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Long-Ranged Attraction between Disordered Heterogeneous Surfaces
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Interactions in aqueous media between uniformly charged surfaces are well understood, but most real
surfaces are heterogeneous and disordered. Here we show that two such heterogeneous surfaces covered
with random charge domains experience a long-range attraction across water that is orders of magnitude
stronger than van der Waals forces, even in the complete absence of any charge correlations between the
opposing surfaces. We demonstrate that such strong attraction may arise generally, even for overall neutral

surfaces, from the inherent interaction asymmetry between equally and between oppositely charged

domains.

DOI: 10.1103/PhysRevLett.109.168305

The surfaces of most materials may become charged
when immersed or dispersed in water. Often such surfaces,
including surfactant and lipid monolayers or bilayers, or
biological surfaces, are overall electrically “‘neutral,” that
is, have little or no net electric charge, but may consist of
charged domains. Remarkably, as revealed and commented
on in several recent studies [1-8], two surfaces each bear-
ing such randomly distributed positive and negative charge
patches, but which are overall close to neutral, may expe-
rience a long-ranged attraction—ca. 50 nm—across water
which is orders of magnitude larger than expected from van
der Waals (vdW) dispersion forces. This effect was attrib-
uted to the correlation of opposing charge domains: That
is, as the surfaces approached, mobile positively charged
domains on each of the surfaces were thought to move
laterally (with velocities vgomain) SO as to line up oppo-
site the exposed negatively charged domains, driven by
the lower free energy associated with such correlations.
Theoretical studies of surfaces bearing patterned charge do-
mains predict a long-range attraction as a result of such net
correlations between the domains [8—13]. In the case of
quenched disordered heterogeneous surfaces (i.e., random,
and uncorrelated), Naji and Podgomik [14] showed that op-
posing charge domains which are small (relative to the surface
separation) resulted in no interaction at the mean-field level.

But does the long-ranged attraction between initially
random, opposing charge domains in fact arise from the
development of charge correlations as above? Here we
directly examine this question by measuring surface forces
under conditions designed to frustrate any correlation aris-
ing from domain motion on the opposing surfaces. We find
that such frustration makes little difference to the forces,
showing clearly that domain correlation plays little role in
the observed attraction between the surfaces. Rather, we
demonstrate that long-ranged attractive forces may arise
between random charge patches on opposing surfaces
without any need for correlation, due to the unequal nature
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of repulsions and attractions between equally and between
oppositely charged domains.

Heterogeneous surfaces with random positive and nega-
tive charge domains were created via the rearrangement
with time of an initially uniform self-assembled surfactant
monolayer, as shown in Fig. 1 by typical atomic force micro-
scope micrographs. As observed previously with many other
surfactants [3-7], the initially smooth monolayer breaks
up with immersion time in water into a random mosaic of
positively charged bilayers (mean thickness 3.2 = 0.4 nm)
on a background of negatively charged bare mica.

FIG. 1 (color). Surfaces with random charge domains. Atomic
force microscope tapping-mode images (Asylum MFP 3D) of
the model surfactant octadecyltrimethylammonium bromide
[CH;(CH,)7N*(CH;);Br] (a) in air immediately after deposi-
tion and (b) after 22 h immersion time in pure water. The
cartoons illustrate the breakup of the initially uniform monolayer
into positively charged bilayer domains on a negatively charged
substrate. For the micrograph shown, the bilayer domains (white,
positively charged) cover some 45% of the total area in (b),
while those with lateral dimensions >150 nm cover 7% of the
total area.
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To examine the crucial issue of whether developing
charge correlations were leading to the long-ranged attrac-
tion, we carried out the following: Normal forces F(D)
between the two surfaces at closest distance D apart were
determined in a surface force balance in two different
modes, illustrated in the insets A and B in Fig. 2 [15,16].
The first, inset A, termed the straight-approach mode, is the
one used in all earlier studies of surface forces: The surface
separation D is progressively decreased by moving them
normally with respect to each other, to construct the force
vs separation profile F(D). In the second mode, the shear
approach, the surfaces are again made to approach, but
now the sectored piezoelectric tube on which the upper
surface is mounted is used, during this normal approach, to
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FIG. 2 (color). Normalized force vs distance profiles F(D)/R
(where R is the surface radius of curvature) between random
charge-domain-coated surfaces [arising as in Fig. 1(b)] on mica,
carried out both in the straight-approach mode (blue profiles) and
in the shear-approach mode (red profiles), obtained as in
Ref. [15]. Surfaces were immersed for 40 and 43 h in water,
and force profiles from two independent contact points are
shown (typical of many others); the upper insets show the
profiles on a magnified scale, where the broken curves are the
van der Waals interaction alone (Hamaker constant as below).
Consecutive force profiles alternating between shear approach
(red) and straight approach (blue) were carried out at each of the
contact points. Amplitudes of shearing during ‘“‘shear approach”
were ca. 600 nm or more with frequencies up to 4 Hz resulting in
shear velocities of 3.8-5.1 um/sec. First approach in both
contact points was carried out by using ‘‘straight approach”
(inset A), followed by a shear approach (inset B). A control
profile between two bare mica surfaces (prior to coating with
surfactant) across water is shown () and fitted to the solution of
Eq. (1) together with the vdW interaction (with Hamaker con-
stant A =2 X 10720 J) under limits of constant potential and
constant charge boundary conditions (lower and upper gray
curves, respectively). The corresponding parameters are surface
potential ¥, = —117 mV, Debye length Ap = 75 nm, and
surface-charge density o = ¢/70 nm?. The data points, inter-
mediate between the two curves, suggest boundary conditions
somewhere between these limits.

apply a rapid lateral (shear) motion parallel to the lower
surface (inset B in Fig. 2), over a range of frequencies v
and amplitudes A. The amplitude A of this lateral motion
(120-600 nm) is much larger than the characteristic size of
the charge domains (from ca. 10-200 nm, Fig. 1). The
lateral velocity v, = 2vA ranges to values (5.1 wm/ sec)
that are up to 3 orders of magnitude larger than the esti-
mated value of vyymain, the velocity of the charge domains
during their assumed motion to correlation, at the onset of
attraction [4,17]. Such applied lateral motion vy >> vyomain
must thus frustrate any directed translation of the charge
domains on either surface to a correlated configuration
with the opposing charge regions. If indeed therefore it
was the charge correlations postulated earlier that were
leading to the long-ranged attraction in the straight-
approach mode, then the attractive normal interactions
measured by using the shear-approach mode should be
much weaker, and, in particular, they would onset at a
much shorter range. Likewise, as the surfaces come into
adhesive contact, any correlation between the opposing
charges—as on the straight approach—would lead to
larger adhesion energies than with the shear approach
where such correlation is absent.

Several typical surface interaction profiles using these
two modes are shown in Fig. 2, for surfactant-coated
surfaces that had been immersed in water for extended
periods. As clearly seen (and suggested also by an earlier
preliminary measurement [18]), there is no systematic
difference within the experimental scatter at a given con-
tact point between the straight-approach mode (as used in
all earlier studies) and the shear-approach mode designed
to frustrate any formation of a correlated (positive-faces-
negative) charge distribution: Both show the characteristic
long-ranged attraction reported earlier [3—7]. Likewise,
as shown in Fig. 3, there is no systematic difference in
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FIG. 3. Surface energy of the random charge-domain-coated
surfaces (as in Fig. 1). Surface energies are shown as a function
of time in water and of multiple approaches at a given
contact point, for several different contact points and two inde-
pendent experiments, calculated by using the Johnson-Kendall-
Roberts model [33]. Consecutive approaches at a given contact
point are alternately in the straight- and shear-approach modes.
(@) First approach at a contact point. (l) Second entry at a
contact point. (A) Third entry at a contact point. (V) Fourth
entry at a contact point.
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the measured adhesion energy—as determined from the
pull-off force—between the two modes of approach. We
conclude, unambiguously, that the suppression of corre-
lations does not result in the disappearance of the long-
ranged attraction between the surfaces bearing randomly
distributed charge domains. If, therefore, correlation is not
the reason, what then is the origin of this attraction, which
atits onset is a 100-fold larger than can be accounted for by
dispersion forces alone?

We attribute the attraction to the asymmetry in the forces
between equally and between oppositely charged surfaces
across water. This is a counterintuitive observation which,
as we show, may immediately lead to strong, long-ranged
attraction between random, uncorrelated charge domains,
an effect which has not earlier been remarked on. The
interaction between two uniformly charged surfaces is
well described by the Poisson-Boltzmann (PB) equation,
which for a 1:1 electrolyte (in the configuration of our

experiment) is given by [19-21] % = 2;—;’: sinh[e,i (;)],

where i (x) is the potential at distance x from the surface,
¢y is the concentration of ions in the bulk solution, g is the
permittivity of free space, € is the dielectric constant, kg is
the Boltzmann constant, 7 is the absolute temperature, and
e is the electronic charge. This mean-field model, devel-
oped for uniform surface-charge densities, has been exten-
sively validated experimentally and has been extended in
several directions [22-27]. The pressure between two ap-
proaching surfaces can be calculated by integration of the
PB equation [28], yielding the net pressure II after the
subtraction of the bulk osmotic pressure:

11=%%Tthmn+gwmn_2)_Eﬁ(ﬂgf
2 dx

ey

The first term corresponds to the net osmotic pressure in the
gap (repulsive except when the potential vanishes), while
the second term corresponds to the Maxwell stress which
is always attractive. The equilibrium pressure between two
similarly charged surfaces can be obtained by considering
Eq. (1) at the midplane of the intersurface gap where the
gradient of potential is equal to zero; thus, the only con-
tribution to the pressure is the osmotic term. However, for
two oppositely charged surfaces, the Maxwell stress never
vanishes at finite separations. This result implies that two
oppositely charged surfaces across water may attract more
than two similarly charged ones will repel, for the same
interacting areas, absolute surface-charge densities, and
separations. This conclusion arises because of the quali-
tatively different mechanisms of repulsion and attraction
across water between equally charged and oppositely
charged surfaces, respectively. The former may be viewed
as due to the osmotic pressure of trapped counterions at the
midplane, while the latter may be seen as arising from the
entropy gain upon release of counterion pairs from within
the gap between the approaching surfaces [29].

To demonstrate that substantial long-ranged attraction
between heterogeneous surfaces may be expected based on
PB even without any correlation of opposing charges, we
use a simple heuristic model, illustrated in the inset in
Fig. 4, based on the following reasonable assumptions:
randomly distributed charged domains on each surface;
similar magnitudes of charge density |o| on oppositely
charged domains; and a similar total area of the negatively
and positively charged domains, for overall neutrality of
each surface. We also assume for our model that all do-
mains are substantially larger than the surface separation,
enabling the neglect of domain edge effects and allowing
us to treat the interactions as between flat uniform charge
domains for which the PB equation applies (this is true
only for some of the domains, and the relevance of this
assumption is considered below).

In such a case—where charge-domain dimensions are
much larger than other length scales in the system—the
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FIG. 4 (color). Numerical solutions for the interaction between
two surfaces with uniform and with random charge domains.
Results are based on the PB equation (1) combined with vdW
attraction, under constant charge (blue curves) and under con-
stant potential (red curves) boundary conditions. The upper
(repulsive) broken curves show the interaction between two
equally charged surfaces (symmetric interaction). The lower
(attractive) broken curves show the interaction between two
oppositely charged surfaces (antisymmetric interaction). The
thicker smooth curves represent half the sum of both interactions
(i.e., symmetric interaction/2 + antisymmetric interaction/2),
which corresponds to that expected from our model of random
charge domains described in the text. The green shaded region
corresponds to the range of experimental attractions in Fig. 2.
The inset cartoon illustrates the model, where outward pointing
arrows indicate like-like repulsion, and inward pointing ones are
like-unlike attraction. The calculations were carried out for a
surface-charge density of |o,| = |o_| = 1/70 nm? (constant
charge) or for ¥, = —117 mV (constant potential), with Debye
length A, = 75 nm and Hamaker constant A = 2 X 1072 J for
the van der Waals attraction. The thick broken red curve corre-
sponds to the net interaction, where only 5% of the domains
contribute to the interaction, as suggested from the relative areas
of the large domains in Fig. 1 (calculated with constant potential
BCs [31]).
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average interactions per unit area become simply 25%
(+ vs +, like/like, repulsive), 25% (— vs —, like/like,
repulsive), and 50% (— vs +, like/unlike, attractive), as
indicated schematically in the cartoon inset in Fig. 4 and
also explained more fully in the Supplemental Material [16].

The dominant electrostatic interactions are then sym-
metric repulsive (+ vs + and — vs —, with resulting
pressures II,,,) or antisymmetric attractive (+ vs —;
IT,,-): It may readily be shown analytically that, in
the conditions of our experiments, Igi; ;I = %lnz(&)
[16,28,30], where Ap = +/egoksT/2coe* is the Debye
screening length. This expression was derived under con-
stant charge boundary conditions (BCs), but—as seen in
the numerical solutions below (and [16])—the ratio of
attractive to repulsive pressure is even higher when con-
stant potential BCs are used.

This is shown in Fig. 4, where the force vs distance
profile in our model (inset) is plotted from numerical
solutions of the PB equation, under either constant charge
or constant potential BCs, incorporating also vdW attrac-
tion, using parameters typical for mica in water with no
added salt, as for our experiments (Fig. 2). Also plotted
(green band) is the spread of experimental profiles from
Fig. 2. We see clearly that our model—where there is no
charge correlation and repulsive and attractive interactions
cover equal areas—does indeed predict a net long-ranged
attraction in the absence of any charge correlation (red and
blue solid curves), though its range and magnitude are
larger than our measured attractions (see below).

Our heuristic PB-based treatment demonstrates clearly
the strong long-ranged attraction between opposing, un-
correlated charge domains arising from the I ,_ vs 11/,
asymmetry detailed above. This general conclusion is quite
robust with respect to the assumption of the model [16].
The weaker measured attraction (green band in Fig. 4)
relative to the prediction of our model (red curve in
Fig. 4) is due, we believe, to the following: As clearly
seen in Fig. 1, most of the surfaces are covered by charge
patches that are smaller than the surface separation over
much of the range of attraction D < 50 nm, while in our
model all patches are assumed much larger. Such small
patches, equivalent to quenched disorder of small charge
domains, have been shown to have no effect on the overall
interaction at the PB level [14]. Thus the effective area of
the charge domains contributing to the attraction (domains
larger than ca. 150 nm, say) is much smaller than the full
coverage assumed in Fig. 4 (solid red and blue curves); this
explains qualitatively the much smaller measured attrac-
tion compared to the calculated one. When this is taken
into account from the relative area of large domains, Fig. 1,
we find a far closer fit to the data (broken red curve in Fig. 4
[31]). The essential point evident from Fig. 4, however, is
that there is no need for correlation of opposing charges to
explain the strong attraction between randomly charged
surfaces that we (and many others [3-7] earlier) have

observed: It can be readily accounted for by using the
well-tested PB model [32].

In conclusion, long-ranged attractions between surfaces
bearing random charge domains across water, measured
under conditions designed to frustrate correlated motion of
charges on the opposing surfaces, suggest that these attrac-
tions are not the result of correlations developing on ap-
proach, as first proposed several years ago. We demonstrate
rather that such attractions, between patches large com-
pared with D, arise naturally as the consequence of the
Poisson-Boltzmann equation even when the charge do-
mains on the opposing surfaces are disordered and
uncorrelated. Our results have clear implications for under-
standing long-ranged attractions between the large class of
surfaces made hydrophobic by surfactant monolayers that
subsequently rearrange into positive and negative charged
domains (e.g., Refs. [3—8]), but the implications are much
broader: They apply wherever interactions between heter-
ogeneously charged surfaces occur, including those ubiq-
uitous in biological systems and in colloid science.
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