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Abstract

Aqueous electrolyte solutions are central to many natural phenomena
and industrial applications. This leads to the continuous development of
increasingly complex analytical models to predict their chemical properties.
These are all based on an explicit, atomistic description of ion-ion electro-
static interactions combined with mean-field approaches for the dielectric
response of water. Such approaches approximate the complex multi-body
ion-ion correlations to pair interactions, introducing the concept of ion-pairs.
Despite many achievements, these concepts fail to describe situations where
ion-ion correlation and specific solvation become relevant, such as for con-
centrated electrolyte solutions. Here, we propose a change of perspective, by
introducing a statistical, coarse-grained view that bypasses the need to de-
fine ion-pairs and does not require any prior knowledge on specific solvation.
We base our concept on separating the solution into a spherical observation
droplet whose size and average composition are fully determined by the solu-
tion parameters, and the environment consisting of the remaining solution.
This allows us to express the droplet-environment interaction in terms of
a generalized multipole expansion, i.e. in a convenient, additive way. We
applied this approach to 139 electrolytes including some ionic liquids and
notoriously complex electrolytes, such as LiCl or ZnCly. Our model yields
a set of analytical functions sharing the same parameters that simultane-
ously model the activity coefficient, Iny., the osmotic coefficient, ¢, and
water activity, a,,. Those parameters give direct access to the radius de-
pendent partition function around the observation droplet. The functions
predict electrolyte behavior over the whole electrolyte mole fraction range
ze = 0 — 1, paving the road toward understanding super-saturated and
water-in-salt solutions as well as electrolyte nucleation.

keywords: Aqueous Electrolyte Solutions, Activity Coefficient, Osmotic Coeffi-
cient, Water Activity
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1 Introduction

A variety of technological challenges such as the understanding of water in salt
electrolytes (WISE),[1, 2] the development of advanced battery and energy storage
technologies,[3, 4, 5, 6] the recycling of desalination brines[7] and a save operation
of deep sea boreholes[8] require a thorough microscopic understanding of concen-
trated electrolyte solutions. However, existing models to predict the behavior of
electrolyte solutions have been derived by extrapolating from the diluted regime,
leaving a gap of knowledge for concentrated solutions.[9]

From a physico-chemical perspective, the osmotic and average activity coef-
ficients of electrolytes ¢ and In~., respectively, determine the excess thermody-
namic functions of the corresponding aqueous and non-aqueous solutions.[10, 11]
Debye and Hiickel were the first to describe electrolyte and water properties
in dilute electrolyte solutions as a function of ion concentration and electrolyte
composition.[12] The theory has later been extended to higher concentrations by
Bjerrum, Glueckauf and McMillan and Meyer (see review by Vaslov[13]). Fried-
man, Pitzer and coworkers extended the description to more complex electrolyte
mixtures such as seawater.[14] A special issue of the Journal of Fluid Phase
Equilibria[15] celebrates the 100th anniversary of the findings by Debye and Hiickel
and provides a summary of recent developments on the topic. In that issue Simonin
and Bernard[16] compare several simple activity models including Debye-Hiickel,
the mean spherical approximation and the Pitzer approach. Earlier, Khan et al.[17]
compared four physical models describing In~y.. While the Pitzer and Bromley
models describe the activity coefficients of the 1:1 electrolytes well, the methods
fail for several important 1:2 electrolytes such as CaCly and MgCl,. A recent re-
view by Held[9] provides a critical comparison of the different excess Gibbs energy
models up to high electrolyte concentrations.

Common to all models is a series expansion of In~y. in the molality or, more
precisely, ionic strength framework starting from the limit of infinite dilution.
In most cases the dilute limit is described by a Debye-Hiickel term. This series
expansion is developed taking into account individual ion-ion interactions over the
full volume in the configuration integral. The behavior at high molalities is in
general derived by assuming ion specific (hydrated) ion radii which are fitted to
the observed experimental values[14, 16] and clustering of ions. The integrals are
rather complex and the ability of ions to form different types of ion pairs or, more
general, ion complexes makes an evaluation at high concentration difficult.

In spite of these complexities, it is very surprising that many experimental
observables of aqueous electrolyte solutions, such as the effective molar extinction
coefficients[18] or the average apparent molar volume, show a nearly linear mol
fraction dependency.[19] This simple behavior suggests that, on a macroscopic
level, most of the water-mediated ion-ion interactions partially compensate and
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lead to average interactions that can be described by simple analytical functions.

In the following, we focus on simple two-component solutions composed of a
single electrolyte and water. We demonstrate that the separation of the solution
into a well-chosen probe volume and its environment leads to a generalized mul-
tipole description of the excess interaction energy of electrolyte solutions. The
number of required expansion orders is small: even for complex electrolytes such
as ZnCly and LiCl three components are sufficient to describe the experimental
data. When integrated, the resulting equation yields an analytical form of the os-
motic coefficient ¢ and, thus, the water activity a,,. The set of equations is applied
to a total number of 139 electrolytes. The dependency of the fit parameters on
electrolyte composition is discussed.

2 Introducing the Statistical Approach

__._Nolnteraction

_ Low Concentration

Figure 1: Schematics of the coarse grained approach used to determine the in-
teraction energy in aqueous electrolyte solutions: The solution is separated into a
central ”observation volume” with radius, R, (black line) and its environment. All
distances R = ni R, are measured in units of the hydrated electrolyte radius, R},
(dashed circle at the center) so that ngy = R4/ R), identifies the droplet radius in
this coordinate system. If we neglect ion-ion interactions, the charge distribution
inside and outside the droplet is uniform. Upon ion-ion interaction, the charge
distribution inside the central droplet produces an electrostatic potential outside
the droplet which attracts charges of the opposite sign. At high concentration R,
decreases and the interaction energy increases.

The mean activity coefficient expresses the excess chemical potential of the

electrolyte in units of RT. Activity coefficients, 7., as function of molality, mpg, are
reported for a large number of salts in two books by Lobo.[20] Activity coefficients
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for some ionic liquids were taken from articles by Sadeghi[21] and Shekaari[22, 23,
24, 25]. To describe v+ based on a microscopic picture, our idea is to split the total
electrolyte system into a spherical ”observation” droplet (d) with radius, R, and
the remaining environment (e). The excess chemical potential is hence a function
of the interaction free energy, Uy, between the two (see Figure 1). We choose
the observation volume to contain exactly one electrolyte unit (v, cations and v_
anions) and the stoichiometric amount of water (n,, = z,,/rp) where g and z,,
are the electrolyte and water mol fractions, respectively. The spherical shape is
adopted due to the isotropic nature of bulk electrolyte solutions.

The instantaneous charge distribution inside the observation droplet is due to
both, ions and water. It can be complex depending on the electrolyte composi-
tion and concentration. This distribution generates an electrostatic potential in
the environment. The average interaction of this potential with the charge distri-
butions outside the droplet, averaged over all possible configurations explored by
the system, determines the interaction energy Ug.. We choose to describe such an
electrostatic potential at a distance, R, outside the droplet as multipole expansion
in spherical coordinates. We express this distance, R = nrRy, in units of the
hydration radius, Ry, of the electrolyte. It is determined by the composition of
the solution, its density, and an effective number n; of hydration water that de-
pends on the electrolyte and the expansion order (see Appendix for details). This
choice allows us to conveniently express the interactions in terms of a dimensionless
distance unit, ng, removing the dependence on concentration and molar volume.

In a second step, we express the angular dependency of the effective charge at a
distance R > R, in terms of spherical harmonics. Thus, for each multipole term of
order [, the integration over the angles leads to a contribution Uy ;(ngr) = Ujw;(ng)
where U; is the ["* order interaction energy. The weighting function, w;(ng),
describes the radius dependency of the interaction strength. The total interaction
energy of the droplet with its environment is given by

o0

Ude = ; Ul /n wl(nR)an. (1)

d

Please note, that the integration starts at the droplet boundary (ny, = Ry/Rj)
which is solely determined by the composition of the solution and the hydration
shell size of the electrolyte.

We found that a weighting function of the form

3NN (1 +1n [n;f”\’D

wi(n) = - ©

represents well the measured activity coefficient data for 139 electrolytes including
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some ionic liquids. By adopting this, the integration yields

NAUd B A B A
nys(es) = S = D <:v_’) lnkx_l) ] @
1 h h

where we have converted the microscopic interaction energy Uy to molar quantities
and normalized by the thermal energy RT'. In addition, we have made use of the
fact that n3 = (Ry/Rp)® = x5, /zp is inversely proportional to the volume ratio of
the central droplet and the hydrated electrolyte and, thus, to their mol fraction
ratios (see Appendix for details). D; is the depth of the [** order interaction
energy profile. The fitting parameter !, describes the cross-over from the dilute to
concentrated solutions. For xp > z! the I'™™ order contribution becomes positive
indicating unfavorable (endothermic) interaction. We found in our analysis (see
Figures below) that solely the dipolar (I = 1) contribution requires in some cases
x; < 1. In all fits where quadrupole and octupole contributions become relevant

xﬁfl = 1 leads to a satisfying description of the experimental data. Equation 3
looks like a superposition of entropy-like (zlnx) contributions with non-integer
exponents.
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Figure 2: Example fits of In v, for different electrolytes using the model description
from Equation 3. The insets show the fit residuals.

Figure 2 shows example fits of individual electrolytes. For CsBr which does
not display strong cation-anion interactions, the dipole expansion represents the
activity coefficient sufficiently well over the full data range. When increasing
the cation-anion interaction strength, such as for the cases of LiCl and ZnCl,,
complex ion-ion correlations occur in the solution. This increases the importance of
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higher order contributions to the concentration dependent behavior of the activity
coefficient. The quadrupole and octupole terms of our statistical model capture the
more complex behavior of LiCl and ZnCl, solutions over the whole mole fraction
range. The number of contributing multipole components provides a quantification
of the impact of (multi-body) ion-ion correlations: complex ion-ion correlations
require stronger contributions from an increased number of higher order multipole
expansion terms.

3 Discussion

Summarizing the results above, we have demonstrated that In~. can be repre-
sented by a multipole expansion of the interaction between the central observation
droplet and the surrounding solution (see Equ. 3). Each expansion exponent, A,
reflects the combination of the thermally averaged interaction between individual
multipoles and the effective number of multipoles contributing to the interaction.
Along its major axis, the interaction falls of as 1/ n?lﬂ. For dipole-dipole interac-
tion (I = 1), the lowest order term in Equ. 3 compares favorably with the simplest
form of the Debye-Hiickel law (In~yi o m]lB/Q) for dilute solutions where x o< mp
when choosing Apipole = 0.5.

Figure 3 shows the results of the dipolar contribution for 139 electrolytes. In
panel A we show the dipolar contribution to In . for four electrolytes with differ-
ent ion-water interaction strength. The cross-over point z; " marks a boundary:
dipole-dipole interaction becomes unfavorable for higher concentrations and com-
plex interactions become more important. The droplet size of the observation
volume where this happens is determined by 1/z; . Panel B shows the depth
of the dipolar contribution to In 4 versus its exponent for the different 1:1 to 3:2
electrolytes as well as ionic liquids. We display electrolytes with z,**° = 1 with
open markers. The vertical line at Apipole = 0.5 refers to a value corresponding
to the Debye-Hiickel (DH) law. Electrolytes with large Dpipole show in general
exponents close to the DH-value. A comparison to panels A and C shows that
Dpipole is determined by both, the strength of the electrolyte and the limiting
concentration where higher order terms become more important. A larger expo-
nent indicates an increased importance of thermal averaging effects (Remember,
that thermal averaging changes the 1/R3-interaction of close dipoles to a 1/RS-
dependency, when the effective interaction strength is much smaller than kT).
This is especially prominent for ionic liquids which show the largest exponents
among all electrolytes. Panel C supports this picture. Here, we observe that a)
electrolytes with smaller 1/z; " and b) electrolytes with higher charge show ex-
ponents closer to the DH value. Electrolytes where higher order contributions

dominate at low concentrations (i.e. z}™® °' is small) or which only weakly interact
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Figure 3: Comparison of different electrolyte solutions. A: Examples of the dipolar
part of In~y. for different electrolytes. The cross-over from negative to positive
values marks the transition from dipole-dipole to more complex interaction forms.
1/xy, corresponds to the size of the probe volume. B: Depth of the dipolar part of
the potential versus exponent. Electrolytes with :Egip()le = 1 are shown with open
markers. C: Exponent Apjpoe versus 1 /x?ipde, of the hydrated electrolyte. The
dashed line represents the coefficient expected for the equivalent Debye-Hiickel
limiting law. D: Amplitude Dpipee for electrolytes with 2" < 1. The data
were fitted with a power law of the form Dpiole = Do Y, vigi (1 /xfipde)_"‘ with
Dy =2.81(8) and k = 0.42(1). The lines display the power law for 1:1 (blue) and

2:1 and 1:2 (yellow) electrolytes. A few electrolytes with exceptional properties
are labeled separately.
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with each other and with water (e.g. 1:1, blue, vs. 2:1 and 1:2, yellow) tend to
have larger exponents. This indicates increased thermal averaging.
Panel D in Fig. 3 shows the interaction strength, Dpipole, as function of 1/z, for

96 electrolytes. We observe a power law of the form Dpipole = Dol <1 / :c?p‘)le) B

with Dy = 2.81(8) and £ = 0.42(1), where I,, = >, 1;¢? is the ionic strength
of the electrolyte in our molecular frame. This is in agreement with the ionic
strength dependency of the interaction energy as described by Debye and Hiickel.
We noticed a few exceptional cases that are, however, beyond the scope of our
discussion.

Another interesting property of Equ. 2 resulting from our model is that the
weighting function (Eq. 2) is directly related to the microscopic radius dependent
partition function, Z;, along the major axis of the corresponding multipole mo-
ment. The weighting function originates from the effective imbalance in the charge
distribution, Agq, generated by the potential of the central droplet at the given po-
sition. According to Van’t Hoffs equation, this is proportional to a microscopic
osmotic pressure II;(ng)

(4)

Ag(ng) o< i(ng) = (%ﬁn}?))f

Since the angular dependency of the charge difference is described by spherical
harmonics, this radius dependency describes the changes along the major axes
(e.g. along the dipole axis, for dipole-dipole interaction). Integration of Equ. 2
including the pre-factor U; yields

—3X
Up3hn,~ "t
n R

Zi(ngr) = ng (5)

so that \; and U; determine the general shape and the sharpness of the partition
function, respectively.

Figure 4A shows the contributions to the partition function for LiCl using
D, = 1 for better comparability. The long-range interaction shows a weak transi-
tion when hitting the cross-over (dashed blue) where dipole-dipole interaction is
replaced by higher order, more complex interactions. In contrast, the quadrupole
(yellow) and octupole (green) terms show a fast decay at ngp = 1.

The corresponding osmotic pressures are shown in Figure 4B. The dipole contri-
bution is weak and only attractive (i.e. negative) at long distance. In contrast, the
quadrupole and octupole terms are short-range and still attractive at the highest
possible concentrations.

In addition, the description of In 4 in Equ. 3 allows us to derive an analytical
form of the osmotic coefficient. The Gibbs-Duhem equation[26] allows to convert
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Figure 4: Microscopic insights from our new description: Radius dependency of the
contributions to A: The partition function and B: The osmotic pressure for LiCl.
For clarity, we used the potential depth D; = 1. The long range dipole interaction
shows a cross-over from positive to negative values at n**® = 7.3 (Dashed blue)

: _N1/3
where npP = (1/2P) . Purple: ng values for 1 m and 0.1 m solutions. C

and D: Example global fits of the osmotic and and activity coefficients for LiCl
and ZnCl, using Equs. 3 and 6. The insets show the fit residuals.
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In~v4 to the osmotic coefficient

1 me
p=14— mdlnyy (6)
mB 0

which is closely related to the water activity
m
Ina, = —v—26¢ (7)
no

with ny as amount of water in 1 kg of solvent. When we describe molality as
mp = norp/(1 — zp) and use Equ. 3 to integrate Equ. 6 we obtain

1—
¢l = Dli)f LB [(1 —|— )\l 111 [x—B:|> BzB(l —|— )\l, 0) — /\lxlB+Al<I)(JZB7 2, 1 —|— /\l)
x,' TB T
(8)

for the I*® order contribution to the osmotic coefficient. Here, B, (1 + A;,0) is the
incomplete Euler Beta function and ®(xp,2,1+ ;) is the Lerch transcendent.[27]

These analytical descriptions (Equs. 3 and 6) allow a direct global fit of exper-
imental values of electrolyte activity, osmotic coefficient and water activity and,
therefore, simplify the retrieval of excess thermodynamic properties using differ-
ent measurement techniques. Figures 4C and D show example fits for LiCl and
ZnCly together with their fit residuals (insets). Please note, that the oscillatory
behavior in the residuals is an artifact, since the published data have been fitted
by a combination of Debye-Hiickel, Pitzer and polynomial terms. In case of ZnCl,
Goldberg|[28] required 13 and 8 coefficients to reproduce In . and the osmotic co-
efficient, respectively, while we require a total of seven identical fit parameters with
a clear physical meaning (o1,,, = 0.00983 and o, = 0.00589 vs. oy,,, = 0.00747
and o4 = 0.00684 in the work be Goldberg) for both physical properties.

4 Conclusions

We have demonstrated above a novel statistical approach to model and under-
stand the excess thermodynamic functions (Invy4, ¢ and a,) of 140 electrolytes
by the superposition of up to three multipole expansion terms. The basis of our
coarse-grained approach is a generalized multipole expansion which describes the
interaction of the charges outside a stoichiometrically defined observation volume
with the potential originating from the charge distribution inside. Our universal
approach is by no means restricted to electrolytes and is directly applicable to
solutions in general. A generalization to more complex mixtures requires an addi-
tional summation over all possible (neutral) solute combinations in the observation
volume and their interaction with the solute mixture in the environment.

11
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We were able to directly connect the model parameters to physical solution
properties, such as the radius dependent partition function along the major axes of
interaction. This will give valuable insight when comparing the experimental data
with computer simulations that allow to investigate the directionality of the ion-
ion interactions in more detail. At last, we note that the Debye-Hiickel description
is not a "law” with a few exceptions but merely a low concentration approximation
of our more general description.
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Appendix

4.1 Definitions of Distances

We have introduced the hydrated electrolyte radius, R, in the main text without
giving further specifications. This radius can be obtained from density measure-
ments and the composition of the solution as

_ 3 (1 + nh>¢so %
m= (0 )

where ny is the hydration shell size where the solvated ion complexes start to
repel each other and N, is Avogadro’s constant. In general, n; will be different for
different orders of the multipole expansion. Heuristically, we found that electrolyte

activities can be well represented when allowing ngipde > 0 (this corresponds to

x],?ip‘)le < 1) while keeping n, = 0 (i.e. xp = 1) for the quadrupole and octupole
contributions. The average apparent molar volume in the solution is given by
by = Mo/ psol where My = xMp + (1 — 2)M,, and ps, are the average molar
mass and the density of the solution, respectively.

In a similar manner, the radius of the ”observation volume” is defined by

_ 3 (1 +nw>¢sol %
e () o
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where n,, = z,,/xp is the number of water molecules per electrolyte unit.

4.2 The Debye-Hiickel Term: Dipole-Dipole Interaction

In the following we investigate in detail the long-range dipole-dipole interaction
leading to the equivalent of the Debye-Hiickel term in the classical theory of elec-
trolyte solutions. We expect that the minimum hydration shell radius Rj, as defined
in Equ. 9 defines a minimum dipole moment g = ¢eg R, inside the droplet. gog will
be determined by the composition of the electrolyte and is expected to be unity
for 1:1 electrolytes.

In the dilute case, we expect that the average distance between anions and
cations will be much larger than Rj,. Therefore, we estimate the average distance
between anion and cation along the z-direction for a given dipole orientation lead-
ing to a positive dipole moment along the z-direction of p, = q(z4 — 2_) = ¢Az
with 2z, — 2z_ > 0. To simplify this discussion, we assume a 1:1 electrolyte. Anion
and cation can take any position within the droplet so that Az ranges from 0 to
2 Ry. However, the number of ways to realize a dipole with a certain strength
depends strongly on Az. For example, there is just a single configuration with
Az = 2R, while there are many ways to realize configurations with Az < Ry. A
detailed analysis of the resulting probability distribution shows that the effective
distance Azog = 0.5R, yielding pog = 0.5¢Ry = 0.5u0Ry/Ry. E.g. we expect this
equation to hold true for other electrolytes (e.g. 1:2, 2:1, 2:2) when replacing ¢
by an effective charge g.g. For symmetry reasons this dipole must be located at
the droplet center. Without an external field along the z-direction both orienta-
tions show the same likelihood leading to a vanishing net dipole moment inside the
droplet. When an external field F, along the z-axis is applied, the probabilities
P, and P, for an orientation parallel and antiparallel to the electric field, respec-
tively are different and can be described by Boltzmann’s equation. It follows that
P, — P, = etz

We explore next the dipole induced effect on an ion with charge ¢ along the z-
axis outside the droplet. The interaction energy U of the ion at a position |z| > Ry
outside the droplet with p.g at the center of the droplet and oriented along the
z-axis is given by -y

eff

U(z) = dege, |z |3 (11)
For a positive charge U(z) is positive above the plane z = 0 and negative be-
low. According to Boltzmann statistics, this leads to a depletion of positive
charges above the plane and an enrichment below the plane. The expected charge
difference between the upper and lower half-plane at the same z is given by
Aq = q (EVRI/RT — pUC2/KT) - Integration along the positive z-direction assum-
ing |U(2)| < kT yields Aq o< ¢*pier/ Ra. Since peg < Ry and the electric field at the
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droplet center E, oc Aq/Ry, it follows that the interaction energy U, g, between
the dipole inside the droplet and the electric field generated by the displacement
from a single ion in the environment is inversely proportional to the droplet radius.
Negative charges will be enriched above the plane and depleted below the plane.
The resulting electric fields are additive. The total effect of v, cations and v_
anions will therefore be proportional to

UM,EZ 8 o Z Viqiz (12)

To relate our description to standard Debye-Hiickel theory, we introduce the molec-
ular level ionic strength where Iy, 1=, l/iqf and assume that ¢og = v/Ino1 and

Ho = / [moth- (13)

This finding is not restricted to 1:1 electrolytes anymore.

Up to now we have investigated the interaction of of our central droplet with
a single dipole along the z-axis. To come to a more realistic scenario, we use a
second coarse graining step: We assume that the environment outside the central
droplet consists of dipoles with average dipole moment g as defined in Equ. 13.
The central dipole p. interacts with the surrounding dipoles p; via dipole-dipole
interaction. While perfectly aligned dipoles at a distance R close to each other
show an interaction energy that scales like

22 2 B2
Amepe, B3 Amepe, R3'

Uda (:ula M2, R) = (14)
the thermally averaged dipole dipole interaction energy scales like 1/RS. In general,
the number of interaction partners will grow as 4rR?*dR with increasing distance
R from the central dipole.

If we express the distance R = ngR;, between the dipoles in units of R, (see

Equ. 9) with proportionality constant ng, and normalize the interaction energy by
kT, we obtain

Udaa(ng) _ 2Ny Psol Lot R 1
kT 3kT (]. + nh) Msoler €0 n%
2 R 1
30T ) 22 7

(15)

where we have introduced the characteristic length

kTEO E’I‘MSOI
Ae = 16
\/NA ZZ Viqw? Psol ( )
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with the reference and where Ry is defined by Equ. 9. The characteristic length
and the Debye length Ap are related to each other by Ap = A./v/mp/m°. m°’=
mol/kg is introduced formally to yield the proper dimension. It corresponds to a
hypothetical 1-molal electrolyte solution with no ion-ion interaction.

4.3 Concentration Dependency of the Pre-Factor

Both, A\, and Rj, depend on a parameter combination, that is concentration de-
pendent. In the following, we will show, that for most typical electrolytes the
concentration dependency is small. We will first focus on the factor M”S"l We ap-
proximate the dielectric constant as ideal combination of the real parts of the molar
susceptibilities, xs and Yy, of the solute and water, respectively, in the solution:

& ~ 14+ Vo(csxs + cuXw) (17)
V SO.
0Psol (axe + (1 = ) Xun)

= 1+
sol

where ¢, and ¢, are the concentrations of solute and water in the solution, respec-

tively and V) = 1 L is the reference volume for concentration measurements. If we

further use the average molar volume in the solution

Q_ﬁsol = ¢w +x (¢V - (bw) (18)

where ¢,, and ¢y are the apparent molal volumes of water and electrolyte, respec-
tively, we obtain

Psol o 1 - 1

Msoler B ‘/()Xw [( -+ Pw > +x <%+ &)} ” %Xw

VoXw Voxw

(19)

where Ay = xs — Xw is the difference in the real part molar susceptibilities of
the electrolyte and water and A¢y = ¢y — ¢, the difference in their apparent
molar volumes. At room temperature, the dielectric constant of water ¢, and
its density p are approximately 80 and 1000 g/L. This yields x, ~ 1.4 so that
M”OCIIET R 7 400(;13 —- In cases where the term linear in z in the denominator be-
comes noticeab(e, we can use a Taylor expansion of Equ. 18. If the linear term
becomes important before the higher order interactions prevail, we would expect
an additional contribution in In~vyy which scales like z x 2°In(z) = 2'*°In(7)
which is a member of this family of functions with a different exponent. A similar
argument holds for the concentration dependency of RZ. In conclusion, in our elec-
trolyte picture the vivid discussion on how much the change in dielectric constant
determines the change in In~4 is meaningless, since a change in dielectric constant
and a higher order expansion are fully equivalent in our description.
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Table 1: Fit parameters for In~, part 1.

Salt Zh,Dipole DDipole >‘Dipole DQuadrupole >‘Quadrupole DOctupole /\Octupole
NH4Br 0.35(3) 1.45(1) 0.52(1) - - - -
NH4Cl 0.37(1) 1.59(0) 0.54(0) - - - -
NH42HPO4 1 8.87(2) 0.542(1) - - - -
NH4NO3 1 2.84(2) 0.559(2) 5.(0) 1.9(1) - -
NH4Cl104 1 3.23(3) 0.58(0) - - - -
NH4SCN 1 2.02(1) 0.508(2) - - - -
BaBr2 0.0533(2) 2.29(1) 0.545(2) - - - -
BaCl2 0.084(2) 2.61(1) 0.53(0) - - - -
BaOH2 0.07(2) 3.3(2) 0.59(2) - - - -
Bal2 0.0294(1) 1.85(1) 0.565(3) - - - -
BaNO32 1 6.7(1) 0.52(0) - - - -
BaClO42 0.0492(1) 2.12(1) 0.529(3) - - - -
c3mim-br 1 -0.43(2) 1.36(1) - - - -
c4mim-bf4 1 -1.8(1) 1.63(1) - - - -
c4mim-cl 1 -0.29(2) 1.24(3) - - - -
c5mim-br 1 -0.95(2) 1.52(1) - - - -
c5mim-cl 1 -0.48(1) 1.40(1) - - - -
c6mim-br 1 0.23(2) 0.91(3) 20(10) 3.5(3) - -
c6mim-cl 1 0.44(3) 1.05(2) 6(2) 2.8(2) - -
CdBr2 0.93(2) 9.84(1) 0.450(1) - - - -
CdcCl12 0.03(1) 4.5(2) 0.60(1) 70(10) 1.35(1) - -
CdI2 0.013(2) 5.1(3) 0.63(1) 190(20) 1.31(1) - -
CdNO32 0.009(0) 1.39(2) 0.611(2) 53(2) 1.250(2) - -
CdC1042 0.00089(1) 0.548(1) 0.669(1) 178(3) 1.132(2) - -
CdsO4 0.013(1) 3.7(1) 0.52(1) 67(7) 1.06(2) - -
CaBr2 0.0022(1) 0.79(1) 0.63(1) 90(5) 1.12(1) - -
CaCl2 0.00033(3) 0.36(2) 0.83(2) 1100(200) 1.28(2) 1600(200) 2.65(2)
Cal2 0.0016(1) 0.70(1) 0.65(0) 112(6) 1.12(1) - -
CaNO32 0.03(0) 1.9(0) 0.54(1) 17(3) 1.2(0) - -
CaClO42 0.0017(1) 0.71(1) 0.65(1) 111(7) 1.13(1) - -
CsAc 0.0393(1) 0.750(2) 0.587(3) - - - -
CsBrO3 1 3.3(0) 0.580(2) - - - -
CsBr 0.46(1) 2.146(2) 0.574(1) - - - -
CsClO3 1 3.4(0) 0.581(3) - - - -
CsCl 0.40(0) 2.034(2) 0.574(2) 1000(1000) 7.(1) - -
CsF 0.0623(2) 0.903(1) 0.590(2) - - - -
CsOH 0.047(1) 0.767(2) 0.579(3) - - - -
Csl 1 2.58(1) 0.544(1) - - - -
CsNO3 1 4.6(1) 0.65(1) - - - -
CsCl104 1 4.1(1) 0.60(0) - - - -
Cs2504 0.014(2) 1.9(1) 0.63(1) 63(6) 1.30(1) - -
ChBr 0.54(1) 3.13(0) 0.614(2) - - - -
ChCl 0.224(1) 2.111(2) 0.627(2) - - - -
CrCI3 0.0300(2) 3.36(1) 0.56(1) - - - -
CrNO33 0.0359(3) 3.50(1) 0.54(1) - - - -
Cr25043 0.08(1) 10.9(0) 0.51(1) - - - -
CoBr2 0.0263(2) 1.90(2) 0.61(0) - - - -
CoCl2 0.0396(1) 2.13(1) 0.566(2) - - - -
Col2 0.0203(2) 1.90(3) 0.63(1) - - - -
CoNO32 0.008(0) 1.24(2) 0.60(1) 35(3) 1.12(2) - -
CoClO42 0.023(1) 1.58(0) 0.55(0) -152(7) 2.3(0) - -
CoSO4 1 10.0(1) 0.45(0) - - - -
CuBr2 0.033(1) 1.93(0) 0.557(3) 130(20) 2.6(1) - -
CuCl2 0.05(1) 2.3(1) 0.55(2) 27(1) 1.8(2) - -
CuNO32 0.013(1) 1.43(3) 0.57(1) 21(3) 1.10(3) - -
CuCl1042 0.024(0) 1.63(0) 0.552(3) -170(20) 2.4(1) - -
CuSO4 0.47(3) 9.4(0) 0.45(0) - - - -
Gdn2CO3 1 8.39(2) 0.601(1) - - - -
GdnBr 1 2.4(1) 0.53(1) 2.8(0) 1.22(2) - -
GdnCl1 1 1.8(1) 0.49(1) 2.9(1) 1.00(2) - -
Gdnl 1 1.9(1) 0.49(1) 3.1(1) 1.14(2) - -
GdnNO3 1 3.3(1) 0.58(1) 15(4) 1.8(1) - -
GdnCl104 1 2.(1) 0.5(1) 4.6(2) 1.1(2) - -
HBr 0.030(0) 0.685(1) 0.599(3) -48(2) 2.5(0) - -
HCI1 1 1.6(1) 0.51(1) -20.(0) 1.60(2) - -
HF 0.01(0) 6.(0) 0.52(2) 140(40) 1.19(2) - -
HI 0.0200(1) 0.570(1) 0.600(2) -90(10) 2.9(1) - -
HNO3 0.0732(2) 0.877(2) 0.555(3) - - - -
HC104 0.038(0) 0.733(1) 0.589(2) -52(2) 2.53(3) - -
FeCl2 0.0441(2) 2.27(1) 0.560(2) - - - -
k2succ 0.20(2) 2.58(2) 0.47(1) - - - -
LiAc 0.0864(3) 1.015(2) 0.577(2) - - - -
LiBr 0.036(1) 0.79(1) 0.62(1) 800(300) 6.(0) -60(10) 2.9(2)
LiClO3 0.033(1) 1.1(1) 0.37(3) - - - -
LiCl 0.0026(1) 0.32(1) 0.75(1) 86(9) 1.32(1) 164(9) 3.6(1)
LiF 1 2.36(2) 0.52(0) - - - -
LiOH 0.19(1) 1.90(1) 0.619(2) 44(9) 2.9(1) - -
Lil 0.00146(3) 0.237(2) 0.73(0) 86(3) 1.25(1) - -
LiNO3 0.035(1) 0.78(1) 0.610(1) 3.9(3) 1.39(1) - -
LiCl04 0.0044(2) 0.32(1) 0.63(0) 15.(1) 1.09(2) - -
Li2S04 0.20(1) 3.54(1) 0.52(0) - - - -
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Table 2: Fit parameters for In~y, part 2.

Salt T}, Dipole Dpipole ADipole DQuadrupole AQuadrupole Doctupole AOctupole
MgBr2 0.0020(1) 0.74(2) 0.63(0) 79(3) 1.09(1) . .
MgCl2 0.0020(3) 0.7(1) 0.61(1) 75(7) 1.1(0) . -
Mgl2 0.0014(2) 0.61(3) 0.65(1) 98(4) 1.10(2) - -
MgNO32 0.003(1) 0.9(1) 0.54(2) 34(2) 1.0(0) . y
MgClO42 0.0190(1) 1.51(0) | 0.569(2) - - - -
MgSO4 0.006(1) 3.0(1) 0.57(2) 130(30) 1.12(3) - -
na2succ 0.070(1) 2.14(1) 0.50(0) - - - -
KAc 0.0435(1) | 0.788(2) | 0.590(2) - - - -
KBrO3 1 3.5(1) 0.60(1) - - - -
KBr 0.243(3) 1.429(2) | 0.551(2) - - - -
KC103 1 3.7(1) 0.62(1) - - - -
KCl 0.280(3) 1.530(1) | 0.556(2) - - - -
KF 0.015(0) 0.60(0) | 0.642(2) 15.(1) 1.23(1) . -
K2HPO4 0.5(1) 4.8(1) 0.52(1) - - . -
KOH 0.048(1) 0.95(2) 0.71(1) . - - _
KI 0.188(2) 1.233(2) | 0.542(2) - - - -
KNO3 1 2.9(1) 0.56(0) 5.3(2) 1.34(3) - -
KC104 1 3.4(0) 0.581(3) - - - -
K2S04 1 6.2(1) 0.50(1) - - - -
KSCN 0.61(2) 1.74(0) 0.51(0) . - - -
RbAc 0.0409(1) | 0.777(1) | 0.592(1) - . . .
RbBrO3 1 3.0(0) 0.567(3) - - - -
RbBr 0.44(1) 1.81(0) | 0.545(3) - - - -
RbCIO3 1 2.9(3) 0.55(3) - - - -
RbCl 0.35(1) 1.703(3) | 0.551(3) - - - -
RbF 0.021(3) 0.72(3) 0.65(1) 18(2) 1.46(2) - -
RbI 0.40(1) 1.807(3) | 0.552(2) - - - -
RbNO3 1 3.0(1) 0.568(3) 4.7(0) 1.25(2) - -
RbCIO4 1 3.88(3) | 0.597(2) - - - -
Rb2S04 1 5.37(1) | 0.482(1) . . . -
AgNO3 1 2.9(1) 0.56(0) 5.2(0) 1.26(1) . -
NaAc 0.0535(1) | 0.830(1) | 0.577(2) - - - -
NaBrO3 1 2.86(2) 0.58(0) - - - -
NaBr 0.02(0) 0.5(1) 0.59(2) 5.(1) 1.0(1) - -
NaClO3 1 2.02(1) | 0.511(2) - - - -
NaCl 0.013(0) 0.55(1) 0.63(0) 15.(1) 1.21(1) - -
NaF 0.5(0) 1.9(0) 0.55(0) - ; . -
NaFo 0.162(3) 1.153(3) | 0.55(0) . . . -
NaHCO3 1 2.60(2) | 0.545(3) . . . -
Na2HPO4 1 4.0(0) 0.64(0) - - - -
NaOH 0.0061(3) 0.48(1) 0.72(1) 50(6) 1.35(2) 240(30) 5.0(2)
Nal 0.0085(3) 0.47(0) 0.65(0) 19(1) 1.22(1) 3000(3000) 7.(1)
NaNO3 0.00016(1) | 0.076(3) | 0.86(1) 560(50) 1.26(2) 710(60) 2.32(3)
NaClO4 0.036(2) 0.79(1) | 0.612(2) 9.(0) 1.31(0) - -
Na2504 1 5.94(3) | 0.500(2) - - - -
NaSCN 0.078(1) 0.96(1) 0.59(1) - - - -
SrBr2 0.00188(2) | 0.742(2) | 0.643(1) 108(1) 1.132(2) . -
SrCI2 0.0038(0) | 1.024(3) | 0.635(1) 80(1) 1.164(2) . -
SrI2 0.00140(1) | 0.648(1) | 0.647(1) 119(1) 1.121(1) . -
SrNO32 0.04(1) 1.9(1) 0.50(2) 15(4) 1.1(0) - -
SrCl042 0.007(1) 1.2(0) 0.60(1) 30(5) 1.08(3) . -
ZnBr2 0.0034(2) 1.02(2) 0.68(1) 160(20) 1.32(1) - -
ZnCl2 0.0018(0) 0.83(1) 0.67(0) 191(7) 1.21(0) 243(9) 3.05(1)
ZnF2 0.15(1) 4.9(1) 0.592(2) - - - -
ZnI2 0.005(1) 1.1(1) 0.67(2) 130(30) 1.43(2) - -
ZnNO32 0.008(0) 1.2(0) 0.57(1) 23(2) 1.05(3) . -
ZnCl042 0.0009(1) 0.5(0) 0.61(1) 78(3) 1.00(2) . -
ZnSO4 1 10.13(2) | 0.419(1) -400(60) 3.0(1) - -
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Table 3: Electrolytes classified according to Figure 3

Electrolyte class Members

1:1, 2y < 1 ChBr, ChCl, CsAc, CsBr, CsCl, CsF, CsOH, HBr,
HCIO4, HF, HI, HNO3, KAc, KBr, KCl, KF, KI,
KOH, KSCN, LiAc, LiBr, LiCl, LiClOgs, LiClOy, Lil,
LiNOgs, LiOH, NaAc¢, NaBr, NaCl, NaClO4, NakF,
NaFo, Nal, NaNOj3, NaOH, NaSCN, NH,Br, NH,Cl,
RbAc, RbBr, RbCl, RbF, Rbl

1:1, z, =1 AgNOj3, CsBrOs, CsClOs, CsClO4, Csl, CsNOs,
GdnBr, GdnCl, GdnClOs, Gdnl, GdnNOj,
HCl, KBrO;, KClOs;, KClO;, KNOs, LiF,
NaBr03, Na0103, NaHC03, NH4CIO4, NH4N03,
NH,SCN,RbBrO3, RbC103, RbCl0,, RbNO;

1:1, ionic liquid, xp = 1 | ¢2mim-br, c3mim-br, c4mim-bf4, c4dmim-cl, chmim-
br, cbmim-cl, c6mim-br, c6mim-cl

2:1 and 122, rp < 1 BaBrg, BaClg, BaOHg, BaIQ, Ba(ClO4)2, CdBI‘Q,
CdClg, CdIQ, Cd(NO3)2, Cd(ClO4)2, CaBrg, CaClg,
Calg, Ca(NO;g)Q, Ca(ClO4)2, COBI"Q, COCIQ, COIQ,
CO(NOg)Q, CO(CIO4)2, CuBrg, Cqu, Cu(N03)2,
Cu(ClO4)g, FeClg, MgBI‘Q, Mg(ﬂg, MgIQ, Mg(NOg)Q,
Mg(ClOy)2, SrBrg, SrCly, Srla, Sr(NO3)2, Sr(ClOy4)2,
ZHBYQ7 ZHCIQ, ZHFQ, ZHIQ, Zn(N03)2, ZH(CIO4)2

2:1 and 1:2, zp, < 1 Ba(NO3)2

2:2, xp < 1 CdSOy4, CuSOy, MgSO4, ZnSOy
2:2, xp =1 CoS0y4

31, zp <1 CrCls, CT(NOg)g

3:2, 2y < 1 Cra(S0y4)3)
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