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LETTER TO THE EDITOR

Long-Range Electrostatic Attractions between Identically Charged
Particles in Confined Geometries: An Unresolved Problem

To calculate the force between the particles, we require the electric potenti
Long-range electrostatic attractions between identical colloidal in the electrolyte. Within the framework of the nonlinear Poisson—Boltzmant

particles in confined geometries have been observed experimen- theory, the electric potential in a symmetric 1:1 electrolyte and the electric

tally by many workers. A satisfactory theoretical explanation for potential ¢ outside the surfac® (i.e., exterior to the electrolyte) satisfy

this behavior has proven elusive. Recent numerical calculations

and reports (Nature 393, 621-623, 663—665 (1998)), however, have vy = <ﬂ> 2 inh( ﬂ) V2 =0 [

suggested that this problem is closed by demonstrating that this e kT /" '

surprising effect is to be found naturally within the well-estab-

lished Poisson-Boltzmann (PB) theory. We rigorously prove that Wherex is the Debye screening parameter. All variables not defined in the te>

these claims are false; within the framework of the PB theory, the are given in the.Appendix. To determine the general nature of the forc

interaction between identical colloidal particles is always repul- ~Petween the particles, we do not need to solve [1] .

sive, irrespective of whether the particles are isolated or confined. ~_ / formally exact expression for the electrostatic fofaastween the parti-

A satisfactory theoretical explanation of this surprising phenom- cles, acting along their line-of-centers, is obtained by integrating the Maxwe

. stress tensor (15) over an appropriate surfaeaclosing one of the particles
enon thus remains an unresolved problem. e 1999 Academic Press within the electrolyte
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Poisson-Boltzmann. 1
f=fn-[(H+ZeE2)l—eEE]-de, 2]

S
Recently, a great deal of effort has been focused on the experimental measure- _ ) ) _ )

ment (1-6) and theoretical validation (7—10) of the surprising phenomenon ‘Yferell = 2nokT coshe,W/KT) is the osmotic pressure, afitl= —V is

long-ranged electrostatic attraction between identically charged colloidal partic€ electric field. A repulsive force between the particles corresporfdsiog

immersed in an electrolyte, and confined by a third charged body. These ob883/UVe-

vations are at odds with the well-established theory of Derjaguin—Landau—Ver—T he choice of the surfac8 is completely arbitrary and will give the same

wey—Overbeek (DLVO) (11, 12) for the pairwise interaction of two isolatel€sult provided it completely gncloses one of the particle_s. For_conveniencev
identically charged particles, which predicts a repulsion. Experimental res&@oose_thg §urfac$to beapyllnder of arbitrary cross ;ectlon with (a) one face
suggest, however, that the source of this dichotomy lies in the influence of atHﬂ_de commdlng with the midplane between the partlcl'es, dend@gdb) the
charged body (1, 3, 5, 6): an attraction is apparent when the particles are in S of cyIlnderS,_ den_otedSz, are parallel to the Ilne—qf—(_:e_nter_s of the
vicinity of a charged wall, whereas the pairwise interaction is purely repulsi@'ticles and are lying either on the charged surface at an infinite distance
when the particles are isolated. It has been suggested (L, 3, 5, 6, 13) 4AQ" the particles (e.g., in the calés a single flat wall), and (c) the remaining
demonstrated via numerical calculation (10) that this attractive interaction can pee ofS, denotedS_g, !s_lden_tlcal and parallel to th_e face a_t the midplae
obtained using the well-known Poisson—Boltzmann theory, provided the particl Iocgted at an infinite dlstgnce along the cy!lnder axis figyrand thg
are confined. Here we rigorously prove that this is not the case; within tngrgctmg partlc'les.' A graph'lcal. exampk_e of this surface for two particle:
framework of the nonlinear Poisson—Boltzmann theory, the pairwise interaction@¥"fined in a cylindrical pore is given in Fig. 1. The expression for the force
two identically charged particles confined or in the vicinity of an arbitrary thirffd- [2]: iS then separated into three integrals dSerS;, ands.
charged body, whose sides are parallel to the line joining the centers of th&°r the case wher& s _held at constant _potent|al,_ we note that the
particles, is always repulsive (14). Consequently, our results show that the exﬁ&mponents of the_electrlc field &, _SZ' ands; in _the_k direction are 2€ro.
imentally observed attractive interactions (1-6) are not to be found within th%onsquently, the integral ov&; v‘anlshes. Substitutingay = y ~Ys into
theoretical framework, and suggest either (a) the need for revision of the existgﬁb making use of [1], and Green’s theorem (17) we then obtain
and established colloidal theories or (b) a reassessment of the experimental
techniques and the corresponding interpretation of experimental observations. KT\ 2

The problem to be considered is that of two identically charged particles, immeréed €< ?) f { Kk ?[coshys + Yai) — COShys — yqsSinhys]
in an electrolyte, and confined to or in the vicinity of an arbitrary charged surface S
2, which is parallel to the line connecting the centers-of-mass of the two particles. 1
The particles need not be spherical and may have arbitrary charge properties. The + E‘ Vi
only requirement is that the electric potential possesses mirror symmetry about the
midplane between the particles. We emphasize that this specification encompasses
many cases of practical interest including that of two particles in the vicinity ofwhereys is identical to the reduced electric potential distribution due to the
single planar wall (6), particles confined between two walls (1-5), or particlebarged surface, in isolation, i.e., with the particles removed. Since the
confined in a cylindrical pore (10) (see Fig. 1). The electrolyte is confined to tir@egrand in [3] is always positive, irrespective of the signs and magnitudes
interior of the surface where the particles lie, and the region exterior to the/; andy.s, it then follows thaff is always positive; i.e., the force is repulsive.
electrolyte has constant permittivity. The surfatemaintains either constant  The analysis for the case wheBeis held at constant charge density is
potential or constant charge density or is charge regulating (15, 16). performed in an analogous manner by making use of the dielectric bounda
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Surface S Charged Surface X A MiQpIane betvyegn the particles, exterior to the elgctro_lyte
3 k Unit vector pointing away from the unenclosed particle in [2],
that is in the line joining the centers of the particles
\/\ V. Transverse gradient operator parallel to the midplane betwee

the particles
y = eW/kT Reduced electric potential in electrolyte
yi = e,Vi/kT Reduced electric potential in electrolyte at the surf8ce
yar = Y — Ys Difference between the reduced potential in the electrolyte
and that due to the surfacgin isolation
Midolan Paitt Difference between the reduced potential exterior to the elec
Surface Sz dp ane Sl trolyte and that due to the surfagein isolation

FIG. 1. Schematic diagram of two identically charged particles (filled spheres)
confined in a charged cylindrical pate The particles are immersed in an electrolyte ACKNOWLEDGMENTS
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APPENDIX: NOMENCLATURE Derek Y. C. Chan

Department of Mathematics and Statistics

€ Proton charge University of Melbourne
k Boltzmann constant Parkville, 3052
T Absolute temperature Victoria, Australia
€ Permittivity of electrolyte
€ext Permittivity exterior to the electrolyte Received October 6, 1998; accepted January 28, 1999
N, Bulk ion number density of the electrolyte
n Unit normal vector directed toward the enclosed particle from
the surfaces
| Unit tensor 'To whom correspondence should be addressed. E-mail: j.sader@n

S Subsurfaces of integration surfae unimelb.edu.au.
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