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o trical double-layer interaction between two charged spheres. V

The proximity effect of one or two flat surfaces on the double-  shall restrict our discussion to the low-potential limit and thus us
layer interaction between two identically charged colloidal parti-  the Jinearized Poisson—Boltzmann theory, although the featur
cles immersed in an electrolyte is examined. Simple analytical o hoherties of the interaction found in this limit are certainly
formulas are presented for the interaction of (i) two particles in the expected to be found for higher potentials as well

vicinity of a charged flat surface and (ii) two particles confined Previ K thi bl | f d withi
between two parallel plates. It is found that the surface(s) can revious work on this problem was also performed withir

strongly influence the pairwise interaction of the particles, leading the framework of the linearized Poisson—Boltzmann theor

to increase, decrease, or even elimination of the electrostatic in- (14, 15). .Changet' al. (14) examined the effects of confining
teraction, in comparison to the corresponding result in an un- two colloidal particles between two parallel glass plates an

bounded electrolyte. © 1999 Academic Press found that the glass plates increased the magnitude of tl
Key Words: confined geometries; electrostatic interactions; repulsive interaction. Medina-Noyokt al. (15) extended the
Poisson-Boltzmann. work of Changet al. (14) to consider some modified config-

urations, including particles at a dielectric—electrolyte interfac
and particles confined between two dielectric plates, where tl
1. INTRODUCTION position of the particles is not necessarily at the median-plar

. , , between the plates. However, in both these analyses the pa
The electrical double-layer interaction between two chargtais were treated as point charges and the confining surfac

sphere_s immersed in an unbounded e_Iectronte has been SFU_WSPe assumed to have the properties of a dielectric discon
extensively over the past 50 years, d_unng which time the Valldl%ity. The true electrical properties of the particles and sul
and accuracy of the vyell-known P0|sfson—BoItzmanr.1 theory es were not taken into account, which restricted the appl
bgen rigorously examined and esta_bhshed (D). Desp!t(_e the ex@é‘()ility of their results. In contrast, we examine the pairwis
Sive _amount of work _reported on this problem, surprlsmgly V€hhteraction between two spherical particles of finite size an
little is known theoretically about the effects of geometrical cons . ified electrical properties that are (i) in the vicinity of &

finement on the pairwise double-layer interaction between le charged flat plate or (i) confined between two charge

particles. Experimental results suggest, however, that geometr ngllel plates. The particles and the plate(s) are taken to be

confinement can have a dramatic effect on this pairwise inter Sther the constant charge or the constant potential type, a
tion (2—6). In particular, an attractive interaction between identic@(')nsequently finite size effects of the particles are included |

paﬂicle; atlow el_ectrolytg c_:qncentrations has been reported W'i’ﬁg analysis. We note that any other surface charge properti
the particles are in the vicinity of a charged surface or conflnggI h as charge regulation due to the dissociation of surfa
between two charged plates (2—6). This observation has delagg

. . . ups (16), must lie within the limiting cases of constan
many attempts at theoretical explanation (7—11) and still remal}Santial and constant charge (16). We find that the pairwis

an open problem (12). Furthermore,_it has been proven that_ feraction can be influenced significantly by the presence ¢
Poisson—Boltzmann theory always gives a repulsive interactiop, confining surface(s), and is strongly dependent on t

irespective of whether the particles are confined or unconfingd, .ric4 properties of the particles and the surface(s)
(12, 13). It remains to be seen whether the source of this dichot- '

omy lies in the interpretation of experimental results or in features
not captured in the existing and established theories. Such ques-
tions, however, lie outside the scope of the present paper. Instggd
we shall implement the established Poisson—Boltzmann theory
and examine the effects of geometrical confinement on the elecWe begin by considering two identical spherical particle:
immersed in an electrolyte, in the presence of a single flat plat
'To whom correspondence should be addressed. E-mail: j.sader@#dS assumed that the spherical particles have a center-to-cen
unimelb.edu.au. separatiorR, are at the same sphere-center to plate distan
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2. THEORETICAL FORMULATION

Particles Near a Single Plate
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(H/2), and have identical radé and electrical properties. In AF(R) = 4mea’de?g,(R), [3]
particular, the spherical particles have either uniform constant
surface charge densities (CC) or uniform constant surfaggeqre
potentials (CP). The flat plate also has the property of either
CC or CP, but this need not be identical to the properties of the

-kR e—K\/R2+H2

spheres. For the case of a CC plate or a CC sphere, we assume 9.(R) = e 4 [4a]
that the dielectric constant or relative permittivity of the plate R JRZ+ H?'
or sphere is zero. This is a reasonable approximation for the , ,
case of aqueous electrolytes (16). To calculate the interaction ® O — dpTe 2 [4b]
free energy, the electrical potentidl in the electrolyte is eff a . ea '
required. Within the framework of the linearized Poisson— 1= ﬁl"e
Boltzmann theoryy)s satisfies
sinh ka
V2 — k2 = 0, (1] a CP spheres
I'=1 sinhka — «a coshka | CC soheres. [4c]

wherek is the Debye screening parameter of the electrolyte. ka(l + ka) spneres

It is expected that the pairwise sphere—sphere interaction can

be strongly affected by the presence of the flat plate only jhered andd:° are the surface potentials of the spheres an
kH < O(1) andka < O(1). Therefore, it is appropriate in the p|ate in isolation, respectively, and the upper sign-ircorre-

first instance to consider the limiting case:d — 0, corre-  sponds to a CC plate whereas the lower sign corresponds t
sponding to two point charges, which will then be used igp pjate.

construct the solution for finit&a. For ka — 0, the exact

analytical solution to the electrical potenti@lmay be easily 2p. particles Confined between Two Plates

obtained using the method of images (17). We note that the ) ) )
sign of the image charges will depend on the electrical prop-We now extend the above analysis to the interaction
erties of the plate. For a CP plate the image charges will B0 identical spherical particles that are confined at th
opposite in sign to that of the source charges, whereas for a @€dian-plane between two identical and parallel flat plate
plate the images charges will have the same sign. The interdlich are separated a distanide so that the centers of the
tion free energyAF(R) required to bring the charges from arSPheres are at a distandg/@) from each plate. All assump-
infinite separatiorR — o to a finite separatiorR, at fixed tOns regarding the properties of the spheres and plates
sphere—plate separatiotf2), may then be calculated byidenticgl to those discussed above. The_analy5|s then pr
taking the sum of the individual source—source and sourcg&€ds in an analogous manner to that given above. In p
image contributions. Following this procedure, we obtain tHéeular, the solution for the point charge casa — 0 is first

limiting solution aska — O, sought. This is also obtained using the method of image
However, in contrast to the single plate case, we require ¢
Q2 [e "R o x REH? infinite number of images to account for the boundar
AF(R) = ( + ) , [2] conditions on the plates. The exact result for the interactio
4me \ R = |R®+H? free energy in this limiting casea — 0 directly follows by

considering the source—source and all source—image cont
where the upper and lower sign i1 corresponds to a CC andbutions. This result may then be corrected approximately t
a CP plate, respectivelQ is the charge of the spheres, and account for finite size effects, as discussed above, leading

is the permittivity of the electrolyte. the final expression for the interaction free energy
Equation [2] may now be modified to take into account the
finite size effects of the spheres and incorporate their correspond- AF(R) = 4mea’d2,e2?g,(R), 5]

ing electrical properties. At this stage we note that [2] is a
monopole—monopole result. Therefore, to account for the finiteh

. . where
size effects of the spheres, we only consider the surface average
conditions on each sphere. In particular, for a CP sphere we ensure

that the average surface potential is set to the true surface poten- e~ R > ~x\/RZ+H=n?
tial, whereas for a CC sphere, we set the average surface charge 92(R) = 5~ + 2 > (=" RErame [6a]
density to the actual surface charge density. To be consistent with n=1 v

the well-known unconfined superposition result (18), this calcu- DI — 2P (] T g rH) 1
lation is performed by taking each sphere in isolation from the D= — P

other sphere. Following the above methodology, we then obtain 1-2 a Fe<in(1 T e )
the final result for the interaction free energy H

) [6b]
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where the upper and lower signsinand= correspond to CC defined above. It will be of value in the discussion below tc
and CP plates, respectively, whereas all other symbols aretramsform [6a] into the equivalent and exact infinite series

%(Ko(KR) +2 2, Ko(kR\1 + (2mn/[kH])?) : CCplates,
9:(R) = 4" " [7]
a > Ko(kRy1+ (m/[kH])*1 + 4n[1 + n])) : CP plates
n=0

whereK(x) is the modified Bessel function of the third kindtions, we will discuss the behavior of both properties individ:
(19). This transformation is performed by taking the inversgally, and examine their combined effects.

Laplace transform of [6a] and using the properties of elliptic

theta functions (19). 3a. Effective Potential

From [4b] and [6b] it is clear that the effective potendal;
of the spheres is dependent not only on the sphere electric

The formulas presented above are to be compared agaff@pPerties but also on the plate properties and the normaliz:
the corresponding superposition result for two unconfinégphere—plate separatiort/2). Note that®. is independent

3. RESULTS AND DISCUSSION

identical spherical particles (18) of the _sphgre—spher_e separatiBn These depepdencies can
result in either an increase or a decrease in the effecti

e—R potential &, from its unconfined valuebg®. Furthermore,
AF(R) = 4mea?(d ) 2g2a B [8] from [4b] and [6b] it is clear that the effective potential can

vanish under certain conditions resulting in zero interactio
) between the spheres, irrespective of the separd®pn.e.,
Note that [3] and [5] both reduce to the unconfined superng(R) = 0. For the single-plate case, Eq. [4b], this occur:

sition result [8] in the limit as<H — %, as required, and also,, o1 the normalized sphere—plate separatie/@) is
possess the correct limiting forms faa < 1 andka > 1,

namely, the point charge and unconfined superposition solu-

tions, respectively. ﬂ = IN(I'd 5P ) 9]
We now examine the implications of the new results. It is 2 P

evident from [3] and [5] that the interaction is modified in two

ways, (i) through theffective potentia®.; and (ii) through the irrespective of the boundary conditions on the plate. For pa

separation dependencies(®), 9.(R). In the following sec- ticles confined between two plates of the constant charge (C

a Single Plate (CC) b Single Plate (CP)
2 1
1.6 0.3
g g
L L o1
iso 13 giso
0.03
) 0.01 \
0.01 0.1 1 10 100 1000 0.01 0.1 1 10 100 1000
R R
H H

FIG. 1. Plot of ratiog;(R)/gs(R), Wheregi,(R) = e **/R is the separation dependence for two unconfined spheres. Results shown for a single pla
(a) CC and (b) CP type, for various normalized sphere—plate separatibasd normalized sphere—sphere separatiRiis
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H
Plot of ratiog,(R)/gs(R), wheregi(R) = e “*/R is the separation dependence for two unconfined spheres. Results shown for double plat
(a) CC and (b) CP type, for various normalized sphere—plate separatibramd normalized sphere—sphere separati®iht

100 1000

sphere—sphere interaction free eneldy is zero is

kH =2 sinh (T D7D e),

potential (CP),
[10a]

type, the critical normalized plate spacirgd for which the whereas for the case when the plates are held at const

kH = 2 cosh (T D 37D E). [10D]
a CC Single Plate ~ CC Spheres b CC Single Plate ~ CP Spheres
2
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plate, (c) CC spheres and CP plate, (d) CP spheres and CP plate.

k(R - 2a)
spheres in an unbounded fluid (Eq. [8]). Results giverxiar= 0.1, isolated plate potentiab;® = 0, and normalized sphere—plate separatidns H/2a: H

= 1.5 (short dashed linelJ = 2 (dashed line)H = 3 (short-long dashed line), artl = 5 (solid line). (a) CC spheres and CC plate, (b) CP spheres and C

Plot of ratioAF/AF,, whereAF is the interaction free energy for two spheres nesingle plateand AF, is the interaction free energy for two
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FIG. 4. As for Fig. 3 but forka = 1.

In all cases, we observe th@t; and hence the interaction canis modified significantly providedR/H) > O(1), whereas
vanish only if the following conditions are satisfied: (i) for CHor kH > O(1) the separation dependence is modified i
spheres, for whicl" > 0, the isolated surface potentials of thR/H) > O(kH). For the CC plate case, the separatior
spheres®® and the plate(sib;° must have the same sign,dependence relative to the unconfined case [8] can be dc
whereas for (i) CC spheres, for whidh < 0, these isolated bled by the presence of the plate, whereas for the CP pla
surface potentials must be opposite in sign. We shall discuhg separation dependence can be dramatically reduced. .
the implications of these findings further below. these properties can be easily understood by considering t
presence and signs of the image charges in both cases.
For the case of two spheres confined between two plates, \

The separation dependencies of the interaction free apould expect that the effects discussed above for the singl
ergy AF, namely,g,(R) for the single-plate case ang(R) plate case would be enhanced. In Fig. 2 we present results |
for the double-plate case, are both functions of the spherée two-plate case. In contrast to the single CC plate case,
plate separationH/2). We note that in both cases thavhich the separation dependence relative to the unconfin
separation dependencies are strictly positive monotonicafl§se was at most doubled, the enhancement in the two-pl:
decreasing functions oR, indicating a repulsion, in line case is unbounded. From Figs. 1b and 2b, we see that for t
with Ref. (12). In Fig. 1 we present a comparison of the€P plates, the decrease in the separation dependence for
separation dependence for the single-plate case to the twie-plate case is much more pronounced than in the singl
confined case, where it is evident that the effect of the Q@ate case. Also, from [7] it is evident that the “effective Debye
plate is to increase the separation dependence betweenléngth” in the double CP plate case is modified from the
spheres, whereas the CP plate will decrease the separatioponfined result. To quantify this, we observe that for larg
dependence. The amount in which the separation depeaparationsR > H, g,(R) ~ (4H)K(kRV'1 + (7/[«kH])?)
dence is decreased or increased is strongly dependent onfteCP plates, whereas,(R) ~ (2/H) Ko(kR) for CC plates.
normalized sphere—plate separatiatH(2) as well as the Noting the asymptotic form oKy(x) ~ Va@/(2x)e ™, for
normalized sphere—sphere separatiBiH). Consequently, largex, it is then clear that for the CP plate case, the effectiv
we observe that fokH < O(1), theseparation dependenceDebye lengthky; is

3b. Separation Dependencies
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a CC Double Plates  CC Spheres b CC Double Plates  CP Spheres
15
10
AF
AFiso 5
3
2
1 2 3 4 5 1 2 3 4 5
k(R - 2a) K (R - 2a)
c CP Double Plates  CC Spheres d CP Double Plates  CP Spheres
! 1 0.1
ka = 0.1 wa=u
AF .
AF 0.01 o 0.01
AFiso iso
0.001 0.001
0.0001
0.0001 .
\ NS
1 2 3 1 5 L 2 3 4 5
K (R - 2a)

k(R - 2a)

FIG.5. Plotof ratioAF/AF,, whereAF is the interaction free energy for two spheres confined betweerplatesandAF, is the interaction free energy
for two spheres in an unbounded fluid (Eg. [8]). Results giverkor= 0.1, isolated plate potentiabs® = 0, and normalized sphere—plate separatidns
H/2a: H = 1.5 (short dashed linelj = 2 (dashed line){ = 3 (short-long dashed line), attl = 5 (solid line). (a) CC spheres and CC plates, (b) CP sphere
and CC plates, (c) CC spheres and CP plates, (d) CP spheres and CP plates.

P TR T iso

Ket = K1+ (ml[kH])?, [11] ity of a single plate carrying zero isolated potential, ide,, =
0. Note that the plate can be held at a constant surface chal
which is dependent on the normalized sphere—plate separafiéfisity (CC) or constant surface potential (CP). In Fig. 3 w
(kH/2).2 In contrast, the interaction is modified only by aresent results foka = 0.1 and for various sphere—plate
weak algebrai®"? type behavior for confinement between CGeparations and electrical boundary conditions on the sphel

plates. and plate. From Figs. 3a and 3b it is evident that the interactic
' _ of two CC spheres in the vicinity of a single CC plate differs
3c. Interaction Free Energies considerably from that of two CP spheres in the vicinity of the

We now examine the combined effects of the separatiG@Me plate. In particular, we note that as the CC spheres :
dependencieg,(R), g,(R) and the effective potentiab,; on brought closer to the plate, the interaction is enhanced. For (
the interaction free energyF(R), henceforth simply referred spheres, however, ik(R — 2a) = 1.5 then there is a
to as thanteraction.Our discussion shall be restricted to casg€duction in the interaction as the normalized sphere—pla
for which the interaction is significantly affected by confineseparatiorH/2a is reduced from 5; otherwise the interaction
ment, namelyxa < O(1). We note that for larger values of increases, reaches a maximum, and then decreases as
ka, the interaction can be greatly affected by confinemergpheres are brought closer to the plate. This unusual behav
although this will occur at sphere—sphere separations where tia@ be understood by noting thiat= —3 X 10°° for the CC
interaction is negligibly small. spheres, whereds = 1.002 for the CP spheres. From [4b], it

i. Single plate: Zero isolated potentidl;° = 0. First, we then follows that the effective potentidi is virtually unaf-
investigate the interaction of two charged spheres in the vicifected by the plate if the spheres are of the CC type, where

:R , _ _ , o fgr CP spherespp,; decreases considerably with decreasin

ecent numerical calculations of the interaction of two identical charge

cylinders confined between two constant potential plates also show a reduct?’(ﬂher.e_plate separ_atlo.n. Consequently, the Incrgase in t'he
in the effective Debye screening length upon confinement. See Ref. (20). teraction observed in Fig. 3a for the CC spheres is due prime
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FIG. 6. As for Fig. 5 but forka = 1.

ily to the enhancing effects of the separation dependgnd® in the sphere—plate separation results in an increase in t
(see Fig. 1a), and the complex behavior observed in Fig. 3b fateraction between the spheres. Again we notedhat= ®2°
the CP spheres is due to the competing effectsbgf and for CC spheres; whereas for CP spheres the effective potent
9:(R). In this latter cased.q is clearly the dominant mecha-®., is significantly affected by the plate. These propertie
nism that influences the interaction,i{R — 2a) = 1.5. explain the reduction in the interaction for the CP spheres (s¢
Next we examine cases where the spheres are in the Vicirify. 4b), in comparison with the interaction of the CC sphere
of a single CP plate, witld;* = 0. As discussed above, the(see Fig. 4a). In Figs. 4c and 4d we give the correspondir
separation dependengg(R) in this case will tend to reduce results for a single CP plate. Here we note that the separati
the interaction, as the sphere—plate separation is decreased&gg@ndencgl(R) will tend to reduce the interaction in com-
Fig. 1b). This behavior is borne out in Figs. 3c and 3d, fqarison to its value when the particles are unconfined, and tt
ka = 0.1, where a significant reduction in the interaction i porne out in the results. Again the difference between tr

observed as the sphere—plate separation is reduced. Agaif&raction of the CC and CP spheres is due to the differin
note that for CC spheresby; = ®:° at all sphere—plate papavior ofd,, in both cases, as discussed above.
separations considered; whereas for the CP sphdrgsin-

creases as the sphere—plate separation decreases. This explalhsT WO plates: Zero isolated potentiah,® = 0. We now
the difference between the CC sphere interactions given in FRjESeNt results for the case where the spheres are confined
3c and the CP sphere interactions in Fig. 3d. However, unlikieen two plates, both of which have zero isolated potential, i.e
the CC plate results in Figs. 3a and 3b, the separation dep®h- = 0, and examine the effects of different boundary condition
denceg,(R) dominates the interaction here. on the spheres and plates. Here we expect similar, yet enhanc
In Fig. 4 we present analogous results for cases wkare behavior to that found for the single-plate case discussed above
1, which corresponds to stronger screening of the particles drigl- 5 we present results faa = 0.1. For the case of confinement
plate by the surrounding electrolyte. This enhanced screenigCC plates we find that the interaction between two CC spher
also weakens the dependencednf, on the sphere—plate sep-is enhanced greatly by the presence of the plates (see Fig. 5a)
aration. From Figs. 4a and 4b it is evident that the interactiseduction in the sphere—plate separation increases the interact
for two CC spheres and two CP spheres in the vicinity of lzetween the spheres. For two CP spheres confined between
single uncharged CC plate are qualitatively similar; a reductigates (see Fig. 5b), however, we observe that the interacti
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FIG. 7. Plot of ratioAF/AF,, whereAF is the interaction free energy for two spheres neaingle CC plateand AF, is the interaction free energy for
two spheres in an unbounded fluid (Eq. [8]). Results giverkar= 0.3 and normalized sphere—plate separatidns H/2a: H = 1.5 (short dashed line),
H = 2 (dashed line)H = 3 (short-long dashed line), atl= 5 (solid line). (a) CC spheres adef%/®%° = 0, (b) CP spheres arbi;*/® = 0, (c) CP spheres
and @/ = —1, (d) CP spheres andis’/®s° = —2, (e) CP spheres antly%/®%° = 1, (f) CP spheres an®;*/dL° = 2.

increases, reaches a maximum, and then decreases as the sphgheres in comparison to the results for CC spheres, yet it
plate separation is reduced. In particular, note thatf@a = 1.5 considerably higher than the unconfined interaction free energ
and 5, the interactions are almost identical for all sphere—spherén Figs. 5c and 5d we present results corresponding |
separations. This rich and complex behavior observed with the €dhfinement between two CP plates, fa = 0.1. Note the

spheres is again due to the competing effectdgfandg,(R). dramatic reduction in the interaction between the spheres
Also note that the interactiodF(R) is markedly lower for CP comparison to the unconfined interaction, for both CC and C
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spheres. The reduction in the effective Debye length, as dis- ~ TABLE 2
cussed above, is clearly evident in these results. We also point ~ Values of ®;°/@;" for which ®, = 0 at Different
out that the reduction in the interaction for the CC spheres is Sphere-Plate Separations H/2a

primarily due tog,(R), whereasd.; has a significant effect

only for the CP spheres; the interaction between the CP spheres i—”
is greater than that of the CC spheres, especially for small .
sphere—plate separations. 9y CC plates CP plates
In Fig. 6 re.suI.tS are given for confinement by two plates, f% CP spheres CC spheres CP spheres CC spher
ka = 1. Again similar results are found to the single-plate case
(see Fig. 4), although the influence of the two plates is greates 1.09 —47.4 0.46 —20.0
Also note that the effects ab.; andg,(R) are diminished in 2 1.17 —50.9 0.63 —27.3
comparison to theca = 0.1 double-plate case, due to theé 141 —61.5 101 —44.1
5 2.32 -101 2.10 —-91.4

stronger screening of the electrolyte.

iii. Nonzero isolated potential®;°. We now examine the  Note.CC and CP spheres are confined between two CC and CP plates.
effect of nonzero isolated surface potentlg}® on the confin-
ing plate. Results for single-plate confinement only will bixed sphere—plate separatiaby, will vanish, resulting in zero
presented, since results for the double-plate case exhibit simjlgeraction between the spheres. Consequentlyb 26b5° is
qualitative trends. Furthermore, we shall restrict our discussipitreased from zero for a given sphere—plate separation, t
to plates of the CC type, since this will serve to adequateiiyteraction between the spheres will decrease, vanish, and tt
illustrate the important features of the interaction for nonzefacrease. This behavior is borne out in Figs. 7e and 7f fc
isolated plate potentials. In Fig. 7 we present results<®r= /b5 = 1 and 2. Fob°/d:° = 1 (see Fig. 7e), we observe
0.3, where the plates are of the CC type. Importantly, we notRat the interaction between the spheres decreases with ¢
that for the CC spheresb., is only weakly affected by the creasing sphere—plate separation, results that are reminiscen
presence of the plate for reasonable choice®®:”; i.e., confinement by a CP plate (see Figs. 3d and 4d). Howeve
D4 = D unless|®;? > |d, sincel’ = —0.023 here. unlike the CP plate case, this reduction in the interaction is dt
Consequently, the only results presented for the interactiontgfd.,. In Fig. 7f we see that fo;/P5° = 2, the interaction
two CC spheres are for a plate helddg}’ = 0 (see Fig. 7a). between the spheres decreases and then increases as
These results exhibit similar behavior to those discussed abgymere—plate separation is reduced. This interesting behavio
in Figs. 3a and 4a. In Fig. 7b we present corresponding resuige to the interaction vanishing at a separatiia = 2.36
for the interaction of two CP spheres in the vicinity of a CQevaluated from Eq. [9]). We note that for larger values o
plate with®p* = 0. Here the effective potentidi. is strongly - &/®%, we will again find that the interaction between the
dependent on the sphere—plate separation which, when cefpheres increases monotonically as the sphere—plate separa
bined with the enhancing effects gf(R), results in the com- s reduced.
plex behavior observed. We now examine the influence ofjy, condition for zero interaction. Finally, we quantify the
varying the isolated plate potentid;°. Noting thatl’ > 1, it \gjyes of d°/dE° for which the effective potentiad.;, and
is clear from [4b] that as the isolated potential raliff/®:°is  pence the interaction free energf (R), vanishes. In Table 1
made increasingly negative, then,/®:", and hence the in- e present results for confinement by a single platexor=
teraction between the spheres, will increase. This effect sz \wenote that these results do not depend on the electric
demonstrated in Figs. 7c and 7d fr"/®:° = —1 and—2. pagyre of the plate, but only on the sphere properties, as
However, if ©;%/®:* is made increasingly positivebe/®s°  eyident from [9]. From Table 1 it is clear that for two CP
will decrease. In particular, for a critical value @f°/®:°, at a spheresAF(R) vanishes at practically achievable values o

O/ . These results contrast with those for CC sphere:

TABLE 1 where highly unreasonable values &f°/®5° must be ob-
Values of ®°/® for which ®.; = 0 at Different tained. Similar results are also found for confinement betwee
Sphere—Plate Separations H/2a two plates, see Table 2. However, in contrast to the single-pla
. case, these results depend on the electrical nature of the c
% fining plates. For the interaction of two CP spheres, we aga

observe that the interaction can vanish at practically achievat
2a CP spheres CC spheres values of®;°/®;°, whereas the same cannot be said for the Ct
sphere case.

1.5 1.55 —67.4

2 1.80 —78.3

3 2.42 ~106 4. CONCLUSIONS
5 4.42 -193

The double-layer interaction between two spherical particle
Note.CC and CP spheres are in the vicinity of a single plate. immersed in an unbounded electrolyte has been extensive
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