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In this paper we propose a protocol to suppress double-layer forces between two microspheres immersed in a
dielectric medium, being one microsphere metallic at a controlled potential ¥y and the other a charged one either
metallic or dielectric. The approach is valid for a wide range of distances between them. We show that, for a given
distance between the two microspheres, the double-layer force can be totally suppressed by simply tuning ¥y
up to values dictated by the linearized Poisson-Boltzmann equation. Our key finding is that such values can be
substantially different from the ones predicted by the commonly used proximity force approximation, also known
as the Derjaguin approximation, even in situations where the latter is expected to be accurate. The proposed
procedure can be used to suppress the double-layer interaction in force spectroscopy experiments, thus paving
the way for measurements of other surface interactions, such as Casimir dispersion forces.

DOI: 10.1103/PhysRevE.97.022611

I. INTRODUCTION

Electrostatic double-layer forces are among the most im-
portant interactions between solid surfaces in liquids [1,2].
Being one of the pillars of the Derjaguin, Landau, Verwey, and
Overbeek (DLVO) theory [3-5], which was developed seven
decades ago to explain the aggregation of aqueous dispersions,
this interaction has been extensively studied over the past
century, from the pioneering works of Gouy, Chapman, and
Debye [6-8] to the recent force spectroscopy experiments us-
ing atomic force microscopes (AFM) [9-16], optical tweezers
(OT) [17-22], and total internal reflection microscopy (TIRM)
[23-25].

In some experiments, however, electrostatic double-layer
forces were actually suppressed in order to probe other inter-
actions such as the Casimir force [26]. In fact, electrostatic
double-layer force suppression is commonly achieved by salt
screening of the surface charges in polar media, [26], or
by using specific soluble charge control agents in apolar
environments [20]. When metallic surfaces are present, another
strategy consists in finding particular values of the electro-
static potentials at those surfaces that suppress the double-
layer force between them. These values, henceforth named
potentials of zero force (PZF) [27], are obtained by either
changing the solution’s pH or by electrostatic potential tuning
[11,27-29].

Double-layer forces are usually described by the (nonlinear)
Poisson-Boltzmann (PB) equation [9]. When the surfaces
are separated by very short distances (a few nanometers or
less), two important properties determine the nature of the
interaction: (i) the potentials involved are typically much
larger than kgT /e (where e is the elementary charge), so
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that nonlinearities are relevant, and (ii) the curvature of the
surfaces has a negligible effect, so one can use the proximity
force (Derjaguin) approximation (PFA) to calculate the force
by averaging the result for parallel planar surfaces over the
local distances. Additionally, since the PB equation is based
on a mean-field approximation, it does not take ionic specificity
[30,31] and correlations (ion-ion and ion-image interactions)
[32-35] into account. Such effects are relevant at short dis-
tances, particularly for multivalent ions. In this work, however,
we are interested in larger distances (tens of nanometers or
more). In such range, we are entitled to neglect beyond-PB
effects [36] and replace the full PB equation by its linearized
version, henceforth referred to as Debye-Hiickel (DH) equation
[9]. On the other hand, curvature effects become more relevant,
and then it is indispensable to take the spherical geometry fully
into account.

Here we propose a theoretical protocol to suppress the
double-layer force between two charged microspheres im-
mersed in a dielectric medium for a wide distance range. One
of the microspheres is metallic and placed at an externally con-
trolled electrostatic potential v, while the other microsphere
could be either (i) a charge-regulated (CR) dielectric micro-
sphere, or (ii) an electrically isolated metallic microsphere with
total charge Q. Then, for a given distance L, the electrostatic
double-layer force between them can be totally suppressed by
simply tuning Y\ up to a calculated PZF value.

Our most striking observation is that there are situations
where the PFA predictions for the PZFs are completely off the
mark, even when they are, in principle, expected to be accurate.
As we shall discuss, this is not exactly due to a failure of the
PFA, but rather to the fact that the PFA is not well defined in
such situations.

The paper is organized as follows. The results for dielec-
tric and metallic spheres are presented in Secs. II and III,
respectively. Section IV is dedicated to concluding remarks.
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FIG. 1. Dielectric and metallic microspheres. The potentiostat
controls the metallic microsphere electrical potential .

Appendixes A and B contain details of the theoretical deriva-
tion, whereas Appendixes C and D discuss commonly em-
ployed approximations.

II. CHARGE-REGULATED DIELECTRIC MICROSPHERE

A. Debye-Hiickel theory with two spherical surfaces

We consider a linear and isotropic dielectric microsphere of
radius Ry, relative permittivity €,, and a metallic microsphere
of radius R,, with their centers separated by a distance £ along
the z axis, as depicted in Fig. 1. The distance of closest ap-
proachis L = £ — Ry — R,. The microspheres are embedded
in an isotropic Z : Z electrolyte, which is a substance that
separates into cations and anions of Z and —Z valence under
solvation, with relative permittivity €,,, and the whole system is
in thermal equilibrium at a temperature 7. We assume that the
metallic sphere is held at an externally controlled electrostatic
potential ¥\, and that the dielectric microsphere may exchange
charge with the medium by ion adsorption or dissociation
processes [37]. We extend the theory developed in Ref. [38] to
the case of spheres with different radii and material properties,
and derive the double-layer force from the solution for the
electrostatic potential.

The electrostatic potential in the electrolyte outside the
microspheres (region /11 in Fig. 1) satisfies the DH equation
[1,2,8]

(V2= HyY(@r) =0, (1)

P 1 _ 6mk3T (2)
P T 2(Ze)*neo

is the Debye length, a measure of the diffuse double-layer
thickness [1]. no is the ionic bulk concentration (assumed
to be much higher than the concentration of ions dissociated
from the surfaces). While the linear approximation leading
to the DH equation (1) is strictly valid when |¢| < 25 mV
for T ~ 300 K, it is commonly found that the results are
trustworthy for potentials up to 50-80 mV [1].

We assume that there is no free electric charge inside the
microspheres. Thus, the electrostatic potential in regions [

where

and /1 satisfies the Laplace’s equation

V2 (r) = 0. (3)

1. General solution outside and inside the microspheres

Following [38-43], we write the general solution of Eq. (1)
with azimuthal symmetry as

o0

Y (P) =) [anky(icri) Py(cos b))

n=0
+ buky(kr2) Py (cos 6,)], (4)

where r; and 6; are the spherical coordinates of a point P in
region /11 with respect to the center of sphere /, and likewise
for r, and 6, with respect to the center of sphere /1, as illustrated
in Fig. 1. P, is the nth-order Legendre polynomial and k,, is the
modified spherical Bessel function of the third kind and order
n defined in Appendix A. The unknown coefficients a, and b,
will be found by applying appropriate boundary conditions.

In region /I, the azimuthal symmetrical solution to Eq. (3)
is given by [44]

Y (r00) = Y car} Pa(cos 6y), )

n=0

with ¢, the corresponding unknown coefficients. In region /7,
the electrostatic potential is fixed:

v!(ry,60) = Y. (©6)

2. Boundary conditions

The boundary conditions for the electrostatic potential at
the surface of the dielectric microsphere are given by

W00 =gy = ¥ (1,00] ™

[,V (1,00, g — € VU (11,001, g7 ]
o163 L)

= ®)
€0

where € is the vacuum permittivity, 7 is the outward normal

unit vector, and o (6;; L) is the nonuniform surface charge den-

sity that in general depends on the separation L. We consider

a constant charge-regulation model (CR) [37,38,40,45-49]:
o101 L) = oo — CP [y (R 01 L) — Yo ], (9)

where og; and v, are, respectively, the surface charge density
and potential of the dielectric microsphere when isolated, i.e.,
when L > Ap. They are related by the capacitance per unit

area CS[’,)h of the isolated dielectric microsphere:

001

Vo = — (10)
Cp
(1 R
ngh — M. (11
R,
The constant C;Ph = —doy /oy > 0 is the regulation capaci-

tance per unit area. It quantifies the dielectric surface disso-
ciation rates and is assumed to be distance independent. In
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the DH regime, the Boltzmann factor is linearized, and then
the potential difference appearing in the right-hand side of (9)
represents the electrolyte charge density variation with distance
in the vicinity of the sphere surface. Thus, the CR model (9)
yields the local surface charge density o as a linear response to
the modification of the ionic concentration in the vicinity of the
surface. The resulting distribution is invariant under rotations
around the z axis, hence leading to a potential with azimuthal
symmetry as given by Egs. (4) and (5).

Two limiting cases are noteworthy: when ijh — 0, we
recover the constant charge (CC) model, in which the surface
charge density is assumed to be uniform, distance independent,
and prescribed. In the opposite limit C" — oo, we have the
constant potential (CP) model. It is convenient to define the
regulation parameter p [37,48,50]:

cy
i —— (12)
C, +C;
The CP and CC limits correspond to p =0 and p =1,
respectively. Intermediate values correspond to a situation in
which both charge density and potential of the dielectric sphere
are perturbed as the metallic sphere approaches.

For the metallic microsphere, we have the boundary condi-

tions

(2,00, gt = w1, (13)
02(62; L)

- 1
—€mft - VYT (r,00)],, gy = p
0

(14)
where again 7 is the outward normal unit vector and o,(65; L)
is the nonuniform metallic surface charge density.

3. Electrostatic potential in the electrolyte

We solve for the coefficients a,, and b,, giving the potential
in the electrolyte [see Eq. (4)] in terms of the metallic sphere
prescribed potential ¥\ and the dielectric sphere unperturbed
surface charge density op; (i.e., the charge density for L >
Ap). We first define

Xn = Anan ) Yn = kn(KRZ)bnv (15)
where
R,CS
A, = |:n 4 T kR — kRIK, Ry, (16)
€m €0 €m

with &/, the derivative of the modified spherical Bessel function
of the third kind &, with respect to its argument. We now match
the expressions for the potential in the three regions, as given
by Egs. (4), (5), and (6), taking the boundary conditions (7), (8),
and (13) into account. We use the addition theorem for Bessel
functions in order to express the potential in the electrolyte,
given by Eq. (4), in terms of a single coordinate system, as
detailed in Appendix A. We also replace the dielectric charge
density appearing in (8) by the CR model Eq. (9). The resulting
system of coupled linear equations is written as

R5
X+B.Y= 1%,

€0 €m
Y+ C-X=1nmep, (17)

where ey; = 8,0,

S O
&1 = oy +C1ph1/f01 =2 (18)
B, =Bl e  RCM o
k=12 kk(KRZ) / €m €0 €m Y !
_KRli}(KRl)}v (19)
B (kL

Ax

We have again used the prime to denote the derivative of the
modified spherical Bessel function of the first kind i; (defined
in Appendix A) withrespect to its argument. B (k £) is defined
by Eq. (A2) in Appendix A.

We solve the system (17) and find

.3
X, = ——(E )0 — YmFo, 1)
€0 €m
R&
Yn = I;[fM(G’nO - il HnO» (22)
€0 €m
where
E=1-B-C, (23)
F=E!.B, (24)
G=1+C.F, (25)
H=C-E!, (26)

and with 1 denoting the identity matrix.

Once the linear system Eq. (17) is solved, we obtain the
coefficients a, and b, from Eq. (15). The potential in the
electrolyte is then known from Eq. (4), allowing us to calculate
the double-layer force between the microspheres as described
below.

B. DH double-layer force and potential of zero force (PZF)

The double-layer force on the dielectric microsphere is
given by [38,39,41,45]

<>
F, = ® -dA, (27)
IR,

where 091 is a surface enclosing the sphere and

<> <> <>

Oe=T7T-I1, (28)
is the tensor accounting for the pressures and stresses in the
electrolyte. The latter contains an electrical contribution given
by the Maxwell stress tensor

Ty = eoem(EiEj — 38, E?) (29)
and the osmotic pressure contribution
212
) (A 6’"2" v (30)

arising from the nonuniform ionic volume density.
Choosing 9%R; to be a spherical surface of radius R; +
8 with § — 0T), using the obtained a, and b, coefficients in
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(4) to calculate all the electric field components in Egs. (29),
and remembering that azimuthal symmetry entails that the
force is along the z axis, the double-layer force is given by

Fp(L) = Ap(L)Yryy + Bo(L)¥wm + Cp(L), (31)

which has a simple quadratic dependence on the metallic
sphere potential v. The coefficients Ap(L), Bp(L), and
Cp(L) are fairly complicated functions of L, and explicit
expressions are given in Appendix B.

Equation (31) tells us how to produce a vanishing force for
a given distance L: one has to simply solve a second-order
polynomial equation, and then tune v up to one of the two
zeros of the quadratic function given by the right-hand side of
Eq. (31). The two roots are the potentials of zero force {pzr.

In the remainder of this section, we analyze (31) in connec-
tion with two important limiting cases.

1. Isolation limit: Linear superposition approximation (LSA)

Let us consider the situation in which the two microspheres
are in near isolation: k L >> 1.  In this limit, the double layer
around each microsphere is not affected by the presence of
the neighboring one. Hence the potential is simply the sum
of the solutions for isolated spheres. Accordingly, our exact
results for the linear system (17) can be approximated to a
much simpler form and solved analytically, as discussed in
Appendix C. The resulting force has a simple analytical form,
and the coefficients appearing in (31) are approximated by

Ap(L) ~ Cp(L) ~ O(e ) (kL > 1),

R; 01
Bpo(L) ~ 4meg €,y
n(L) 0 %‘I'I—FKRl(EOGm)

€0 €m

R\R
x(1+ Kﬁ)%e_K(ﬁ_R‘_RZ), (32)
which in turn simplifies (31) to
RiR
Fo(L) ~ 4o enfior (1 + kL) = 6078 (33)

where v, is given by Egs. (10) and (11).

Expression (33) is the Bell and Levine double-layer force
in the LSA limit [51] and, as pointed out by Ref. [37], is
independent of the dielectric microsphere boundary condition
type (9), since 1y, does not depend on the spherical regulation

capacitance per unit area Ciph. From (33), force suppression
in the LSA limit is obtained by simply grounding the metallic
sphere:

bor =0, (34)

regardless of the dielectric electric potential value ;.

2. Proximity force approximation (PFA)

Another important limit corresponds to the range of validity
of the proximity force or Derjaguin approximation (PFA)
[1,2,52,53], in which the distance L and the Debye length Ap
are both much smaller than the radii:

L < Ri,Ry, (35)

1
Ap = KRR, (36)

While (35) is a geometrical condition entailing that the sphere
curvature is small at the scale of the distance between the
surfaces, (36) in turn is a physical condition, which assures
that the interaction has a short range when compared to the
sphere diameter. Taken together, the two conditions allow one
to approximate the interaction between the microspheres by
the average of the interaction between two half-spaces (with
planar interfaces) over the local distances. The resulting force
is given by Ref. [52]

R R,
FO™(L =2n<—>u anes(L), 37
D ( ) Rl +R2 planes( ) ( )
where
L
uplanes(L) = _/ P(a)da, (38)
oo

is the potential energy per unit of area between two half-
spaces made of the same material as the corresponding
spheres, and P(a) is the pressure on the dielectric half-region
surface. Equation (37) leads to a quadratic function of iy,
as already discussed in connection with the exact solution
and Eq. (31). Analytical expressions for the corresponding
coefficients AY ™, BY™ and €5 can be obtained from the
results of Ref. [40] valid in the general case of charge-regulated
surfaces. For the sake of completeness, we present a detailed
derivation in Appendix D, including also the case of an isolated
metallic surface, which is relevant for the discussion of Sec. III.

C. Examples

As our first example, let us consider a situation in which
a polystyrene microsphere (¢, = 2.5) of radius R; = 10 um,
free surface charge density o9 = —0.05 mC/m?[54],and p =
0.41 (CR model) [13] interacts with a metallic microsphere
of R, = 15 um at an externally controlled yr\;. Both micro-
spheres are immersed in water (¢,, = 78.4), where proper salt
screening reduces the Debye length to Ap = 10 nm. Figure 2
illustrates the PZF roots for the exact DH calculation, as well as
for the LSA and PFA. We take L varying from 10 nm—50 nm.

Each panel of Fig. 2 shows one of the two roots of
the right-hand side of (31). For instance, if L = 12 nm,
the double-layer force is canceled for either Fig. 2(a)
Ypze = —0.11 mV or Fig. 2(b) ¥pzr = —26.33mV, as
indicated by the horizontal and vertical dashed lines. The
corresponding inset plots show the force Fp(L) when iy
is tuned up to each of these values. At such values, the
force changes from repulsion (positive sign) to attraction
(negative sign). The attraction results from the electric charge
redistribution (electrostatic induction) on the metallic surface
caused by the electric charges on the dielectric microsphere.

In Fig. 2(a), the PZFs satisfy the DH linearity condition
|¥pze| < 25 mV for T ~ 300 K for the entire distance range
shown in the plot. On the other hand, in Fig. 2(b), the
linear approximation is valid only in the region L < 20 nm.
Thus, only one of the roots is consistent with the linear DH
approximation leading to (31) for L > 20 nm. Additionally,
since we have L/R; < 5 x 1073 and Ap < L in this example,
PFA conditions (35) and (36) are rather satisfied, and then the
exact DH and PFA predictions for the PZF are expected to
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FIG. 2. Variation of the potentials of zero force (PZF) with
distance for the exact DH, LSA, and PFA models. We consider a
polystyrene microsphere (radius R; = 10 um and free charge density
oo = —0.05 mC/mz) interacting with a metallic sphere of radius
R, = 15 pm. The Debye length is Ap = 10 nm. DH and PFA results
for Ypzr are consistent within 1% for all the distance range considered
in (a), and within 2.5% in (b). Insets: double-layer force variation with
distance for yyy = —0.11 mV in (a) and ¥y = —26.33 mV in (b).

agree. Indeed, we find a relative difference smaller than 1%
and 2.5% in Figs. 2(a) and 2(b), respectively.

As a second example, we consider a smaller dielectric
microsphere and a larger Debye length: Ry = 0.5 um and
Ap = 0.75 um, and keep all other parameters as in Fig. 2.
In Fig. 3, we plot the PZF root of smaller magnitude as a
function of distance. Since the minimum distance L varies
from 0.1 um up to 1.5 um, PFA conditions (35) and (36)
are not met. For example, when L = 0.40 um, the exact DH
and PFA models predict double-layer force suppression for
very different PZF values, given by ¥pzr = —4.84 mV and

0
g
Z -2
&3
a-q — DH
-20 // ; o =0 / Ym =—484mV| PFA
’ . 02 04 0608 10 12 14
2517 : L(pm) e - LSA
02 04 06 08 10 12 14
L(pm)

FIG. 3. Same conventions as in Fig. 2, with a polystyrene micro-
sphere of radius R; = 0.5 um and an electrolyte with Ap = 0.75 um.
The exact DH and PFA predictions for vpzr disagree even for
distances smaller than R;. Inset: double-layer force as a function of
distance for {yy = —4.84 mV.

;‘;‘;A) = —16.10 mV, respectively. As a consequence, when
setting ¥y = S;;A), the double-layer force is still significant,

Fp(L = 0.40 um) = 0.76 pN, which could lead to a system-
atic error when measuring additional surface interactions such
as the Casimir force.

The LSA curves shown in the insets of Figs. 2 and 3 fail
to account for the crossover between repulsion to attraction
as the distance decreases. Moreover, LSA significantly over-
estimates the repulsive force for distances L < 3Ap for the
examples shown in Fig. 2. As a final remark, we note that the
assumption of a prescribed potential 1), becomes increasingly
less accurate as the distance becomes smaller than Ap, which
corresponds to the left side of Fig. 3. In this case, charge-
regulation effects might be relevant for the metallic sphere as
well [29]. However, the qualitative features shown in Fig. 3
regarding the inadequacies of PFA and LSA should still hold.

II1. ISOLATED METALLIC MICROSPHERE

A. Debye-Hiickel theory with two metallic spherical surfaces

In this section, we replace the dielectric microsphere by a
metallic one, which is electrically isolated with total charge
Q. As in the previous section, we first solve the linear
Poisson-Boltzmann equation (1) giving the potential in the
electrolyte medium. For that purpose, we take into account the
appropriate boundary conditions. While the solutions outside
the microspheres and inside the metallic microsphere 2 are
still given by (4) and (6) respectively, the potential inside the
isolated metallic microsphere (sphere 1) is now given by

Yl(r1,61) = pm(L), (39)

where ¢\ (L) varies with the distance L.
The boundary conditions at the surface of the isolated
metallic microsphere are given by

Y 1,001 gy = dm(L), (40)

_Gmﬁ 'lell(rla01)|r]=Rr = M’ (4])
0

where the nonuniform distance-dependent surface charge den-
sity o) is constrained by the condition that the total charge QO
is prescribed and distance independent. This type of boundary
condition has been recently considered for the simpler planar
geometry [44,55,56]. For the metallic microsphere surface held
at Yy, the boundary conditions are still given by (13) and (14).
Following the method discussed in the previous section, we

derive the linear system of equations

X+(C(1)~Y=¢Me()

Y+ C? X = e, (42)
where ey; = J;0,
X; =kj(kRy)aj, Y =kj(kRo)bj, (43)
and
(1) ij(kRy)
2 DBiv(k L
= Q)+ DBacDL 2
(2) j( RZ)
=2j+ DBk L 44
C = @+ DB 25 (44)
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Solving this system, we then have

X, = ¢m(E o — YuFL. (45)
Yy = YymGro — dmHno, (46)

where
E=1-CV.C®, (47)
G=1+C?.FD, (48)
F(l) = ]Efl . (C(l), (49)
H=C®?®.E (50)

Although (45) and (46) constitute the formal solution of
the linear system (42), we actually do not know the potential
¢m (L), which varies as a function of L. Indeed, since the total
charge Q of the isolated metallic microsphere is fixed, we
should rewrite ¢y (L) in terms of Q. By integrating o(6;,x L)
over the microsphere surface and using the orthogonality of
the Legendre polynomials, we find

o0

KRy (1) 0
Xo— — Cy. Yy = , (51
0 1+ «R, g Ok Tk 4meg e R1(1 + kRy) D
where
i".(kRy)
C'V = (@2j+ DBk L) . 52
K= @+ DB DL (52)
Combining this result with Egs. (45) and (46), we obtain
ém(L) = Q(L)Ym + P(L), (53)
where
Fy + K
QL) = 020 (54)
IE()0 + H—400
1
O(L) = , (55)
dmeg € R1(1 +kRy) E(;Ol + Lo
and
R
K=——1_¢0.g, (56)
1 + KR]
KR] (1)
L=——C"W. H. 57)
1+ KR]

Expression (53) relates the electrostatic potential ¢y (L) with
the known parameters 7\ and Q.

B. DH double-layer force and potential of zero force (PZF)

Since a metallic microsphere surface at electrostatic equilib-
rium is an equipotential, the double-layer force calculation for
this case is considerably simplified. Indeed, choosing 991 to be
a spherical surface of radius infinitesimally close to the surface
of the isolated metallic sphere, and using (28) combined with
(29) and (30), we obtain for the double-layer force component
along 2

1
Fuy = —71’R1260 em/ E,2 cos 6 dcos by, (58)
-1

and

)i

E, = E["(r,00) = - (r1,61) . (59)

dry n=R}

Using (4), (45), and (46), together with (53), (54), and (55),
we can then show that (58) can be rewritten as

Fu(L) = Am(L)Y; + Bu(L)yn +Cu(L),  (60)

where the coefficients Ap(L), Bv(L), and Cy(L) are given
in Appendix B. Not surprisingly, as in (31), (60) has again
a simple quadratic dependence on . As in the previous
section, the PZF values are then given by the two roots of
the right-hand side of Eq. (60).

1. LSA and PFA Limits

The LSA expression for the double-layer force in the current
case can be obtained by using the same ideas discussed in Sec.
IIB 1, leading to

RiR
Fu(L) = 47ep € (1 + Kﬁ)%e*“*’“’?z), (61)

where

Q

¢(0)
M ™ drepenRi(1 + kR))

(62)

is the screened monopole contribution for the potential (53).
Regardless of its value, it is clear that the LSA double-layer
force vanishes for all distances if ghl%sFA) = Oasin (33). Finally,
let us also note that, in this isolation LSA limit, the surface
charge density (14) of both metallic microspheres are uniform
and given by

Q 1 +KR1 (O)
oo1 ~ =€y€p , 63
o1 4 R? 0 R, M (63)
1+ KR2
oy N €)€y WM- (64)
R,

In order to calculate the force on the isolated metallic
microsphere within the PFA, we need the potential energy per
unit area between two half-regions: one held at an external
electrostatic potential yry and the other constrained to have a
total charge Q. However, the latter condition combined with
the planar symmetry lead to the stronger statement of a uniform
(and distance-independent) surface charge density oy = Q/A.
The resulting force is derived in Appendix D:

RiR
FFA (L) = 271(—1 2 )
Ri+R,

2
) of ,—«L
K€y epe " Yy + 201YMm — me K
X

oL 4 o—xL
(65)
The PZF values are then simply given by
PFA) _ ﬂ(—l /14 eE), (66)
K€o €m
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FIG. 4. Same conventions as in Fig. 2, with an isolated metallic
microsphere of radius R; = 10 um interacting with a metallic sphere
of radius R, = 15 um (at an externally controlled potential /)
across an electrolyte with Ap = 10 nm. Plots (a) and (b) show the two
different roots of Eq. (60). The PFA result is calculated for the value at
isolation oy = —0.05 mC/ m?. While the DH and the PFA predictions
for the PZF are in good agreement in plot (a), they are quite different
in plot (b). Insets show the double-layer forces as function of distance
for (a) Y = —48.73 uV and (b) ¥y = —10.60 mV.

C. Examples

Let us consider the situation in which an isolated metallic
microsphere of radius R; = 10 um and total charge Q =
—6.28 x 107!4C interacts with another metallic microsphere
ofradius R, = 15 pum at an externally controlled potential yry;.
They are both immersed in water, where proper salt screening
reduces the Debye length to Ap = 10 nm. The two PZF roots
of (60) are shown separately in Figs. 4(a) and 4(b) for L
varying from 10 nm to 50 nm, together with the LSA and
PFA predictions. The PFA is evaluated for the fixed surface
charge density oy = —0.05 mC/m?>. For instance, the root
shown in Fig. 4(a) values ypzp = —48.73 uV at L = 20 nm,
as indicated by the horizontal and vertical dashed lines. The
inset shows that the double-layer force for vy, = —48.73 uV
is indeed suppressed and changes sign at such distance.

Figure 4(a) shows an overall good agreement between
the DH and PFA values of the PZF, as expected since PFA
conditions (35) and (36) are satisfied for the parameters corre-
sponding to this figure. On the other hand, for the second PZF
root, shown in Fig. 4(b), DH and PFA predictions completely
disagree, although the parameters are the same as in Fig. 4(a).

In order to understand such behavior, we plot in Fig. 5 the
variation of the isolated sphere electrostatic potential ¢y with

-719.565

(a) ; (d) 7195
2 -719.555 2 -7205
S -719.560 _DH s 7210 _DH
< _PFA S 7215 ___PFA
— -722.0

40 50 10 2 30 40 50

L (nm)
(b) -0.050 (e)
. 0.5
& -0.052 0, =0 < od 0, =0
= -0.054 £ il
O -0.056 Sl
& _o.0s8 —DH £ 02 _DH
o -0.060 ---PFA g o1 —_PFA
-0.062 0.0
40 50 10 40 50
(© (®
— —~ -075
<2 003 0y =0 : 0y =0
J 002 g -080
= = _DH
o 001 _]s]l;IA & 085 .
0.00 i
10 20 30 40 50 20 30 40 50

L (nm)

L (nm)

FIG. 5. In(a), (b) and (c), we show, respectively and as a function
of the distance L, the potential ¢y of the isolated microsphere, the
surface charge density o, of the isolated microsphere, and the surface
charge density o, of the microsphere held at Yy = —48.73 1V,
which is the PZF root shown in the inset of Fig. 4(a). In (d)—(f),
we respectively show the same quantities for the PZF root ¥y =
—10.60 mV shown in the inset of Fig. 4(b). In (a), ¢y is much larger
than Yv. o7 in (b) remains almost constant and equal to its PFA value,
while 0, in (¢) changes sign as a consequence of electrostatic induction
occurring mainly on microsphere held at a prescribed potential. This
situation inverts in (d), (e) and (f), where, in contrast, ¢y is now much
smaller than v, o1 changes significantly as electrostatic induction
primarily happens in the isolated microsphere, whereas o, remains
almost equal to its isolation value.

distance, together with the surface charge densities o1 and o, of
both spheres evaluated at the points of closest separation §; =
6, = 0. Figures 5(a)-5(c) correspond to the PZF root shown
in the inset of Fig. 4(a), whereas Figs. 5(d)-5(f) correspond to
the PZF root shown in the inset of Fig. 4(b).

According to Fig. 5(a), ¢m is much larger than yn =
—48.73 uV. As a consequence, electrostatic induction occurs
mainly on the sphere at the controlled potential ¥/pzr, making
its surface charge density o, strongly distance dependent and
nonuniform, as one can see in Fig. 5(c). On the other hand,
the isolated sphere surface charge density o is approximately
uniform and distance independent, as shown in Fig. 5(b), thus
explaining why the PFA result is very close to the DH one
in Fig. 4(a). However, some surface charge variation starts to
build up on the isolated sphere for distances below 20 nm,
making PFA slightly less accurate in this range, in agreement
with the short-distance behavior displayed in Fig. 4(a).

The roles of the two spheres are essentially interchanged
when considering the PZF root shown in Fig. 4(b). In this
case, ¢y is much smaller than Yoy = —10.60 mV. Electro-
static induction now occurs mainly on the isolated sphere, as
indicated by the variations of o and o, with distance shown
in Figs. 4(e) and 4(f), respectively. The strong variation of the
isolated sphere charge density o, is in striking contradiction
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with the assumptions underlying the PFA, thus explaining
why this approximation is unable to capture the qualitative
features of the double-layer interaction in this case. Indeed,
for this situation, the PFA force is always repulsive and in
complete disagreement with the DH force, which displays a
crossover from repulsion to attraction as the distance decreases,
as illustrated in the corresponding inset of Fig. 4(b). Thus, we
conclude that conditions (35) and (36) are not sufficient for the
validity of PFA when considering isolated metallic spheres.

As a final remark, we note that the linearity condition
is satisfied throughout most of the distance range (10 nm <
L < 40 nm) shown in Fig. 4(b). The nonlinear corrections
for 40 nm <L < 50 nm should not affect the qualitative
conclusions discussed here.

IV. CONCLUSION

We propose a protocol based on electrostatic potential
control to suppress the electrostatic double-layer forces be-
tween a metallic microsphere and a dielectric or another
metallic microsphere. The method works in a wide range
of distances L 2 10 nm beyond the PFA, and even in cases
where the PFA is not well defined. It requires the possibility
of externally controlling the potential of a metallic sphere,
which should be feasible for distances comparable to or larger
than the Debye screening length. Although our method relies
on Poisson-Boltzmann linearization, it is still accurate in
several typical experimental conditions, as illustrated by a
number of examples corresponding to realistic experimental
parameters involving aqueous solutions. Furthermore, it can
be implemented using current experimental techniques, for
instance AFM [11] and OT [22]. The protocol might also be
suited to suppress the double-layer force in apolar media [1,57],
for which salt screening is usually not possible [20,58]. Finally,
this method would be useful in force spectroscopy experiments
probing additional interactions such as the Casimir force,
particularly in situations where the double-layer force is not
totally suppressed by screening.
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APPENDIX A: ADDITION THEOREM FOR
BESSEL FUNCTIONS

With the help of the addition theorem for Bessel functions
[38,39,59], it is possible to rewrite expression (1), the electric
potential ¥ /(P) in the region outside the microspheres, in

terms of variables related to a single coordinate system, that
could be centered in either microsphere 1 (then the variables
are r1,0;) or microsphere 2 (and then we have r;,60,):

o0

yMPy =3 [ankn(xrl)mcos 01)

n=0

+by Y (2m + 1)Byun(kc L)im (k1) Py (cos eo},

m=0

=> [an > " @m + 1) By (i L)iim(kr2) Py (cos 2)

n=0 m=0
+bnkn(Kr2)Pn(C0592):|’ (Al)
where
an(Kﬁ) = Z A,‘;mkmntanv(KE)a (AZ)
v=0
with
T+ v Jr(o+ )

mn

nF(m—l—n—v—l—%)

(m+n—v)! ) 1
x (m—v)!(n—v)!v!<m+n_ v+§).

(A3)

In these expressions, I" is the Gamma function, and i, and k,
are the modified spherical Bessel function of the first and third
kind, respectively. They are defined as

in(x) = (7/2%) 2,1 (x) (A4)
k() = (1/20)' 2K, 1 (0), (AS)

where [,,(x) and K,(x) are the modified cylindrical Bessel
functions [60].

APPENDIX B: DOUBLE-LAYER FORCE COEFFICIENTS

In the expression (31) for the double-layer force between
a metallic microsphere at electrostatic potential ¥y and
a charge-regulated dielectric microsphere, the coefficients
Ap(L), Bp(L), and Cp(L) are given by
Ap(L) =meg € A-T - A,
Bo(L)=7mey € (A-T-EFE-T-A)

4 RCP ¢
+—R161( S22 o el A,
3 €0 € €m

=
et

N
4 R,CP"
" ('1 +€—”+2)e?-a, (B1)
€0 €Em €m
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T _
where e}; = 4y,

k(K Ry) =

Ap=—= kl Fro + ) By, Guo, (B2)

1=0

R161 kk(KRl)
8y = B, H B3
k eoem|: AL Z Xl 10:|, (B3)
being

By, = (2K + 1) Bulk )zk(;ch). (B4)

ki(k Ro)

Furthermore, [ is a matrix which its elements are independent
of the distance L and are given by

T = {(KR1)2

h sph
(€ R\CY .<€p R\C; (1)
_|( &2 Sr i S ipd
|:l<€m>+ €0 €m / €m * €0 €m Y

R,CS"
- 2[1'(6_") + 4}1952) P, ®5)
€m €0 €m
where
1
P = / 1P (WP (wdp
2(j+D) ..
orvagn: L=J 11
= 2j .
Voo =01 (B6)
0, i#jE1
1
P} = / (1 — 1) P Pj(w)d
—1
2j(j+1) .
~@ay =7+
= 2j(j+D .
=Naaei-n: =01 (B7)
0, i#jE1
1
P = / u(1 = 1) PP
—1
2j(j+1)(j+2) .
oimenrn: L=Jt 1
— {1 2j(G=D0y+D S
=\ ameiny (=71 (B8)
0, i#jE1

For the case of a metallic microsphere at electrostatic
potential ¥\ and an isolated metallic microsphere with total
charge Q, the coefficients Ap(L), Bm(L), and Cyp(L) in (60)
are given by

Am(L) = En(L) + QUL)Fu(L) + QA(L)Gu(L),
Bu(L) = &(L)Fu(L) + 2 QL)D(L)Gu(L),
Cum(L) = ®*(L)Gm(L), (B9)

where

(l)T (1)

Ew(L) = —mep €u(kRy)ey - [F - MYV .|
26 .B.M<2>-1F“)+GT-B-M@)-E-@yeo,

(B10)

IT ~(1)

Fm(l) = —mey €n(k R eg - [-E- - MD . F
~FT MO BT 426" B- M@K

+2m B-M@.FY _GT B -MOB . [

1

i B-M®.B-G]- e, (B11)
Om(L) = —mey em(kR)2er - [ET - MM B
i B-M? R
SH-B-M® B e, (B12)
where
M} = K]k R)K ( R)P,, (B13)
M7 = i/(k R)K;(c R)P, (B14)
M = i/(k R)i(k RDP, (B15)
and
B, = @2j + 1By, (B16)
£, = i (B17)
Y k(e Ry)

N G:;
Gii= —2H B18
7 ki(kRy) (B18)

F(l)

=(1) i
F.. = s B19
Y kt(KRl) ( )

N H.:
i, =49 B20
! ki(kRy) (B20)

APPENDIX C: LINEAR SUPERPOSITION
APPROXIMATION (LSA)

To solve the linear system of equations (17) in the LSA
limit, let us first note that (A2) can be written as

1
_'dZA (n—i—m—Zv—i—z,KL'),

(ChH

nm (Kﬁ)

where we have used the expansion for the third-order modified
spherical Bessel function [60], being

1 “ 1 .
R<n - §,Z> => <n - 5,k)(zz) ,
k=0
with
(n+k)!
k'IT(n—k+1)
Retaining only the k = 0,1 terms, it is possible to show that

(n+1.k) =

Buo(k) ~ 5", (2)
1 +«L
Boi (kL) ~ %e—“{ (C3)

(C1), together with (19) and (20), shows that the second term in
(23) has order O(e~%%), and therefore can be neglected when
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compare to terms of order O(e ). As a result, (23) reduces
to

E; ~E;' ~ 5, (C4)
allowing us to write (24), (25), and (26) as
Fij ~ B;j,
Gij ~ &,
H,'j ~ (C,'j. (C5)
Using these results in (B2) and (B3), we then find
ke(k Ry) ,
be(L) = —==—Byo + B, (C6)
RiG1 ky(kR
Bi(L) = o R, (1)

€ €n A

Substituting this expressions into (B1), using (B4) and (BS),
and making lengthy but straightforward calculations, we are
lead to (32).

APPENDIX D: PROXIMITY FORCE
APPROXIMATION (PFA)

Consider two half-regions, region [ and /1, as illustrated in
Fig. 6, being the first dielectric with relative permittivity €, and
the second metallic at an externally controlled potential Y.
The dielectric plane may exchange charge with the medium
by ion adsorption or dissociation processes [1,37,61], being
oy its surface free charge density. Again, Z : Z electrolytes
are dissolved in region /II between them and are in thermal
equilibrium with the bath. The half-regions are separated by
the distance a.

To calculate the interaction potential energy per unit area
Uplanes(L) for this configuration, we must solve the boundary
value problem defined by the equations

dzdff' @ =r*y"(@), 0<z<a,
(@) =vu, z<0,
d;;ﬂ; () =0, z>a, (D1)
subject to the boundary conditions at z =0 and z = a
V@) - = v @] e (D2)
e %(z) T 022';“), (D3)

11 nr
Ym o2 ol

R

FIG. 6. Dielectric half-region 1 and metallic half-region 2 at ;.

v =@ (D4)
. dzzi,zm () Y — € dd—wzl(z) . = %I:a), (D5)
where
a1(ka) = oo — CY [y (ka) — C(c0)],
=5, — C"y M (ka), (D6)
being
&1 = op1 + CH"C(c0). (D7)

Similarly to (9), op; and C(c0) are, respectively, the surface
charge density and electrostatic potential of the dielectric
half-region / in near isolation, and the constant C‘;lane =
—doy /0y > 0, named plane regulation capacitance per unit
area (or plane inner layer capacitance per unit area), quantifies
the dielectric plane surface dissociation rates and it is assumed
to be distance independent. Again, we may define a parameter
p, such that

Cleane
p= Cplane plane ’ (DS)
p TGC
where
CP™™ = keg € (D9)

is the diffuse layer capacitance per unit area of the isolated
plane 1. Note that for a correct comparison between a CR
dielectric microsphere and a CR dielectric half-region, (D7)
and (D8) above, must be, respectively, equal to (18) and (12).

The general solutions for the potential in the three regions
are, respectively, given by

v(2) = Ac“ +Be™, 0<z<a,
V(@) = v,
V'@ =C,
Using the boundary conditions (D2) and (D5), we then get

7 <0,

z>a. (D10)

_ cplane
(] (1 Y
K€ €m + K€ €m )ﬂWM

S-S
lane
_K€616 + 1 + KCEl; €, a’lﬁM
B = OC;”lane ( : mszlane ’ (Dlz)
(l + KE:] e,,l)a + (1 - KG:] em)

where o = ¢, B = ¢ *“. For consistence, substituting (D11)
and (D12) in (D4), we find

C(a) = oA + B
(@ = B + 29w

= : - . (D13)
Cplane Cplane
(1 + KEi) €m )Ot + (1 - Kei) e,,,)ﬂ
Taking the limit a — oo, we then find
01
C(oo) - Cplane * (D14)
keo 6’”(] + Ke:) 5,,,)
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Using (D7) in the above expression and solving for C(oo), we  plane z = 0 and the medium electrolytes. In fact, according

finally get to (27),
P| 2. @ - (-2)
- =20 - (=2),
Cloo) = 20 (D15) =
K€Y €m _eoem/c2 , €€ (dY 2 (D16)
2 2 \dz )’

which is the electrostatic potential for the dielectric half-region
in isolation [1]. where we have omitted the index /I for simplicity and we

The above results enable us to calculate the pressure on  used the fact that electrostatic potential v depends only upon
the surface 027 due to the adsorbed electrical charges in z. Combining (D11) and (D12) with (D10) and (D16), we find

J

P(a) = 2¢y €nk>AB

plane 2 plane p]ane
 [weoenr[1= () b s [(1 S e = (1= e o -
- . (D17

lane lane 2
€0 €m [(1 + KCGII;G )eka + (1 _ /S[;e )e—Ka]
Finally, plugging (D17) into (38) and then using (37), we derive the force as a quadratic function of ¥, as in Eq. (31), where
now the corresponding coefficients are given by

R1 R2 1-6 €_KL
AP =271(—>/<e em< ) ,
o (L) Ri+Ry) " "\145) el 1 (2ot

RiR, 1
BY™(L) = 271( )20 :
b ( Ri+ R, 0T n (%)e—“
RiR 2 —«L
CS’FA)<L>=—2n< — ) - = (D18)
Ri + Ry J ke €n e + (173)e*L

plane

with 8§ = <L Taken together, Egs. (D18) agree with the results found in Ref. [40] and allow us to compute the PFA results for
the PZF shown as dashed lines in Figs. 2 and 3.

We now calculate the proximity force approximation for the force between one metallic microsphere held at a fixed electrostatic
potential yr\; and an isolated metallic microsphere with fixed charge Q. As before, we assume that both spheres are immersed in
an isotropic Z : Z electrolyte with relative permittivity €,, and in thermal equilibrium at a temperature 7. We have to consider
the boundary value problem of two half-regions / and /I, being one held at ¥\ with boundary at z = 0 and the other electrically
isolated with a constant surface charge density oy = Q/A at z = a. The corresponding differential equations are still given by
(D1), but now the boundary conditions read

V@) - = v @] e (D19)
11
_ dl// @ _ 02(’“1)’ (D20)
7z=0t €0
M@)oy = v @) (D21)
111
n d'” @ =2 (D22)
z=a— €0

We expand the potential as in Eq. (D10), with new coefficients A and B obtained from (D19) and (D22):

+ e*KawM

A= ““m—, (D23)

eKa + e*/ca

__o + ekaw

B— @& ' ° M (D24)

eK(l _l’_ e*/ca

The pressure is then obtained from (D16):
Pla) 2 [(key €n)* Y3 + K€q €01(e5* — e ™)y — o} ’ (D25)
€0 €m (eKa + e—Ka)Z

allowing us to derive the force expression (65) by using Eqs. (37) and (38).

022611-11



ETHER, ROSA, TIBADUIZA, PIRES, DECCA, AND NETO

PHYSICAL REVIEW E 97, 022611 (2018)

[1] H.J. Butt and M. Kappl, Surface and Interfacial Forces (Wiley-
VCH, Weinheim, 2010).

[2] J. N. Israelachvili, Intermolecular and Surface Forces (Aca-
demic Press, Waltham, 2011).

[3] E. J. W. Verwey and J. T. G. Overbeek, Theory of the Stability
of Lyophobic Colloids (Elsevier, New York, 1948).

[4] B. Derjaguin and L. Landau, Prog. Surf. Sci. 43, 30 (1993).

[5] B. Derjaguin and L. D. Landau, Acta Physicochim. URSS 14,
633 (1941).

[6] D. L. Chapman, Philos. Mag. 25, 475 (1913).

[7] L. G. Gouy, J. Phys. Theor. Appl. 9, 457 (1910).

[8] P. Debye and E. Hiickel, Phys. Z. 24, 185 (1923).

[9] H. J. B. Butt, B. Cappella, and M. Kappl, Surf. Sci. Rep. 59, 1
(2005).

[10] J. N. Munday and F. Capasso, Phys. Rev. A 75, 060102(R)
(2007).

[11] J. N. Munday, F. Capasso, V. A. Parsegian, and S. M. Bezrukov,
Phys. Rev. A 78, 032109(R) (2008).

[12] P. J. van Zwol, G. Palasantzas, and J. T. M. DeHosson, Phys.
Rev. E79, 041605 (2009).

[13] 1. Popa, P. Sinha, M. Finessi, P. Maroni, G. Papastavrou, and M.
Borkovec, Phys. Rev. Lett. 104, 228301 (2010).

[14] M. Borkovec, . Szilagyi, I. Popa, M. Finessi, P. Sinha, P. Maroni,
and G. Papastavrou, Adv. Colloid Interface Sci. 179, 85 (2012).

[15] F. J. M. Ruiz-Cabello, G. Trefalt, P. Maroni, and M. Borkovec,
Langmuir 30, 4551 (2014).

[16] M. Elzbieciak-Wodka, M. N. Popescu, F. J. M. Ruiz-Cabello,
G. Trefalt, P. Maroni, and M. Borkovec, J. Chem. Phys. 140,
104906 (2014).

[17] J. C. Crocker and D. G. Grier, Phys. Rev. Lett. 73, 352 (1994).

[18] P. M. Hansen, J. K. Dreyer, J. Ferkinghoft-Borg, and L. Odder-
shede, J. Colloid Interface Sci. 287, 561 (2005).

[19] S. K. Sainis, V. Germain, and E. R. Dufresne, Phys. Rev. Lett.
99, 018303 (2007).

[20] S. K. Sainis, V. Germain, C. O. Mejean, and E. R. Dufresne,
Langmuir 24, 1160 (2008).

[21] E. Schiffer, S. F. Ngrrelykke, and J. Howard, Langmuir 23, 3654
(2007).

[22] D. S. Ether, L. B. Pires, S. Umrath, D. Martinez, Y. Ayala, B.
Pontes, G. R. de S. Aratjo, S. Frases, G.-L. Ingold, F. S. S. Rosa
et al., EPL 112, 44001 (2015).

[23] S. G. Flicker and S. G. Bike, Langmuir 9, 257 (1993).

[24] L. Liu, A. Woolf, A. W. Rodriguez, and F. Capasso, Proc. Natl.
Acad. Sci. U.S.A. 111, E5609 (2014).

[25] L. Liu, S. Kheifets, V. Ginis, and F. Capasso, Phys. Rev. Lett.
116, 228001 (2016).

[26] J. N. Munday, F. Capasso, and V. A. Parsegian, Nature (London)
457, 170 (2009).

[27] A. C. Hillier, S. Kim, and A. J. Bard, J. Phys. Chem. 100, 18808
(1996).

[28] D. Barten, J. M. Kleijn, J. Duval, H. P. v. Leeuwen, J. Lyklema,
and M. A. C. Stuart, Langmuir 19, 1133 (2003).

[29] V. Kuznetsov and G. Papastavrou, J. Phys. Chem. C 118, 2673
(2014).

[30] A. P. dos Santos and Y. Levin, Phys. Rev. Lett. 106, 167801
(2011).

[31] T. Oncsik, G. Trefalt, M. Borkovec, and I. Szilagyi, Langmuir
31, 3799 (2015).

[32] Y. Levin, Physica A (Amsterdam) 265, 432 (1999).

[33] A. P. dos Santos, A. Bakhshanded, and Y. Levin, J. Chem. Phys.
135, 044124 (2011).

[34] A. Naji, M. Kandu¢, J. Forsman, and R. Podgornik, J. Chem.
Phys. 139, 150901 (2013).

[35] A. A. Lee, C. S. Perez-Martinez, A. M. Smith, and S. Perkin,
Phys. Rev. Lett. 119, 026002 (2017).

[36] A.Bakhshandeh, A. P. dos Santos, and Y. Levin, Phys. Rev. Lett.
107, 107801 (2011).

[37] G. Trefalt, S. H. Behrens, and M. Borkovec, Langmuir 32, 380
(2016).

[38] S. L. Carnie and D. Y. C. Chan, J. Colloid Interface Sci. 155,
297 (1993).

[39] A. B. Glendinning and W. B. Russel, J. Colloid Interface Sci.
93, 95 (1983).

[40] S. L. Carnie and D. Y. C. Chan, J. Colloid Interface Sci. 161,
260 (1993).

[41] S. L. Carnie, D. Y. C. Chan, and J. S. Gunning, Langmuir 10,
2993 (1994).

[42] M. E. Fisher, Y. Levin, and X. Li, J. Chem. Phys. 101, 2273
(1994).

[43] I. N. Derbenev, A. V. Filippov, A. J. Stace, and E. Besley,
J. Chem. Phys. 145, 084103 (2016).

[44] J. D. Jackson, Classical Electrodynamics - Third Edition (John
Wiley and Sons, New York, 1999).

[45] J. W. Krozel and D. A. Saville, J. Colloid Interface Sci. 150, 365
(1992).

[46] S.H.Behrens and M. Borkovec, J. Chem. Phys. 111, 382 (1999).

[47] S. H. Behrens and M. Borkovec, J. Phys. Chem. B 103, 2918
(1999).

[48] R. Pericet-Camara, G. Papastavrou, S. H. Behrens, and M.
Borkovec, J. Phys. Chem. B 108, 19467 (2004).

[49] F.J. M. Ruiz-Cabello, G. Trefalt, Z. Csendes, P. Sinha, T. Oncsik,
1. Szilagyi, P. Maroni, and M. Borkovec, J. Phys. Chem. B 117,
11853 (2013).

[50] G. Trefalt, I. Szilagyi, and M. Borkovec, J. Colloid Interface Sci.
406, 111 (2013).

[51] G. M. Bell, S. Levine, and L. N. McCartney, J. Colloid Interface
Sci. 33, 335 (1970).

[52] B. Derjaguin, Kolloid Z. 69, 155 (1934).

[53] J. Blocki, J. Randrup, W. J. Swiatecki, and C. F. Tsang, Ann.
Phys. (N.Y.) 105, 427 (1977).

[54] G. S. Roberts, T. A. Wood, W. J. Frith, and P. Bartlett, J. Chem.
Phys. 126, 194503 (2007).

[55] D. Y. C. Chan, Langmuir 31, 9889 (2015).

[56] W. D. Hall and K. V. Beard, Pure Appl. Geophys. 113, 515
(1975).

[57] K. Larson-Smith, A. Jackson, and D. C. Pozzo, Langmuir 28,
2493 (2012).

[58] G. S. Roberts, R. Sanchez, R. Kemp, T. Wood, and P. Bartlett,
Langmuir 24, 6530 (2008).

[59] D. Langbein, Theory of Van der Waals Attraction (Springer-
Verlag, Berlin, 1974).

[60] M. Abramowitz and 1. Stegun, Handbook of Mathematical
Functions (Dover Publications, New York, 1965).

[61] W.B.Russel, D. A. Saville, and W. R. Schowalter, Colloidal Dis-
persions (Cambridge Monographs on Mechanics) (Cambridge
University Press, New York, 1989).

022611-12


https://doi.org/10.1016/0079-6816(93)90013-L
https://doi.org/10.1016/0079-6816(93)90013-L
https://doi.org/10.1016/0079-6816(93)90013-L
https://doi.org/10.1016/0079-6816(93)90013-L
https://doi.org/10.1080/14786440408634187
https://doi.org/10.1080/14786440408634187
https://doi.org/10.1080/14786440408634187
https://doi.org/10.1080/14786440408634187
https://doi.org/10.1051/jphystap:019100090045700
https://doi.org/10.1051/jphystap:019100090045700
https://doi.org/10.1051/jphystap:019100090045700
https://doi.org/10.1051/jphystap:019100090045700
https://doi.org/10.1016/j.surfrep.2005.08.003
https://doi.org/10.1016/j.surfrep.2005.08.003
https://doi.org/10.1016/j.surfrep.2005.08.003
https://doi.org/10.1016/j.surfrep.2005.08.003
https://doi.org/10.1103/PhysRevA.75.060102
https://doi.org/10.1103/PhysRevA.75.060102
https://doi.org/10.1103/PhysRevA.75.060102
https://doi.org/10.1103/PhysRevA.75.060102
https://doi.org/10.1103/PhysRevA.78.032109
https://doi.org/10.1103/PhysRevA.78.032109
https://doi.org/10.1103/PhysRevA.78.032109
https://doi.org/10.1103/PhysRevA.78.032109
https://doi.org/10.1103/PhysRevE.79.041605
https://doi.org/10.1103/PhysRevE.79.041605
https://doi.org/10.1103/PhysRevE.79.041605
https://doi.org/10.1103/PhysRevE.79.041605
https://doi.org/10.1103/PhysRevLett.104.228301
https://doi.org/10.1103/PhysRevLett.104.228301
https://doi.org/10.1103/PhysRevLett.104.228301
https://doi.org/10.1103/PhysRevLett.104.228301
https://doi.org/10.1016/j.cis.2012.06.005
https://doi.org/10.1016/j.cis.2012.06.005
https://doi.org/10.1016/j.cis.2012.06.005
https://doi.org/10.1016/j.cis.2012.06.005
https://doi.org/10.1021/la500612a
https://doi.org/10.1021/la500612a
https://doi.org/10.1021/la500612a
https://doi.org/10.1021/la500612a
https://doi.org/10.1063/1.4867541
https://doi.org/10.1063/1.4867541
https://doi.org/10.1063/1.4867541
https://doi.org/10.1063/1.4867541
https://doi.org/10.1103/PhysRevLett.73.352
https://doi.org/10.1103/PhysRevLett.73.352
https://doi.org/10.1103/PhysRevLett.73.352
https://doi.org/10.1103/PhysRevLett.73.352
https://doi.org/10.1016/j.jcis.2005.01.098
https://doi.org/10.1016/j.jcis.2005.01.098
https://doi.org/10.1016/j.jcis.2005.01.098
https://doi.org/10.1016/j.jcis.2005.01.098
https://doi.org/10.1103/PhysRevLett.99.018303
https://doi.org/10.1103/PhysRevLett.99.018303
https://doi.org/10.1103/PhysRevLett.99.018303
https://doi.org/10.1103/PhysRevLett.99.018303
https://doi.org/10.1021/la702432u
https://doi.org/10.1021/la702432u
https://doi.org/10.1021/la702432u
https://doi.org/10.1021/la702432u
https://doi.org/10.1021/la0622368
https://doi.org/10.1021/la0622368
https://doi.org/10.1021/la0622368
https://doi.org/10.1021/la0622368
https://doi.org/10.1209/0295-5075/112/44001
https://doi.org/10.1209/0295-5075/112/44001
https://doi.org/10.1209/0295-5075/112/44001
https://doi.org/10.1209/0295-5075/112/44001
https://doi.org/10.1021/la00025a049
https://doi.org/10.1021/la00025a049
https://doi.org/10.1021/la00025a049
https://doi.org/10.1021/la00025a049
https://doi.org/10.1073/pnas.1422178112
https://doi.org/10.1073/pnas.1422178112
https://doi.org/10.1073/pnas.1422178112
https://doi.org/10.1073/pnas.1422178112
https://doi.org/10.1103/PhysRevLett.116.228001
https://doi.org/10.1103/PhysRevLett.116.228001
https://doi.org/10.1103/PhysRevLett.116.228001
https://doi.org/10.1103/PhysRevLett.116.228001
https://doi.org/10.1038/nature07610
https://doi.org/10.1038/nature07610
https://doi.org/10.1038/nature07610
https://doi.org/10.1038/nature07610
https://doi.org/10.1021/jp961629k
https://doi.org/10.1021/jp961629k
https://doi.org/10.1021/jp961629k
https://doi.org/10.1021/jp961629k
https://doi.org/10.1021/la0117092
https://doi.org/10.1021/la0117092
https://doi.org/10.1021/la0117092
https://doi.org/10.1021/la0117092
https://doi.org/10.1021/jp500425g
https://doi.org/10.1021/jp500425g
https://doi.org/10.1021/jp500425g
https://doi.org/10.1021/jp500425g
https://doi.org/10.1103/PhysRevLett.106.167801
https://doi.org/10.1103/PhysRevLett.106.167801
https://doi.org/10.1103/PhysRevLett.106.167801
https://doi.org/10.1103/PhysRevLett.106.167801
https://doi.org/10.1021/acs.langmuir.5b00225
https://doi.org/10.1021/acs.langmuir.5b00225
https://doi.org/10.1021/acs.langmuir.5b00225
https://doi.org/10.1021/acs.langmuir.5b00225
https://doi.org/10.1016/S0378-4371(98)00552-4
https://doi.org/10.1016/S0378-4371(98)00552-4
https://doi.org/10.1016/S0378-4371(98)00552-4
https://doi.org/10.1016/S0378-4371(98)00552-4
https://doi.org/10.1063/1.3615940
https://doi.org/10.1063/1.3615940
https://doi.org/10.1063/1.3615940
https://doi.org/10.1063/1.3615940
https://doi.org/10.1063/1.4824681
https://doi.org/10.1063/1.4824681
https://doi.org/10.1063/1.4824681
https://doi.org/10.1063/1.4824681
https://doi.org/10.1103/PhysRevLett.119.026002
https://doi.org/10.1103/PhysRevLett.119.026002
https://doi.org/10.1103/PhysRevLett.119.026002
https://doi.org/10.1103/PhysRevLett.119.026002
https://doi.org/10.1103/PhysRevLett.107.107801
https://doi.org/10.1103/PhysRevLett.107.107801
https://doi.org/10.1103/PhysRevLett.107.107801
https://doi.org/10.1103/PhysRevLett.107.107801
https://doi.org/10.1021/acs.langmuir.5b03611
https://doi.org/10.1021/acs.langmuir.5b03611
https://doi.org/10.1021/acs.langmuir.5b03611
https://doi.org/10.1021/acs.langmuir.5b03611
https://doi.org/10.1006/jcis.1993.1039
https://doi.org/10.1006/jcis.1993.1039
https://doi.org/10.1006/jcis.1993.1039
https://doi.org/10.1006/jcis.1993.1039
https://doi.org/10.1016/0021-9797(83)90388-0
https://doi.org/10.1016/0021-9797(83)90388-0
https://doi.org/10.1016/0021-9797(83)90388-0
https://doi.org/10.1016/0021-9797(83)90388-0
https://doi.org/10.1006/jcis.1993.1464
https://doi.org/10.1006/jcis.1993.1464
https://doi.org/10.1006/jcis.1993.1464
https://doi.org/10.1006/jcis.1993.1464
https://doi.org/10.1021/la00021a024
https://doi.org/10.1021/la00021a024
https://doi.org/10.1021/la00021a024
https://doi.org/10.1021/la00021a024
https://doi.org/10.1063/1.467668
https://doi.org/10.1063/1.467668
https://doi.org/10.1063/1.467668
https://doi.org/10.1063/1.467668
https://doi.org/10.1063/1.4961091
https://doi.org/10.1063/1.4961091
https://doi.org/10.1063/1.4961091
https://doi.org/10.1063/1.4961091
https://doi.org/10.1016/0021-9797(92)90206-2
https://doi.org/10.1016/0021-9797(92)90206-2
https://doi.org/10.1016/0021-9797(92)90206-2
https://doi.org/10.1016/0021-9797(92)90206-2
https://doi.org/10.1063/1.479280
https://doi.org/10.1063/1.479280
https://doi.org/10.1063/1.479280
https://doi.org/10.1063/1.479280
https://doi.org/10.1021/jp984099w
https://doi.org/10.1021/jp984099w
https://doi.org/10.1021/jp984099w
https://doi.org/10.1021/jp984099w
https://doi.org/10.1021/jp0473063
https://doi.org/10.1021/jp0473063
https://doi.org/10.1021/jp0473063
https://doi.org/10.1021/jp0473063
https://doi.org/10.1021/jp406061f
https://doi.org/10.1021/jp406061f
https://doi.org/10.1021/jp406061f
https://doi.org/10.1021/jp406061f
https://doi.org/10.1016/j.jcis.2013.05.071
https://doi.org/10.1016/j.jcis.2013.05.071
https://doi.org/10.1016/j.jcis.2013.05.071
https://doi.org/10.1016/j.jcis.2013.05.071
https://doi.org/10.1016/0021-9797(70)90228-6
https://doi.org/10.1016/0021-9797(70)90228-6
https://doi.org/10.1016/0021-9797(70)90228-6
https://doi.org/10.1016/0021-9797(70)90228-6
https://doi.org/10.1007/BF01433225
https://doi.org/10.1007/BF01433225
https://doi.org/10.1007/BF01433225
https://doi.org/10.1007/BF01433225
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1016/0003-4916(77)90249-4
https://doi.org/10.1063/1.2734968
https://doi.org/10.1063/1.2734968
https://doi.org/10.1063/1.2734968
https://doi.org/10.1063/1.2734968
https://doi.org/10.1021/acs.langmuir.5b02796
https://doi.org/10.1021/acs.langmuir.5b02796
https://doi.org/10.1021/acs.langmuir.5b02796
https://doi.org/10.1021/acs.langmuir.5b02796
https://doi.org/10.1007/BF01592936
https://doi.org/10.1007/BF01592936
https://doi.org/10.1007/BF01592936
https://doi.org/10.1007/BF01592936
https://doi.org/10.1021/la204513n
https://doi.org/10.1021/la204513n
https://doi.org/10.1021/la204513n
https://doi.org/10.1021/la204513n
https://doi.org/10.1021/la703908n
https://doi.org/10.1021/la703908n
https://doi.org/10.1021/la703908n
https://doi.org/10.1021/la703908n



