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Abstract

We consider the electrostatic potential arising from charge-modulated planes.
By partitioning the potential, we treat the system partially within full non-linear
Poisson—Boltzmann (PB) theory, and partially within linearized PB theory.
Using this partial linearization, we generate closed-form expressions for the
electrostatic potential arising from a single plate, in both salt-free and added-
salt environments, and for two parallel plates, in the salt-free case only. We
show that these potentials are a much better approximation to the exact PB
potential than those generated by full linearization. We then show how one
may use the potential between two such charge-modulated plates to generate
expressions for the disjoining pressure and transverse stress induced by the
charge modulation. We show that the disjoining pressure thus calculated can
be significantly (20-30%) different to that calculated from uniformly charged
plates of the same average charge.

1. Introduction

Forces between charged surfaces and electric double layers have received considerable
experimental investigation and theoretical attention ever since the pioneering papers of
Gouy [1] and Chapman [2], almost a century ago. The reasons for this prolonged interest lies
in the crucial importance of electric double layers in electrochemistry, in colloid science, and in
biophysics. The earlier theoretical work was essentially based on the Poisson—Boltzmann (PB)
equation, a mean-field version of classical density functional theory (DFT), while some more
recent simulations and theoretical approaches incorporate correlations between microscopic
co-ions and counter-ions [3]. While PB theory invariably leads to repulsion between electric
double layers, the inclusion of correlations, which are of growing importance for divalent
and higher-valence counter-ions, may lead to effective short-range attractions between equally
charged surfaces [3].

However, almost all investigations so far have neglected two potentially important aspects
of double-layer interactions, namely the discrete, molecular, nature of the solvent, and the
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discrete nature of the charge density on the surfaces. Asregards the former approximation, most
theories and simulations adopt the ‘primitive model’ picture, whereby the solventis replaced by
a dielectric continuum, although there have been some recent attempts to include a molecular
description of the solvent near charged surfaces either within DFT [4] or in simulations [5].
As for the surface charge density, it is almost invariably assumed to be uniformly distributed,
a model which in most instances leads to considerable simplifications. This is consistent
with the continuum assumption for the solvent, and clearly justified when considering, e.g.,
colloidal particles with typical diameters of hundreds of nanometres, which is much larger than
the spacing between charged radicals on the colloidal surfaces. However, this may no longer
be true for nanoparticles or biomolecules such as proteins, which carry only a few charged
residues on their surface. In fact it was recently realized that the effective interactions between
two globular proteins in an aqueous solution differ significantly when uniform (‘smeared-out’)
or discrete charge patterns are considered [6]. But even for larger charged surfaces, the effects
of charge modulation on the effective force between two surfaces may be expected to become
important when the distance between surfaces becomes of the order of the characteristic scale
of the modulation, which should reflect the mean distance between charged surface sites. Such
situations are common, e.g. when studying the swelling of clays [7].

This paper addresses the problem of the electrostatic potential in the vicinity of charge-
modulated planar surfaces in the presence of co-ions and counter-ions, and of the force between
two such planes within the framework of PB theory. A single, infinite planar surface will be
considered first (section 2), and a distinction will be made between two geometries: an infinite
thin plate immersed in an electrolyte, and a charged plane separating an electrolyte on one side
from a dielectric medium on the other. The two situations obviously differ in the electrostatic
boundary conditions (bc); the former is a model for an isolated clay platelet in an ionic solution,
while the latter pertains to a large spherical colloidal particle suspended in an aqueous solution,
in the limit where the diameter is much larger than all other relevant length scales.

Sections 3 and 4 deal with the case of two parallel charged planes immersed in an ionic
solution, or backed by a dielectric substrate and confining an ionic solution. Expressions are
given for the normal and tangential forces acting between the two planes. As an application,
these forces are explicitly evaluated for the simple case of striped charge densities (one-
dimensional charge modulation).

A ‘primitive model’ description will be used throughout, i.e. the solvent is treated as
a dielectric continuum of permittivity €. We shall restrict ourselves to fully closed-form
solutions, which may only be achieved by partial or complete linearization of the PB equation.
Some of the equations obtained in the present work are similar to equations derived for a
physically different situation, namely the electric double layer near a geometrically rough
surface carrying a uniformly distributed charge [8]. While in the process of writing the present
paper, the authors’ attention was drawn to a preprint by Lukatsky et al since published [9], which
addresses the problem of the counter-ion distribution near a single charge-modulated plane;
this analysis is restricted to counter-ions only (no added electrolyte) and finds a significant
enhancement of counter-ion localization due to the surface charge modulation, in qualitative
agreement with the findings of [6].

2. Electrostatic potential near a single charge-modulated plate
Consider an infinite planar surface placed at z = 0, carrying a modulated charge density

—eo (x, y), separating two dielectric media, with dielectric permittivities € (region I, z < 0),
and ey (region I, z > 0). If p;(r) and py(7) are the local charge densities of free charges in
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each region, the electrostatic potential ¢ (7) satisfies Poisson’s equation in both regions:

V2 (r) = L) o =111 (1
€0€Ey
The usual bc are that, at z = 0, ¢ () be continuous, and the electric field, E(r) =

—V¢(r), undergo the discontinuity
co(enEN (x,y,2=07) —aED(x, y,2 = 0%) = —ea (x, y). by

Two physically different situations will be considered in this paper.

(i) Situation A corresponds to an infinitely thin plate immersed in an ionic solution containing
monovalent co-ions and counter-ions of bulk densities nfo) (i = —,4). In this case,
regions I and II have identical properties, and in particular, € = €y = €. To close the
above equations, a mean-field, PB, approximation is made, whereby

p(r) = e(ny(r) —n_(r)) = e(nVe V™ — nPev®) 3)

and the dimensionless potential 1 (r) = e¢(r)/kgT is introduced. In the presence of
a finite concentration of added salt, n\” = n” = n,. Introducing the Bjerrum length,
I, = e?/(4mepepkyT), and the inverse Debye screening length, k = /8ml,ng, the PB
equation, obtained by substituting (3) into (1), reduces to the well-known form

V2 (r) = «* sinh[y (r)] @)
while the bc (2) reduces to
dy dy _
<d_z Y — E z:0+> = 47le0 (5)

which determines the opposite slopes of /() on either side of the plane at z = 0.
In the somewhat academic case of vanishing salt concentration, when only counter-ions
are present, equation (4) must be replaced by

V2 (r) = —4nlynge V™ 6)

where the counter-ion ‘density’ prefactor is undetermined, as is the average surface
potential per unit area.

(ii) Case B corresponds to a charged planar surface separating a charge-free dielectric substrate
in region I from an ionic solution in region II. The PB equations (4) or (6) must now be
solved in region II, while in region I the potential satisfies the Laplace equation

V2O (r) = 0; 7 <0, (7
and the bc are
v, y,2=0) =y P, y,z2=0% (8a)
oy P(x,y,2) ov(z,y,2)
gy D WY DN ey, (8b)
9z z=0" dz z=0"

In the case of a uniformly charged plane, i.e. o (x,y) = oy, the PB equation is easily
solved in all cases considered above [1, 2, 10]. This paper examines the case where the
charge density varies along x and y. The modulation is assumed to be periodic over a
rectangular array of unit cells [—/ < x < I; —h < y < h]. The most general real Fourier
representation of the charge density is then

o6, ¥) =Y A frmn(x, ¥) (9a)

m,n=0
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where

mmx nmwy L [max nmwy
fmn (X, ¥) :amncos|: j|COS|:Tj| + by sm[ ] j|cos|:7j|

l
+ Cin cos|:m7x] sin[mTy} +dpn sin[m7xj| sin[nhﬂ}, (9b)

and a,,, etc are four independent coefficients, determined by the usual rules of Fourier
series, while the A,,, are merely weights for the special cases where one (A = 1/2) or
both (A = 1/4) of the indices are zero.

In the presence of such modulated surface charge densities, the non-linear PB equation
cannot be solved analytically, contrary to the case of a uniform charge density,
corresponding to the m = n = 0 Fourier component of (9a). In view of the three-
dimensional nature of the problem, the numerical solution of the PB equation would be
computationally very demanding. Consequently, additional simplifications are required.
In this paper, fully and partially linearized versions of the PB equation are considered.

2.1. Linearized theory

The linearized Poisson—-Boltzmann (LPB) version of the PB equation (4), including the source
term, reads

(V2= DY (x, y,2) = dmlyo (x, )8 (2)- (10)
In view of the linearity, this LPB is trivially solved for each Fourier component!, and the
resulting potential for an infinitely thin plate (case A) is simply

e dmnlzl

Y o==2mly Y Apnfrm—— (11)

m,n=0 mn

where g, = /k2 + (mm /)2 + (n7w [ h)>2.
In case B (surface backed by dielectric), the solution has different forms in the two regions;

0 e PmnZ
YO = —4mly, > A fom (12a)
m,n=0 S_Hpmn + qmn
(In S e m*
YW = —dnly Y hn fom g (12b)
m,n=0 E_“pmn + qmn

where p,, = /(mm/1)? + (nm [ h)2.

2.2. Partially linearized theory

The above solutions of LPB theory are valid only for sufficiently low surface charge or surface
potential (for a uniformly charged plane, the requirement would be that 1y < 1 or ¢y < 25mV).
On the other hand, non-linear PB solutions are available for uniform surface charge. Itis hence
natural to seek a solution of the partially linearized Poisson—-Boltzmann (PLPB) equation
by separating the modulated surface charge into its mean value oy (i.e. o(x, y) averaged
over one periodically repeated rectangular cell), and the x- and y-dependent remainder;
i.e.o(x,y) = op+o;(x, y). Thereduced electrostatic potential 1 (r) may likewise be separated
as ¥ (r) = Yo(r) + ¥ (r). The Gouy—Chapman solution for ¥ (z) is, for z > 0,

Yo(z) = —4|Z—O| arctanh[e < +%0)] (13)
0

! Using the Green function G(r — 7') = exp(—«|r — 7'|) /47 |r — 7/| of the Helmholtz operator.
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where zo is determined by the gradient of the potential at contact, ie. xkzg =
arcsinh[k /(mly|op])] for case A (infinitely thin plane) and kz¢o = arcsinh[x/(2mly00)] for
case B.

The remaining part of the potential, v (r), satisfies the following non-linear equation:

V1(r) = i (sinh[o(2)1(cosh[y ()] — 1) + cosh[yo(2)] sinh[ ¥ (r)]). (14)

Equation (14) is exact within non-linear PB theory. A closed-form expression may only be
obtained upon expanding the rhs to first order in v, yielding the linear partial differential
equation

V21 (r) = k? cosh[¥o(2) 11 () (15)

where 1/y(z) is given by equation (13). The x- and y-coordinates are now transformed into
Fourier space, leaving a set of simple differential equations:

2
<d_2 2 2/(2 cosechZ[K(z + ZO)]>1/AII (k,z) =0, (16)
dz

where g* = k* + k%, and k* = k7 + k3, with k., k, the Fourier variables conjugate to x and y.
These linearized equations are identical in form to those derived in [8] in the different context
of rough interfaces. The solution may hence be directly taken from that paper, namely

Vi(k, 2) = A(k)e™ " (i cothlie (z +20)] + ) an
The prefactor A is determined by the bc (2) in the case of an infinitely thin plane, with o (x, y)
now replaced by o (x, y), with the result
—2ml,o (ky, ky)e’”(’

A= ,
g% + kq coth(k zo) + k2 cosech® (k zo)

(18)

where 61(ky, ky) is the Fourier transform of oj(x, y). Upon Fourier transforming the
solution (17), (18) back into (x, y) space, one arrives at the required result

k coth[k (z + 20)] + Gmn

o0
(X, s Z) = —2ml Amn finn (Xa )eiqmnz (19)
ity b Z S Y g2+ Kqmn coth[kzo] + k2 cosech?[k zo]

m,n=0 mn

from which the co-ion and counter-ion densities are immediately determined, using the partially
linearized (with respect to ;) version of equation (3).

In order to test the accuracy of the solution of the PLPB, one would ideally like to compare
it to the corresponding solution of the fully non-linear PB equation. However, since no closed-
form solution of the latter is available for a modulated surface charge, the test will be carried out
on the case of a uniform charge density, which will be arbitrarily split into two constant parts
op and 0. In this case, the only non-zero Fourier component in equation (9b)is agy = 407.
The fully linearized, partially linearized and fully non-linear solutions to be compared are

—KZ

Yiin = —27mlp(00 + Ul)e , (20a)
K
ez th + +1
Y, = —4arctanh[e ] — 27/,0, © cothlic(z + 20)] 5 . 20 = 20(00),
Kk 1+ coth[kzg] + cosech”[kzp]
(20b)
W = —4arctanh[e <), 20 = zo(00p + 01). (20¢)

20, as given after equation (13), has different values in equations (205) and (20c¢).
Figure 1 shows the ratios of contact values of the partially linearized potential over the exact
PB potential, as functions of o, for two salt concentrations. Contours of constant deviation
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Figure 1. The ratio of contact values for v¥,;(z = 0)/¥(z = 0), over a range of surface charge
densities. In the left-hand figure, n; = 0.01 M, and the contours represent differences of 10% from
unity, while on the right, ny, = 1 M, and the contours represent differences of 1% from unity.
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Figure 2. The ratio of contact values for v;, /Y, over a range of surface charge densities. The
dotted curve is for ny = 1 M, and its scale is on the left of the graph, while the solid curve is for
ng = 0.1 M, and its scale is on the right.

from unity are shown. This may be compared to figure 2, which shows the ratio of contact
values of the linearized potential over the exact PB potential, for the same range of 0. While the
linearized theory becomes rapidly inadequate with increasing o at lower concentrations, the
partially linearized theory yields surprisingly accurate results. Even at higher salt concentration
where the surface charge is more efficiently shielded, and the fully linearized approximation is
more useful, the partially linearized potential is still significantly better. The decay behaviour
of the partially linearized potential is shown in figure 3. It can be seen that as z increases, the
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Figure 3. The decay behaviour of partially linearized and fully non-linear potentials as z increases.
ng = 0.01 M; 09 = o1 = 0.5 nm~2. This corresponds to the point in the middle of the left-hand
graph in figure 1. The overestimation of the potential by the partially linearized theory decreases
as z increases.

partially linearized potential becomes a better approximation to the fully non-linear potential,
as one would expect.

Finally, consider the salt-free case where only counter-ions are present. The solution of
the non-linear PB equation (6), for a uniform surface charge density oy, is then

Yo(z) = In[27lpng(b + 2)°] 1)

where the Gouy length b = (2rlyo0)~" is determined by the bc (2). ng is undetermined, and
its choice merely sets the zero of the potential scale.

Performing the same partitioning and expansion as before, one arrives at the salt-free
equivalent of equation (16), namely

T e 2 Vo =0 (22)
dz2 (b+z2 ) Y=
The solution which vanishes as z — oo is (region II)
N 1
0 (2) = AW (k)e K0+ <k + —> (23)
b+z

The same solution holds in region I, with z replaced by —z.

In considering a plate surrounded by counter-ions, it must be noted that while the number
of counter-ions is mandated by the requirement of charge neutrality, their allocation between
regions I and II is entirely a matter of choice. The physically most reasonable choice is to
divide them equally between the two regions, and it may be shown that this arrangement in
fact minimizes the total free energy of the system.

Imposing the bc (2) then leads to the required solution

Yi(r) = —

271pb* o~ (1+ pun (b + [2]))e P
= hon fron (5, ). (24)

b+lz| &= 1+bpun(1+bpyn)
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As in the case with added salt, the partially linearized potential yields a surprisingly
accurate approximation to the fully non-linear potential over most of the parameter space.

3. Potential between two charge-modulated plates

Since the ultimate goal of this study is the calculation of the force (or disjoining pressure)
acting between two charge-modulated plates, the next step is to determine the electrostatic
potential between two such plates, placed at z = 0 and D. As in the previous section, two
situations are possible. Situation A corresponds to two infinitely thin plates immersed in an
ionic solution. Regions I-III have identical properties, and in particular, identical dielectric
constants €; = €y = ¢ = €. In situation B, a solution of dielectric constant ¢y is confined
between two semi-infinite dielectric slabs, or substrates, z < 0 and z > D, of dielectric
constant €; = €.

In this paper, we shall only treat case A, infinitely thin plates. Case B is dealt with in more
detail in [11].

The surface charge densities (divided by —e) are of the form

01(x7)’)= Z )Lmnfn(lln)(x7y); ZZO, (2561)
m,n=0

(6. 3) = > Aunfin (5, ) :=D (25h)
m,n=0

where the functions fn(jz are again given by equation (9b), with different coefficients a,.,, by,
Cmn, and d,,, for the two plates, which will in general carry different modulated surface charge
densities.

In the special case of uniformly charged planes, an explicit solution of PB theory for two
plates exists only in the salt-free (counter-ion-only) limit [10]. Since an explicit solution is
needed for a fully analytic treatment of the partially linearized PB theory introduced in the
previous section, the following discussion is restricted to fully LPB theory in the presence of
added salt, while the salt-free case will be treated within the PLPB theory, which is expected

to have a much broader range of validity.

3.1. Linearized theory

In situation A, the linear solution for the reduced potential may be easily calculated from the
Green function representation

—K|r—7'|
() = I, / ) o E DDA (26)

|r
Substitution of the surface charge densities (25a) then leads immediately to the result

o)

)\mn — 7 — —7
V() ==2mly, Y ) e i £ (x, yyemim P 27

m,n=0 1mn

where the g,,, are defined after equation (11). Equation (27) is valid in all three regions.
Case B is slightly more complicated due to the dielectric bc which must now be imposed at

the interfaces between regions I and II (z = 0), and between Il and III (z = D). The resulting

reduced electrostatic potentials in regions I, II, and III are available in TOW’s PhD thesis [11].
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3.2. Partially linearized theory

For the reasons explained earlier, restriction is made here to the salt-free case. The
dimensionless potential in region II satisfies the PB equation

V2D (p) = —202e V"™ (28)
where C? = anbnim), and ni’") is a reference mean mid-plane counter-ion density, which is
fixed by the constraint of charge neutrality. Within PLPB theory, i is split into vy and ¥,
where v is the dimensionless electrostatic potential due to two equally and uniformly charged
plates at z = 0 and D; the solution of the non-linear PB equation for v is [10]

Yo(z) = ln[cos2 [C (z — ?)H (29)

C is determined by the bc on the gradient of the potential at either plate (which is equivalent
to imposing charge neutrality); the corresponding equation for C is

CD
C tanl:Ti| = 2nl0y. (30)

Upon linearization of the PB equation (28) with respect to v, the latter is found to satisfy
the following equation in region II:

Vi (r) = 2C? secz[C(z — §>i|l/fl(n)(’l°). 31

Taking the Fourier transform with respect to the coordinates x and y, one arrives at the
following differential equation for " (k, z):

d2 D A (II)
<d_z2 —k2—2C2SCCZ|:C<Z— ?)}) Wk, z) =0, (32)

the general solution to which is

‘%H) (k,z) = A" (k:)ek(Zg)(C tan |:C (z - ?)} — k>

+ AT ()eka= ) Ctan[C(z — %)] +k

2k(C? +k?)
This solution does not apply when k = 0, but this is not required if o is not chosen such that
its mean is zero.

Considering case A, that of infinitely thin plates, it is clear that the potential outside the
plates, in regions I and III, will have the same form as seen in equation (23). In this case we
must also consider the distribution of counter-ions between the three regions. Analysis shows
that the minimum-free-energy configuration actually occurs when all counter-ions are outside
the plates, due to the entropy thus gained. However, this is not physically reasonable. We shall
therefore again let the counter-ions from each plate be divided half and half each side of that
plate.

Taking these forms for the potentials, and applying the necessary boundary conditions,
we can find an expression for the potential in each region. These expressions are shown in the
appendix.

Case B, of dielectric-backed plates, will not be considered here, but is examined in [11].

We may note that both forms for potentials shown here (and all of those shown in [11])
have the form

(33)

= (oD @ mn) £0) (e y) + o @5 n) £ (x, ). (34)

mn

That is, 051(11) (z; m, n) represents the influence, in region I, of the m, nth Fourier component of
the charge modulation on plate 1.
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4. Normal and tangential forces between charge-modulated plates

Having explicit expressions for the reduced electrostatic potential in the system of two plates,
we may now calculate the pressure in the system.
In a system of charged particles with no short-range interactions, the stress tensor is

€€0 _»
ng =(II— TE (Saﬂ +eegEE (35)

where IT = kgT ), n;(x,y, z) is the osmotic pressure. Within one-dimensional fully non-
linear PB theory, the stress tensor is constant between two plates, which renders the calculation
of the disjoining pressure very simple. This is no longer true for a system involving charge
modulation in the (x, y) plane; nor when the PB equation is approximated from full non-
linearity.

To calculate the stress on the plates, we therefore integrate the stress tensor around both
plates, and sum the forces. The force on one repeating area of the first plate is

Lh
7= Z“”:// (T(z=0"—T(z=0))-2dxdy (36)
= - =
and similarly on the second plate. The total stress between the plates is then
F, — F
§=-2_"1 (37)
8lh

The disjoining pressure is given by the z-component of equation (37), and the transverse
stress by the x- and y-components. Inserting equation (35) into (36), and making various
simplifications due to Gauss’s law, it can be seen that the force at any point on the first plate
is given by
1 ’ %
FO(x,y) =~ o : (38)
I oy oy
BIWI Y, () = ng + 3o (M +242) ) o

where B[] denotes the appropriate Boltzmann distribution, whether fully non-linear, partially
linear, or fully linear.

4.1. Disjoining pressure

Considering the components of the stress tensor separately, we will look first at the
z-component, corresponding to the normal stress. Its calculation is simplified by the fact
that the f!) integrate to zero over one repeated area. Separating out those parts without
dependence on x, y, we may write the force on one repeated area as

m o (0) (,) 81/,(11) awm
Fz“)z?[l?o[iﬁo]z(”i,n D+ 0z oz

Lh (11) )
a9, 0y,
2,8// dxdyo, < 9z 5z ), 39)

where By[vo] is the Boltzmann distribution applicable to 1. The first two terms of
equation (39) give the force due to uniform charge, from which we can see that in this
formulation, the pressure due to uniform charge is

1 81,0(11) 9 I/f(l)
§ : (0) (0) (1 0
|:B() 1//() (nl m— 2 =0y (? a—Z> . (40)
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Noting again that all the expressions for the potentials I/f](i) (forregion i) in the two plate systems

may be written in the form ), Ay (oz[(]) £+ al@ £2)), we may write the additional force as

1 1,h
0 _ 1)
=g D e [ [, o

m,n m',n'

ad d
. (a_zmgw Fal) i+ el + ) f,,g%;,). (41)

The Fourier series form of f,,, allows the relatively simple evaluation of the double
integral:

Lh
2
E E )\mn)\m’n’// dx dy frr(tL) n(l’l)1’
mon m' o —1,—h

=1lh Z An (@Da®@ 4 pp@ o (D2 g() g2y (42)

The underlying symmetry of the uniformly charged system allows us to simplify the
expression resulting from the insertion of equation (42) into (41), and the additional pressure
may be written as

1 d
_ (2) (2) @M @) (D, (2) 1 .(2) 1) 4(2)
P = _—16,8 Amn (Za—z(al + oy )z:O (amnamn +b, b+ o) + dmndmn)
m,n
d 2 2 2 2

(1) (H (€8] ?2) (1) (2)

+ a—z(ozl + oy )Z:0 (aly)” +al) " +bi)" + bl

n2 2)2 1?2 2)2
+ O O+ +di) ))- 43)

4.2. Transverse stress

Clearly there is no contribution from the uniform surface charge to the transverse stress.
Considering only the x-component, the force on one repeated area of the first plate is

1 Lh 1) 1) 8f(!)/ ®) af(%)/
Fi,=-= Xmn A dxd mn MR+ ), 44
= 5 Y b [ [ axay g (o M o @)

mn m'.n’

The integral to be summed is

Lh (@)

’ af,

E E )\mn)\m’n’ // dx dy frr(lL) fmn
—I,—h 0x

m,n m'.n'

2,1 R 2) 401 NPT
= b 3 k@ — a0 — D) @
mn
Remembering again the symmetry of the uniformly charged system, the transverse stress may
be written as the two-dimensional vector
2
i (e = 0 m, m)(alhbSE) — aSb) + ey — cdit) )

mn-—"mn

T
%= mZ " < 163 (2 = 0y m, ) (@@ — a2 + bNd2 — b2 d (D) 0

mn-mn mn-—"mn



7660 T O White and J-P Hansen

5. An application to ‘striped’ charge densities

We shall now use the expressions above to study one particular type of modulated charge
density: specifically, ‘stripes’ of charge. That is, on each plate the charge density is modulated
by a one-dimensional sinusoidal wave, with a phase offset of 6 between the two plates. Thus

Oy =1 cos|:7tl—x:|, %,y =1 cos[”l—x +9}, (47)

where 7 is the magnitude of the modulation. The only non-zero Fourier components are
ayy =2, ajy = 2t cos[f], b\y =2t sin[6]. (48)

Under these conditions, the additional disjoining pressure is
2 8 = =
P = ]2 ozl(l) m=1 +°‘1(11) m=1
48 | oz n=20 n=20 =0
s (g (m=1) g0 (m=] cos[f] (49)
az\ T \n=0 T \n=0/_ ’

which has two parts: a constant part and an angularly dependent part. Given the shape of
the ozi(z) (which are both decreasing at z = 0), the coefficient of the angular part is positive,
and thus the pressure will be greater at & = 0 than . This is expected since when the two
modulations are in phase, areas of high charge will be closer together than when they are out
of phase.

The presence of the constant term is rather more surprising. If it is non-zero, this means
that the pressure due to charge-modulated plates, averaged over all phase offsets, is not equal
to the pressure due to uniformly charged plates of the same average charge; i.e., that averaging
out the charge modulation is not equivalent to averaging over the phase offsets, which is what
one might naively expect.

This term arises from the self-interaction of the potential due to each plate. Given that
the additional potential is linear, and therefore additive, we have separated out that portion of
the additional potential due to each plate. While this would be symmetrical about the plate
if there were only one plate, it is not when there are two; and for each plate the gradients of
this partial potential on either side of the plate are opposite in sign, but not necessarily equal
in magnitude, and this constant term is proportional to the sum of these gradients; i.e. the
difference in their magnitude. In principle, this difference may be positive or negative; it may
augment or reduce the pressure; in practice we have found that it increases the pressure under
all reasonable conditions.

It should be noted that the effect of this term is not related to the counter-ion density
enhancement found in [9], since their analysis relied upon expanding the distribution to
quadratic order. The present term appears at linear order, and is due to the fact that the
pressure involves the square of the electric field, allowing linear terms to contribute to the
integral over the repeated area.

The transverse stress under these conditions is trivially seen to be

2
LN ~
S, = Z—,BZal (z = 0) sin[#]. (50)
Clearly, at & = 0 and 7, the stress will be zero, since these represent the maximum and
minimum, respectively, of energy. Again, the sign of o shows that the stress elsewhere pushes
the plates towards a configuration of & = , i.e. the configuration of minimum energy, and
has a maximum at 0 = /2.
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5.1. Linearized, added-salt case

The potential from the fully linearized system containing added salt is of limited applicability,
due to the limitations of the linear approximation, but does have a particularly simple form,
which is useful for illustrative purposes.

The disjoining pressure due to uniform charge in this case, from equation (40), is due
entirely to the interaction of each plate with the potential from the other, and has a magnitude
of 2l 0e P /B. For the additional potential, we can immediately see that the first, self-
interaction, term in equation (49) is always 0. That is, there is no effect on the average
pressure when charge modulation is introduced. The variable part, however, has an amplitude

. . . . . 2
of 2ml,t?e~ 7P /B, The ratio of this amplitude to the uniform pressure is %(ULO) elk—a0D,

Thus the importance of this excess pressure is proportional to T2/ 002, and decays exponentially
as the plate separation increases.
The stress, from equation (50), on the other hand, is

Sy =———¢ sin[0]. (51)

5.2. Partially linearized, salt-free case

The potentials for two plates surrounded by counter-ions are shown in the appendix. In this case,
the pressure between the uniformly charged plates is given by the first term of equation (40):

1
Py=—e"@ni" —ny’ —ni™) (52)
28
where n,’ is the ‘bulk’ density in each region; namely n{™ between the plates, in region
II, and the undetermined constant n, outside, in regions I and III. However, in this case,
the ‘undetermined’ constant may be determined by the constraint of the continuity of the
potential across the plates. Given this, we may say that n(()l) = n(()m) = n(()u) sinz[%], and thus
Py = nf,m)/,B, where, as before, C2 = 7l,n™ and Ctan[%
uniform pressure accords with the standard result [10].

The amplitude of the 6-dependent part of the partially linearized pressure is

@)
0

] = mlpop. This value for the

72 47l
E?bbploemw(l +bp10)(C* + po) (1 +bpio(1 + bp1o)). (53)

The ratio of this amplitude to the uniform pressure is shown on the left in figure 4, for a range
of values of D and oy. T is kept constant at a value corresponding to stripes of +1e nm~2. The
region of particularly high value on the left-hand side is unlikely to be an accurate reflection of
the actual pressure, since it corresponds to a very strong modulation on a very weakly charged
surface, which is precisely the region where our approximation is least correct.

The constant term in the additional pressure results from inserting equations (A.2)—(A.4)
into equation (49). The ratio of this constant, self-interaction, term, to the uniform pressure
(that is, the pressure in the absence of modulations, but with the same average charge) is shown
in the right of figure 4, for the same striped charges as before. It can be seen that the difference
that this extra term makes is fairly small compared to that due to the phase-dependent term.
Only at very close separations does it make more than a 1% difference. In nearly all cases it
increases the pressure, but it should be noted that there is a small region in the bottom right-hand
corner (which represents a very small separation, and a very small amount of the charge being
treated by modulation—the very small separation rendering this area uninteresting), where the
sign of this extra term is negative. This is the only area in which the magnitude of the potential
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Figure 4. The additional pressure due to charge modulations in a salt-free system. The left-hand
graph is the ratio of the amplitude of the angularly dependent part of the additional pressure to
the pressure from uniformly charged plates. The right-hand graph shows the ratio of the constant
(angularly independent) term to the pressure due to uniformly charged plates. The contour lines
are not equally spaced; solid curves are marked with values, and dotted curves have values halfway
between their neighbouring solid curves. Note the difference in scale between the graphs.

gradient on the right-hand side of the first plane is greater than that on the left, which is caused
largely by the proximity of the planes.
The transverse stress in the system is given by the formula
27 87l

Se==r Tbbze_pml)plo(l +bp10)>(C? + ply) sin[6]. (54)
Figure 5 plots the ratio of the peak value of the stress to the uniform pressure, over the same
range of o and D, and with the same value for t as before. It can be seen that the magnitude of
this effect decays very quickly; the exponent s proportional to 1//, where/ is the wavelength of
the modulation, which is 2 nm in this case. Should the modulation have a greater wavelength,
the stress would be correspondingly more important.

6. Conclusions

We have examined the electrostatic potentials in the vicinity of isolated or pairs of parallel,
infinite plates, carrying a spatially modulated surface charge density, within PB theory. The
potentials were calculated within fully or partially linearized versions of the theory, for which
fully closed-form solutions were obtained. The PLPB theory can be tested against results for
the full non-linear equation in the case of a uniform surface charge, and was shown to be
surprisingly accurate.
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Figure 5. The peak value of the transverse stress in a salt-free system. The contour lines are
not equally spaced; solid curves are marked with values, and dotted curves have values halfway
between their neighbouring solid curves.

The main application of the potentials is the calculation of the stress tensor associated with
ionic solutions in the field due to two charge-modulated plates. We have obtained closed-form
expressions for the normal and transverse components of the stress, averaged over a unit planar
cell of the periodically repeated charge pattern. These expressions were explicitly evaluated in
the case of a one-dimensional striped charge pattern on the plates. The normal component of
the stress, the disjoining pressure, is found to be significantly enhanced compared to the case
of uniformly charged plates. The maximum enhancement occurs when the striped patterns are
in phase, while the disjoining pressure is lowered when the patterns are out of phase. For an
interplate separation, D, comparable to the periodicity of the striped pattern, the enhancement
can be as large as 30%.

The present results are limited to cases where full or partial linearization of PB theory
leads to fully closed-form expressions. In the case of the forces between two plates, this means
that the accurate PLPB theory could only be worked out for the salt-free case. It will clearly be
of interest to extend the present calculations to two-dimensional charge patterns on the plates,
for which the expressions derived in this paper are directly applicable; and for the case of
added salt, which will require numerical work, except in the case of fully linearized PB theory.
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Appendix. Partially linearized potential between two plates surrounded by counter-ions

Taking the general solution for the potential given in equation (33), and applying the appropriate
boundary conditions; i.e.,

Ik, z = 0) = " (k, 2 = 0);
8 A~ (I) k’ a 7 (H) k’
vy (k)| 9y (K, 2) = 4161 (k. ky);

9z z=0 9z z=0 (A.1)
2 (II) . 4 _ . :
| (k,z=D)=1vy, "(k,z=D);

Wk, )| "k, 2)
9z z=D 9z

= drlpo (ky, ky);
z=D

we may solve the resultant linear equations to determine that the potentials in the three regions
are

47r1,b> A CD\?
@ b mn o
@y =-g— ) (1+pmn(b—z>){f,£,z>e" Z[—(;am,,—Ctan[TD

m,n=0

CDT\?
+ emenD(l + prmn(l + bpmn)) (pmn + Ctan[7:|)

CD

+2bC*(1 + bpyy)e PP sec? [T} ( Pn €OSh[ pyun D]

CD
+ C sinh[ p, D] tan[Tm + [ 26" P4 by (14 bpn) (C? + p?,m>},

(A.2)
A
(I1) mn
= —4nl,b 1+bpyn,
L (e, y,2) lp m;() D( Pmn)
pz | & b 2(1+b
—Pun — (pm+Ctan|Clz— = 2bC“(1 + bpn
x{e f’"”[l+cos[CD]<p an[ <Z 2):|)( (o)

— Pun — Pmn cOS[CD] + C sin[CD])

S R o) [ e
CD
+ (1 +2bpun (1 + bppn)) <pm" " Ctan[7i|>>i|

+e P79 £ 762%@72) pmn — Ctan| C| z — D 2bC?*(1 + bpym)
"1 4+ cos[CD] 2

— Pwn — Pwn cOS[CD] + C sin[CD])

D CD
+ C2p”'“D(pmn +C tan|:c (Z - ?):|) <bC2(1 + bpmn) Seczl:T:|

CD
+ (1 + 2bpyn(l +bpm,,))<pm,, +Ctan[TD>]}, (A3)
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drlyb? Z Amn

(1) _
‘h (x’y,Z)— b—D+Z D

(1 + pmun(b — D +2))
m,n=0

x {f,f,ﬁzbewwz) Pon(14 bPnn) (€7 + pp,)

cD1\?
+ frepm D= [(1 + 26D (1 + bpyuy))e*rm? (pmn +C tan[TD

c tanl €2 2
- mn — an| ——
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