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Life as we know it is dependent upon water, or more specifically salty water. Without dissolved ions, the
interactions between biological molecules are insufficiently complex to support life. This complexity is
intimately tied to the variation in properties induced by the presence of different ions. These specific ion
effects, widely known as Hofmeister effects, have been known for more than 100 years. They are
ubiquitous throughout the chemical, biological and physical sciences. The origin of these effects and
their relative strengths is still hotly debated. Here we reconsider the origins of specific ion effects
through the lens of Coulomb interactions and establish a foundation for anion effects in aqueous and
non-aqueous environments. We show that, for anions, the Hofmeister series can be explained and
quantified by consideration of site-specific electrostatic interactions. This can simply be approximated by
the radial charge density of the anion, which we have calculated for commonly reported ions. This
broadly quantifies previously unpredictable specific ion effects, including those known to influence

solution properties, virus activities and reaction rates. Furthermore, in non-aqueous solvents, the relative
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Introduction

It is now over 135 years since Arrhenius first hypothesised the
existence of ions from salts, the hypothesis that ultimately won
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cations, due to competing non-Coulombic phenomena.

him the 1903 Nobel Prize in chemistry. Within four years of this
hypothesis, Franz Hofmeister demonstrated that different salts
had varied influence on the stability of hen egg-white albumin
protein in water. The ions of some salts destabilised the protein,
causing it to aggregate and precipitate from solution, whereas
ions of other salts caused the opposite effect, stabilising the
protein solution and preventing precipitation. Hofmeister
observed the same persistent trends in a range of pharmaco-
logical systems, discovering what are now collectively known as
specific ion effects (SIEs) - phenomena caused by salts for
which the identity of the constituent ions are a determining
factor, not just their charge or concentration.

Claims that SIEs are as important to our everyday lives as
Mendelian genetics'? are well-founded. SIEs are ubiquitous
throughout the physical, biological, chemical, environmental,
and material sciences. They influence key biological functions
such as taste,’® cell permeability,** cell movement,® enzymatic
activity,»”"* protein stability>'>** and perhaps even the origin of
life.”® Ion channels that regulate mammalian nervous and
cardiovascular systems, as well as metabolic pathways, are ion-
specific.’**® Ton identities play a consequential role in influ-
encing rates of chemical reactions," the strengths of acids and
bases,?® and even more complex chemical phenomena such as
polymer morphology,”?* metal-organic framework self-
assembly,**** formation of room temperature ionic liquids®®
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and other areas of supramolecular chemistry.”” SIEs also have
tangible impacts on everyday society, via agriculture,”® energy
technologies,*?*® and even by influencing natural geophysical
phenomena such as erosion*+** and the stability of ocean
foam?® and glaciers.****

Despite their ubiquity and importance, no reliable theory
exists for quantitatively predicting SIEs, although progress is
being made.>**** Furthermore, alterations or even reversals in
SIEs have been observed by changing the solute,* solvent,*®
pH,* temperature,*® counterion* or concentration.*® The fact
that Hofmeister's original SIE series is so widely and persis-
tently observed, however, suggests that it arises from some as-
yet unidentified intrinsic property of ions themselves.*
Several candidates have been explored in this respect,>** and
while many ion properties correlate well with SIE trends for
some ions, there are just as many exceptions, particularly for
polyatomic ions (Fig. S1-S4%). It is therefore unclear which
correlations are genuine, and which are merely coincidental.
For example, while ion polarisability and size have previously
been correlated with SIEs,'**** they fail to account for the
effects of polyatomic or anisotropic ions such as nitrate (NO; ™)
and acetate (CH3;COO™). SIE trends for anisotropic anions
correlate with their Lewis strengths, but since the Lewis
strength itself is an empirical parameter it cannot be considered
an intrinsic ion property.

45

Results and discussion
Aqueous anion interactions

We consider SIEs from the point of view of fundamental
Coulombic interactions. As argued in several reviews,>*">
Coulombic interactions will likely dominate interactions between
ions and their solvent environment. Quantum chemical calcu-
lations also corroborate this hypothesis for anions in water
(Fig. S5-S10t), using multiple energy decomposition schemes.*®
For molecular ions, these interactions will predominantly arise

)@ 500

S0, F-  CH,C00- CI
-1025(T)  ggq -7.12 (0) -6.25
-8.19 (0)

Fig. 1

View Article Online

Edge Article

from the individual atom(s) with the highest charge density, i.e.,
the ion's ‘active site’ (Fig. 1). Recalling the Coulombic potential
arising from two point charges g; and g, interacting across
a distance R in a vacuum, Ug(q,r) = ¢1¢./(47teoR), we approximate
the electrostatic interaction between an ion's active site atom and
its immediate solvent environment via its radial charge density
(in units of C m™),

Qion
rin) !

3
ion

b=

defined in terms of the atom's partial charge g;o, and effective
radius,} v/ (Tion®)-

The formulation of the electrostatic parameter p (“sho”) is
depicted for anions in Fig. 1 and is based on the following logic:
anions interact with neighbouring solvent molecules via the
solvent's positive dipole(s). If the positive dipole of the solvent is
then R = {/{(rion3) + or".
Since the solvent's positive dipole will almost always reside on
a hydrogen atom in a molecular solvent, ér" will be effectively
constant and small (despite dynamic behaviour, 6r" will ulti-
mately average toward a constant value). The Coulombic inter-
action between the anion's active site and its immediate solvent
environment is therefore simply proportional to its partial
charge and effective radius, that is,

UE (q, T) x p qlon/ ( 10n

comparison). We calculate p here via a first-principles charge
decomposition scheme®”*® and list p values for common atomic
and polyatomic ions in Table S2.7 For a molecular anion, p
quantifies our previous hypothesis that SIEs arise from site-
specific interactions between the anion and its immediate
solvent/solute environment.>*§

located on an atom with radius ér",

, (see Fig. S22f for a direct

[+ Jor(dipoleradius)

DIEIECHE) RE (r‘)

IECITTIE

NO,  Br I- SCN-
5.78(0) -5.63 -4.90 -5.56 (N)
-4.40 (S)

(a) Coulombic interactions in a bulk electrolyte solution are (b) collectively approximated via a single ion—solvent interaction at a length of

R. (c) This length is approximated as the sum of the solvent dipole radius and the effective radius of the ion's charge site (the atom(s) which have

the highest charge density). The radial charge density, p, is then calculated according to egn (1). (d) Example p values in C m~
, both the site-specific oxygen (O) and molecular (T) p values are shown, and for SCN™, both the S and N

common Hofmeister anions. For SO42*

1 are shown for

values are given. Further details on this provided in the ESI Text and Fig. S13.1
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Fig. 2 SIE trends correlate widely with the anion—solvent coulombic interaction, as measured by the descriptor p. (a) Specific ion—water
interaction energles calculated from first principles. (b) Experimental enthalpies of hydration per coordinating water molecule® (see also
Fig. S147). (c) Viscosity-B coefficients®® of electrolyte solutions per coordinating water molecule (see also Fig. S14+). (d) Diffusion coefficients of
ions in water.*® (e) Gibbs energies of ion transfer from water to methanol.>® (f) ALCST of pNIPAM-coated silica partlcles in 1 M electrolyte
solutions.®® (g) Sn2 reaction rate of iodomethane and ionic nucleophiles in methanol.*® (h) Activity of a human rhinovirus.® (i) Temperature
dependence of the cloud point of lysozyme.* Halide anions (O) include F~, Cl7, Br~ and |~ isotropic polyatomic anions (x) include ClO4~ and
PFs™; anisotropic polyatomic anions include CHsCOO™, SCN™, NOs~, N3, H,PO,4~, HSO,~, CN™, (purple x), isotropic polyvalent anions include
S0427, PO,3~ (4), anisotropic polyvalent anions include $,05%~, COs2~, HPO,2~, SOs2~ (grey +). Trendlines displayed are for all ions; R-squared
values are for halides only. All data in (b—i) have a common counter-cation, quantum chemical data in (a) do not have a counter-cation. Ug
version in Fig. S30.7 Datasets provided in ESI.{ A database of p values for anion is provided in Table S1.f
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The value of our hypothesis and the p parameter, outlined in
Fig. 1, is demonstrated via the correlation between anion p
values and properties of aqueous electrolyte solutions, shown in
Fig. 2. There is broad agreement between the descriptor p for
more than 15 anions and trends in wide-ranging SIE
phenomena, including water specific interactions in the
absence of co-solutes, viscosity B and diffusion coefficients,
colloidal stability, chemical reaction rates and the relative
activities of viruses and enzymes.q

For instance, the interaction energy between a hydrated ion
and a solvating water molecule (Fig. 2a) and its enthalpy of
hydration|| (Fig. 2b) both correlate remarkably well with p,
indicating that trends in anion interactions with water are
dominated by electrostatics. The viscosity of a liquid is its
resistance to applied shear, such as a foreign body pushing
through the solution, and this resistance arises from the
intermolecular forces within the liquid bulk. Viscosity generally
increases upon the addition of a salt, indicated by positive
viscosity B-coefficients (Fig. 2c), as the addition of ion-solvent
interactions interspersed throughout the solution generally
increases these average bulk intermolecular interactions. This
change in the solution's viscosity B-coefficienty is strongly
correlated to the descriptor p. Ions' diffusion coefficients in
water (Fig. 2d) have similar molecular origins to viscosity.
Whereas viscosity B-coefficients are a measure of the strength-
ening or weakening of the average bulk solution intermolecular
interactions to resist shear, diffusion coefficients measure how
well the ions (and their complexed structures) can overcome
these intermolecular interaction, deform the solvent structure
and move through the solution. This results in a weaker
correlation with b, but the overall trend persists. Ions' Gibbs
energies of transfer from water to methanol® (Fig. 2e) are ion
specific and quantitatively described by p. Notably, p reliably
predicts the behaviour of anisotropic ions such as the acetate
anion (CH3COO™), indicating that interactions between the
solvent and ions are predominantly Coulombic and strongly
site-specific. In the case of the acetate anion, weaker dispersion
interactions between the hydrophobic methyl tail and the
solvent are negligible by comparison. This trend is observed for
many other nonaqueous solvents (Fig. S15-S177). The stability
of temperature-responsive polymers in solution can be
controlled via the presence of dissolved salts. For instance, the
LCST, or lower critical solution temperature (the temperature
below which a polymer is miscible) of the polymer poly(N-iso-
propyl)acrylamide (pNIPAM) drops in concentrated aqueous
electrolyte solutions.® Fig. 2f demonstrates that p predicts the
magnitude of this change for a range of different anions. Other
temperature-responsive polymers exhibit similar correlations
(Fig. S18t).

Fig. 2g-i show that the electrostatic nature of SIEs extends to
chemical reactions in aqueous solution. This is shown for the
archetypal Menshutkin Syx2 reaction in Fig. 2g, for which the
reaction rate is proportional to the nucleophile's p value. This is
attributed to the fact that, in order to react, a solvent/substrate
exchange at the anion must take place, and this requires the
momentary partial desolvation of the nucleophilic anion. There
is a clear trend here for the monatomic nucleophiles CI™, Br™

15010 | Chem. Sci, 2021, 12, 15007-15015
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and I". Anisotropic anions (CH;COO , N3, SCN™ and CN")
exhibit deviation from this clear trend, as anticipated on the
basis of collision theory; anisotropic ions will only collide with
the solvated reactant with the correct orientation a fraction of
the time (see Fig. S197 for a more complete treatment of this
point). Chemical reactivity in significantly more complex
systems, such as virus and enzyme activity, also shows a strong
correlation with p, demonstrated here by the relative activities
of human rhinovirus-14 (HRV-14) 3C protease® (Fig. 2g) and
lysozyme*® (Fig. 2h) respectively, (further examples are provided
in Fig. S207). This correlation demonstrates that these SIEs are
principally determined by short-range Coulombic interactions
associated with the dissolved anions present in solution,
despite the mechanistic complexities of enzyme inhibition and/
or activation, which can occur via direct competition for the
binding site or changes in the virus/enzyme structure, due to
allosteric binding.

Anion interactions in non-aqueous solvents

Fig. 2 indicates that, for anions, SIEs ultimately originate from
specific electrostatic interactions between ions and their
immediate environment. However, the parameter p assumes
these specific interactions to occur via positive dipoles on the
solvent molecules, which are almost always located on
a hydrogen atom. It follows then that similar correlations to
those shown in Fig. 2 for water should also exist in non-aqueous
solvents, as SIE have been shown to arise ubiquitously across
a broad range of non-aqueous solvents.***>** That is, correla-
tions between anion SIEs and p should be solvent independent,
up to a scaling factor. Fig. 3 shows that this is indeed the case;
the correlation between the anions' p values and their Gibbs
energies of transfer between water and methanol (Fig. 2b) is
also observed in 18 other non-aqueous solvents (Fig. 3a and
S15-S17%). Fig. 3b shows further that these correlations are
themselves proportional to the solvent acceptor number (AN),*>
which is an empirical measure of a solvent's ability to solvate
anions (i.e., its Lewis acidity). This correlation persists even in
an aprotic, non-aqueous solvent such as acetonitrile
(Fig. S16g7), where the solvent dielectric has little meaning due
to solvent ordering.®*** The electrostatic origins of anion SIEs
are therefore strong, quantified via the parameter p, and general
in nature. The magnitude of a SIE caused by a specific anion is,
however, modulated via the solvent environment according to
the solvent's Lewis acidity. In this respect, Fig. 3b shows that
protic and aprotic solvents constitute two distinct solvent
classes; for a given anion, aprotic solvents consistently yield
larger Gibbs energies of transfer than protic solvents. For strong
protic environments (i.e., gradients ~0, Fig. 3b), competition
between the two solvents for the anion largely mitigate its
electrostatic preference for either solvent. In these cases, series
variations and reversals may be more commonly observed;
indeed, Fig. 3 shows that solvents with sufficiently high
acceptor numbers (nearing 54.8, that of water) can induce
a series reversal with respect to the radial charge density p.
Similar reversals are shown in Fig. S211 for bimolecular Sy2
reaction rates.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Gibbs energies of transfer for anions* between water and
non-aqueous solvents can be quantified via the radial charge density
parameter p. (b) The magnitude of this specific anion effect (as
measured by the gradients in (a)) is proportional to the solvent's Lewis
acidity, as measured via the Gutmann acceptor number.®? SIE trends
for anions therefore arise fundamentally from electrostatic interac-
tions; the magnitude of the effect is modulated by the solvent's Lewis
acidity. Note the Gutmann acceptor number of water is 54.8.

Cation interactions

In a solvated environment, cations will interact with solvent
molecules predominantly with the solvent's negative dipole, for
example, water's oxygen atom. Quantum chemical calculations
(Fig. S7, S9 and S107t) also indicate that cation-water interac-
tions are primarily driven by electrostatics. The length of this
Coulombic interaction can be approximated as above, ie.,
= {/{(ron®) + 0r—. The negative solvent dipole radius, ér~, will
be larger than the positive solvent dipole radius, ér", considered
previously (considering the relative atomic radii of oxygen (or
nitrogen) and hydrogen). Nonetheless, p should reveal trends
within a cationic family (Fig. S22t). This hypothesis is sup-
ported in Fig. 4a, which shows a strong correlation between p
and the interaction energy between a dissolved cation and its
solvent, as well as in Fig. 4b and ¢, which shows the enthalpy of
solvation and viscosity B-coefficients of cations, albeit each with
distinct mono- and divalent cation trends. A more complete
electrostatic analysis is necessary here (Fig. S31a-c and S321).
Perhaps more interesting, however, are the instances where
SIE trends are not quantified by p or Ug, such as cation diffusion

© 2021 The Author(s). Published by the Royal Society of Chemistry
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coefficients (Fig. 4d), Gibbs energies of transfer (Fig. 4e) and
ALCST of pNIPAM-coated silica particles (Fig. 4f.) Each have
distinct mono-, divalent and polyatomic trends with respect to
b. In these cases, specific ion phenomena cannot be attributed
principally to Coulombic interactions, and this reveals a seem-
ingly fundamental asymmetry between how anions and cations
interact in solution. That is, SIE induced by anions can
primarily be attributed to ion-solvent coulombic interactions,
whereas SIE induced by cations cannot. Molecular cations such
as ammonium, tert-alkyl ammonium and guanidinium, are
notable in this respect. Guanidinium has previously been
identified as having a unique behaviour due to its asymmetry,
local hydration structure,® cross-linking mechanisms® and
ability to utilise bidentate binding.®” Fig. 4(d and e) show that
both the dynamic and equilibrium behaviour of the isotropic
ammonium cations in aqueous solution departs from the
Coulombic behaviour established for other ions. Indeed,
diffusion coefficients and Gibbs energies of transfer for these
molecular cations are inversely proportional to the cation-
solvent Coulombic interactions, as measured by b, as the charge
becomes increasingly shielded by bulky hydrophobic alkyl
chains. Instead, dispersion interactions between these chains
and their solvent environment are the predominant interac-
tions causing these physicochemical phenomena (Fig. S117).
This is not surprising, considering the larger effective surface
area and larger degree of configurational entropy afforded by
the extended alkyl chains in these cations, and is also consistent
with prior studies.*>*® Similar effects are observed in tetraphe-
nylborate anions (Table S17), and indeed, Gibbs free energies of
transfer for hydrophobic cations and anions are highly corre-
lated (Fig. S121 and accompanying discussion). Further to this
point, previous studies***** and symmetry adapted perturba-
tion theory calculations performed here (Fig. S10f) show
a distinct difference between the dispersion dependence on the
hydration energy for anions and cations, even for monatomic
ions. More specifically, for anions, dispersion is proportional to
the overall interaction energy and charge-independent, whilst it
is inversely proportional for cations and distinctly dependent
on the chemical structure and charge. In situations where
a cation has comparable electrostatic interactions with two
different species (e.g. water and methanol), dispersion could
conceivably determine which species the ion preferentially
interacts with. This competition potentially explains the non-
linear trends observed in Fig. 4d-f and 3d-f, which consider
only the electrostatic contribution. Induction, or polarisation,
of the solvent and solute molecules in the vicinity of dissolved
cations is also significant in this respect, particularly for non-
aqueous solvents and solutes that are more polarisable than
water. This also relates to the degree of covalency in these
interactions. Direct energy decompositions of cation-solvent
interactions (Fig. S9 and S107), indicate that induction corre-
lates well with the total interaction energy, and hence with p
(anions) and U (cations). This is even evident in the interaction
between ions and an isolated Kr atom - considered as an
extreme limiting case in Fig. S26.1 Induction for Kr appears to
increase more rapidly with charge for cations than anions.
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Fig. 4 SIE trends for cations do not always arise from cation—solvent Coulombic interaction, as measured by the descriptor p. (a) Specific ion—
water interactions calculated from first-principles. (b) Experimental enthalpies of hydration per coordinating water molecule.*® (c) Viscosity B-
coefficients® of electrolyte solutions per coordinating water molecule (see also Fig. S11bt). (d) Diffusion coefficients of ions in water.>® Gibbs free
energies of ion transfer from water to methanol.*® (f) ALCST of pNIPAM-coated silica particles in 1 M electrolyte solutions.®® Monovalent alkali
metal cations (red circles) include Li*, Na*, K*, Rb* and Cs*; polyatomic cations include NH4*, N(CH3)4*, N(CoHs)4™, N(CzH)4*, N(C4Ho)4™ (green
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each set of data displayed has a common (or no) anion. Ug version in Fig. S31.1 A full list of cation p values is provided in Table S31.}

The contributions of each intermolecular force observed for
cation-water and anion-water interactions (Fig. S101) will be
expected to vary for non-aqueous solvents. However, for anions
the same overall trend is still observed across different solvents.
For instance, Gibbs free energies of transfer of anions from
water to non-aqueous solvents correlate linearly with p irre-
spective of the solvent in question (Fig. 3a and S15-S177). On
the other hand, Gibbs free energies of transfer for cations
exhibit non-linear correlations with p that are distinct for each
solvent (Fig. $S23-S25%). It is conceivable that this arises from
the fact that essentially any molecular solvent will interact with
an anion via a hydrogen atom, whereas solvent-cation interac-
tions potentially occur via a multitude of different elements (e.g.
O (e.g. water, methanol etc.), N (e.g. acetonitrile), S (e.g. DMSO),
Si, (e.g. tetramethylsilane), F, Cl (e.g. alkylhalides), P (phos-
phines), etc.). The relative Lewis acidity/basicity of a solvent, as
measured by the Gutmann acceptor/donor number, is an

15012 | Chem. Sci., 2021, 12, 15007-15015

additional factor here. For instance, water's Gutmann acceptor
number is higher than any other solvent considered here
(Fig. 3Db). It is therefore reasonable to expect that, in general, the
anion-water interaction dominates other interactions, leading
to a singular anion series. On the other hand, water's Gutmann
donor number is mid-range with respect to the solvents inves-
tigated here (see ESIT) and becomes less influential as cations
become less charge dense (Fig. S$27-S297). Thus, it is more likely
that cation-solvent Coulombic and induction interactions will
respectively be similar in magnitude for different solvents,
causing cation series to be more prone to reversals and devia-
tions due to other factors such as dispersion. This idea of
competing or preferential interactions is in line with our
previous work,** and whilst shown here with respect to different
solvents in terms of Gibbs energies of transfer, the same ratio-
nale could be applied more generally regarding solute func-
tional groups. It has been suggested that ion-pairing, which is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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concentration dependent (and ion specific’®), is crucial to the
net salt SIE, where the cations might mitigate some of the
anionic salting out effects.” Considering these complexities in
cation interactions, perhaps it is unsurprising that SIEs, and
trends in SIEs, for cations are more susceptible to nuance, are
less predictable than their anion counterparts and more diffi-
cult to understand.

Conclusions

Despite the fundamental importance of specific ion effects
(SIEs) across the sciences, consensus regarding their funda-
mental origins has proved elusive for more than a century. We
have presented a meta-analysis of ion-solvent Coulomb inter-
actions that shows SIEs on fundamental electrolyte properties,
dynamic behaviour and chemical reactivity fundamentally arise
from the specific Coulomb interactions between the anion and
its surrounding environment, for both aqueous and non-
aqueous solvents. For anions, this specific interaction can be
quantified via a simple radial charge density descriptor b, and
its magnitude modulated via the solvent's Lewis acidity. When
an anion is in the presence of a cosolute or cosolvent of similar
Lewis acidity to the solvent, the electrostatic dominance is
quenched sufficiently to supress the standard Hofmeister series
of SIE trends. Furthermore, these competitive solvent/solute
interactions for the ion account for observed reversal. On the
other hand, specific ion phenomena caused by cations correlate
more weakly with p and Uy, (if at all). Instead, other fundamental
interactions between cations and the solvent, notably disper-
sion, compete with Coulombic interactions. Consequently,
cation SIEs are fundamentally less pronounced than anion SIEs,
and far more susceptible to variation and reversal. This is
particularly the case in aqueous solutions, where the Gutmann
donor number of water makes it a moderate Lewis base
compared with other common solvents (whereas it is a stronger
Lewis acid than most in this respect). These results reveal
a fundamental asymmetry in the manner by which cations and
anions interact with their solvent environments and provide
a new general basis for understanding and predicting SIE in
aqueous and non-aqueous electrolyte solutions. They may
indeed indicate the possibility for non-aqueous based
abiogenesis.
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I We approximate the radius of the ion’s active site atom here as rion~+/(Fion>)- Tion
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arising from valence shell electrons to give a more reliable description of the
radius compared to 7o, itself and is not excessively skewed by Rydberg-like elec-
trons that may occur for higher order radial moments.

§ Complete details of this method, including computational details, are provided
in ESL as are additional considerations for polyatomic ions, such as the use of
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