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Abstract

We perform atomistic simulations of nanometer-separated charged surfaces in the
presence of monovalent counterions at fixed water chemical potential. The counterion
density profiles are well described by a modified Poisson-Boltzmann (MPB) approach
that accounts for non-electrostatic ion-surface interactions, while the effects of smeared-
out surface-charge distributions and dielectric profiles are relatively unimportant. The
simulated surface interactions are for weakly charged surfaces well described by the
additive contributions of hydration and MPB repulsions, but already for a moderate
surface density of 0 = —0.77 e/nm? this additivity breaks down, which we rationalize

by a modification of the hydration repulsion due to interfacial water reorientation.
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Many biologically and industrially relevant surfaces are charged in water, classical exam-

13 jonic surfactant layers* and solid surfaces such as glass, silica or

ples are lipid membranes
mica’®®. The experimental and theoretical descriptions of the interaction between charged
surfaces across aqueous electrolytes forms the foundation of colloidal science. The celebrated
Poisson-Boltzmann (PB) theory? treats water as a dielectric continuum and becomes valid
when surface charge density and ion valencies are low and thus ion correlations are negligi-
ble. According to PB theory the interaction pressure between similarly charged surfaces is
always repulsive and decays exponentially for large surface separation, two predictions that

are confirmed by numerous experiments®®.

Surface separations in the nanometer range have been investigated in experiments and

10-13 14,15

simulations for systems such as silica!®*?, clay or membrane stacks'®?°. At such low
surface separations an additional, exponentially decaying repulsive pressure contribution is
present, which is similar to the hydration pressure found for soft polar surfaces with a zero

16-19  Experimental pressures between charged surfaces have been successfully

net charge
fitted by assuming additivity of hydration and PB contributions?!2*. However, such fits are
of only limited persuasive power since the surface charge density and its location are mere
fitting parameters.

Indeed, additional effects for nanometer surface separations suggest an essential modifi-
cation of the traditional PB theory: i) Water confined in nanometer slabs exhibits dielectric
properties distinctly different from bulk? 2%, This is also suggested by a modified interfacial

2931 ii) Surface charge distributions

water structure inferred from non-linear spectroscopy
are neither laterally homogeneous nor sharply peaked normal to the surface, as typically as-
sumed in PB modeling, but rather are discrete3? and broadly distributed?®. iii) Ions interact

with charged as well as uncharged surface groups via ion-surface interactions which involve
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surface-induced partial ion dehydration and lead to ion-specific Hofmeister effects®® and

modifications of surface interactions>6.

iv) Finally, ion correlation effects, not included in PB
theory, become relevant for highly charged surfaces and high ion valency, and make similarly
charged walls attract each other®”, in strong contrast to the mean-field PB predictions.
Water-explicit simulations of charged surfaces in principle include all these effects and
should thus allow for a crucial test of the assumption of additive hydration and PB pressures,
in particular since the surface charge and its location are precisely known. Previous simu-
lations reported ion density profiles between nanometer-separated charged surfaces!® 1325,
However, technical difficulties to impose a constant water chemical potential, which is the

experimentally realized ensemble, precluded so far the quantitative comparison of simulated

surface pressures with theoretical predictions.
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Figure 1: (a) Simulation snapshot for surface charge density o = —0.77 ¢/nm? with Ny, = 18
Na* ions and box height L, = 4.05nm, leading to a surface separation d = 1.5nm. Water
molecules are not shown in the central box. (b) Partial charge distribution on a decanol
headgroup with a net charge 4. (c) Interaction pressure between neutral decanol surfaces
for Ny = 100 (circles) and Ny = 196 decanols per surface (crosses). The dashed line is a fit
of Eq. (6) to all positive pressure data yielding a decay length A = 0.10nm. In the large
distance regime in the inset the pressure is zero within numerical accuracy. Triangles denote
results for the equivalent osmotic pressure I1 = Iy + (u, — p) /02 in the alternative N, ATlyT
ensemble for fixed Iy = 1 bar, see Supplemental Material for details.

In this paper we fix the water chemical potential by thermodynamic extrapolation meth-

38,39

ods , which we previously used for the study of the hydration repulsion between neutral

lipid membranes®®, and compare simulated pressures between charged surfaces in the pres-



Table 1: Simulation parameters for neutral and charged surfaces. The coupling parameter
Z is calculated using the SPC/E bulk dielectric constant ), = 702".

J ole/nm? | = | Ny | Ly X L, [nm?] | Ny
0 0 - - 4.83 x 4.83 | 100
0 0 - - 6.77 x 6.77 | 196

-0.0255 | -0.109 | 043 | 10 6.77 x 6.77 | 196
-0.09 -0.385 1.53 | 18 4.83 x 4.83 | 100
-0.18 -0.770 ] 3.06 | 36 4.83 x 4.83 | 100

ence of monovalent counterions with theoretical predictions. For this we introduce a modified
PB (MPB) theory that includes a general ion-surface interaction potential, an inhomogeneous
dielectric profile and a smeared-out surface charge distribution. For low surface charge den-
sity we demonstrate that the total pressure is very accurately described by the sum of the
MPB pressure and the hydration pressure, the latter being extracted from corresponding
simulations between uncharged surfaces. But already for moderate surface charge densities
of the order of 1 e/nm? this additive description breaks down. By analysis of the water
orientation profile, which is significantly perturbed by surface charges, this break-down is
suggested to be due to the attenuation of the effective hydration pressure. On the other hand,
the counterion density profiles are still well described by the MPB theory, which suggests
that ion correlation effects are unimportant at these surface charge densities (as corrobo-
rated by Monte Carlo simulations of water-implicit model systems). Our study suggests that
water structural effects are crucial for the quantitative modeling of the interaction between
charged surfaces at the nanoscale.

Methods. Simulation model. Our model surfaces consist of decanol bilayers with vari-
able charges added to the head groups. Similar to experimental self-assembled monolayers
(SAMs) on gold substrates, we fix the molecules on a centered rectangular lattice at a tilt an-
gle of 30°, see Fig. 1 (a) for a snapshot. Two different lateral areas A = L, x L, with Nq = 100
or 196 decanols per monolayers are studied, see Table 1 for parameters. The water number
in the N, AL.T ensemble at constant temperature T" = 300 K is adjusted for each box height

L. such that the water chemical potential x4 equals the bulk value p, = —11.88kJ/mol?®.



For an accurate interaction pressure II the error in g has to be below 0.01 kg7, requiring
at least 6 us simulation time per data point. Force-field parameters are based on GRO-
MOS53A64° where the decanol hydroxyl groups are represented in atomistic detail, CH, and
CH; groups as united atoms. The SPC/E water model is employed®! and Na™ parameters

f.42. The repulsion between headgroup oxygens is increased to reduce

are taken from Re
intra-surface hydrogen bonding*®. We consider counterions only so that the ion number Ni,,
is determined by total charge neutrality. All simulations are performed using version 5.0
of the GROMACS simulation package** with periodic boundary conditions. Lennard-Jones
interactions are truncated and shifted at r. = 0.9nm, for the electrostatic interactions the
Particle Mesh Ewald method?® is employed. As shown in the united atom representation of
decanol in Fig. 1 (b), a negative charge of up to = —0.18 is evenly distributed over the three
COH-headgroup atoms, producing surface charge densities up to o = —0.77¢/nm?. Such a
homogeneous surface charge distribution prevents specific ion binding and can experimen-

46-51 " The electrostatic coupling parameter

tally be realized by potentiometric SAM setups
in Table 1, defined by = = 27¢3(40 /e with the Bjerrum length /g = e?/(4mepepkpT), is
rather small and in a range where deviations from PB theory are moderate®?. Our choice
of a polar surface ensures that even for vanishing net charge the water slab is stable. For
simulation details see the Supplemental Material.

Definition of surface charge position. When comparing simulations or experiments with
PB models the surface charge distribution is important. Figure 2 (a) shows water and
decanol oxygen density profiles for neutral and charged surfaces. Water density oscillations
are absent since the surfaces are relatively soft*3%3. The surface separation d is defined as
the mean distance between decanol oxygen atoms in opposing layers. In Fig. 2 (b) we show

the decanol charge density profile pg.¢(z), which for the neutral surface (solid blue line)

reveals a pronounced orientation of the OH headgroups. With increasing net surface charge

L./2

o Tdz psurt(2) the surface charge profile shifts downwards. The plot of the excess

g =

surface charge profile Apsure(2) = psurt(2)|o — psurt(2)|o=0 in Fig. 2 (¢) demonstrates that d



1.0
o —
S :;
5 0.5 -
S
Q
0.0
(b)
T 0
c
o — =0
< — o0 =-0.11e/nm?
Qf?’: — o0 = —0.39¢/nm?
—5 1 —a:—077e/nm2
(c) |
— 07
S
c
5 -1
—1 0 —0 5
z[nm]

Figure 2: (a) Mass density py of water (solid lines) and decanol oxygens (dashed lines)
for different surface charges o at fixed box height L, = 4.05nm. Vertical lines denote the
surface position given by the separation d = 1.51 nm which follows from the mean decanol
oxygen separation and differs by less than 0.02 nm for different . (b) Decanol charge density
psurf(2). (¢) Excess surface charge density Apgu(2).



equals the distance between the excess charge maxima quite accurately, we therefore use d
to characterize the surface charge position whenever needed.
Modified PB theory.  The normal electric E, (z) and displacement fields D, (z) are

related by the nonlocal inverse perpendicular dielectric function 5;11 | according to

E (z)= 561/dz’5glh(z,z’)Dl(2’), (1)

where we used lateral homogeneity and averaged over the xy coordinates. For slowly varying

D, (2) (i.e. for low o) a systematic gradient expansion yields to leading order
E|(2) =g e (2)Du(2) (2)

with the dielectric profile defined as e'(2) = [ dz’agh(z,z’ ). Defining the electrostatic

potential ¥U(z) by d¥(z)/dz = —F| (z) the mean-field counterion density distribution reads

Pion(2) = —qecoe_qe‘lj(z)/kBT-i-U(z)’ )

where ¢ = 1 is the counterion valence and the potential U(z) accounts for interfacial effects
not included in the electrostatic potential ¥(z). The factor ¢y ensures that the total charge

is zero, f L2, Pion(2) L 9. The displacement field is due to the sum of ion and surface

—L./2

charges according to

dDJ_(Z)
dz

= () = pron(2) + pout (2). (4)

Combining the derivative of Eq. (2) with Egs. (3) and (4) results in the integro-differential
MPB equation®5¢ which is numerically solved (see Supplemental Material).

Results and Discussion. [on density profiles. The simulated ion density profiles for
different surface charge densities ¢ and different separations d are shown as blue lines in
Fig. 3. The predictions from standard PB theory, using a constant bulk dielectric profile

e.'(z) = &', vanishing ion-surface interactions U(z) = 0 and sharply localized surface
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Figure 3: Simulation results for the ion density pion(2) (solid blue lines) for different surface
separations d (columns) and surface charge densities o (rows). Dashed black lines show
the standard PB prediction with the surface charge positions indicated by vertical dashed
lines at +d/2, red dashed lines the MPB predictions including an ion-surface repulsion U(z)
according to Eq. (5). The dashed-dotted black lines show the surface-charge profiles pgu(2)
(right axis). Results highlighted by red boxes are discussed in more detail in Fig. 4.

b C
()2.0- A —m [f=6mm (<) 31 Y Ao,
e (o =—0.77¢/nm? : m—\
154 == U(2)
wen U(2) + pri(2) 27

104 (2) + prar(2) + £ 71(2) L
0.5 d=0.6nm
0 =—0.77¢/nm?
0.0 - T T T T 01 T T T T T
—3.0 —2.5 —2.0 —-15 —-1.0 —-04 —-02 00 0.2 0.4
z[nm] z[nm] z[nm]

Figure 4: Simulation results for the ion density pion(2) (solid blue lines) are for a few selected
values of d and o compared with MPB predictions including only the ion-surface interaction
U(z) (red broken line), U(z) and the surface charge distribution ps.¢(2) (green dotted line),
U(2), psut(2) and the dielectric profile e]'(z) (orange dashed-dotted line). Vertical dashed
lines indicate the mean surface-charge positions +d/2.



charges psurt(2) = 6 (|2| — d/2) o, are shown as dashed black lines (see Supplemental Material
for details). For the lowest surface charge o = —0.11 e/nm? and large separation d = 6 nm in
Fig. 3 (c) the two profiles agree well apart from the interfacial region. However, for smaller
separations in Fig. 3 (a) and (b) the standard PB model obviously fails.

We now turn to the MPB that features an exponential repulsive ion-surface interaction

U(2) = aexp (Z_gd/z) + aexp (‘Z%d/?) (5)

The decay length £ = (0.16+£0.01) nm and the potential strength a = 2.740.1 in units of kgT

of the form

are obtained from a fit of the MPB to the simulation data for d > 1nm at ¢ = —0.11 e¢/nm?,

U and localized surface

see Supplemental Material. Using the same U(z) with ¢7'(2) = ¢,
charges, the MPB results shown by dashed red lines in Fig. 3 describe the simulation data
well for all separations and surface charges.

The MPB that additionally includes the surface charge distribution pg.f(z) extracted
from simulations, shown as dashed-dotted black lines in Fig. 3, does not significantly change
the results, as we demonstrate for selected distances and surface charges by dotted green
lines in Fig. 4. This is not surprising since pg.(z) is peaked in the region where the surface
repulsion U(z) is large.

We now check the influence of a dielectric profile £'(2), which we extract from polariza-
tion fluctuations for uncharged surfaces®’, see Supplemental Material for details. The MPB
solution including the ion-surface potential U(z), the surface charge distribution ps.¢(2) and
the dielectric profile e7'(2) is shown as orange dashed-dotted lines in Fig. 4. For small sur-
face charge and large separation in Fig. 4 (a), where linear dielectric theory is expected to be
reliable, the influence of the dielectric profile on the predicted ion density is negligible, for
the high surface charge densities in Fig. 4 (b) and (c), for which we show below that linear
dielectric theory is not expected to work, including all(z) does not improve the agreement
with the simulation data. Thus, the MPB theory which only includes the ion-surface poten-

tial U(z) reproduces the simulated ion density profiles very well, while additional effects due



to dielectric effects and surface charge distributions are negligible.
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Figure 5: Simulated interaction pressures (blue diamonds) for three different surface charge
densities ¢ are compared with results for uncharged surfaces (black symbols, including the
exponential fit IIpyq(2), Eq. (6), from Fig. 1 (c¢)) and the additive predictions Ilnyq + IIyps
(red lines) and Ilyq + pp (green lines). The inset in (c) shows the data on a linear scale.

Interaction pressure. The simulated interaction pressure between charge-neutral polar

surfaces in Fig. 1 (c¢) decays exponentially according to

Mg = e %A (6)

with a decay length A = 0.10nm, and corresponds to the hydration repulsion?”3943:57 The

simulated pressures for finite surface charges are shown in Fig. 5 (blue diamonds) together
with the neutral-surface result.

The MPB pressure follows from the free energy

L./2
St =g | A
—L./2
L./2 L./2
+ / c(z) (In(e(z)) — 1) dz + / U(z)c(z)dz, (7)
—L./2 —L./2

by differentiation, IIypp(d) = —0Fups(d)/(Add). The first term in Eq. (7) is the elec-
trostatic energy, the second accounts for the counterion entropy and the third results from
ion—surface interactions, where ¢(z) = pion(2)/(ge) is the ion number density, see Supplemen-

tal Material.
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In Fig. 5 we compare the simulated pressure to the sum of hydration and MPB pressures
(red lines) and the sum of hydration and standard PB pressures (green broken lines). At low
surface charge 0 = —0.11e/nm? in Fig. 5 (a), the simulation data is excellently described by
}ya+1Iypp. The ion-surface repulsion U(z) makes the MPB pressure slightly more repulsive
compared to standard PB theory, but this difference is rather small, which is noteworthy in
light of the pronounced differences between the MPB and PB ion density profiles in Fig. 3 (a)-
(c). This reflects that the PB pressure for these small surface separations is essentially
entropic and due to ion confinement, see Supplemental Material for details. The simulated
pressures for ¢ = —0.39e/nm? in Fig. 5 (b) are slightly smaller than Il,yq + IIypp, for
o = —0.77e¢/nm? in Fig. 5 (c) they are significantly smaller. This shows that the additivity
assumption for hydration and MPB repulsive pressures breaks down already for moderate
surface charge densities. These simulation results cannot be explained by ion correlation
effects, as we demonstrate in the Supplemental Material by Monte Carlo (MC) simulations
of counterions in a homogeneous dielectric medium between planar charged walls.

Water orientation at charged interfaces. The hydration repulsion is partly due to surface-
induced water orientation effects®®%°. In Fig. 6 we show profiles of the cosine of the orien-
tation angle © between water dipoles and the surface normal. For neutral surfaces, o = 0,
water points with the oxygen towards the decanols due to favorable interaction with the sur-
face hydrogens (solid black line). For weak surface charge ¢ = —0.11e¢/nm? the orientation
profile is not drastically changed, which explains the observed additivity of hydration and
MPB pressures in Fig. 5 (a). For elevated surfaces charges o = —0.38 and —0.77 ¢/nm? the
water orientation changes profoundly and water hydrogens point to the surface due to the
negative surface charge, in agreement with previous experiments and simulations??31:61:62,
This suggests that the failure of the pressure additivity assumption for ¢ = —0.77 ¢/nm? in
Fig. 5 (c) results from a modification of the hydration force due to surface-charge induced
water re-orientation. Note that MPB theory presumably still works even at high surface den-

sities and low surface separations despite possible non-linear dielectric effects, since densities

11
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Figure 6: Water orientation profiles cos(©) for different surface charge densities o at fixed
surface separation d = 1.5nm.

and pressures are dominated by ion-confinement and not electrostatic effects. Interestingly,
an increase of the surface charge also increases the water density close to the surface, as
shown in Fig. 2 (a), which is correctly taken care of in our simulations by fixing the water
chemical potential, see Supplemental Material for an in-depth discussion.

Conclusions. Our water-explicit simulations at fixed chemical potential show that mono-
valent counterion density profiles at soft charged surfaces are well described by a modified
PB approach that includes non-electrostatic ion-surface interactions. The effects of dielec-
tric profiles and smeared-out surface charge distributions are less important. At low surface
charge densities our simulations confirm the additivity of hydration repulsion (extracted from
simulations of uncharged surfaces) and surface-charge induced MPB pressure contributions
down to sub-nanometer surface separations. However, already for a moderate surface charge
density o = —0.77e/nm? this additivity breaks down, which we rationalize by a modifica-

tion of the hydration repulsion due to the surface-charge induced re-orientation of interfacial

12



water. That water reacts sensitively to the presence of surface charges is known from sim-

29-31,61,62

ulations and experiments , we show that this restructuring modifies the hydration

repulsion and thus the effective surface interaction pressure significantly. Corrections to PB
theory due to ion correlation effects, which have been extensively discussed®”, are relatively

unimportant for moderate surface charge densities and monovalent couterions.
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