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Combining computer simulations and experiments we address the impact of charged surfaces on the
solvation forces of a confined, charged colloidal suspension (slit-pore geometry). Investigations
based on the colloidal-probe atomic-force-microscope technique indicate that an increase in surface
charges markedly enhances the oscillations of the force in terms of their amplitude. To understand
this effect on a theoretical level we perform grand-canonical Monte-Carlo simulations (GCMC) of
a coarse-grained model system. It turns out that various established approaches of the interaction
between a charged colloid and a charged wall, such as linearized Poisson-Boltzmann (PB) theory
involving the bulk screening length, do not reproduce the experimental observations. We thus
introduce a modified PB potential with a space-dependent screening parameter. The latter takes into
account, in an approximate way, the fact that the charged walls release additional (wall) counterions
which accumulate in a thin layer at the surface(s). The resulting, still purely repulsive fluid-wall
potential displays a nonmonotonic behavior as function of the surface potential with respect to the
strength and range of repulsion. GCMC simulations based on this potential reproduce the
experimentally observed charge-induced enhancement in the force oscillations. We also show, both
by experiment and by simulations, that the asymptotic wave- and decay length of the oscillating
force do not change with the wall charge, in agreement with predictions from density functional

theory. © 2009 American Institute of Physics. [doi:10.1063/1.3246844]

I. INTRODUCTION

When a surface (e.g., of a colloidal particle) comes into
contact with a polar solvent it will almost invariably acquire
an overall electric charge due to the release of anions or
cations through dissociation processes. Understanding the
properties of the resulting double-layer and its impact onto
an adjacent fluid (e.g., the inhomogeneous density distribu-
tions of other macro- or counterions) is a long-standing, yet
highly relevant problem, both in terms of practical applica-
tions and from a fundamental (statistical-mechanical) point
of view."? Indeed, only recently new controversial topics
emerged such as the nature of the counterion distribution in
systems with strong Coulomb coupling,S’4 the phenomenon
of charge inversion,” and the attraction of two like-charged
surfaces due to strong counterion correlations®’ or counter-
ion depletion.g’g

In the present work we consider, both by theory and by
experiment, colloidal suspensions of (negatively) charged
silica nanoparticles with moderate Coulomb coupling con-
fined between two plane-parallel (like-) charged surfaces.
Our key question is how variation in the surface charge in-
fluences the structure of the particles, and in particular, the
resulting structural forces between the surfaces. This ques-
tion is of central importance to understanding the structure
formation and transport of, e.g., particles in microfluidic de-
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vices with charged channels, in porous media with charged
walls, or at biological surfaces (where charges are essentially
omnipresent).

Typically, the surface forces have a damped oscillatory
character as function of the surface separation,'o‘ll reflecting
the oscillatory density profile, that is, the formation of layers
of nanoparticles parallel to the surfaces. In previous
studies'>"? we have demonstrated that the asymptotic behav-
ior of the surface forces, particularly the wave- and decay
length of the oscillations at large surface separations, are
governed by the pair structure in the corresponding bulk
fluid. This observation is fully consistent with predictions
from density functional theory (DFT),'*" according to
which the details of the surfaces (and thus, the surface
charges) should become irrelevant in the asymptotic limit.
On the other hand, DFT also predicts that the surface details
(or, more specifically, the details of the interaction between a
charged particle and a surface) do influence the amplitude
and phase of the oscillations.

Indeed, our colloidal-probe atomic-force-microscope
(CP-AFM) experimentsm’17 involving negatively charged
silica or mica surfaces indicate an increase in the amplitude,
and thus, an enhancement in the oscillations, when the sur-
face potential becomes more negative. Clearly, such an en-
hancement can stem from various mechanisms, including the
possibility that more particles move from the connected bulk
reservoir into the slit. Indeed, such a situation has recently
been observed in an investigation of charged colloids in a

© 2009 American Institute of Physics
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charged wedge,18 where the colloids turn out to accumulate
in the cusp due to a localized, attractive region in the inter-
action potential between a colloid and the walls. Another
explanation for the present observation is that increase in
wall charge strongly changes the screening of the Coulomb
repulsion between the silica particles and the like-charged
wall. To understand these effects on a theoretical level
we perform grand-canonical Monte-Carlo (GCMC)
computer simulations of a coarse-grained model involving
only the (confined) silica ions, which interact via the
Derjaguin-Landau—Verwey—Overbeek'® (DLVO) potential.
The latter provides a good description of the present, mod-
erately charged suspensions, as shown in an earlier combined
theoretical-experimental study.17 The GCMC results in the
present study turn out to be highly sensitive with respect to
the actual model for the interaction between a silica particle
and the surface(s). In particular, the experimental observa-
tions are not reproduced even qualitatively when we employ
the simplest version of linearized Poisson-Boltzmann (PB)
theory.z’20 In this simplest ansatz, the (exponential) decay of
the potential is determined by the bulk Debye screening
length and the wall charge only comes into play through a
prefactor. This kind of theory has been successfully em-
ployed in other studies.”’ > However, when applied to the
present system, this simple PB theory rather predicts a weak-
ening of the oscillations (supplemented by an expulsion of
particles from the slit) upon increase in the surface charge, as
opposed to the experimentally observed enhancement. A
similar weakening was recently observed in related systems
with  Yukawa-like fluid-wall [(and fluid-fluid (FF)]
interactions.

To solve this contradiction to our experiments we intro-
duce a modified fluid-wall potential, starting from a PB-like
ansatz for a colloidal suspension (with added salt) next to
one charged surface.”” Our modification consists of supple-
menting the bulk Debye screening length appearing in the
simplest approach by a contribution from the wall counteri-
ons (which are neglected in the simple ansatz®’). A similar
idea (though in a different context) was followed in various
earlier investigations.9’18’28 In these studies, however, the
contribution of the wall counterions to the screening param-
eter in the resulting potential was assumed to be homoge-
neous. In the present work we take into account, at least
approximately, the inhomogeneity of the counterion distribu-
tion through an averaging procedure over the corresponding
(analytically given) PB result. This procedure yields a
particle-wall screening length which depends both on the
wall counterions (or equivalently, the wall charge) and on the
distance between particle and wall. The full fluid-wall poten-
tial from the two charged surfaces is then constructed by
linear superposition (LSA). The resulting potential is still
purely repulsive, but displays a nonmonotonic behavior as
function of the wall charge with respect to the degree and
range of repulsion. To the best of our knowledge, none of the
previously suggested theories yields such a behavior. In par-
ticular, within the experimentally relevant range of surface
charges our new potential predicts a broadening of the effec-
tive pore space upon increasing the charge. Corresponding
GCMC results predict a charge-induced enhancement in the
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surface-force oscillations, in qualitative agreement to the ex-
periment.

The remainder of this paper is organized as follows. In
Sec. IT A we briefly describe our model system and the the-
oretical methods of investigation. We then introduce, based
on heuristical arguments, our modified PB ansatz for the in-
teraction between a silica sphere and the surface(s). A de-
tailed comparison between the new potential and various
other models discussed in the literature is presented in Sec.
II B. Section III describes the experimental techniques and
systems. Our experimental and theoretical results are pre-
sented and discussed in Secs. IV A and IV B, respectively.
Finally, we summarize in Sec. V our conclusions.

Il. MODEL SYSTEM

A. Effective interaction potentials

121317 (ve model the bulk col-

19,20

Following our earlier work
loidal solution on an effective level via DLVO theory.
Within this framework the Coulomb repulsion between the
silica macroions is screened exponentially by the surround-
ing (monovalent) counterions and salt ions, which are treated
only implicitly. The resulting Yukawa-like interaction reads”

exp(— kr)
upLyo(r) =W——""", (2.1
with the prefactor
Z 2
W= (Zeo) exp(ko). (2.2)
4mege

In Eq. (2.2), o is the diameter of the particles, ¢, is the
elementary charge, €, and € are the permittivity of the
vacuum and the solvent, respectively, and 7 =Z/(1+kac/2) is
an effective valency. The inverse Debye screening length «
appearing in Eq. (2.1) is defined as'’ (see Refs. 2, 29, and 30
for a similar ansatz)

2

€o
= Zp+2IN,),
K \/EOGkBT( P %)

where p is the macroion density, N, is Avogadro’s constant,
and the ionic strength 7 is a measure of the salt concentration.
Finally, the finite size of the silica macroions is taken into

(2.3)

account via an additional soft-sphere (SS) repulsion,lz’17
ugs(r)=4€sg(a/r)'2. The total FF potential thus becomes
ugp(r) = uppyo(r) + ugs(r). (2.4)

In our numerical calculations the repulsion parameter is set
to ess/kpT=1, yielding this part of the potential essentially
negligible against the screened Coulomb repulsion. The
DLVO parameters are chosen according to the experimental
setup described in Sec. IIT and in Refs. 12 and 17, that is,
Z=35, 0=26 nm, T=298 K, €=78.5, and I=10"> mol/l.
The resulting bulk Debye screening lengths are in the range
k" '=0.4—1.10 for the densities of interest, corresponding to
values of 10-30 nm for the particle size ¢=26 nm. Thus,
there is no significant overlap of the ion clouds around the
silica particles.
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FIG. 1. Ilustration of the model system, involving negatively charged col-
loids, positively charged counterions, and salt (indicated by the ellipses)
between negatively charged plates separated by distance L,. Wall counteri-
ons dissociating from the like-charged walls are located within a thin layer
next to the walls.

We now consider the colloidal solution between two
plane-parallel walls at positions z=*L,/2. The “’pure” con-
finement is modeled by the soft-wall (SW) potential

4 o\’
MISVYS’V(Z) = _776\4’(;)

5 (2.5)

which we have also used in our earlier work.'>"*'” In the
present paper we go one step further and take into account
the fact that the real surfaces are charged. This is a conse-
quence of a dissociation process, where the (previously neu-
tral) walls release positively charged ions into the confined
suspension, leaving negatively charged surfaces. The result-
ing situation is illustrated in Fig. 1. The present experiments
involve silica or mica surfaces which are characterized by
surface potentials of ¢,=—80 mV and ¢,=—160 mV, re-
spectively (see Sec. III).

The additional counterions released by the wall will in-
fluence the interactions between a silica particle and the
walls, and, in principle, also the interaction among the silica
particles. To get a feeling of the impact of the effect at the
experimentally relevant conditions we briefly consider the
counterion distribution, p,,(z). Since we work with an effec-
tive model we cannot calculate the distribution explicitly. We
thus estimate the profile on the basis of PB theory for con-
fined systems with two charged walls, without salt and any
macroions.”***"*? For this situation the counterion profile
can be evaluated analytically from the expression32

298/ (KkoL,12)?
cos?[ yo(1 =2z/L)]

Pew(2) = po (2.6)
where py is the mean density of counterions between the two
walls, k is the corresponding Debye parameter, and v, is
determined by the condition

(KOLz/2)2

2.7
2 2.7

—tan y,=0.
Results from Egs. (2.6) and (2.7) for a typical surface charge
density and two (nanoscopic) wall separations are presented
in Fig. 2 (where we have assumed monovalent counterions).

J. Chem. Phys. 131, 154702 (2009)
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FIG. 2. PB results for the dimensionless counterion distribution
(p;,=pey0”) between charged silica walls (5=—80 mV) according to
Eq. (2.6) at (a) L.=1.50 (pyo°=31.5) and (b) L.=5.00 (py0°=9.46).

It is seen that for sufficiently large surface charges the ma-
jority of wall counterions are trapped within a thin layer at
the surfaces.’*> In particular, at those positions in the slit
where the macroions can be expected to be (in an equili-
brated system), the counterion density is very small. In the
following we therefore neglect any impact of the wall coun-
terions on the bulk (DLVO) interaction and the correspond-
ing screening parameter « [see Eq. (2.3)] between the fluid
particles. This simplification is also supported by a recent
numerical investigation,28 according to which an improved
ansatz involving a space-dependent screening between the
fluid particles changes the macroion distribution only mar-
ginally. Some consequences of overlapping counterion distri-
butions from macroions and walls are discussed in a recent
MC simulation study involving an explicit model.**> We also
note that, by using the bulk « for the FF interaction, our
model neglects the so-called Donnan effect,34 i.e., the
confinement-induced expulsion of salt from the slit, some
consequences of which are discussed in Refs. 35-37. How-
ever, in view of the fact that our earlier theoretical
results'>'*!7 for sensitive quantities such as the wavelength
of surface-force oscillations agree quantitatively with experi-
ments, we think that this assumption is justified.

To model the interaction between a silica ion and one of
the charged walls (located, for simplicity, at z=0), we start
from the expr<3ssi0n27’38

o kgT\? o
ulﬁiA(z) = 6477606’)/1:‘)/5_(_3 ) exp[— KW(Z - —)} ,
2 ) 2

(2.8)

where vy =tanh(eqis s/ 4kgT), and g is the surface poten-
tial of the fluid particles (F) and the solid walls (S). Equation
(2.8) describes the interaction between a plane charged sur-
face and a charged sphere for thin electric double layers with
small Debye lengths. In the original version of Eq. (2.8) the
screening parameter xyy is set to (the bulk) « [see Eq. (2.3)].
This implies to completely neglect the contribution of the
wall counterions to the fluid-wall potential. As we will later
demonstrate, simulation results with the resulting potential
do not conform with the experimental observations. In the
following we suggest, based on heuristical arguments, a
modified version of Eq. (2.8) which takes into account the
wall counterions via a contribution in the parameter . In
doing so we aim to incorporate, at least approximately, the
fact that the distribution p,,(z) is inhomogeneous, yielding
the degree of screening inhomogeneous as well. To this end
we consider a silica macroion at distance z from one of the
charged walls. The mean density of wall counterions be-
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tween the macroion and the wall, averaged over the distance
z, is given as

= l : ! !
Pew=" f Pen(z)dz . (2.9)
ZJo

Due to the strongly localized counterion distribution (see
Fig. 2) the upper integration limit on the right side
of Eq. (2.9) can be extended to infinity, yielding

- 1 - ! !
Pew ™=~ f Pew(z)dz’ .
ZJo

(2.10)

On the other hand, the electroneutrality condition for the
surface charge density reads

|0-S| = f pcw(ZI)eOdZ,s (211)

0

which expresses that the charges of all the (monovalent) wall
counterions must compensate the surface charge density oy.
The latter is related to the surface potential via the Grahame
equation og=\8cy€yekyT sinh(eyifs/2kpT), where ¢, is the
total ion concentration of the bulk suspension (that is, ¢,
=Zp+IN,). Combining Egs. (2.10) and (2.11) we find

_ o]
pCW= N
€nZ

(2.12)

The resulting mean density of the wall counterions between a
particle and a wall forms an additional contribution to the
screening parameter appearing in Eq. (2.8). Specifically, we

set
2
e o
Kw(Z)= \/ 0 <Zp+2[NA+u>
€yekgT enz

(2.13)

According to Eq. (2.13) the degree of screening depends on
the distance of the macroion from the walls. Upon moving
the particle away from the wall the screening parameter ky
approaches that characterizing the bulk colloidal solution
[note, however, that the full fluid-charged wall potential van-
ishes in this limit anyway due to the exponential function in
Eq. (2.8)]. On the other hand, upon approaching the wall
there is an enhancement in screening due to the increasing
concentration of counterions.

Taken altogether, the total fluid-solid interaction in our
calculations is given by

upg(z) = ulggA(Lz/Z -2)+ u];?gA(LZ/Z +2)+ u,svzy(Lz/2 -2)

+upy (L/2 +2), (2.14)

where uks" and ujy are given by Egs. (2.8) and (2.5), re-

spectively. In Eq. (2.14) we implicitly assume that the single-
wall potentials from the two charged walls are additive. This
assumption is again motivated by the fact that the approxi-
mate (wall) counterion density profiles shown in Fig. 2 do
not significantly overlap even for small separations. More-
over, according to a recent theoretical study39 the LSA holds
even for small overlap of the double layers of facing charged
surfaces.

J. Chem. Phys. 131, 154702 (2009)

Our numerical calculations for the confined silica solu-
tions are based on Monte-Carlo simulations in the grand-
canonical (GC) ensemble, that is, at fixed temperature T,
chemical potential w, wall separation L,, and area A parallel
to the walls. The simulations have been performed with N
=~ 500-1000 particles; further technical details can be found
in Ref. 40. In order to determine the input chemical poten-
tials and FF screening parameters «, we have first carried out
canonical (N, V,T) bulk simulations (in combination with the
test-particle method). The (density-dependent) « just follows
from Eq. (2.3). In the presence of walls, we need to addition-
ally calculate the parameters ky, [see Eq. (2.13)]. This is
done individually for each particle and each of the two walls.

The key quantity extracted from the GCMC calculations
is the normal (“solvation”) pressure,

f(Lz) = Pzz(Lz) - Pb’

where P, is the pressure of the bulk system at the same
chemical potential, and P_.(L.) can be calculated as a statis-
tical average involving the instantaneous normal component
of the (virial) pressure tensor.*! In addition, we analyze the
systems via the density profiles p(z) of the silica particles. As
usual we work with dimensionless parameters. Specifically,
pressures are described by P*=Po>/kgT, and densities by
p=po.

(2.15)

B. Comparative discussion of the properties of the
fluid-wall interaction

One general feature of our model is that the silica par-
ticles are always repelled from the wall, regardless of the
actual parameters. This is an important point in view of the
recent research on the occurrence of attractive fluid-wall
forces in macroion solutions (see, e.g., Refs. 4, 9, and 28).
We note, however, that attraction has so far only been ob-
served in systems with pronounced counterion correlations
(which typically arise for multivalent counterions)®® or in
systems with particularly large Coulomb attraction between
macroions and counterions. The latter case was considered in
a recent computer simulation study,9 where all types of ions
were treated explicitly. In this study, attraction is observed
for Coulomb coupling parameters I',,.=(Z/q)2\g/(d,,+d.)
=37, where N\y=g’¢}/ (€)€ksT) is the Bjerrum length, g is
the valency of the counterions and d; are the diameters of the
macro- and counterions, respectively. For our parameter set
(and d,—0) we find I',,,=24.2. At such relatively low val-
ues, the all-ion simulations’ predict repulsion or, at the most,
a very narrow (and thus, practically irrelevant) region of at-
traction. It therefore seems justified to neglect like-charged
attraction in the present work.

A characteristic feature of our modified fluid-wall poten-
tial (2.14) is that the wall charge (g or oy, respectively)
appears both in the prefactor and in the screening parameter,
Ky [see Egs. (2.8) and (2.13)] of the electrostatic part. As a
consequence, the potential behaves nonmonotonically as a
function of . This is illustrated in Fig. 3(a) where we plot
ups(z) for several values of the surface potential (the bulk
density is set to p,=p,0°=0.44). Starting from the case of an
uncharged wall (4=0), both the strength and the range of
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FIG. 3. Illustration of various fluid-wall potentials («*=pu) for charged
colloids between two like-charged walls [all plots include the SW contribu-
tion defined in Eq. (2.5)]. The data correspond to the wall separation L.
=50, macroion density p,0°=044, and the surface potentials =0
(solid line), ¢g=—40 mV [long-dashed, only in (a)], /;=—80 mV (dashed),
s=—120 mV (dot-dashed), and ¢s=—160 mV (dotted). (a) Our model, (b)
model I, (c) model II, (d) model 1II, and (e) our model with pore-averaged
Ky (see main text).

repulsion increases upon increase in the surface potential to
the value |i/5|=40 mV. This behavior results from the corre-
sponding increase in the prefactor in Eq. (2.8). More physi-
cally, in this range of surface potentials, the interaction
upg(z) is dominated by the pure surface charge effect. How-
ever, upon further increase in the surface charge to the value
|th5|=80 mV (silica) and then |i/g|=160 mV (mica) the pa-
rameter ky, grows markedly as well. In other words, now the
effect of the additional wall counterions on the screening
becomes important. As a consequence, we observe a de-
crease in the repulsion range, corresponding to a broadening
of the slit.

Given the nonmonotonic behavior of up¢(z) as function
of i it is worth to briefly consider the corresponding behav-
ior of other established interaction potentials describing
charged walls. The simplest ansatz (which we call “model I)

1S
L, L
UI(Z) = WS exp|:— K(E~ —Z>:| + WS exp|:— K(EZ +Z):| 5

(2.16)

which corresponds to Eq. (2.8) with the (original) choice
ky=k and Wy=64meyeypys(a/2)(kgT/ey)?. Clearly, model I
completely neglects the influence of the wall counterions on
the screening. The resulting repulsion [see Fig. 3(b)] grows
monotonically with g both in magnitude and range. As we
will later see in Sec. IV, this has the consequence that the
oscillations of the normal pressure become weakened with
increasing |i/s|, which is in contradiction to the experiment.

J. Chem. Phys. 131, 154702 (2009)

Next, the linearized PB equation (including counterions
and salt) for a system involving two charged walls with dis-

tance L, yields the fluid-wall potential (“model )%
cosh(kz)
=Zys————. 2.17
() =205 G el 2) @.17)

Again, the screening parameter is the same as in the bulk
system and the wall charges influence the potential only via
the prefactor. It is thus not surprising [see Fig. 3(c)] that
model II shows the same monotonic behavior as function of
s as model 1. In a way, model II could serve as an alterna-
tive starting point for our modification of the screening pa-
rameter ky described before. We note, however, that the idea
of a space-dependent «y, is not directly transferable to Eq.
(2.17), since the distances of the particle to each wall are
usually different. This was one of our motivations to use
instead a superposition of single-wall potentials which al-
lows to define «y/(z) separately for each wall.

Finally, there is an exact solution of the full, unlinearized
PB equation for a system with two charged walls in the ab-
sence of salt and any macroions.”*** We note that this system
is substantially different from what we considered before,
since the screening in this system stems from the wall coun-
terions alone. The resulting potential (“model III”") reads”?

2kpT 2z
u(z) = - |eB| In cos{'y(,(l - L_>]’
0

Z

(2.18)

where we have assumed monovalent counterions, and the
parameter 7, is defined in Eq. (2.7). Results are plotted in
Fig. 3(d). It is seen that model III yields again a progres-
sively more repulsive behavior as || increases (although
wall counterions do play a role!). Furthermore, for large sur-
face potentials (|i//=80 mV) the potential uy(z) ap-
proaches a limiting function where the increasing repulsion
and the increasing screening due to the wall counterions
compensate each other.

Coming back to our fluid-wall potential defined in Eq.
(2.14), on which (most of) the GCMC results of the present
work are based, we can conclude that its nonmonotonic be-
havior is a quite specific feature not present in other, well-
established models. We will later see that it is precisely this
feature which yields (qualitative) consistency with the ex-
periment. Of course, there is some arbitrariness in the way
the averaging [see Eq. (2.9)] over the wall counterion distri-
bution is done. Indeed, as shown in Fig. 3(e), a similar non-
monotonic behavior is observed when we replace the density
Pe defined in Eq. (2.12) by a pore-averaged counterion den-
sity, that is, p.,, = fifgdzpcw(z):2os/ (eoL,) and use this as a
contribution to &y in Eq. (2.13). A similar idea (yet in a
different context) has been followed in earlier studies.” 88
However, we prefer the space-dependent version [involving
a space-dependent ky/(z)] which better reflects the inhomo-
geneous character of the wall counterion distribution in the
slit.

lll. EXPERIMENTAL SYSTEMS AND TECHNIQUES

The experimentally studied colloidal suspensions con-
tain Ludox grade TMA silica beads (LUDOX TMA-34 de-
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ionized) purchased from Aldrich (Taufkirchen, Germany).
By scanning electron microscopy, small angle neutron
scattering, and scanning force microscopy, a diameter of
25%2 nm was determined. The {-potential is about —80
mV at an ionic strength below 10~ mol/1, yielding a nano-
particle charge of Z=35 (see Ref. 13 for further details).

As in our previous work' 217 we perform experiments
based on the CP-AFM technique first introduced by Ducker
et al."® Within this method a colloidal silica sphere of radius
R=3.35 um is glued to the apex of a tipless AFM cantilever,
which is mounted in a molecular force probe three-
dimensional setup. Based on this setup one records the forces
F(L,) between the sphere and a flat surface as a function of
the separation, L, (since the distance between the colloidal
probe and the substrate is much smaller compared to the
diameter of the colloidal probe, by Derjaguin approximation,
the curved surface of the colloidal probe can be also consid-
ered as a flat surface). To ensure reproducibility of the data
for a given system and to obtain a good statistics, we mea-
sure altogether 30-40 force-distance curves at different lat-
eral locations on the same substrate as well as on different
substrates. The cantilever with the glued silica sphere is
cleaned with plasma cleaning for 10 min right before each
measurement cycle to remove all the organic components on
its surface.

In the present experiments we consider two types of sub-
strates: (i) a silicon wafer with a native silica (SiO,) top
layer, and (ii) a fresh cleaved mica sheet deposited on top of
a silicon wafer. The corresponding surface potentials are i
~-80 mV for silica and y=-160 mV for mica, respec-
tively. The silicon wafer is cleaned with the RCA method*
and stored in Millipore water before usage. Just before each
experiment, the substrate is taken out of the water and dried
in a nitrogen stream. Then a few drops of the colloidal silica
particle solution are spread onto the substrate, and the prob-
ing head is (manually) immersed into the solution.

The structure formation of the silica particles confined
between the two surfaces is reflected by oscillations in the
resulting force-distance curves, F(L.). To study the structural
forces quantitatively and systematically, each measured pro-
file was fitted according to the equation

F(L) _

SR (3.1)

LZ LZ
A exp| — — |cos| 27— + 6| + offset,
3 N
where R is the radius of the colloidal probe. The three im-
portant parameters characterizing the oscillations are the am-
plitude A, the decay length &, and the period A.

IV. RESULTS

The main goal in this paper is to elucidate the effect of
surface charges on the surface forces. Representative experi-
mental force-distance curves, F(L.), are presented in Sec.
IV A. In the subsequent Sec. IV B we present GCMC simu-
lation results for the corresponding normal (solvation) pres-
sure f(L.) [see Eq. (2.15)], which forms the derivative of
F(L,) with respect to the separation LZ.43’44 We also consider
the charge effects on the surface-induced layering as re-
flected by the density profile of the silica particles.
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FIG. 4. Experimental curves for F(L,) obtained by CP-AFM with a silica
(top) and mica surface (bottom) characterized by surface potentials =~
—-80 mV and —160 mV, respectively. The data have been vertically offset
for ease of viewing. The solid lines are fits according to Eq. (3.1). The
volume fraction of silica particles is $=3.3% (i.e., pZ%0.063), and the size
of the particles is 25+ 2 nm.

A. Experimental results

As a candidate system to study the effect of wall charges
we consider a silica suspension characterized by a volume
fraction of ®=mpa*/6=0.033 (i.e., p,~0.063) and an ionic
strength of /=107 mol/l. Corresponding experimental re-
sults for the force-distance curves, F(L,), involving two dif-
ferent (silica and mica) surfaces are presented in Fig. 4. One
immediately sees that the larger (absolute) surface potential
related to the mica surface leads to a pronounced enhance-
ment in the oscillations as compared to the silica surface. To
quantify the effect we have fitted both curves according to
Eq. (3.1). Results for the amplitude A and wavelength \ are
given in Table I. The data show that the amplitude A ob-
tained for the (more strongly charged) mica surface is nearly
twice as large as that for silica. On the other hand, the wave-
length \ of the oscillations remains essentially unaffected.
Similar results were previously observed for confined
polyelectrolytes.45’46 From a conceptual perspective, the con-
stant behavior of N suggests that the period is determined
rather by the pair structure among the particles than by their
interaction with the wall. Indeed, the experimental observa-
tion that the surface charge influences the amplitude, but not
the wavelength, are fully consistent with rigorous predictions
from DFT."> We will come back to this point in the subse-
quent discussion of the theoretical data. We also note that
very similar trends (as those in Fig. 4) have been observed in
CP-AFM experiments involving suspensions with larger vol-
ume fractions. However, at these larger densities it becomes
increasingly difficult to get good statistics for the amplitudes.
Therefore we have restricted our presentation to results for
®=3.3%.

TABLE 1. Amplitudes and wavelengths [see Eq. (3.1)] related to the
CP-AFM data for F(L.) in Fig. 4.

s A N
(mV) (N) (nm)
—80 (silica) 6.9x 1071 66.6
—160 (mica) 1.3x 10710 67.0
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1.5

FIG. 5. Dimensionless solvation pressure f*(L,)=P,.—P, for p,=0.2 and
various surface potentials ¢ as calculated by GCMC simulations involving
model I [see Eq. (2.16)]. The values of Wg=BWj correspond to ¢s=0, —2.7,
—5.4, —10.9, and —27.7 mV, respectively. The inset shows the correspond-
ing mean silica particle density p* as function of the wall separation.

B. Theoretical results

Since the theoretical description of the (effective) fluid-
wall interactions is a central issue in this paper, it is worth to
briefly consider GCMC simulation results based on the sim-
plest model for the fluid-wall interaction [see Eq. (2.16)]
which neglects the effect of wall counterions on the screen-
ing (i.e., ky equals the bulk screening parameter). Corre-
sponding numerical data for the normalized normal pressure
f(L)=P_.—P, as function of the wall separation and the
(negative) surface potential ¢ are presented in Fig. 5. All
functions f(L,) display the expected, damped oscillatory be-
havior, with the oscillations vanishing upon reaching the
bulk limit L.—% (ie., P,,— P,). More significant in the
present context, however, is the fact that the amplitude of
Sf(L.) (and thus, the amplitude of the force) decreases mono-
tonically upon increase in ||. This clearly contradicts the
experimental results. Indeed, this contradiction was our main
motivation to come up with a different fluid-wall potential.
From a theoretical point of view, the behavior of f(L,) is a
direct consequence of the corresponding behavior of the
fluid-wall potential [see Fig. 3(b)] which becomes progres-
sively more repulsive upon increase in |i|. Effectively, the
slit thus becomes narrower and narrower, thereby expelling
more and more particles. This is also reflected by the GCMC
results for the mean silica density, p, plotted in the inset of
Fig. 5: at fixed L,, p becomes the smaller the more negative
s is. Indeed, the slit becomes essentially empty at small L,

J. Chem. Phys. 131, 154702 (2009)
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FIG. 6. GCMC results for (a) the reduced solvation pressure and (b) the
mean pore density p at surface potentials =0, —40, —80 (silica), —120,
and —160 mV (mica). The corresponding bulk density is p;=0.2. The solid
lines are fit functions obtained from Eq. (4.1). Part (c) shows the resulting
structural forces F(L.)/2mR for yy=-80 (dashed), —120 (dotted), and —160
mV (dot-dashed). For clarity the curves in (a) are shifted along the y-axis.

already at x=-27.7 mV, that is, at a wall charge far below
that characterizing a real silica surface.

Having in mind these (obviously wrong) predictions of
model I we now consider in Fig. 6 corresponding GCMC
results based on our new fluid-wall potential, up(z) [see Eq.
(2.14)]. Clearly the dependence of the functions f(L,) and
p(L,) on 5 is nonmonotonic, reflecting the behavior of
ups(z) plotted in Fig. 3(a). For a more detailed analysis we
have fitted the functions f(L,) according to the expression

~ L, 27L,
f(L,) =Apexp —gf cos . - 0.

Strictly speaking, Eq. (4.1) should hold only in the
asymptotic limit, that is, for L,—. As in our previous in-
vestigations of systems with (//5:0,12’13 however, it turns out
that the functional form of f(L,) fits the GCMC data for f(L,)
quite well already after the first minimum in the normal pres-
sure. Results* for the parameters A, (amplitude), 6, (phase),
\; (wavelength), and & (decay length) as functions of ¢ are
summarized in Table II, where we have included values for
the height of the first maximum of f(L,), P.. When

(4.1)

TABLE II. Fitting parameters [see Eq. (4.1)] related to the GCMC data for the solvation pressure curves in Fig.

6 (p,=0.2). Included are data for the maximum pressure, P,

e
max?®

and the maximum of the resulting force, Fj, ..

The other dimensionless parameters are defined as Aj=A0>/kgT, \j=\;/ 0, and &=/ 0.

s
(mV) P A o y 5 Fius
0 0.850 15.17 5.82 1.600 1.076 0.2657
—40 0.138 15.52 11.72 1.650 1.088 0.0629
—80 0.228 17.84 11.54 1.628 1.106 0.0755
—120 0.372 18.20 9.75 1.600 0.965 0.1203
—160 0.586 18.31 8.14 1.600 0.997 0.1802
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”switching on” the surface potential from s=0 up to a value
of about |ig|=40 mV the quantity P, first decreases
whereas A slightly increases. Upon further increasing ||
toward 80 and 160 mV (which are the experimentally rel-
evant values for silica and mica, respectively) we find, how-
ever, that both quantities increase. It is interesting in this
context that the value of |is|=40 mV where P,,, changes
its behavior corresponds to the “reversal point” of the fluid-
wall potential, see Fig. 3(a). Similar to P,,,,, we observe an
increase in the maximum of the corresponding force-distance
curves F(L,) obtained by integration of f(L.) [see Fig. 6(c)].
Indeed, as seen from Table II, the height of the first maxi-
mum of F increases by about a factor of 2 (!) when increas-
ing || from 80 to 160 mV. Thus, our GCMC simulations
reproduce, on a qualitative level, the charge-induced en-
hancement in the oscillations observed in the CP-AFM ex-
periments (see Sec. IV A). We note that the density chosen in
Fig. 6 (p,=0.2) is somewhat higher than the value of pj,
~0.063 considered in the experiments (see Fig. 4). Indeed,
at these very low densities the oscillations predicted by our
model become so weak and short-ranged that the asymptotic
analysis becomes difficult. However, as discussed at the end
of this section, the essential predictions concerning the influ-
ence of g remain the same.

Coming back to Table II we see that changes in P,,,, and
Ay with ¢ are accompanied by changes in the phase shift, 6.
The latter displays a maximum at ¢g=-40 mV. We inter-
pret the decrease in ¢, for |ihs| =40 mV as a consequence of
the corresponding decrease in the range of ugg(z) [see Fig.
3(a)]. Related to the phase shift is the fact that there is a
range of surface potentials (40 mV =< || <120 mV), where
the particles are completely squeezed out of the slit already
at relatively large surface separations. Indeed, as seen from
Fig. 6, this occurs already at L,~ 30 Finally, the wavelength
A s remains essentially constant when ¢ is changed, in agree-
ment to our experimental observations (see Sec. IV A). The
correlation length & varies only slightly as well, and given
the difficulties to obtain accurate values for this quantity
(i.e., the large error bar), we judge that &, remains essentially
unaffected as well. This is indeed what we would expect
based on theoretical arguments: according to DFT, the pre-
cise nature of fluid-wall interactions does influence the am-
plitude and phase of the (asymptotic) pressure oscillations,
but not their wave and decay length.15 Moreover, A, and &
should be identical to the corresponding values A\, and &,
describing the characteristic lengths of the bulk pair correla-
tion function at the same chemical potential (and tempera-
ture). From our GCMC simulations for the bulk system at
p,=0.2 we obtain A\, = 1.60 and &~ 1.025. Comparing these
values with those given in Table II we see that the DFT
predictions are well reproduced.

The charge effects on the solvation pressure are mirrored
by corresponding effects on the mean density p(L.) of the
silica particles, which is plotted in Fig. 6(b). In particular,
within the experimentally relevant range of 80 mV = ||
=160 mV, the density at a fixed separation L, increases
with ||, which is consistent with the enhancement in pres-
sure oscillations (note that the opposite behavior was found
when using the simplest fluid-wall potential, see Fig. 5). In
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FIG. 7. Density profiles of the silica particles between silica
(5=—80 mV) walls (circles), walls with /g=—120 mV (squares), and mica
(5=—160 mV) walls (triangles) at (a) the same wall separation L =3.00
and (b) the separations L.=4.8¢ (silica), L.=4.20, and L,=3.90 (mica),
respectively. The corresponding bulk density is p,=0.2.

this context it is also interesting to analyze the impact of
surface charge on the microscopic (silica) density profiles,
p(z). Some representative results are shown in Fig. 7. Spe-
cifically, Fig. 7(a) illustrates how an increase in |i| influ-
ences the density profile at a fixed (nanoscopic) wall separa-
tion (L.=3.00). Consistent with the behavior of ups(z) [see
Fig. 3(a)], the distribution broadens when the silica walls are
replaced by mica. At the same time, the number of layers
changes as well. Moreover, as shown by the profiles plotted
in Fig. 7(b) the surface potential also affects the shape of
p(z) even when the number of layers is fixed (note that each
of the plots is related to a different value of L,). In particular,
replacing silica by mica yields a sharpening of the density
profile, as reflected by the higher and narrower peaks. Ex-
pectedly, the opposite behavior is observed in the range of
small surface potentials not considered in Fig. 7.

So far we have focused on confined systems character-
ized by a bulk density of p,=0.2. To illustrate the behavior at
higher densities we plot in Fig. 8 solvation pressures at pj,
=0.44. On a qualitative level one observes the same effects
as before (see Fig. 6), particularly a nonmonotonic variation
in P, (and Ay) with 5. Some quantitative differences ap-
pear, as expected, when we perform the fitting procedure
defined in Eq. (4.1). Results for the fit parameters for the
different surface potentials at p,=0.44 are compared to those
at p,=0.2 and various other bulk densities in Figs. 9(a)-9(e).
It is seen that the amplitude and the maximum of the pres-
sure oscillations generally increase with the density, irrespec-
tive of the actual value of i [see Figs. 9(a) and 9(b), respec-
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FIG. 8. Same as Fig. 6, but for p;=0.44.

tively]. This behavior is expected in view of the increasing
importance of packing effects, yielding a more and more
pronounced layering. Furthermore, the influence of 5 on the
actual numerical values of A, and P, also becomes the
more pronounced the larger p,, which may reflect an increas-
ing importance of interparticle correlations. Figure 9(c)
shows that the phase shift 6, exhibits, irrespective of the
density, a pronounced maximum at |i|]=40 mV. We inter-
pret this behavior as a consequence of the fact that the slit
formed by the fluid-wall potential is most narrow here [see
Fig. 3(a)]. Moreover, the values of 0, at this maximum are
essentially independent of p,. The other important trend re-
flected by Figs. 9(d) and 9(e) is that A; and &; are essentially
independent on g for all densities considered, in full agree-
ment with DFT predictions, and with the experimental re-
sults presented in Sec. IV A.

Some deviations of this behavior only appear at the very
low density p,=0.063 corresponding to the experimental
conditions. GCMC results from the asymptotic analysis are
summarized in Table III. In the range 40 mV =i
=160 mV we observe again a clear increase in P,,, and
F o consistent with the experiment. On the other hand, the
values for A and & fluctuate strongly around their bulk val-
ues of \,=2.5 and &,=1.28, respectively. However, as men-
tioned already before, the asymptotic analysis at these low
densities is difficult due to the very weak and short-ranged
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FIG. 9. Influence of the surface potential ¢ on (a) the amplitude A, (b) the
height P, of the first maximum of f(L,), (c) the phase 6, (d) the wave-
length A, and (e) the decay length &. The symbols correspond to the (bulk)
densities p;=0.103 (squares), p,=0.2 (circles), p,=0.301 (triangles), and
p,=0.44 (rhombi).

character of the corresponding oscillations in f(L,); the re-
sults for the asymptotic fit parameters should therefore be
considered with some care.

V. DISCUSSION AND CONCLUSION

In this paper we have investigated the impact of two
negatively charged walls on the structure formation of a like-
charged colloidal suspension by GCMC computer simula-
tions and CP-AFM experiments. The theoretical calculations
have been performed on the basis of effective models for the
FF and fluid-wall interactions, focusing on the (silica) mac-
roions. It turns out that an appropriate choice of the fluid-
wall interaction potential is crucial to achieve qualitative
agreement between simulations and experiments. The latter
predict an enhancement in solvation force oscillations upon
increase in the wall charge (replacing silica by mica).

Our GCMC simulations demonstrate that this experi-
mental effect is not reproduced when we model the fluid-
wall interaction by the well-established linearized PB theory

TABLE III. Fitting parameters related to the GCMC data for the solvation pressure at p,=0.063. Notation as in

Table 1II.
s , , ,
(mV) P A; 0y )\; {-’; Frox
0 0.1528 5 2.97668 3.42 2.400 1.319 0.087
—40 0.0053 2 5.55307 11.43 3.000 0.957 0.013
—80 0.0243 1 4.33955 10.57 2.400 1.435 0.014
—120 0.0490 9 4.05472 8.44 2.500 1.256 0.025
—160 0.0811 5 4.24004 6.50 2.600 1.182 0.048




154702-10  Grandner et al.

involving the bulk screening length. This finding differs, on
first sight, from earlier GCMC results of Jonsson et al*
where enhancement was found based on the simple model.
However, in that study,24 the solvation force contains addi-
tional explicit (wall-wall) contributions not considered in our
work.

To better describe the present system we have introduced
a modified PB potential where the screening parameter de-
pends on g and is space-dependent. This is motivated by the
release of additional (wall) counterions which accumulate at
the walls. The new aspect of the resulting fluid-wall potential
is that it displays a nonmonotonic behavior as function of g
with respect to the strength and range of repulsion. For small
surface potentials (0 =< || =40 mV) the pure surface charge
effect dominates and the slit effectively narrows. The oppo-
site behavior occurs within the experimentally relevant range
of |¢hs|=40 mV. Here, the increase in the screening length
due to counterion accumulation leads to an effective broad-
ening of the slit. To our knowledge, none of the previously
suggested models”??’ predicts such a nonmonotonic behav-
ior, at least not at the coupling parameters considered in the
present work. Clearly, the specific space-dependence of our
screening parameter (which results from a simple averaging
procedure) could be questioned. Indeed, a similar nonmono-
tonic behavior results if we assume a spatially homogeneous
wall counterion distribution, which, however, seems some-
what unphysical to us.

Based on the new model we have performed GCMC
simulations for a variety of densities and surface potentials.
For all densities considered, the calculated solvation force
behaves nonmonotonically as function of g, reflecting the
character of the fluid-wall interaction. In particular, within
the experimentally relevant range we observe a charge-
induced increase in the maximum pressure (force) and the
amplitude, consistent with the AFM experiments. The simu-
lations also predict phase shifts dependent on . On the
other hand, the wavelength and decay length characterizing
the asymptotic behavior of the solvation force remain essen-
tially unaffected by g, both in the experiments and in the
simulations. This is fully consistent with predictions from
DFT'*!® which states that these quantities should be deter-
mined by the bulk wave and correlation length (and thus
should not depend on details of the fluid-wall interactions).

Concerning the comparison between theory and experi-
ment there is one aspect which we have, so far, neglected:
within the theoretical calculations we always assumed sym-
metrically charged walls, since this seems the most straight-
forward way to understand the impact of surface charges.
Within the CP-AFM experiments, on the other hand,
the replacement of silica (s=—80 mV) by mica (i
=-160 mV) concerns only the flat surface, but not the
(micron-sized) silica sphere forming the second wall. In or-
der to judge the importance of this aspect we have performed
some additional GCMC simulations with asymmetric surface
potentials (note that this can be easily done since the present
interaction model is a superposition of two single-wall con-
tributions). Results for the experimentally relevant situations
silica-silica and silica-mica are shown in Fig. 10, where we
have included data for the (again symmetric) situation mica-
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FIG. 10. Same as Fig. 6, but for the surface combinations silica-silica
(s1=th5,=—80 mV, squares), silica-mica  (¢5;=—80 mV, s,
=-160 mV, circles), and mica-mica (5 ;=s,=—160 mV, triangles). Part
(c) shows the structural forces for silica-silica (dashed), silica-mica (dotted),
and mica-mica (dot-dashed).

mica. Clearly, there is still an enhancement in oscillations
when we go from the symmetric situation with —80 mV to
the unsymmetric case. Thus, our simulations are still consis-
tent with the experiment. From a quantitative point of view,
the parameters Ay and Py, obtained for the unsymmetric
case are in between the values for the two systems with equal
walls, as one might have expected. It is an interesting ques-
tion, however, how the asymmetric character would influ-
ence the structure formation on a microscopic (particle-
based) level. Another interesting question concerns the
interplay of the wall charge effects discussed in the present
study and the FF interactions. Recent theoretical and simu-
lation work®>*® suggests that these become less repulsive
close to charged walls. This is an aspect which we have
neglected so far (in view of the moderate silica-coupling
considered) but clearly deserves further study. Related to
this, it will be interesting to explore the influence of wall
charges on the lateral ordering of the present system which,
so far, has only been explored with uncharged walls.** In-
deed, given the nonmonotonic character of our interaction
(plus possible asymmetries) one could imagine nontrivial
consequences for the onset of freezing behavior and the char-
acter of resulting crystal structures. Simulations in these di-
rections are in progress.
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