100 [Eq. (21)]. We can see that as the strength of the ionic association parameter is
increase, the conductivity monotonically decreases for all of the considered forms of Dy, and
relative bond lifetimes. For very large association constants, we find a scaling of 6 o )\;f /2 for
each of the models, owing to the conductivity being dominated by free ions when the RTIL
has gelled significantly. Interestingly, we find that all three approximations for the cluster
diffusion coefficients yield similar values of &. The largest deviation between the models
occurs around the gel point, as identifiable from the kink in the upper bound estimate. In
Refs. 11, it was found that the free ions dominate the conductivity. We have demonstrated,
through calculating the contributions from all clusters, that in fact, the free ions are always
the dominant contribution.?® Therefore, even if large charged clusters with infinite lifetimes
exist in RTILs, they are not going to drastically alter the conductivity. The symmetrically
associating RTIL approximation has a larger tendency to form neutral clusters, as opposed to
charged ones. In the SI, we show additional examples of conductivity for various asymmetric
RTILs, where charged clusters are more prevalent.

For the symmetric RTIL case, the transference numbers are trivially 1/2. Actually,
many RTILs tend to have transference numbers close to 1/2 (0.45 < ¢y < 0.55.57°% In

the asymmetric case, however, our model predicts that transference numbers deviate from

1/2 dramatically, especially when there are large correlations between ions (large \). Sure

14



enough, certain RTILs have been measured to have very asymmetric transference numbers
(tz <04 o0rty>06).%

In Fig. 2b we show how the cation transference number depends on A for different cation
functionalities [using Eq. (14), with Dy, = Do/ (I +m)'/?]. Comments which follow apply to
asymmetric functionalities, owing to the symmetric case being trivially 1/2. Prior to the gel
point, the transference numbers tend to be close to 0.5, as there will be small concentrations
of charged clusters and roughly equivalent dissociation of cations and anions. Close to the
gel point, t, departs from 0.5 because the fraction of charged clusters drastically increases.
For example, when f, > f_, stoichiometry dictates that negatively charged clusters are
formed more readily than positive clusters. These negative clusters drive ¢, < 0.5. When
fi < f-, the opposite is true. In the limit of the RTIL being significantly gelled (A > \*),
the transference number is governed by the fraction of free ions.?® When f, > f_, the gel
will be negatively charged, meaning there will be more free cations than anions, and ¢, tends
to 1.

The non-monotonic feature in ¢, seen in Fig. 2b will depend on the precise functional
form of Dy, as well as the lifetime of associations. For example, as is shown in Fig. S4
(SI), we plot t, for a system with ion functionalities using f; = 5 and f_ = 4, for Dy, =
Do(6110m0 + 6m1010); Dim = Do/(L +m)Y3, and D, = Dy. If the ion transference obeys
the limit of solely free ion diffusion then the non-monotonicity disappears entirely. In the
opposite limit, if clusters diffuse like free ions (Dy,, = Dy) and satisfy the inequality in
Eq. (19) then there is actually a singularity which arises in the transference number occurring
at the gel point. Such singularity is not physical; diffusivity will undoubtedly strongly
decrease as a function of cluster size, and Eq. (19) would ensure a finite cut-off for clusters
that might contribute to ionic conduction.

One final note concerning our transport model is that in the post-gel regime there will

6

be very few free ions?® in a sea of ionic gel. In this case, it might be tempting to include

a Kohlrausch-like correction® to their ionic mobility reflecting the long-range Coulomb in-

15



teractions between those free ions.?® The ions, however, are not moving unimpeded between
the clusters/gel, they inter-convert between the free and clustered states.!' This is similar
to electrons in intrinsic semiconductors that are thermally exited from valence to conduc-
tion band or of a solid electrolyte where there is a hopping mechanism for diffusion.*!!
A Kohlrausch-like correction would not be justified for RTILs then, and the simple, ‘single-
particle’ transport model of Eq. (13), which accounts for collective nature of transport trough

the inter-conversion of ions between free and clustered states, would be the most natural

starting point.

Comparison with Molecular Simulations

2835 it is reasonable to question if

Given that our theory is derived from polymer physics,
the model is representative of the microscopic behavior of RTILs, especially given that we
have neglected an explicit treatment of electrostatic interactions between ions beyond ionic
association.?% To investigate this, we performed MD simulations of a number of representative

imidazolium based RTILs at 295 K, and also studied the temperature dependence for one of

the RTILs.

Imidazolium RTILs at Room Temperature

The first series of MD simulations performed included the following imidazolium RTILS: 1-
Ethyl-3-methylimidazolium chloride (emimCl), 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide (emimTFSI), 1-Ethyl-3-methylimidazolium tetrafluoroborate (emimBF,), 1-Ethyl-3-
methylimidazolium hexafluorophosphate (emimPFg), 1-Butyl-3-methylimidazolium hexaflu-
orophosphate (bmimPFg), and 1-Hexyl-3-methylimidazolium hexafluorophosphate (hmimPFg).
For specific details on the simulation, we direct the reader to the SI.

In order to compute the ion cluster distributions from MD simulations-independent of

theory—we require a criterion for ion association. We need to find not only free ions, but

16



aggregates of all different ranks and sizes. In this case, a spatial criterion appears to be
appropriate. The simplest spatial criterion would be a cutoff distance between the center
of masses of cations and anions.!'®% However, such a criterion does not account for the
orientation of ions, or the directionality of specific interactions between functional groups,
which mediate associations between ions.

In the left panel of Fig. 1, we display the spatial distribution functions (SDFs) of emim™
and BF,, which were generated by the open source software, TRAVIS.%! In the SI, we
show the computed SDFs for the other simulated RTIL ions. These SDF's are visualized
as iso-density surfaces corresponding to regions where the density of counter-ions (based on
centers of mass) are 2x the average bulk density of counter-ions. They indicate “hot-spot”
regions around ions where counter-ions are especially stable. These “hot-spot” regions, of
which there are a well defined number, exist for RTIL ions because of their complicated
molecular structure with de-localized charge, which gives rise to highly directional interac-
tions, especially in ions that can hydrogen bond®? or form interactions reminiscent of those
in complex formation. This is in contrast to molten salts of highly concentrated inorganic
salts, with highly localized charge, which would likely tend to form ordered semi-crystalline
clusters rather than the branched, spatially-disordered clusters that RTIL ions form.3"%3
For molten salts, although ion clusters may indeed be present, the physical picture of clus-
ters as prescribed by our model would not be entirely consistent with the strongly ordered,
semi-crystalline clusters likely to comprise molten salts.

In order to capture the strong directionality of ionic associations in RTILs, we require
that the center of mass of two associated ions mutually exist in each other’s “hot-spots”,
as depicted in Fig. 1. Here, we choose a threshold iso-density value of 2x the bulk density
to define the “hot-spot” regions. In the SI we examine how ion association is affected by
varying this threshold value. This ion-association criterion is advantageous because it is
readily transferable between different RTILs, it can be used instantaneously for any MD

snapshot, and it ensures that ions in close proximity have energetically favorable mutual
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orientations with one another.
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Figure 3: (a) lonic cluster distributions for six RTILs at 295 K, as computed from MD (open
squares) and theory (solid lines). (b) Gel fraction, ionicity [Eq. (23)], free ion fraction, and
free cation transference number [t9, Eq. (24)] are plotted for all six studied RTILs, with
molecular dynamics values as open squares, and theoretical values as asterisks.

As we have alluded to, the SDF’s for the ions displayed in Fig. 1 (further examples can
be found in the SI), can also be used to determine the functionality of ions for our theory.
For example, the SDF around the imidazolium cations (typically) show five distinct regions
(f+ = 5), which arise because of imidazolium ring is charged and planar, creating highly
directional interactions with the anions; whereas the SDF around the BF,— ion shows four
distinct “hot-spot” regions on the faces of its tetrahedron molecular structure, indicating
that it has a functionality of f_ = 4. The number of “hot-spots” itself does not always
represent an ion’s most apt functionality. For example, we observe eight distinct “hot-spots”
on the PFy ion, but we never observe more that 4 cations associated to a PF ion in our
simulations, leading to our choice of f_ = 4 for PF;. This is because imidazolium cations
are bulky enough to block access to some additional “hot-spots” when they are associated
to PFy . Thus, an ion’s functionality is determined by a combination of its number of “hot-
spots”, as well as the ability of the counter-ion to access those “hot-spots”.

In order to compare the MD simulations to our theory we need to determine all theoretical
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parameters. We explained above how ion functionality may be determined, so the only
remaining parameters are ¢;; and A, which may actually be grouped into a single parameter:
N = ACsur, avoiding the additional complexity of computing A and ¢,,; individually. This
final parameter can be determined with knowledge of the association probabilities and ion

functionalities via the aforementioned mass action law in Eq. (6), rewritten as the following

P—+
S+ =pe) (1 —p—y)

AN = Neguy = (22)
where the ion association probability is computed from MD at each time step with simple def-
inition: pyr = # of associations/(# number of ions - fi ). The computed value of A is then
ensemble averaged across all time steps. The parameters computed from MD simulations
for our theory are reported in Tab. 1. It is interesting to note that the computed values of
A were all computed to be smaller than 1 for the chosen threshold criterion for associations.
However, this does not mean that clusters and associations are thermodynamically unstable.
Rather, as we have said, A simply sets the equilibrium population of open vs. associated
sites. Later, when we investigate the temperature dependence, the energetics of the associa-
tions are indeed found to be favorable. An interesting comparison can be made between the
computed A values and the vacuum ion-pair and cohesive energies computed from ab-initio
simulations performed in Ref. 64. Specifically, the vacuum ion-pair and cohesive energies
display the same qualitative trend as A for emimPFg, emimPFg. and bmimPFg: increasing
alkyl chain length of the imidazolium cation leads to a decreased affinity to associate (smaller
A, and lower magnitude of ion pair and cohesive energy).

Overall, the cluster distribution from our theory, using parameters derived from the MD
simulations, comes extremely close to the independently determined cluster distribution of
the simulations, as seen in Fig. 3a. We observe the following trend in association affinity:
emimCl > emimPFg > bmimPFg > emimBF, > emimTFSI > hmimPFg. Moreover, we also

explicitly plot various quantities in Fig. 3b, including gel fraction, ionicity, free ion fraction,
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Table 1: Summary of Model Parameters at T' = 295K

A [+ f-
hmimPFg 0.07 5) 4
emimTFSI 0.10 4 4
emimBF, 0.11 5 4
bmimPFg 0.13 5 4
emimPFgq 0.30 5 4
emimCl 0.54 5 4

and the free cation transference number. For all of these quantities, the model values nearly
perfectly match those calculated from the performed MD simulations.

It is informative to compare ionicity—the dimensionless ionic strength—to the free ion
fraction, because this highlights the potential importance (or not) of ionic clusters in the

ionic strength of the electrolyte. Ionicity, I, is given by

I=

| —

Z(l —m)* Q. (23)

We see that for all RTILs, the free ion fractions are close to the ionicity. In fact, for emimPFg
and emimCl the ionicity and free ion fractions are essentially indistinguishable. Whereas, for
hmimPFg, emimTFSI, emimBF,, and bmimPFg there is a small, but noticeable difference
between the ionicity and the free ion fraction.

Comparing the ionicity to the free ion fraction gives a measure of the presence of charged
clusters, and therefore insight into the possibility of ionic current being carried by species
other than free ions. We see that for all RTILs, the free ion fractions are close to the
ionicity. This indicates that even if the association lifetime permits all clusters to contribute
to the diffusive relaxation in the system, free ions would still be the primary contributor to
ionic current in the observed RTILs. As will be discussed in detail later, accounting for the
finite lifetimes of the associations places even more weight on the role of free ions in current
conduction.

As seen in Fig. 3b, two of the RTILs, emimCl and emimPFg, were found to have non-zero
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gel fractions. It should be emphasized that our observation of percolating gel networks in
emimCl and emimPFg (and lack gel in the other RTILs) depends heavily on our criterion
for ionic association, specifically our iso-density threshold of 2x the bulk density. In the SI,
we explore how varying this iso-density threshold changes the apparent association behavior
of the RTIL, and we elaborate further on defining the gel in the simulations.

It has been suggested by Gebbie et al.?>?3 that RTILs behave as dilute electrolytes, with
only 0.003% of ions being free, as discussed in the Introduction. If such a situation were true,
our model predicts that the RTIL must be gelled. In fact, with such as small proportion of
free ions, the system essentially only comprises of the gel phase and free ions.?® This raises
the questions of if the gel phase is playing a role in those surface-force measurements.

Finally, in Fig. 3b, we plot the free cation transference number, %, given by the following

formula

(8%
PO ="+ 24
gl (24)

which is essentially just the fraction of free ions that are cations. Note that t% is not a
transport property. However, tﬂ is related to the cation transference number, ¢, in the
limit of free ion dominated conduction and equal cation and anion diffusivities.

If cations and anions have equivalent functionalities the theory predicts they should form
positively and negatively charged clusters with equal probability and tﬂ = 0.5. In general,
when f, > f_ (as is the case for the majority of RTILs studied here), the anions will have
a larger probability to associate than cations. Thus, there will be more free cations than
free anions, leading to ¢} > 0.5. However, for RTILs significantly below the gel point, the
associations will not be abundant enough to drastically alter ¢ from 0.5, even if fy # f_.
For this reason, the majority of the RTILs studied were found to have t(}r very close to
0.5. However, for the most heavily associated RTIL that we simulated, emimCl, indeed we

observe a significant positive deviation of ¢ from 0.5, with 9 = 0.65, which is exactly in
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line with our theoretical prediction.

The effect of ion functionality on ion transference could be more throroughly probed
via its temperature dependence. Recall Fig. 2b, where ¢, is plotted as a function of the
association constant A. As intuitively expected and shown in the next section, A will be
a monotonically decreasing function of temperature. Thus, we can expect that when ion
functionalities are equal, £, will not be a function of temperature, but rather fixed at a
value set by the asymmetry in anion/cation diffusivity. However, when ion functionalities
are unequal, ¢, will be a strong function of temperature. Of the six RTILs studied here,
all but emimTFSI (f, = 4,f = 4) are expected to have a unequal functionalities (f; =
5,f- = 4). Interestingly, ion transference numbers computed (from self-diffusion coefficients)
for emimTFSI, emimPFg, and bmimPFg in Ref. 10, as well as emimCl in Ref. 54 are all in
qualitative agreement with the ion functionalities determined in this study. For example, the
cation transference number of emimTFSI is relatively constant across a range of temperatures
ranging from 350-500 K, whereas emimPFg, bmimPFg, and emimCl all strongly increase as
temperature decreases. When f. > f_. as determined for emimPFg, bmimPFg, and emimClI,
the ratio of free cations to free anions will increase as a function of increasing A or equivalently
decreasing temperature. Thus, for free ion dominated conduction, ¢, would increase as a
function of temperature for emimPFg, bmimPFg, and emimCl, but not emimTFSI.

We again emphasize the distinction between ¢ and ¢.. ¢ does not take into account the
ability of clusters to contribute ionic conduction, or asymmetric diffusion coefficients of free
ions. Nonetheless, if the ion association lifetime prohibits the diffusive contribution of high
order clusters, the transference number would be dominated by free ions, which in general
have unequal diffusivity: ¢, = oy Dy o/(a—D_ o+ a; D, o), where Dy g is the diffusivity of

free cations/anions.
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Figure 4: (a) Computed (from MD simulations of emimBF}) ionic association constants, A,
as a function of temperature. The theoretical curve was generated via Eq. (25) by fitting to
the simulation data. (b) Ionic cluster distribution (cluster probability as a function of size)
for various temperatures ranging from 230-600 K. (c) Gel fraction, ionicity [Eq. (23)], and
free ion fraction are plotted as a function of temperature.

Temperature dependence

In order to further probe our model, we performed a series of MD simulations of emimBF,
at various temperatures (230-600 K). In Fig. 4a, we plot the computed A values as a function

of temperature. As we show in the SI, A can be expressed as

e~ B(AU+-—TAS; )

A= )\ésalt = f +£ )
+ —

(25)

where AU, _ and AS, _ are the energy and entropy of association, respectively. The relative
molecular volumes of emim™ and BF give {; = 2.4 and £ = 1, respectively. The solid curve
in Fig. 4a, was generated from Eq. (25) with fitted values of AU, = —2.3kgT} (Tp = 300 K),
and AS,_ = —3.3kg. Thus, the ionic associations are driven by the exothermic energy of
association, but at the cost of a strong decrease in entropy.

In Fig. 4b, we plot the cluster distribution of emimBF, for the studied temperatures, and
once again we find quantitative agreement with the theory and simulations. Furthermore,
in Fig. 4c we plot the ionicity, free ion fraction, gel fraction, and the free cation transfer-
ence number as functions of temperature. Overall the theory agrees with the molecular
simulations extremely well. Decreasing the temperature decreases both the ionicity and free

ion fraction of emimBF,, owing to the exothermic and entropy lowering nature of the ion
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associations. We also see that a gel network forms in the simulation upon cooling below
room temperature, but remember the gel transition temperature will depend strongly on
the iso-density threshold used (2x the bulk density in Fig. 4). The free cation transference
number stays roughly constant at 0.5 in decent agreement with the theory. Though, it would

be expected to increase upon further reduction of the temperature.

Discussion

The comparison of our theory to the MD simulations give us a deeper understanding of
the physical nature of RTILs as electrolytes. For one, it appears that, despite our neglect of
explicit electrostatic interactions between ions beyond ionic associations, our theory performs
exceptionally. We credit this to our previous statement that the majority of the electrostatic
energy of the mixture is captured via the formation of the clusters. Excess contributions,
such as the electrostatic interactions between ionic clusters, especially free ions, do not seem
to strongly affect the cluster equilibria in RTILs. 2

The success of our model in capturing the clustering for each of the simulated RTILs
suggests that our treatment of the RTIL ions as simple poly-functional monomer units works
effectively well. Furthermore, the temperature dependent study of ion clustering in emimBF,
revealed to us the energetics of the ion associations, as well as the thermally reversible
nature of the percolating ionic gel. Still there are some questions that remain. First, is the
contribution of clusters to ionic current precluded by the limited lifetime of ionic associations?
Second, will the emergence of a percolating ionic gel lead to structural arrest or “freezing”

of an RTIL?

Ionic Conduction: Clusters or Free Ions?

A principal finding from studying the ionic clustering in emimBF, as a function of temper-

ature was that we computed the energy of association to be only moderately exothermic
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(-2.3 kgT'). This implies that the associations will frequently be broken via thermal excita-
tions. Therefore, as we have previously alluded to, the lifetime of associations will be finite.
As detailed in the SI, we find that the association lifetime (75) ranges from 1-4 ps depending
on the temperature (this is in good agreement with the range found by Ref. 52 but smaller
than those found in Ref. 10). Based on the decay time velocity auto-correlation functions

in many RTILs, 252756

we expect 7,9 to be approximately 1 ps. Using these scales for , 75
and 7,9, we would expect that 75 < 4. Thus, the constraints of Eq. (19) or (21) would only
be satisfied by clusters containing only a few ions. For example, for 75 = 4, Eq. (21) gives a
cluster cut-off of 3 ions, meaning that clusters larger than triplets would tend to break apart
prior to the decay of the VACF, and thus not contribute to ion conduction. On the contrary,
as is displayed in SI, the mean lifetime of free ions was found to be between 3-6 ps depending
on the temperature; consistently longer than 7, . Therefore, we expect that free ions will
undoubtedly contribute to ionic conduction in RTILs with small contributions from small
ionic clusters, and likely no contribution from large ionic clusters. This is consistent with

the observations by Gouveneur et. al.,®

where the presence small asymmetric clusters were
used to explain the observations of strongly asymmetric transference numbers in RTILs.

Thus, ion clustering plays two essential roles in affecting ion conductance and trans-
ference. First, clustering reduced the overall ionicity, and thus the mobile charge carriers
in RTILs. This will result in a suppressed conductivity in RTILs. Second, as we have ex-
plained, when the ion functionalities are unequal, clusters will have a tendency to be charged
(negatively for f_ < f, or positively for f_ > f.). The non-zero net charge of clusters is
necessarily balanced by the unequal fraction of free anions vs cations. Thus, in the ex-
pected case of a free-ion dominated ionic current, the asymmetry in free ion fraction would
correspond directly to an asymmetry in ion transference.

It has been found in a number of studies, that a certain fraction of ions in RTTLs propagate

freely for a time significantly longer than the bonding lifetime.!? ' Indeed, in Ref. 11 it

was shown that these free ions are the dominant contributor to ionic current. Our results
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agree with those quite well. Having said this, the precise contribution (or lack there of) of
clusters to the ionic current will depend strongly on the association lifetime, which is highly
dependent on the iso-density threshold and the scaling used to derive Egs. (21) & (21).
Nonetheless, our conclusion still remains that ionic conduction is principally governed by free
ion diffusion. Other RTILs may have associations with longer lifetimes than those studied
here,!® but likely not long enough to substantially change our conclusion. On the other
hand, RTIL systems containing lithium or other small alkali cations will likely have much
stronger associations than those in ordinary RTILs with organic cations, making the expected
lifetimes of associations much longer. %57 In these cases, ion clusters may indeed play a much
larger role in the diffusive relaxation of the system. There is specific proof of this in Refs.

68-71, where sodium ions and lithium ions were found to have negative transference numbers
when dissolved in RTILs at low concentrations. This type of phenomenon is something that
can be readily explained by the vehicular transport of sodium and lithium in longer-lived,

net-negative clusters.

Structural Arrest: Gelation or Glass Transition?

The thermodynamic theory, in addition to the molecular simulations, presented here suggests
that a percolating ionic gel could form in RTILs around room temperature.®2%26:72 Addi-

0.7 indicate that a percolating cluster may be

tionally, a number of other simulation studies
present in RTILs depending on the temperature and association criteria. The existence of
a percolating cluster in RTILs is thus not completely unexpected. However, we now must
discuss the implications of such a cluster.

Throughout this article, we have defined gelation as the appearance of a percolating clus-
ter, as is consistent with gelation in thermoreversibly associating polymer systems. Yet, as
noted by Kumar and Douglas,™ gelation stems from a latin word meaning “to freeze”. Thus

it is natural to consider if the RTIL will acquire solid-like properties when a percolating

cluster is present. In chemical gels it is well known that bond percolation is accompanied
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by a rheological transition, leading to a power-law divergence of viscosity and emergence of
elasticity,” i.e. the mixture gains solid-like properties. There is a direct analogy between
chemical and thermoreversible gels, but typically this analogy holds only for timescales less
than the characteristic association lifetime.”®"" Thus, it appears that the observed perco-
lating clusters would only confer solid-like properties upon the RTIL for very short time
scales.

A conceptually similar phenomenon to gelation is the glass transition. The glass transi-
tion is characterized by the kinetic arrest of molecules, physically similar to freezing. How-
ever, glassy systems lack the long range order typically found in solids. Interestingly, imi-

5781 where an liquid’s fragility correlates

dazolium RTILs are known fragile glass-formers,
with how rapidly it undergoes the glass transition. This is actually entirely consistent with
our finding that association in emimBF, are inflexible (as determined by the strong negative
entropy of association). It is well-established that the stiffness or lack of flexibility in molec-
ular chains leads to glass transitions in polymeric systems.® In fact, connections of the glass

81783 suggest a correlation between the configurational entropy

transition to thermodynamics
landscape of a liquid and its the fragility. Thus, the thermodynamics, specifically the config-
urational entropy, of ionic associations could be of principal importance for understanding
how and why glass transitions occur in RTILs.

Furthermore, the success of our model in capturing the cluster distributions observed by
simulations suggests a strong connection between RTILs and the well-studied patchy particle

7484792 These are systems of model particles with have limited valence, highly

systems in Refs.
directional interactions, i.e. they have fixed functionalities analogous to our model that are
representative of colloidal systems. The general consensus from these works is that the
presence of a percolating cluster is generally only accompanied by structural arrest if the
associations are strong/long-lived and the system is not so concentrated that the physical

effects of percolation are masked by the glass transition. Furthermore, concentrated systems

of weakly associating patchy particles were found to share much of the dynamical behavior
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74

of fragile-glass forming systems, * once again corroborating the connection of these systems

to RTILs.

Thus, the weakly-exothermic energy, short lifespan, strong entropic cost of associations,
in addition to the overly high concentration of ions in RTILs, clearly suggest that gela-
tion/percolation will not be accompanied by structural arrest for the studied RTILS, and
solid-like transitions in RTILs are more likely the result of the glass transition. Percolation
would undoubtedly be expected to precede the glass transition and could serve as an upward
bound for the start of vitrification in RT1Ls.

While the percolation threshold predicted by our theory may not indicate a stark transi-
tion in physical properties of RTILs or their structural arrest, the presence of the percolating
networks are consistent and can help explain the structural organization in RTILs.?%% The
emergence of such mesoscopic nanostructure in RTILS is attributed in large part to the
amphiphilic character of the RTIL ions. For example, imidazolium cations contain non-
polar /hydrophobic, hydrocarbon tails and polar/hydrophilic, aromatic heads. Conversely,
many RTIL anions, such as the ones studied here, tend to have more localized charge and
are thus more hydrophilic. The MD simulations performed in Ref. 93 showed that the polar
heads of cations form a continuous, 3-dimensional network with the anions that excludes the
hydrocarbon tails. This type of phenomenon would be exactly represented by the emergence
of a percolating cluster that is bridged by the directional interactions between anions and
cations as we have defined in this work. Observing the SDFs in Fig. 8 of the SI, we see
that the imidazolium hot-spots are localized around the aromatic head of the ion, while the
hot-spots are more evenly spaced around the anions. Thus, associations bridged by these
hot-spots would exclude the hydrocarbon tails, and the emergence of a percolating cluster
would indeed create a 3-dimensional continuous network containing the polar groups in the
RTIL.

Furthermore, additives to RTILs could trigger percolation/gelation induced structural

arrest. As we have mentioned, the dissolution of alkali salts in RTILs leads to clusters

28



strongly affecting the transport of the alkali cation. The percolation of the alkali salt clusters

69,70

within the RTIL is expected from simulation, and contain associations that are strong

enough to arrest the system as in traditional gelation processes.? Furthermore, additives to
RTILs other than alkali salts (such as water, 9% acetonitrile,” or “gelator molecules” 4298),

show the presence of a gel phase upon their addition. These observations suggest that RTTL

mixtures are capable of gelation, even if it is not detectable in their neat formulations.

Conclusion

In this article, we outlined a simple, general theory for the formation of arbitrarily large ionic
clusters and the onset of a percolating infinite cluster (gel) in room temperature ionic liquids
(RTILs). Using the developed thermodynamics of ion clustering, we constructed a simple
theory of coupled fluxes directly resulting from the presence of charged clusters in RTILs.
Such a theory is much needed for RTILs, for which the idealized picture of ion pairs is perhaps
too simplified. Recently, in Ref. 7, the development of “chemically specific theories” was
identified as a key challenge for guiding electrolyte design in the next generation of battery
electrolytes. Our model responds to this challenge. In particular, it was was able to capture
some molecular specificity via the association constant (\) and ion functionality parameters
(f2)-

We performed molecular dynamics (MD) simulations of six RTILs. From the spatial
distribution functions of bulk simulations, we developed a general association criteria for
ions based off their relative positions and orientations. This allowed the cluster distributions
to be obtained from MD simulations. The parameters required for the theory are the ion
functionalities and the strength of their association. As we outlined in detail, these can be
independently determined from MD and used in the theory, resulting in agreement between
the theoretical and MD cluster distributions for all studied RTILs.

The comparison between the MD simulations and the theory provided valuable insight.
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For one, our model’s treatment of RTIL ions as simple, poly-functional, associative monomer
units reproduced the observed cluster distributions for all of the simulated RTILs. The
The temperature dependence of association allowed us to compute the association energy
and entropy in emimBF,. Interestingly, the energy of association was found to be weakly
exothermic (—2.3kpT), indicating that associations will likely be relatively short-lived break-
ing frequently due to thermal excitation. The somewhat weak and ephemeral nature of the
associations indicates that large clusters will not live long enough to contribute significantly
to ionic conduction, and the percolating cluster (gel) will not lead to a lasting structural
arrest of the RTIL. Additionally, it was found that there is a strong negative entropy of
association (-3.3kp) in emimBF, indicating that associations in RTILs are very stiff. As-
sociation stiffness is a known to induce glass transitions via the “entropy catastrophy” in
polymer systems® and could likely induce glass transitions in RTILs as well.

Some experimental signatures of clustering and percolation in RTILs have been previ-
ously reported, as we highlighted, and we believe that the presented theory should guide
further experimental work on the extent and effects of clustering and percolation in RTILs.

9

We expect that such a theory may be extended to more complex ionic mixtures,” such

as polymer-based semi-solid electrolytes'® or perhaps even super-concentrated electrolyte

69,70,101-104 71,105-108

mixtures with multiple salts or multiple solvents.

Supporting Information

Table of symbols; derivation of cluster distribution; derivations of equations for asymmetri-
cally associating RTILS (association probabilities, gel point, and conductivity); definition of

gel from simulations; results obtained with variable iso-density threshold; simulation details.
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