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Colloidal electrostatic interactions near a conducting surface
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Like-charged colloidal spheres dispersed in de-ionized water are supposed to repel each other. Instead,
artifact-corrected video microscopy measurements reveal an anomalous long-ranged like-charge attraction in
the interparticle pair potential when the spheres are confined to a layer by even a single-charged glass surface.
These attractions can be masked by electrostatic repulsions at low ionic strengths. Coating the bounding
surfaces with a conducting gold layer suppresses the attraction. These observations suggest a possible mecha-

nism for the anomalous confinement-induced attractions.
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I. INTRODUCTION

The electrostatic interaction between charge-stabilized
colloidal particles is mediated and modified by simple ions
dissolved in a supporting electrolyte. For like-charged par-
ticles, the resulting effective interaction, described by the
Poisson-Boltzmann mean-field theory [1], is predicted to be
always purely repulsive [2-5] independent of the strength of
the electrostatic coupling, the valency of the suspended ions,
or the state of confinement of the suspension.

This reasonable prediction is known to fail under some
conditions. For example, both simulations and non-mean-
field theoretical studies predict the possibility of an attrac-
tion in bulk suspensions of like-charged colloidal particles if
multivalent counterions are present (see [6,7] and references
therein). This attraction is mediated by strong ion-ion corre-
lations induced by coupling to the charged colloidal par-
ticles. Experimental observations have confirmed similar
predictions for highly charged parallel plates [8] and cylin-
ders [9].

These departures from mean-field behavior appear even in
the so-called primitive model (PM), which treats both the
colloidal particles and the dissolved ions as charged hard
spheres and describes the suspending fluid as a uniform di-
electric continuum. Similar effects are also predicted in more
general models, when image charges [10], salt-specific dis-
persion forces [11], or the sizes of simple ions [12] become
important.

In all such cases, mean-field theory fails because the rel-
evant electrostatic interactions exceed the thermal energy
scale over length scales of interest. Colloidal spheres in sym-
metric monovalent electrolytes, by contrast, are expected to
satisfy the conditions of the mean-field approximation. In-
deed, PM simulations of charged colloidal spheres in sym-
metric monovalent electrolytes are found to agree well with
mean-field predictions [13-15], a class of systems for which
Poisson-Boltzmann theory is expected to be accurate. Ex-
perimental results, however, have been more mixed. Direct
measurements of colloidal pair interactions [16—18] in bulk
dispersions qualitatively agree with mean-field predictions.
When applied to dispersions confined to thin layers by
charged glass surfaces, however, these same methods have
repeatedly revealed long-ranged attractions [19-22] that are
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too strong to be accounted for by van der Waals interactions
[22,23] and are inconsistent with Poisson-Boltzmann theory
[2-4]. Measurements on colloidal spheres confined by just a
single glass wall, by contrast, have not revealed anomalous
attractions [ 18,24-26]. These measurements were performed
at much lower ionic strengths than those in thin samples,
however. One explanation for this seeming inconsistency is
that the appearance of confinement-induced like-charge at-
tractions might depend strongly on the ionic concentration.
Perhaps, then, even a single bounding surface could induce
anomalous attractions if the ionic strength were in the appro-
priate range.

Another possible explanation is that the measurements re-
porting anomalous attractions among like-charged colloidal
spheres were in error. Several experimental artifacts have
been proposed that might mimic the reported observations.
These include a geometric bias introduced by projecting a
colloidal sphere’s three-dimensional position onto the two-
dimensional focal plane [27], a statistical bias resulting from
the experiments’ limited sample size [24], nonequilibrium
hydrodynamic interactions induced by small in-plane drifts
[28], and uncorrected many-body contributions to the appar-
ent pair potential [25]. Thermodynamic self-consistency
checks demonstrate that none of these can account for the
observed like-charge attractions in more recent experiments
[21,29,30].

Recently, a subtle imaging artifact in widely used particle-
tracking algorithms [17] has been demonstrated to mimic
long-ranged attractions in systems with purely repulsive pair
interactions [31,32]. Its influence on the long-ranged repul-
sive pair potentials observed in low ionic strength bulk and
surface experiments should be minimal, but the effect could
play a major role at the smaller separations relevant for ob-
servations of like charge attractions [32]. Could the appear-
ance of confinement-induced like charge be due entirely to
experimental artifacts?

The experiments and simulations reported in this article
confirm the appearance of confinement-induced like-charge
attractions, even when all known experimental artifacts are
taken into account. They furthermore contribute three in-
sights into the effect’s phenomenology: (i) Confinement by a
single charged glass surface can induce anomalous attrac-
tions among charge-stabilized colloidal silica spheres. (ii)
Confinement-induced attractions may be masked by electro-
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FIG. 1. (Color online) Measured pair potentials u(r) for o
=1.58 wm diameter silica spheres near a single wall (H
=200 um). Dashed curves are uncorrected results ii(r). Discrete
points have been corrected for imaging artifacts. Inset: schematic of
the geometry. (a) Glass surface with K '=60+10 nm (circles) in-
duces a long-ranged attraction. (b) Increasing the screening length
to x~'~180 nm (squares) yields monotonic repulsion. The solid
curve is a fit to Eq. (10) with Z=6500+1000. (c) Coating the con-
fining surface with gold eliminates attractions at x~'=~ 100 nm:
Single surface (diamonds). (d) Parallel gold-coated surfaces sepa-
rated by H=15 um (triangles).

static repulsion at very low ionic strengths. (iii) Coating the
confining surfaces with conducting gold layers eliminates the
attraction, even under conditions of ionic strength that foster
attractions in glass-bounded samples. These results are sum-
marized in the data plotted in Fig. 1.

Section II describes the experimental and analytical meth-
ods used to obtain these results. Of particular importance are
the methods introduced in Secs. II B and II C to measure and
correct for imaging artifacts. The additional insights these
experimental results provide into the nature of like-charge
colloidal attractions suggest possible mechanisms for the ef-
fect. On this basis, we present an idealized model for
confinement-induced like-charge attractions in Sec. III. This
interpretation of our experimental results relies on the accu-
racy and efficacy of our analytical techniques, which we
demonstrate through Monte Carlo simulations in Sec. IV.
Section V summarizes our results and conclusions while
placing them in the context of recent advances in the theory
of macro-ionic interactions.

II. ARTIFACT-FREE EQUILIBRIUM INTERACTIONS
MEASUREMENTS

A. Experimental setup

Our samples consist of uniform silica spheres o
=1.58+0.06 um in diameter (Duke Scientific Lot 24169)
dispersed in deionized water and loaded into hermetically
sealed sample volumes formed by bonding the edges of glass
No. 1.5 coverslips to the surfaces of glass microscope slides
separated by H=200 wm [33]. All glass surfaces were
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cleaned in a 4:1 mixture of sulfuric acid and hydrogen per-
oxide and rinsed in deionized water before assembly to in-
crease their surface charge density. Access to the sample vol-
ume is provided by glass tubes bonded to holes drilled
through the slides. Filling the tubes with mixed bed ion ex-
change resin maintains the ionic strength below 5 uM, cor-
responding to a Debye-Hiickel screening length of «!
~ 180 nm. Removing the ion exchange resin and allowing
the dispersions to equilibrate with air reduces the screening
length to x™' =60 nm.

We also prepared sample volumes with conducting inner
surfaces by evaporating 10-nm gold films with 10-nm tita-
nium wetting layers onto the glass surfaces before assembly.
The metallic films have a resistivity of 50 ()/[J and are op-
tically transparent. The electrodes were left floating. Studies
of similar systems suggest a surface charge density of
—0.4 mC/m? for the clean glass surfaces [34] and at least
100 times smaller for the gold films [35].

Samples were mounted on the stage of a Zeiss Axiovert
100 STV microscope and allowed to equilibrate at room tem-
peratures (7=297+1 K). The silica spheres sediment into a
dilute layer with their centers about 0.9 um above the lower
wall. Thermally driven out-of-plane fluctuations are esti-
mated to be smaller than 300 nm [21,24]. In all the experi-
ments, the colloidal areal density is no”==0.08. The bright-
field imaging system provides a magnification of
212 nm/pixel on a Hitachi TI-11A monochrome charge-
coupled-device (CCD) camera. The resulting video stream
was analyzed with standard methods of digital video micros-
copy [17] to measure the particles’ positions, which then
were used to estimate their effective pair potential.

B. Measuring measurement errors

Unlike artifacts arising from actual properties of the
physical system, imaging artifacts result from misidentifica-
tion of the spheres’ centroids. At first blush, the bright-field
image of a colloidal sphere appears as a bright region on a
darker background. The centroid then may be identified with
subpixel resolution as the brightness-weighted center of
brightness [17]. In fact, a sphere’s image is a projection of its
far-field Mie scattering pattern [36], consisting of alternating
dark and bright rings encircling the central intensity maxi-
mum. This more complicated pattern may be analyzed in a
conventional manner [17] provided one sphere’s image does
not overlap with those of its neighbors. Distortions arising
from overlapping scattering patterns lead to systematic de-
viations in the particles” apparent positions [31]. These dis-
tortions, in turn, distort estimates for the pair potential de-
rived from the measured particles positions [31]. Because the
errors are in the particle locations themselves, the resulting
distortion of the pair potential is not detected by methods
based on thermodynamic self-consistency [21,29,30].

Fortunately, distortions due to imaging artifacts can be
corrected if the artifact’s dependence on interparticle separa-
tion is known. Figure 2 shows two complementary methods
for measuring this, one of which can be applied a posteriori
to archival data without requiring additional calibration
measurements.
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We explicitly measure overlap distortions by using holo-
graphic optical tweezers [37,38] to hold two spheres at speci-
fied separations while a third is held far enough away to use
as an undistorted reference. For each separation, we measure
the apparent distance 7 between the closely spaced pair [Fig.
2(a)] and then independently measure their separations r,
and r, from the reference sphere with the other sphere absent
[Figs. 2(b) and 2(c)]. The first measure is skewed by the
artifact. The two reference measurements are not. Conse-
quently, their difference r=r,—r; is an unbiased measure-
ment of the real separation. The difference A(r)=F-r is a
measurement of the artifact, whose separation dependence is
plotted as circles in Fig. 2. As previously reported [31], these
systematic deviations exceed the instrumental error bound
for single-particle tracking [17] at separations relevant for
interaction measurements. The data in Fig. 2 were obtained
with a 100X NA 1.4 oil immersion objective, yielding an
effective magnification of 135 nm/pixel. Comparable results
can be obtained with the 60X objective used for interaction
measurements and with one or two metal-coated surfaces.

This approach is accurate, but somewhat painstaking, and
requires samples with prohibitively low areal densities [24].
We therefore introduce an alternative way to measure A(r)
that relies on information already contained in the imaging
data used to estimate the pair potential.

Some spheres in a given image will be far enough from
all of their neighbors that their images are unaffected by
overlap distortions. The image of such a sphere can be
clipped from the larger field of view, duplicated, and used to
construct composite two-sphere images at known separations
r. Examples of such composite images created from dis-
placed copies of a single sphere’s image are shown in Figs.
2(d)-2(f). The apparent separation 7 in each composite image
is then measured to obtain the difference A(r)=7-r, whose
separation dependence is plotted as squares in Fig. 2. This
method is based on the assumption that overlap artifacts re-
sult from the linear superposition of neighboring spheres’
images. Its quantitative agreement with results obtained by
explicit measurement justifies this assumption. Conse-
quently, we use composite images to measure and correct for
A(r) in each of our measurements of colloidal interactions.

C. Measuring the pair potential

We estimate the effective pair potentials of our confined
dispersions by compiling the particles’ apparent positions
T,(1) into the single-particle distribution function

N(t)

p(E.1) = 2 8F-T,(1)), (1)
j=1
where N(r) is the number of particles in the visible area A at

time ¢. Data obtained over a period of about an hour [24]
then are combined into the radial distribution function

7= %w’ _E.0p(E 1), 2)

where n=(N(t))/A is the mean areal density. The angle
brackets denote averages over T’, angles, and time. In prin-
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FIG. 2. (Color online) Measured apparent displacement A(r)
from true separation r due to an imaging artifact. Circles were ob-
tained with holographic optical tweezer measurements (a), (b), and
(c) and squares with composite images including (d), (e), and (f).

ciple, the pair correlation function can be inverted to obtain
the particles’ effective pair interaction potential. The imaging
artifact, however, systematically distorts the pair separations
used to compute g(7) and therefore distorts the estimated pair
potential [31].

The undistorted pair correlation function g(r) is related to
g(7) through conservation of probability,

g(r)dr=g(Fdr. 3)

Provided that the sample’s areal density is low enough to
preclude substantial three-body overlap distortions, this
yields

o) =g(r+ A(r))[l s dimr)]. 4)
r

Were the sample sufficiently dilute, the effective pair po-
tential could be computed from g(r) using the Boltzmann
relation

Bu(r)=—1Ing(r), (5)

where 8'=kgT is the thermal energy scale at temperature 7.
Comparatively weak many-body contributions to g(r) can be
corrected in either the hypernetted-chain (HNC) or Percus-
Yevick (PY) approximations as [21,24,39]

Pu(r)=—Ing(r) + {ln[l +nl(r)] (PY), ¢

where the convolution integral
1(r)= f [g(r') =1 =ni(N]g(r’ ~x)) - 1d*"  (7)
A

is solved iteratively, starting with I(r)=0. Differences be-
tween results obtained in the PY or HNC approximation pro-
vide estimates for the errors introduced by using approxi-
mate closure relations. At the comparatively low areal
density of our experiments, the two closures agree with each
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other to within 1%. Neither is large enough to affect the
qualitative form of u(r).

How imaging artifacts distort estimates for u(r) depends
on the relative positions and magnitudes of features in A(r)
and u(r). Applying Eq. (4) to Eq. (5) in the dilute limit yields

A(r

i) = putr- A + =0 ®)
r

~pu() - 180+ 2D o)

This shows that even the sign of the error resulting from A(r)
can depend on details of u(r). Could the appearance of
confinement-induced like-charge attractions be due entirely
to experimental artifacts?

D. Experimental results: Glass walls

The a posteriori artifact corrections described in Secs.
II B and II C were applied to the two data presented in Fig.
1. Pair potentials were tested for thermodynamic self-
consistency using previously reported methods [29,30].

The data in Figs. 1(a) and 1(b) were obtained for colloidal
silica spheres hovering above clean glass walls and demon-
strate two of our principal points: Even a single glass wall
can induce attractive interactions among like-charged colloi-
dal spheres, and this attraction is not apparent at low ionic
strengths.

The discrete points in Fig. 1 reflect estimates for the pair
potential obtained with Egs. (1)—(7), each of which was cor-
rected for imaging artifacts with an individually measured
calibration curve A(r). The dashed curves are results ob-
tained without correcting for imaging artifacts. Under the
conditions in Figs. 1(a) and 1(b), correcting for imaging ar-
tifacts leads to only small quantitative changes in the esti-
mated pair potential, rather than qualitative changes as have
been reported elsewhere [31]. More specifically, the mini-
mum in the measured pair potential in Fig. 1(a) is not elimi-
nated by correcting for imaging artifacts. A single clean glass
wall, therefore, can induce like-charge attractions between
nearby pairs of charge-stabilized spheres. All previous re-
ports of like-charge attractions in equilibrium involved par-
ticles confined by pairs of parallel glass walls
[17,19,21,22,29].

This result should not be taken to contradict previous re-
ports of colloidal interactions near single glass surfaces
[18,25,33,40-42], all of which described monotonically re-
pulsive interactions. Unlike these previous reports, the data
in Fig. 1(a) were obtained in deionized water that had been
allowed to equilibrate with air, thereby increasing the con-
centration of dissolved monovalent ions to roughly 50 uM.
Equilibrating the sample against mixed-bed ion exchange
resin, as in previous reports, reduces the ionic strength, in-
creases the range of the particles’ electrostatic interaction,
and yields the monotonically repulsive pair potential plotted
in Fig. 1(b).

The purely repulsive pair potential may be compared with
the screened-Coulomb form predicted by mean-field theory

[1],

PHYSICAL REVIEW E 76, 041406 (2007)

—Kr

e

Bu(r)=Z"\y (10)

,
Here, Z'=Zexp(—ko/2)/(1+ka/2) is the effective charge
of a sphere of bare charge Z in an electrolyte with Debye-
Hiickel screening length x~!. This is related to the ionic con-
centration n, through w*=87m.\p, where \z=0.717 nm is
the Bjerrum length in water at room temperature. Fitting Eq.
(10) to the data in Fig. 1(b) yields Z=6500+1000, which
agrees quantitatively with previous reports [24]. The fit
screening length k'=180+10 nm corresponds to a concen-
tration n.=2.8 uM of monovalent ions. The result is plotted
as a solid curve in Fig. 1(b).

The screening length obtained from Fig. 1(b) also is com-
parable to values obtained from previous measurements of
colloidal interactions near single walls [18,24-26]. The at-
traction’s dependence on ionic strength suggested by Figs.
1(a) and 1(b) recalls a similar trend from the earliest report
of attractions induced by two walls [22]. It seems plausible
to suggest, therefore, that the attraction evident from the
minimum in Fig. 1(a) either is eliminated by reducing the
ionic concentration or else becomes masked by the stronger
and longer-ranged screened-Coulomb repulsion. This also
would explain why simulations of colloidal dispersions un-
der salt-free conditions have found no evidence of
confinement-induced attractions.

E. Experimental results: Gold walls

The data in Fig. 1(c) and 1(d) demonstrate our third prin-
cipal observation: whereas a single glass surface can induce
like-charge colloidal attractions, even two gold surfaces do
not. These measurements were performed under comparable
conditions of ionic strength to that in Fig. 1(a). Conse-
quently, the range of the observed repulsion is comparable in
both cases. The data in Fig. 1(c) were obtained for particles
sedimented onto a single conducting surface in a
200-um-thick sample chamber. Reducing the separation be-
tween gold-coated surfaces might be expected to strengthen
any confinement-induced attraction because similar trends
have been reported in previous studies on clean glass sur-
faces [17,21]. In fact, as shown in Fig. 1(d), reducing the
interwall separation to H=15 um while maintaining the
ionic strength around 10 uM has no significant influence on
the measured pair potential.

The data in Fig. 1(c) demonstrate the importance of ac-
counting for the imaging artifact. The uncorrected data, plot-
ted as a dashed curve, display a marked minimum at a
center-to-center separation of 1.5¢. This minimum is entirely
eliminated by measuring A(r) for this data set and using it to
correct g(7) according to Eq. (4). We therefore agree with the
authors of Ref. [31] that imaging artifacts can create the
appearance of attractive interactions where none exist. The
data in Fig. 1(a) demonstrate, on the other hand, that this is
not necessarily the case.

III. INTERPRETATION

It is possible that the gold surfaces’ conductivity alone
could suppress like-charge attractions—for instance, through
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a mechanism based on image charges. This would not ex-
plain, however, why glass walls induce attractions in the first
place. Non-mean-field treatments of macroionic interactions
[43-47] suggest that charged surfaces can induce oscillatory
correlations in the distribution of simple ions surrounding
charged colloidal spheres. Such local departures from elec-
troneutrality could inject extra counterions between pairs of
spheres, thereby inducing an effective attraction.

Modeling the predicted diffuse space charge density as a
discrete point charge g, midway between the spheres’ cen-
ters, yields the phenomenological pair potential [26]

—Kr —Krl2

ﬂu(r)=z*>\3<z*e _44° ) (11)

Equation (11) agrees well with the data in Fig. 1(a) for Z
=6500+1000, k'=60+10 nm, and ¢g=10+5. It also agrees
with the purely repulsive potential in Fig. 1(b) for Z
=7000+1000, k'=198+10 nm, and g=7=+3. In this inter-
pretation of the data, the wall-induced attraction is indeed
masked by the electrostatic repulsion at low enough salt con-
centrations.

Whereas Fig. 1(a) suggests that the wall’s surface charge
injects an equivalent of ten counter-ions between the spheres
and Fig. 1(b) is consistent with this interpretation, the data in
Figs. 1(c) and 1(d) both are consistent with g=0. The other
fitting parameters are Z=8000+1000 and «'=95+10 nm
for Fig. 1(c) and Z=7000+1000 and «'=105+10 nm for
Fig. 1(d). One interpretation of this result is that the weakly
charged gold walls induce no attraction because they have no
counter-ions to contribute. Even a single glass wall, by con-
trast, carries enough charge to induce nonmonotonic correla-
tions in the distribution of simple ions and thus to qualita-
tively alter the dynamics of nearby charged colloidal spheres.

Recent results on colloidal polystyrene spheres confined
to the air-water interface suggest another possible explana-
tion for our observations [48]. These interfacial colloids also
display strong long-ranged attractive interactions that con-
trast with predictions [49]. This was interpreted as resulting
from a nonuniform distribution of charged groups on the
particles’ surfaces. Fluctuations in neighboring particles’ di-
pole moments then could induce long-ranged attractions. The
proposed connection between nonuniform surface charge and
the measured attraction has proved controversial [50,51].
Furthermore, the charged groups in our silica particles result
from dissociation of silanol groups, which are uniformly dis-
tributed on the spheres’ surfaces. It seems unlikely, therefore,
that dipolar interactions due to surface charge inhomogene-
ities are responsible for the confinement-induced like-charge
attractions that we observe.

IV. SIMULATIONS

The results reported in Sec. II rely on the methods de-
scribed in Secs. II B and II C for measuring and correcting
imaging artifacts. Equation (4), in particular, does not ac-
count for three- and higher-body overlap distortions and so
might yield erroneous results if particles tend to form clus-
ters. To assess our method’s accuracy and robustness, we
performed Monte Carlo simulations of two-dimensional col-
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FIG. 3. (Color online) Monte Carlo tests of colloidal interaction
measurements based on particle imaging. Hard disks interacting
with specified potentials u;,,,(r) (solid curves) yielded particle dis-
tributions that were inverted to recover the pair potential g, (r)
(circles). Convolving the distributions with a single-particle image
yields synthetic multiparticle images (inset) that were analyzed to
obtain artifact-distorted pair potentials i(r) (dashed curves). Cor-
recting the artifact with Eq. (4) yields u(r) (diamonds), which
agrees with the input potential.

loidal dispersions at areal densities no?=0.08, interacting
through phenomenological potentials describing the experi-
mental systems in Fig. 1(a) and 1(c). In each simulation, N
=4600 particles of diameter o=1.5 um were allowed to dif-
fuse in a two-dimensional box of size L=2400 with periodic
boundary conditions for a total of 11 000 Monte Carlo
sweeps. To avoid boundary effects, only particles in a
smaller region of size =800 were analyzed. In both simu-
lations, the particles were given an effective charge Z
=6500 and interacted through the potential in Eq. (11).

The solid curves in Fig. 3 show the potentials ut;,,,/(r)
used as inputs to simulations at x'=60 nm and ¢=0 or ¢
=10. Using the simulated particle positions as inputs to Eqgs.
(1), (2), (6), and (7) yields values for the recovered potential
ug,,(r), which are plotted as circles in Fig. 3. Statistical er-
rors are smaller than 0.01k3T and so are smaller than the plot
symbols. Agreement between uy;,(r) and u;,,,(r) confirms
the correct implementation of our simulation and of the lig-
uid structure analysis because the simulated particle posi-
tions are not displaced by imaging distortions.

To simulate the effects of imaging distortions, we con-
volve p(r,t) with an idealized single-sphere image to create
synthetic images such as the example in the inset to Fig. 3.
These are then analyzed with the same methods [17] used for
experimental data to obtain distorted particle distributions
p(¥,1) from which we compute the distorted apparent pair
potential iZ(r). In both cases, the simulated imaging artifact
introduces spurious long-ranged attractions into «(r), which
are plotted as dashed curves in Fig. 3.

Finally, we processed the measured coordinates according
to Egs. (2), (4), and (6) to extract the artifact-corrected pair
potentials u(r). The correction curve A(r) was computed
from the single-sphere image, so that the simulated results
would most closely resemble the experimental data presented
in Sec. II. The results, plotted as diamonds in Fig. 3, differ
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only slightly from the input potential u;,,,(r), with discrep-
ancies suggesting the limited influence of many-particle clus-
ters at the experimental areal density.

The a posteriori procedure introduced in Sec. II C for
correcting imaging artifacts correctly eliminated the spurious
minimum in the data with g=0 and only slightly diminished
the genuine minimum in the data at g=10. These results
confirm our procedure’s efficacy for correcting imaging arti-
facts in measurements of colloidal interactions, at least under
the experimental conditions of the present study.

V. CONCLUSION

We have demonstrated that charged glass surfaces induce
anomalous attractions between nearby charge-stabilized
spheres, even when account is taken of all known experi-
mental artifacts. Such attractions can be masked by long-
ranged electrostatic repulsions at the lowest ionic strengths.
This poses the additional challenge for simulations that
anomalous attractions may not be apparent in systems with-
out added salt. Replacing charged glass surfaces with con-
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ducting metal surfaces eliminates the anomalous attractions.
This suggests a primary role for the surface charge in medi-
ating confinement-induced like-charge attractions.

We speculate that charged surfaces induce like-charge at-
tractions by inducing nonmonotonic correlations in the dis-
tribution of simple ions surrounding the macroions. In a
crude sense, particles are attracted to counter-ions that the
surface forces between them. Theories for macro-ionic inter-
actions incorporating such correlations indeed predict like-
charge attractions in confined [43,44] and crowded
[45-47,52] dispersions, but are controversial [5,53-55]. Re-
cent large-scale simulations [7,56-58] strengthen the case for
correlation-induced like-charge attractions, having revealed
high-order correlations in the distribution of simples ions
that are not captured by the mean-field approximation. These
simulations show the onset of many-body cohesion that may
be related to the wall-induced pair attraction that we observe.
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