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Molecular dynamics simulations of ions at a hydrophobic self-assembled monolayer with polarizable
force fields for water and ions are used to extract potentials of mean force for Na* and the halide ions Cl~,
Br™, and I". Similar to the air-water interface, the large halide ions are attracted to the surface, which is
traced back to surface-modified ion hydration. The total effective interaction is parametrized and used
within Poisson-Boltzmann theory to calculate surface potentials and interfacial tensions at finite ion
concentration in qualitative agreement with experiments.
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After more than 100 years, Hofmeister’s observation
that effective interactions between most charged and neu-
tral objects in aqueous media depend crucially not only on
electrolyte concentration but also on ion type has moved
into the focus of current research again [1]. Ton specificity
is most drastically revealed at uncharged hydrophobic solid
surfaces and at the air-water interface: according to simple-
minded theory, according to which ions are pointlike and
interact solely via Coulomb forces, cations and anions
should be equally repelled from such interfaces due to
image-charge effects, leading to ion depletion at the sur-
face, vanishing surface potentials, and a universal increase
of surface tension [2]. Experimentally, on the other hand, it
is found that for the free air-water interface (i) the surface-
tension increment depends sensitively on the ion type [3],
(i) the surface potential for certain salts reaches values of
up to 100 mV relative to pure water at molar concentration
[31], and (iii) a negative charge is present at the interface, as
inferred from thin-film stability and bubble electrophoresis
[4,5]. Likewise, on solid hydrophobic surfaces the zeta
potential is strongly negative and depends on ion type
and concentration [6]; the presence of charges at the inter-
face is confirmed by atomic force microscopy measure-
ments using colloidal probes [7] and single polymers [8].
These interfacial ion-specific phenomena have a bulk
counterpart: osmotic and activity coefficients also depend
on the ion-type [9]. In fact, correlations between bulk and
surface data suggest some underlying, not yet understood,
microscopic relation [10].

Early on, theoretical models of surfaces were augmented
to allow for generic short-ranged interactions between ions
and surfaces [11]. These interactions were associated with
dispersion forces or surface-modified ion hydration [4,12—
14]. On the quantum-chemistry level, the adsorption en-
ergy of OH™ at self-assembled monolayers (SAMs) has
been determined and shown to correlate well with experi-
mental trends [15]. Unfortunately, such ab initio calcula-
tions can presently not be extended to finite temperatures.
To yield microscopic insight including thermal effects,
molecular dynamics (MD) simulations were used to obtain
the effective interaction between ions and hydrophobic
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surfaces [16]. In MD, water, surface, and ion interactions
are described by heuristic parameters (partial charges ¢
and Lennard-Jones interaction range o and depth ;) that
are fitted to match experimental bulk data. As a major
breakthrough, the adsorption of weakly hydrated ions
(so-called chaotropic or structure breaking ions such as
iodide or bromide) at the air-water interface was correctly
obtained once the ionic polarizability « is included
[17,18]. Although understanding the hydrophobic solid-
water interface is important since it governs the aggrega-
tion and folding of unpolar molecules in water, previous
simulations have concentrated on the air-water interface,
mainly because more experimental reference data exist
for it.

In this Letter we obtain the potential of mean force
(PMF) for the halide anions and for sodium at infinite
dilution at a hydrophobic SAM using MD simulations
with polarizable force fields. The observed trend is similar
to previous simulations at the air-water interface [17,18]:
Heavy halide ions (Br~ and I7) do adsorb, whereas the
small cation Na* is repelled from the surface. The PMF
includes image-charge effects, van der Waals interactions
among ion, water, and substrate (as parametrized by ep;
and o) and ion hydration. Surprisingly, the total van der
Waals force is repulsive, so we conclude that the adsorption
of large ions is mostly caused by surface-modified ion
hydration. This might be a hint as to why hydrophobic
surfaces and the air-water interface act alike when it comes
to ion specificity (hence explaining the universality of the
Hofmeister series [1]). Since no convincing, simple theory
exists for the surface-modified ion hydration, a splitting of
the PMF into physically motivated, analytic terms is point-
less. We determine heuristic fit functions for the PMFs,
which are used within a modified Poisson-Boltzmann ap-
proach to calculate ion distributions at finite ion concen-
tration and from that the interfacial tension and electro-
static surface potential, showing qualitative agreement
with experiments.

In the simulations, the hydrophobic surface is a 3 nm X
3.46 nm SAM consisting of 48 C,gHy, chains that are
terminally fixed with a grafting density appropriate for a
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TABLE I. Force field parameters o, e1j, a, g in the MD
simulations and the number of displaced water molecules nyy.

o ey a/dmeg q
[A]  [kecal/mol] [A%] [e] ny
Ions  Na® 227 0.100 0.240 1 0.8
CI- 434 0100 40 -1 23
Br~ 454 0.100 4770 -1 24
I- 512 0100 6920 -1 2.8
Water O 320 0156 0528  —0.730
H 0 0 0.170 0.365
SAM  C 340 01094 0 AM1
H 264 00157 0 AM1

gold substrate and assume the experimentally known 30°
tilt angle [7]. The SAM is modeled with the gaff force field
with AMI1 charges [19]. The polarizabilities of the SAM
atoms are small because of the SAM’s low dielectric
constant and are neglected in our simulations. The simu-
lation box has an extension of 9 nm in the z direction and is
filled with about 2,000 polarizable POL3 [20] water mole-
cules. All force field parameters are listed in Table I. The
simulations are done using the AMBER MD program [21] at
a temperature of 300 K and pressure of 1 bar, maintained
by anisotropic pressure coupling. Periodic boundary con-
ditions are applied, and long-range Coulomb forces are
calculated using particle-mesh Ewald summation. Figure 1
shows the water and SAM density profiles and the electro-
static potential along the z coordinate normal to the inter-
face without ions. We observe a 0.15 nm thick water
depletion layer [16] and an electrostatic potential drop of
~500 mV, in agreement with previous studies [22]. Next
we place a single halide or sodium ion into the water phase
and calculate its PMF by umbrella sampling and the
weighted histogram analysis method [23]. We use previ-
ously optimized polarizable ion parameters [24] which
correctly describe ion adsorption at the air-water interface.
For C1~ we use a higher polarizability value of a/47e, =
4 A3 (as compared to the original value of a/4me, =
3.69 A3), as suggested based on a comparison of classical
and quantum-chemical MD simulations [25].

Our ionic PMFs at the SAM-water interface (solid sym-
bols) are compared with previous air-water-interface re-
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FIG. 1. Density profiles p(z) of water and SAM and the

electrostatic water potential ®y,. Triangles show the simulated
@y ; the line shows a heuristic fit function (see text). To the right:
Snapshot of the SAM-water interface.

sults [24] (open symbols) for the same ions in Fig. 2. Both
sets exhibit striking similarities. The big halides Br~ and
I are attracted to the interface with an adsorption strength
of almost 3kzT. While I™ has a higher affinity for air than
Br™, their affinity for the SAM is nearly the same. The
PMFs for Cl™ are qualitatively different: We attribute the
larger attraction at the SAM to the higher polarizability
used. The behavior of sodium is similar at both interfaces
and exhibits no attraction. In general, the interaction range
is larger at the air-water interface, probably due to the
intrinsic air-water interfacial roughness.

We first check whether the PMFs can be split into a sum
of physically inspired terms. We note that ionic PMFs are
excess quantities which result from replacing a certain
number of water molecules ny by an ion. We estimate
ny from simulated ion-water radial-distribution functions
in bulk; see Table I. Any charged object interacts with the
substantial electrostatic interfacial water potential ®y(z),
which is caused by preferential water orientation.
Assuming the presence of the ion of charge g does not
modify ®y,, one obtains the interaction contribution ve =
q®y(z). We fit the potential ®y(z) by a sum of four tanh
terms and a constant; the resulting fit is shown in Fig. 1
(solid line). The excess polarization energy of an ion in the
water electric field Ey(z) = —d®y(z)/dz is VP(z) =
—1(a — nyay)E}(z), where the polarization energy of
ny replaced water molecules with polarizability ay is
subtracted. The van der Waals (vdW) interaction of either
an ion or a water molecule with the SAM is obtained at
zero temperature performing a sum over all Lennard-Jones
interactions between SAM sites and the particle with a
cutoff radius of 9 A and averaging over lateral positions.
The obtained energy is fitted to a 9-6 Lennard-Jones po-
tential VY™ =48 {[5/(z — 20)]’ — [/(z — 29)]°} with
different parameters for every ion type and water. The
excess potential is obtained as AVVIW = yvdW —
ny V4V by subtracting the vdW potential of ny, replaced
water molecules. For the image-charge repulsion of the
ions from the SAM we use a closed-form expression
Vime(z) for finite-size charged spheres [13]. For the sphere
radius we take o /2 as defined in Table I and & = 80 and
& = 1 for the relative dielectric constants in the water and
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FIG. 2. Potentials of mean force for various ions at the
(a) SAM-water and the (b) air-water [24] interface. The lines
show heuristic fits with the parameters in Table II.
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SAM half spaces. We approximate the total ionic PMF as
the sum VPMF(7) = VP(z) + AVYIV(2) 4+ VPol(z) + Vime(z),
which is shown for iodide in Fig. 3 (solid line) together
with all four contributions. Comparison with the simulated
PMF (triangles) gives poor agreement. In particular, the
vdW part AVY™W (dotted line) makes up for only a small
fraction of the total ion-SAM attraction VPMF. This is
further enhanced by the fact that the vdW interaction
between the ion and water is reduced as the ion approaches
the surface and gives rise to a repulsive interaction which
has been extracted from the simulation (circles); this
makes the total vdW contribution to the PMF in fact
repulsive. We conclude that the surface-induced modifica-
tion of the ion hydration (which has been left out from our
consideration as it is difficult to estimate) dominates the
PMF. This is in line with our observation that PMFs at the
interface toward a hydrophobic SAM and air are quite
similar, showing that it is the water structure that is im-
portant and not so much the interaction of ions with the
nonaqueous half-space. Still, the polarizability is essential
as well. This is evident from our study of nonpolarizable
ions at a hydrophobic diamond substrate [26], where we
found negligible attraction. Instead of cooking up an ex-
pression for the distance-dependent ion hydration, we fit
the whole PMF by a heuristic function. For the SAM data
we use Vi(2)/kgT=A/(z—7)?>—B/(z—7)¥+C(z—
C,)e GG 4 p e D302 and for the air-water in-
terface data [24] we use Vi(z)/kzT = A{[e B +
(=D)"P = 1} + C(z = Cy)e” GG + pjePslaDay
with n = 1 for the attractive Br~ and I, and n = 2 for C1™
and Na™. All fit parameters are given in Table II; note that
the distance z in the fit functions is rescaled by nm and is
thus unitless. The fit functions are shown as solid lines in
Fig. 2 along with the simulation data. We next demonstrate
how PMFs can be used for a coarse-grained description of
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FIG. 3. Potential of mean force for iodide from simulation
(triangles) compared with the analytic expression (solid line)
and its contributions. Poor agreement shows that surface-
modified ion hydration is dominant. The ion-water van der
Waals contribution [as obtained from simulations (circles)]
makes the total van der Waals interaction repulsive.

ion specificity at interfaces. For this we consider a modified
Poisson-Boltzmann equation for unpolarizable particles
[4,12,14]

: PMF
d 0, —[VPME() + 4, D()]/ksT
e 2 d(z2) E gicje [VIME(2)+q;(2)]/kp ;

i

where the PMF from our MD simulations VFMF is included
[27]. Note that ® is the electrostatic potential without
polarization contributions. The solution to the equation
satisfies the boundary conditions that (i) @ = 0 in bulk
water (z — o) and (ii)) ® = const for
Figure 4(b) shows the rescaled ionic density profiles
c(z)/c° for different bulk salt concentration ¢’ both at
the SAM and at the air-water interface (inset).
Figure 4(a) shows the surface potential A® at the SAM-
water (solid symbols) and air-water (open symbols) inter-
face as a function of electrolyte concentration. The effect
of salt addition is similar at both interfaces and lowers AD.
For NaCl at the air-water interface, the change is very
small, since both ions are repelled from the surface. In
all other cases, there is a significant drop of the surface
potential, between —20 mV (NaCl at the SAM-water inter-
face) and —58 mV (Nal at the air-water interface) for a
1 M electrolyte. Ignoring the behavior for small salt con-
centration at the moment, the slope of A®(c%) at ® =~ 1 M
agrees well with experimental data [3]: the experimental
and predicted slopes in mV /M in the high concentration
range at the air-water interface are —20/ — 18 (Nal),
—14/ — 15 (NaBr), and —8/ — 1 (NaCl). Only for NaCl,
there is a strong underestimation, which reflects the lack of
Cl™ attraction in the PMF and might be due to a too small
ionic polarizability.

We calculate the surface-tension change with salt con-
centration from the Gibbs adsorption equation

Z— —00.

0

A:_kT Fi /dl,
Y B/;)Z/CC

where I'; denotes the surface excess of ionic species i, I'; =
[958 ci(2)dz + [Epslei(z) — ¢?dz, and GDS is the posi-
tion of the Gibbs-dividing surface. Figure 4(c) shows Ay
for different ions at both interfaces. The interfacial tensions

TABLE II. Fit parameters of the fit functions for ionic PMFs at

the SAM (upper set) and the air-water interface (bottom).

SAM A B ZI Cl C2 Cg Dl D2 D3
I 5073 1899 —1.09 —10.22 0.54 200 —2.51 0.21 60.24
Br™ 051 092 -0.74 0 0 0 —2.33 0.18 46.41
Cl™ 1.20 —1.05 —0.99 —-7.74 048 200 —2.26 0.12 60.61
Na® —222 —7.33 —0.89 10.28 0.37 100 —0.28 0.12 258

Air A B Z C, C, C3 Dy D, Dy

I 0066 0977 239 —5.1 070 87 —7.32 —0.011 249

Br~ 0042 1.77 123 —=5.0 040 100 —4.05 0.042 8.16
CI~ 1516 413 -0.37 0 0 0 0.68 0.70 23.99
Na* 14.62 435 -0.084  4.13 1.10 500 —0.37 0.70 10.0
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(a) Surface potential A® as a function of bulk salt concentration ¢® for various ions at the SAM-water interface (solid

symbols) and the air-water interface (open symbols) as obtained from the ion density profiles in (b). (b) Rescaled cationic or anionic
density profiles c(z)/c® of NaBr at the SAM-water interface and the air-water interface (inset) for infinite dilution (crosses) and

different bulk concentrations ¢°

, as obtained by inserting the simulation PMFs into a Poisson-Boltzmann equation. (c) Surface-tension

change as a function of ¢° for various ions as obtained from the Gibbs adsorption equation.

increase nearly linearly with the addition of NaCl, be-
cause the repulsion of Na* is stronger than the attraction
of CI™. Experimentally, NaCl addition gives a linear in-
crease of the air-water surface tension with a slope of
1.7 mNm~!/M [3], ~30% higher than we predict. An
attractive PMF does not necessarily lead to a decrease of
the surface tension: only for ¢ — 0, dy/dc® is negative
for the strongly adsorbing bromide and iodide ions; for
larger concentrations the slope changes due to ion-ion
interactions which are taken into account by the Poisson-
Boltzmann formalism. For larger concentration our results
agree with the experimentally found linear increase of the
interfacial tension for NaBr with a slope of 1.4 mNm™!/M
[3] within ~30%. For Nal the experimental slope of
1.2mNm !/M is not reproduced by our calculations,
which might signal a breakdown of our mean-field analysis
or a maladjusted force field.

Combining MD simulations with continuum statistical
mechanics approaches is introduced as a promising ap-
proach toward interfacial ion specificity. Interfacial tension
and potential at the air-water interface agree qualitatively
with experimental data and the Hofmeister series is repro-
duced: the heavier halides adsorb stronger and therefore
the surface potential is more negative and the surface-
tension increase is weaker. At the solid hydrophobic sur-
face we obtain the same trends.
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