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Abstract

Over recent years, the supposedly universal Hofmeister series has been replaced by a diverse spectrum of
direct, partially altered and reversed series. This review aims to provide a detailed understanding of the
full spectrum by combining results from molecular dynamics simulations, Poisson-Boltzmann theory and
AFM experiments. Primary insight into the origin of the Hofmeister series and its reversal is gained from
simulation-derived ion-surface interaction potentials at surfaces containing non-polar, polar and charged
functional groups for halide anions and alkali cations. In a second step, the detailed microscopic interactions
of ion, water and functional surface groups are incorporated into Poisson-Boltzmann theory. This allows us
to quantify ion-specific binding affinities to surface groups of varying polarity and charge, and to provide a
connection to the experimentally measured long-ranged electrostatic forces that stabilize colloids, proteins
and other particles against precipitation. Based on the stabilizing efficiency, the direct Hofmeister series is
obtained for negatively charged hydrophobic surfaces. Hofmeister series reversal is induced by changing the
sign of the surface charge from negative to positive, by changing the nature of the functional surface groups
from hydrophobic to hydrophilic, by increasing the salt concentration, or by changing the pH. The resulting
diverse spectrum reflects that alterations of Hofmeister series are the rule rather than the exception and
originate from the variation of ion-surface interactions upon changing surface properties.
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1. Introduction

Most processes in electrolyte solutions depend not only on the salt concentration or valency of the ions but
also on ion type. These ion specific effects are ubiquitous and appear in a large variety of physical properties
such as osmotic coefficients, solubility of gases and colloids, protein precipitation and crystallization, catalysis
of chemical reactions or enzyme activity [1], suggesting a common origin of these vastly different phenomena
[2-9]. In most cases, anions and cations can be ranked reproducibly in a Hofmeister series according to
their influence on these macroscopic properties [10]. Due to the widespread applicability and robustness of
the same series in bulk, as characterized for example by the ionic solvation free energy, ion specific effects
have traditionally been attributed to changes that ions provoke in the surrounding water. However, this
simple explanation and the universality of the Hofmeister series have been called into question based on
two important observations: First, recent experiments have demonstrated that ions do not perturb the
water hydrogen bonding network beyond their first hydration shell [11-13]. Therefore, it is unlikely that
the series originates solely from structuring effects of water induced by ions. Consequently, direct ion-
macromolecule interactions are more important for ion specific phenomena than bulk ion properties [14-16].
Secondly, over the past years a diverse spectrum of direct, altered and reversed Hofmeister series has been
discovered that is not mirrored by a similar modification of the bulk series. Dependent on parameters like
surface charge, surface polarity, temperature, salt concentration, pH, and buffer type the ordering of the
ions within the series can be changed [17-23]. To give a few explicit examples, the aggregation of negatively
charged proteins and colloids follows the usual direct Hofmeister series while cationic proteins [19, 24-26)
and cationic colloids [27, 28] show the opposite ordering. In colloidal systems, which allow to independently
control surface polarity and surface charge, yet another reversal occurs when changing the surface properties
of the particles from hydrophobic to hydrophilic [27-29]. Finally, Hofmeister series reversal by pH has also
been observed for surfaces containing dissociable functional groups [23, 30-33].

This lack of universality of the Hofmeister series has changed our current understanding of the series
origin. By now, we know that ion specific effects are caused by ion accumulation or depletion from the
solute/water interface [34]. Therefore, it is not surprising that the ion-surface affinity, and therefore the
ranking in the Hofmeister series, changes if surface properties like hydrophobicity, charge, or chemical
structure of surface groups are varied [35, 36]. However, the detailed mechanism by which ions are attracted
to or repelled from interfaces is complex and results from the competition of direct ion-surface and indirect
hydration-related interactions [37]. For simple non-polar surfaces like the air/water interface or the interface
between water and a hydrophobic solid or liquid, the adsorption propensity of large anions such as iodide [38,
39] can be rationalized in terms of hydrophobic solvation theory adapted to interfaces [40-43]. Some theories
discuss the enhanced surface affinity also in terms of the ion polarizability [42, 44], which is proportional to
the ion volume and thus scales similarly as the hydrophobic solvation contribution. Ion accumulation and
depletion at interfaces can be captured by simplified ion-surface interactions, which allow us a global analysis
of interfacial ionic distributions and ion specific behavior [45]. However, a general theory that quantifies
ion-surface interactions and encompasses hydrophobic as well as hydrophilic surfaces is still missing, due
to the complex interactions between surface groups, ions and water. An indispensable tool for gaining
insight into the adsorption propensity of ions to different interfaces are all-atom molecular dynamics (MD)
simulations in explicit water, which account for the subtle interplay of ion hydration in bulk and partial ion
dehydration upon surface binding. Effective ion-surface interactions can be derived from these simulations
[38, 44, 46, 47] and incorporated into multiscale theories [44, 46, 48], thereby providing a link between the
microscopic adsorption behavior of the ions and macroscopic, experimentally accessible quantities.

In this review, we summarize our recent work and provide insight into the full spectrum of direct, reversed,
and altered anionic and cationic Hofmeister series. In particular, we uncover the effects of surface charge,
surface hydrophobicity and pH on the ordering of halide anions and alkali cations. First, detailed insight
into the interplay of direct ion-surface interactions and the role of ion hydration is derived from all-atom MD
simulations in explicit water at surfaces containing non-polar methyl (CHs), polar hydroxide (OH), polar
carboxyl (COOH), and charged carboxylate (COO™) surface groups. Ion specific binding affinities to the
different surface groups are quantified by calculation of the free energy profile or potential of mean force
(PMF) underlying ion adsorption or depletion. For anions, a clear reversal of the surface affinity is observed
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if non-polar surface groups are replaced by polar or charged groups. For cations, a diverse spectrum of
direct, reversed and partially reversed series based on single-ion binding affinities to non-polar, polar and
charged groups is encountered, which makes cations less regular compared to anions. In a second step,
the ion-surface interaction potentials are embedded into Poisson-Boltzmann theory to yield the ranking
of anions and cations based on macroscopic quantities. In particular, the long-ranged electrostatic forces,
which stabilize solutes against precipitation due to van-der-Waals attraction, are quantified in different
electrolyte solutions and compared to precise AFM measurements of forces between silica surfaces. Based
on these forces, the direct Hofmeister series is obtained for negatively charged non-polar surfaces. Hofmeister
series reversal or partial alterations are induced by changing the sign of the surface charge from negative
to positive, by changing the nature of the functional surface groups from hydrophobic to hydrophilic, by
increasing salt concentration, or by changing the pH for surfaces containing acidic surface groups. In all
cases, Hofmeister series reversal emerges as a direct consequence of specific ion adsorption at the surface
leading to enhancement or reduction of the effective surface charge and the associated electrostatic force of
stabilization.

2. Methods

2.1. Simulations and Poisson-Boltzmann theory

Multiscale modeling approach: We use a two-step modeling approach that has been described in
detail in Ref. [33, 43, 46]. Briefly, in the first step, explicit solvent molecular dynamics (MD) simulations
are used to calculate single ion-surface interaction potentials for halide anions and alkali cations at sur-
faces containing hydrophobic methyl (CHj3), polar hydroxide (OH), polar carboxyl (COOH), and charged
carboxylate (COO™) surface groups. In the second step, these interaction potentials are imported into
Poisson-Boltzmann theory to calculate the ionic density profiles and the electrostatic potential at surfaces
of arbitrary charge and for finite ion concentrations.

MD simulations: In the simulations the surface is a 3.5 x 3.46 nm? self-assembled monolayer (SAM)
consisting of 56 CyoHy; chains with different terminal groups. The simulation box has an extension of 9
nm in the z-direction and is filled with about 2,700 SPC/E water molecules. The SAM is modeled with the
GROMOS96 force field [49]. To ensure correct ion-water and ion-ion interactions, we use previously opti-
mized force field parameters for anions and cations [50] that reproduce thermodynamic solvation properties
and yield accurate ion pairing properties as judged by comparison with experimental osmotic coefficient
data [51]. The simulations are done at a temperature of 300 K and a pressure of P,=1 bar maintained by
anisotropic pressure coupling, corresponding to the NAP,T ensemble using the Gromacs simulation package
[52]. Periodic boundary conditions are applied, long range Coulomb forces are calculated using the particle-
mesh Ewald summation [53] and for the van-der-Waals interactions a cutoff radius of 1.2 nm is used. A
single ion is placed into the water phase and its potential of mean force (PMF) is calculated by umbrella
sampling [54] with a window spacing of 0.025 nm and 3-10 ns simulation time discarding the first 1 ns for
equilibration. A time step of 2 fs and the weighted histogram analysis method [55] with force constant
k. = 1000 kJ/(mol nm?) is used. For the charged surface, we use an additional two-dimensional harmonic
potential with kgT'/k,.,, = 0.0145 nm? to laterally confine the ion above the charged group.

Poisson-Boltzmann modeling: In our multiscale modeling we consider two limiting scenarios for
the surface charge density. In the first scenario, we assume evenly distributed charges and the chemical
structure of the surface groups remains unchanged. In this scenario, we allow both polar hydroxide and
non-polar methyl surface groups to carry a net charge. This corresponds to a situation where the charge is
distributed evenly over the surface and can be realized experimentally by using back-gated semiconductors
or self-assembled monolayers [56]. This distinction between surface polarity and surface charge corresponds
to an idealized limit and allows us a successful classification in line with a broad range of different colloidal
surfaces [27, 28]. In the second scenario, we model the pH dependent deprotonation of carboxylic surface
groups. Thereby, we not only change the surface charge density but also the chemical structure of the
surface group. Here, the surface acquires charges by deprotonation. Prominent examples are minerals with
hydroxide surface groups and proteins with carboxyl surface groups [57]. To account for surfaces of varying
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hydrophobicity (scenario 1) or of varying degree of deprotonation (scenario 2), we use a molecular-scale
approach, where the effective ion-surface interaction results from the weighted average of the potentials
of the polar OH (V™) or non-polar CHs-groups V""" and the uncharged COOH (V,C99H) or charged
COO~-groups (V;°9°7) [43]. The PB equation including the ion specific PMFs of anions and cations for
two different surface groups then reads

660%‘5(2) = qici(2) (1)
i=%

For surfaces with varying surface hydrophobicity (scenario 1) the ionic densities are determined by

ci(2) = coe (A=IVEM @ FaV' () bas@ () ks T @)

and for surfaces containing dissociable carboxyl groups (scenario 2) the densities are determined by

ca(2) = coe~ (A-OVER@HEVERT () +ara() koT (3)
Here, z is the distance perpendicular to the surface, ¢; is the charge of ions of type i, ¢¢ is the bulk salt
concentration, €g is the dielectric constant of vacuum, e is the relative dielectric constant of water, and ®(z)
is the electrostatic potential. The parameter « in Eq 2 is the surface hydrophobicity and corresponds to the
fraction of hydrophobic CHs-surface groups. The parameter £ in Eq 3 is the degree of deprotonation and
corresponds to the fraction of charged COO™-groups on the surface. Eq 1 is solved numerically on a one-
dimensional grid with a lattice constant of 1 pm yielding the ion concentration profiles ¢ (z) perpendicular
to the surface and the electrostatic potential ®(z) in dependence of the parameters £ and « and bulk salt
concentration c¢g. The potential satisfies the bulk boundary condition ®(z — co) = 0. In addition, we use
the constant charge boundary condition d®(z)/dz = —osut/€o€ at the surface located at z = 0. The surface
position z = 0 is defined by the mean position of the surface oxygen atoms for polar surfaces and thus reflects
the fact that the surface charge is localized in the oxygen atoms. For the non-polar surfaces, we define z =0
as the mean position of the terminal carbon atoms. For scenario 2 defined by Eq 3, the surface boundary
condition can be rewritten in terms of the deprotonation degree & as d®(z)/dz|.—0 = —{ocoo/€o€, Where
0coo = —4.624 e/nm? corresponds to the surface charge density of the COO~-group.

Modified Fermionic Poisson-Boltzmann modeling: To ensure that the ionic density does not exceed
its physical limit, set by the ionic volume, the hard-core repulsion between ions must be included. In the
simplest approach, the proper ionic densities c4(z) are calculated from the unrestricted ionic densities for
anions ¢_(z) and cations ¢4 (z) using the Fermionic distribution[58, 59]

V2é4(2)

ex(2) = V2 + a3 (64(2) — co) + a3 (é-(2) — o)

(4)

with the effective diameters of positive and negative ions a; and a_ taken from the first peak in the
ion-water radial distribution function obtained in previous simulations [43]. Eq 4 restricts the maximum
density to a;g 2 corresponding to the maximum density of close-packed spheres with diameter a4. Steric
effects become important at large salt concentrations, high surface charge densities and for large ion-surface
interaction strengths. As before, the unresticted ionic densities ¢4 (z) follow from the Boltzmann distribution

COOH COO™

er(z) = 8067((176)‘& (2)+€Vy (2)+Qi‘1>(z)>/kBT. (5)

Combining eq 1, 4 and 5 yields the modified Poisson-Boltzmann equation that will be used for the carboxylic
surfaces.

The pH as function of the degree of dissociation is determined according to the self-consistent equation

3 e®(zn)
H = log —— K,————.
PH =108 T T PR T S 3k T
4

(6)



The last term is the electrostatic contribution that takes ion specificity into account via the ion type depen-
dent surface potential at the position of the surface protons zg, without this term the ordinary equation for
the acid deprotonation equilibrium in bulk solution is obtained. In the following we assume a pK, value of
4.76 for monolayers with COOH-groups [60].

2.2. FExperimental setup

A 5 pm diameter silica colloid (Bangs Labs) was glued onto a gold-coated, silicon nitride AFM cantilever
(Bruker MLCT-010). The cantilever, along with a pristine silicon substrate (Siltronix -100) underwent
30-second plasma oxidation (PlasmaTherm 790 RIE) at 50 Watts RF power, and 50 mTorr Oy gas. Mea-
surements of the force between the colloid and the substrate in the presence of several solutions were
performed under moderate, steady flow through a fluid cell (Bruker MTFML) using a commercial AFM
(Bruker - Multimode), modified to yield low noise data. Force was determined by multiplying the can-
tilevers’ deflection by their individual spring constant (~ 0.05 N/m) as measured by thermal fluctuations.
Colloid substrate separation was deduced by calibrating the change in cantilever deflection versus the rise
in the piezoelectric stage with the two in contact. All solutions were prepared with analytical grade salts,
dissolved in 18 MQ-cm DI water. The pH was set without buffer, using HCl or M-OH, where M was identical
to the electrolyte cation. Dissolved CO2 was expelled from the solution by bubbling high purity Nitrogen
gas immediately preceding the measurements. The solution pH was monitored in real time with a glass
pH electrode sampling the solution in-situ in a sealed holder, immediately down-stream from the fluid cell.
We note that pH electrodes are known to be ion specific. However, at our salt concentrations, this effect is
expected to be smaller than 0.1 pH unit [61], namely, smaller than our perceived error. Measurements in
pure saline solutions titrated with hydrochloric acid to pH 5.5 were identical to those measured at the same
pH in the presence of atmospheric CO4 buffering. The sample surfaces were soaked in 1M NaCl solution for
30 minutes prior to the experiment. We have found that this procedure generally increases surface charge
and improves sample stability and reproducibility. Force curves were acquired with slow approach velocities
(~100 nm/s) to avoid hydrodynamic effects. At the end of every set of measurements, a reference force vs.
distance curve was measured in 1ImM NaCl solution at pH 5.5 and verified to coincide with an identical
measurement taken at the beginning of the set.

3. Results and Discussion

Direct Hofmeister Series

CO% < SOF < H,PO, < F~ < CI" <Br” < 1™ < ClO; < SCN'

Salting-out Salting-in

N(CH3); < NH} < Cs" < Rb* < K* < Na" < Li* < Mg? < Ca**

Figure 1: Standard direct Hofmeister series for anions and cations based on precipitation studies of negatively charged
proteins [16, 34]. To the left, ions have the smallest stabilization power and salt-out proteins. To the right, ions have the
highest stabilization power and salt-in proteins.

Figure 1 shows the generally accepted direct Hofmeister series for anions and cations [14, 16, 34], which
orders the ions with respect to macroscopic properties like surface tension, solubility of hydrocarbons, protein
denaturation, or protein stability. To the left, the stabilization power against precipitation is smallest and
one obtains salting-out behavior. To the right, the stabilization power is highest and salting-in behavior
is displayed. At the same time, ions to the left tend to be structure-stabilizers, conserving the native
structure of proteins, while ions to the right tend to be denaturants. The different binding affinities of
ions to hydrophobic surface patches govern both ion specific protein precipitation [35] and denaturation
[37, 62] and explain both processes via essentially the same mechanism: Ions that are strongly repelled
from hydrophobic surfaces (such as F~) raise the interfacial tension strongly. Therefore, proteins in solution
minimize their solvent exposed surface area by folding into compact structures (native structure stabilizers)
and by aggregation (strong precipitators). On the contrary, ions that adsorb to hydrophobic surfaces (such
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as I7) decrease the interfacial tension. Therefore, proteins maximize the solvent exposed surface area by
unfolding (denaturants) and segregation (stabilizers). It transpires that the direct Hofmeister series in Figure
1 holds for hydrophobic surfaces that are charge neutral or have a bare negative charge. As turns out, most
biological and technologically relevant surfaces are of this type, which explains the prevalence of this ion
ordering. Since ion binding or depletion at interfaces is essential for a detailed understanding of Hofmeister
effects, we will discuss single-ion binding to hydrophobic, hydrophilic and charged surface groups in the
following.

3.1. Ion-surface binding affinities - reversal of the Hofmeister series at the single-ion level for hydrophobic
and hydrophilic surfaces

Detailed insight into the distributions of anions and cations can be obtained from MD simulations for
instance at the air/water interface [38, 39, 41, 44, 47], at atomistically resolved peptide and protein surfaces
[63, 64] or at the solid/water interface of surfaces containing different functional groups [33, 43, 46]. The
surface affinities of halide anions and alkali cations at surfaces containing hydrophobic methyl (CHjs), polar
hydroxide (OH), polar carboxyl (COOH), and charged carboxylate (COO ™) terminal groups are summarized
in Table 1 [33, 43, 46]. For anions, a clear reversal of the single-ion binding affinity takes place when
comparing hydrophobic and hydrophilic surfaces. For cations, the situation is more complex and a broad
spectrum of direct, reversed and partially altered series is observed. To gain a detailed understanding of
the microscopic surface affinity, we discuss ion-surface interactions for the example of hydrophobic CHjs-
terminated and polar OH-terminated surfaces in more detail.

The single-ion surface affinity is quantified by calculating the free energy profile (the so called potential of
mean force PMF) underlying ion adsorption at the two different surfaces (Figure 2A, B). At the hydrophobic
surface, the surface affinity of the ions correlates with their size. The largest cation Cs™ and the largest
anion I~ adsorb strongest and the surface affinity decreases with decreasing ion size: Cs™ > KT > Na™t and
I~ > CI~ > F~. The higher surface affinity of large ions can be rationalized by hydrophobic solvation theory,
in which the surface affinity scales with the size of the ion [40-43]. The behavior of Li* is more complex
since its first hydration shell stays intact for all separations from the surface [43]. At the hydrophobic
surface, LiT behaves like an ion with effectively larger radius and the alterations in the PMF result from
a compression of the second hydration shell [43]. At the same time, large anions and cations shed off the
hydration water molecules facing the hydrophobic surface (Figure 2C for Cs* and 1) and preferentially
adsorb (minimum in the free energy profile in Figure 2A, B) while the smaller ions preferentially retain their
hydration shell and tend to be repelled from the hydrophobic interface.

The situation changes if the hydrophobic surface is replaced by the hydrophilic OH-terminated surface:
the anion affinity is reversed and specificity is less pronounced [46]. Here, the small F~ ion is least repelled
and the surface affinity decreases with increasing ion size: F~ > Cl~ > I7. The reversed surface affinity can
be rationalized with the law of matching water affinities [65]: Anions preferentially interact with the small
hydrogen on the OH-group, which has a high surface charge density. Therefore, small ions like F~ adsorb
preferentially and can simultaneously form contact pairs with several surface hydrogen atoms. These rather
stable configurations counterbalance the loss of strongly bound hydration water and the cost for partial ion
dehydration. The situation is more complex for cations (Figure 2A): At the OH-terminated surface, small
cations preferentially interact with the oxygen atoms, which have an intermediate surface charge density
and the surface affinity is highest for LiT and lowest for KT, while Cs™ interacts favorably at large surface
separations, corresponding to a partially reversed series.

In summary, ion adsorption or repulsion from an interface results from direct ion-surface interactions and
the subtle interplay of ion hydration in bulk and the cost of partial ion dehydration upon surface binding.
However, up to now no theory exists that accurately accounts for all interactions involved and robustly
predicts the ion specific binding free energy at different surfaces. Therefore, all-atom MD simulations
will likely continue to be an indispensable tool to obtain atomistic insight into ion specific phenomena at
interfaces.



Table 1: Ion specific affinities for surfaces with different functional groups: hydrophobic methyl (CHs), polar hydroxide (OH),
polar carboxyl (COOH), and charged carboxylate (COO™) groups. The ranking shows the ordering of anions and cations
according to their surface binding affinities based on single-ion free energy profiles and interfacial tensions [33, 43, 46].

Functional group anion binding affinity cation binding affinity
CH; I->Cl- >F- Cst > LiT > KT > Nat
OH Fm->Clm >1" Lit > Cst > Nat > Kt
COOH F™>Cl- > 1" Cst > Nat > Lit
COO~ F->Clm 21~ Lit > Nat > Cs*
4 B , i 4
HER Li F—
3 Nal — o — 3
K I —
F o2 cst — 2
= Hydrophobic Hydrophobic 1
£ __ 0
1 -1
Hydrophilic 2
2 0.2 04 06 08 1 12 02 04 06 08 1 12
© z[nm] z[nm]
Li* Na¥ K* Cs*

Hydrophobic

Hydrophobic

Figure 2:  Free energy profiles (PMFs) for cations (A) and anions (B) at the hydrophobic surface (solid lines) and the
hydrophilic surface (dotted lines) in dependence of the ion-surface separation z. The PMFs at the hydrophilic surface are
shifted vertically for clarity. (C) Simulation snapshots at the hydrophobic surface. Top: Cations at z = 0.75 nm (minimum in
the PMF of Cst). Bottom: Anions at z = 0.575 nm (minimum in the PMF of I~). Water molecules within 6 A of the ions
are shown and ionic sizes correspond to their Pauling radii.

3.2. Stabilizing long-ranged repulsive forces due to specific ion adsorption

The stability of solutes like colloids or proteins in an electrolyte solution results from a balance of
electrostatic repulsion and van-der-Waals attraction. In the following, we quantify the stabilizing long-
ranged forces in different salt solutions from simulations and experiments and provide a connection between
the microscopic adsorption of the ions at surfaces and the macroscopic stabilization efficiency. In the setup
considered by us (schematically shown in the inset of Figure 3B), the force between a colloidal particle and
an extended surface at separation D is given by [60]

@ =27 (—H/(121rD?) + 2eeor®fe ") . (7)
In the following, we assume a constant dielectric profile at the interface, since the dielectric constant is
only modified in a thin sub-nanometer thick interfacial layer [66] and neglect the decrease of the dielectric
constant with increasing salt concentration due to the collective water-water decorrelation effects [67]. The
first term in equation 7 corresponds to van-der-Waals attraction characterized by the Hamaker constant
H = 2.2 x 10721] for silica surfaces [20]. The second term corresponds to the electrostatic repulsion. The
repulsive force results from screened electrostatic interactions of two effectively charged surfaces across an
electrolyte solution. The effective charge on the surfaces has two contributions: The bare surface charge
and the charge due to specific-ion adsorption which decreases or increases the bare surface charge. The
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magnitude of the resulting total effective surface charge opy or the equivalent Debye-Hiickel potential ®py
quantify the stabilizing repulsive force. In our Poisson-Boltzmann formalism, ®py and opy are calculated
from the full electrostatic potential ®(z) via

q)DH = lim (@(z)e’”) N ODH — eeomeH. (8)
zZ>>2 nm
Note that at very short separations that are of the order of the range of the specific ion adsorption (D ~ 2
nm), the microscopic details of the ion-surface interaction potentials become important [45, 46]. Moreover,
for unequal pairs of polar/nonpolar surface long-ranged electrostatic attraction occurs [68], which is not
further discussed in this review.

Figures 3A, B provide insight into the forces between a silica colloid and a silica surface, obtained

from AFM experiments at different salt concentrations. The corresponding forces between two hydropho-
bic surfaces obtained from the PB modeling are shown in 3C, in which the bare surface charge (oguf =
—0.022 ¢/nm?) was adjusted to match the experimental value [43]. At low salt concentrations (10-50 mM),
the force is repulsive and decays exponentially with increasing separation (Figure 3A, C). The effect of van-
der-Waals attraction appears only at small separations and is separated by a force maximum from the rather
long-ranged repulsive part at low salt concentrations (Figure 3C). However, at high salt concentrations (200
mM), the barrier vanishes and the interaction between the two negatively charged surfaces turns attractive
in the presence of Cs* (Figure 3B, C). In this concentration regime, the same two objects repel each other
in NaCl solution but attract each other in CsCl solution. We conclude that the efficiency of the different
salts in stabilizing solutes in electrolyte solutions depends on the magnitude of the repulsive force, which
is determined by the magnitude of the stabilizing potential ®py or the equivalent effective surface charge
ODH-
The situation is summarized in Figure 3D, which shows o as a function of the bulk salt concentration for
a hydrophobic surface with oy, = —0.022 ¢/nm?. The magnitude of the stabilizing force follows the direct
Hofmeister order (Na™ > K* > Lit > Cs™) and is exactly opposite to the surface affinity of the cations
since ion adsorption partially neutralizes the negative surface charge (Table 1). The diagram displays a re-
gion of attraction, in which the repulsive barrier vanishes, and a region of repulsion, in which van-der-Waals
attraction is overcompensated by electrostatic repulsion leading to a repulsive barrier. The crossover from
repulsion to attraction at ¢y = 60 mM is observed as specific Cs* adsorption increasingly neutralizes the
bare surface charge and the repulsive force diminishes and gives way to van-der-Waals attraction. With
further increasing salt concentration, surface charge reversal takes place (at ¢y = 200 mM) due to excess
adsorbed Cs™ leading to reemerging repulsion for ¢y > 950 mM, now between two (effectively) positively
charged surfaces. As a matter of fact, the Cs* concentration beyond which charge reversal is observed in
the experiments is estimated to be slightly less than 200 mM [20].
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Figure 3:  Forces between identical surfaces in different electrolyte solutions. (A) Experimental result for silica: Force

between a sphere and a planar surface divided by colloid radius vs separation at pH 5.5 for NaCl, KCIl and CsCl at low salt
concentrations ¢cg = 10 mM and at high salt concentrations ¢g = 200 mM (B). The inset in (B) shows the schematic setup for
the measurements. (C) Simulation results for the force in the plane-sphere setup for hydrophobic surfaces in NaCl and CsCl
(with bare surface charge ogyr = —0.022 e/nm2 adjusted to the experimental results). The force for NaCl exhibits a repulsive
range for both concentrations. For CsCl the repulsion observed at low concentration vanishes for ¢g = 200 mM. Black lines
correspond to pure van der Waals attraction. (D) Theoretical attraction/repulsion diagram for two hydrophobic surfaces with
Osurf = —0.022 e¢/nm? based on the effective surface charge opy for NaCl (red), KCl (green), CsCl (gray), and LiCl (light
blue). The gray area indicates a vanishing repulsive force barrier for CsCl.

3.3. Reversal of the cationic Hofmeister series in dependence of the surface charge and salt concentration

The sign of the surface charge density has a crucial influence on the Hofmeister series. Already in 1911,
Hofmeister series reversal has been observed when changing the charge of the precipitating protein [69] and
numerous later findings confirmed those observations. In particular, the solubility of negatively charged
proteins like hemoglobin follows the direct order for anions and cations [70, 71] while the solubility and
crystallization of positively charged proteins like lysozyme follow the reversed order [17, 19, 24]. In fact, the
cation ranking in Hofmeister’s original work [10] corresponds to what we would now call the indirect series
and is representative of cationic proteins.

What is the microscopic reason for reversal of the Hofmeister series dependent on the sign of the surface
charge? A pictorial explanation for cations is shown in Figure 4A: At the hydrophobic surface the large Cs™
ion adsorbs stronger than Nat. At negatively charged surfaces, the bare surface charge is compensated most
efficiently by strongly adsorbing cations and the stabilization is therefore smallest for large cations (direct
series). In contrast, at a positively charged surface, the surface charge is further enhanced by specific cation
adsorption leading to the largest electrostatic stabilization by large cations like Cs™ (indirect series). For
anions, the picture is opposite: At negatively charged surfaces, the bare surface charge is enhanced further
by strongly adsorbing large anions like I~ (direct series) while at positively charged surfaces the bare surface
charge is compensated most efficiently by adsorption of large anions (indirect series).

The stabilization efficiency of the ions is quantified by calculating the electrostatic force based on ®py.
Figure 4B shows the full crossover for cations from the direct series (negative ogu.f) over two partially reversed
series (intermediate o) to the fully reversed series (positive ogy). For each salt, the stabilizing force
decreases with decreasing ogy,s until the bare surface charge is exactly canceled by specific ion adsorption
(vanishing long-ranged electrostatic repulsion). Beyond this point, ®py changes sign (from negative to
positive) and repulsion reemerges.

Another crossover from indirect to direct series is observed dependent on the salt concentration (Figure
4C) in agreement with the experimentally observed concentration dependent Hofmeister series reversal for
lysozyme [19]. For positively charged solutes, the series is indirect only at low salt concentrations. At
higher salt concentration the adsorption of the counter-ion overcompensates the positive charge, leading to
effectively negative surfaces in KCIl and NaCl solutions (charge reversal is observed at ¢y = 0.2 M in Figure
4C). At the same time, the effective charge in CsCl solution is positive but smaller in magnitude leading
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again to the direct series at large salt concentrations.

The results are summarized in the cationic Hofmeister phase diagram dependent on the surface charge
osurt and the bulk salt concentration ¢ (Figure 4D). The diagram displays the complete spectrum of direct
(white), partially altered (gray) and reversed Hofmeister series (black). The horizontal and vertical dashed
lines indicate the full crossover when changing the sign of the surface charge (quantified in Figure 4B) or
the bulk salt concentration (quantified in Figure 4C).

(A) (B) ¢n=500mM (€ 2
i = 0g,F0.01 e/nm
Direct 006 0 — . surf . Cs>K>Na
a Direct w1 NaCl — | goslReversed
G4 (€5) < [o, | (Na) 0.04 i '
(&) Tl <k = : 002t !
I ! :
2 002+ ' '
Reversed & . 001}, : . :
() : : Direct Na>K>Cs
E3 T x L i 0 L L L ] :
@ 16,1 (€5)> [0, (Na) -0.1 -0.05 0 0.05 01 0 02 04 06 08 1 0 02 04 06 08 1
® 0 gurfleim cq Mol oo Mol

Figure 4: (A) Schematic explanation of the Hofmeister series reversal when changing the sign of the surface charge exemplary
for Nat and Cst: At the hydrophobic surface Cst adsorbs stronger and is thus drawn closer to the surface. At negatively
charged surfaces, the magnitude of the effective surface charge (gray shading) is lower for Cst since specific adsorption partially
cancels the negative surface charge: |opy|(Cst)< |opu|(NaT)(direct Hofmeister series according to stabilizing efficiency). At
positively charged surfaces, the magnitude of the effective surface charge is further enhanced by CsT adsorption, leading
to a stronger long-ranged electrostatic repulsion: |opp|(Cst)> |opu|(Nat) (reversed Hofmeister series). (B) Stabilizing
electrostatic force quantified by ®py in dependence of the external surface charge og,.¢ for a constant bulk salt concentration
co = 500 mM for a hydrophobic surface. A full crossover is observed from the direct series (negative ogy ) to the indirect series
(positive ogyyf). Dashed lines indicate partial series reversal. (C) Reversal of the Hofmeister series in dependence of the bulk
salt concentration for a constant positive surface charge ogyf = 0.01 ¢/ nm? for a hydrophobic surface. (D) Hofmeister phase
diagram for the cations at the hydrophobic surface in dependence of o4t and ¢g. Shaded areas denote regions featuring direct
series (white), indirect series (black), and two different alteration. The ordering of the ions corresponds to the magnitude of
the stabilizing force based on ®py. The dotted lines indicate the intersections for which ®py is shown in (B) and (C).
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3.4. Reversal of the anionic Hofmeister series in dependence of the sign of the surface charge and surface
hydrophobicity

Protein surfaces consist of a mixture of polar/non-polar groups or patches. A typical protein surface
contains 1/3 hydrophobic and 2/3 hydrophilic groups, while the interior contains only about 1/3 hydrophilic
groups mostly associated with the backbone [36]. Similarly, colloids and many other solutes are characterized
by varying amounts of mixed hydrophilic and hydrophobic surface groups. Since the contributions of a large
variety of different functional groups on ion-specific effects have experimentally been found to be additive
[72], the adsorption of ions to surfaces containing a mix of hydrophobic and hydrophilic surface groups
can to first approximation be modeled as superposition of ion adsorption at the purely hydrophobic and
hydrophilic surface. This opens up the possibility to model complex surfaces consisting of heterogeneous
surface groups and to quantify Hofmeister series reversal depending on the fraction of hydrophobic surface
groups (equation 2).

The corresponding Hofmeister series phase diagram is shown in Figure 5 for surfaces of varying surface
hydrophobicity a and surface charge og,,¢ for constant bulk salt concentration ¢y = 200 mM. The phase
diagram shows different regions, in which the anions are ordered based on their stabilizing efficiency. The
stabilizing efficiency is quantified by the magnitude of the stabilizing force based on the effective surface
potential ®py at each point in the (oguf, @) space [43]. Six different series are observed corresponding
to direct order (white), indirect order (black) and four different alterations (gray and blue). The phase
diagram is qualitatively symmetric under double reversal of surface charge and surface hydrophobicity
and in agreement with the experimentally observed spectrum of Hofmeister series for colloids and proteins
[19, 24, 27-29]. The origin of series reversal when changing the surface hydrophobicity is a direct consequence
of the reversed surface affinities of the anions when replacing hydrophobic by hydrophilic surface groups
(Table 1). The mechanism of series reversal when changing the sign of the surface charge for anions is
identical to the mechanism for cations discussed in detail in the previous section and shown schematically
in Figure 4A. Series reversal originates from the compensation/enhancement of the bare surface charge
osurt due to specific adsorption of ions with opposite/identical charge. In particular, strongly adsorbing
anions like I~ increase the negative surface charge of hydrophobic surfaces further and lead to the highest
stabilization. In contrast, at positively charged surfaces strongly adsorbing anions lead to the most efficient
charge compensation and therefore to the weakest stabilization.

I>CI>F I>F>Cl F>CP>|

Direct

Cl>F>1
OH 0.01 0.1 CH3

Figure 5: Hofmeister phase diagram for anions and heterogeneous hydrophobic/hydrophilic surfaces in dependence of the
bare surface charge og,,f and the surface hydrophobicity « for constant bulk salt concentration ¢y = 200 mM. Colored areas
denote regions featuring direct order (white), indirect order (black), and four different alterations. The ordering of the anions
corresponds to the magnitude of the stabilizing force based on the effective surface potential ®p.

3.5. pH dependence of the Hofmeister series

A central mechanism underlying ion specific effects is ion binding to charged surface groups [63]. De-
pending on pH, acidic groups which are frequently present on the surface of minerals and proteins are either
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protonated or deprotonated. Thereby, the surface charge is changed as well as the chemical surface struc-
ture, since the presence or absence of surface hydrogens modifies the interaction with surrounding ions and
solvation water. Ion specific adsorption is influenced directly by changes in the chemical structure, evident
from the reversal of the cation binding affinities to uncharged carboxyl (COOH) surface groups compared
to charged carboxylate (COO™) surface groups (Table 1 and simulation snapshots in Figure 6A). At low
pH, most carboxylic surface groups are protonated and thus charge neutral. For COOH-groups, the partial
charges on the surface oxygens are quite low and large cations like Cst are attracted more strongly than
LiT and Na™. At high pH most carboxylic groups are deprotonated. For COO~-groups, the partial charge
on the oxygens is increased, which leads to a stronger attraction of small cations such as LiT and Na¥
compared to the large Cs™ cation.

Stabilization of surfaces containing acidic surface groups results from two processes: deprotonation and
ion specific adsorption. The pH dependent Hofmeister series reversal appears as a general fingerprint of acidic
surfaces. For example, in Figure 6B, C the effective surface charge opy and the corresponding stabilizing
force based on the effective surface potential ®py is shown for surfaces containing acidic carboxyl groups
from our theoretical model (Figure 6B) and for silica surfaces containing acidic silanol groups obtained
from our AFM experiments (Figure 6C). Theory and experiments show the same behavior: opy decreases
monotonically with increasing pH at low pH since more and more acidic groups dissociate and follows the
direct Hofmeister series. At a pH of around 8.5 (theory for carboxyl-surface) and 7 (experiments with
silica-surface) reversal of the series occurs. This reversal from the direct Hofmeister series at low pH to the
reversed series at high pH is a direct consequence of the reversed microscopic binding affinities of the cations
to the protonated (low pH) and deprotonated (high pH) form of the acidic surface groups [33].

The efficiency of the different cations in stabilizing surfaces containing acidic surface groups is summarized
in the Hofmeister phase diagram dependent on pH and salt concentration (Figure 6D). For intermediate
pH values the phase diagram displays an extended region corresponding to the direct Hofmeister series. At
high pH values, the observed pH dependent reversal of the Hofmeister series can be understood in terms
of the reversed cationic affinities to the protonated and deprotonated carboxylic groups as discussed above:
Small Li™ ions have a higher affinity than large Cs™ ions to the charged carboxylate group, which dominates
at high pH. As a consequence, the effective surface charge and the stabilization force at high pH is lower
for Lit compared to Cs¥, corresponding to the reversed Hofmeister series. At intermediate pH values, the
situation is opposite. Here, Cs™ binds strongest to the neutral carboxyl group and compensates the negative
charges of the acidic surface groups more efficiently than Na® or Lit, corresponding to the direct Hofmeister
series according to stabilizing efficiency. Additional Hofmeister series alterations at low pH originate from
reversal of the effective surface charge due to the proliferating adsorption of Cs™ [33]. At the same time,
the Hofmeister series for anions remains essentially unchanged when varying the pH since the anion binding
affinity remains unchanged as the surface carboxyl groups deprotonate (Table 1).

4. Conclusion

Predicting ion-surface interactions is challenging due to the entangled contributions of ions, surface
functional groups and water. Consequently, to date no general theory exists that quantitatively predicts
ion-surface interactions and encompasses hydrophobic, hydrophilic and charged surfaces. Insight into the
microscopic origin of the Hofmeister series and its reversal can be gained from ion-surface interactions at
atomistically resolved surfaces containing non-polar, polar and charged surface groups obtained from MD
simulations. The calculated ion-surface free energy profiles include the contributions of ion hydration and
direct ion-surface interactions explicitly and are the key to understand ion specific phenomena involving
surfaces. Combining atomistically resolved ion-surface interactions with Poisson-Boltzmann theory allows
us to provide a connection to macroscopic and experimentally measurable long-ranged forces which stabilize
macromolecules in solution against precipitation. Based on the stabilization efficiency of anions and cations,
reversal of the Hofmeister series is observed to be the rule rather than the exception. The ordering of the
ions within the series can be altered by changing surface properties such as the sign of the surface charge,
the surface hydrophobicity or when changing the chemical structure of acidic groups by increasing the pH.
Given the resulting complex spectrum of direct, altered and reversed Hofmeister series, it is surprising that
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Figure 6: (A) Simulation snapshots of the cations Lit, Nat, and Cst at the uncharged COOH-terminated surface at low
pH (top) and at the charged COO™-terminated surface at high pH (bottom). At the uncharged surface the cation-surface
affinity follows the direct Hofmeister series: Cst > Nat > Lit. At the charged surface the cation-surface affinity is reversed
and follows the reversed Hofmeister series: Lit > Nat > Cst. (B) Stabilizing repulsive force between surfaces containing
carboxyl surface groups measured by the effective surface potential ®pyr (left scale) and the equivalent effective surface charge
opu (right scale) as function of pH for a small bulk salt concentration cg = 0.01 M from PB modeling. (C) ®py and opy
for silica surfaces dependent on pH obtained from AFM experiments. (D) Hofmeister phase diagram as function of pH and
bulk salt concentration cg for surfaces covered by carboxyl groups. Colored areas denote regions featuring direct order (white),
indirect order (black), and two different alterations. The ordering of the ions corresponds to their efficiency in stabilization
according to opg or ®pg. All calculations are done using the modified PB approach (i.e. restricted ionic density).

a robust ordering of the anions and cations is observed for many complex biomolecules including proteins.
This is traced back to the fact that most proteins are negatively charged and ion binding is dominated by
the presence of hydrophobic surface patches. What we have presented here is therefore only the beginning
of a detailed understanding of ion specific phenomena for complex biologically relevant macromolecules.
To complement our current comprehension of Hofmeister effects, a detailed insight into the ion-binding
characteristics to a large variety of functional groups that are present on proteins, lipid bilayers or nucleic
acids is needed [5, 9, 73]. In addition, a realistic modeling of complex molecular and multivalent ions is
highly desirable but remains challenging even for divalent ions [74].
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