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Brownian motion of a charged colloid in restricted confinement
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We study the Brownian motion of a charged colloid, confined between two charged walls, for small separation
between the colloid and the walls. The system is embedded in an ionic solution. The combined effect of
electrostatic repulsion and reduced diffusion due to hydrodynamic forces results in a specific motion in the
direction perpendicular to the confining walls. The apparent diffusion coefficient at short times as well as the
diffusion characteristic time are shown to follow a sigmoid curve as a function of a dimensionless parameter.
This parameter depends on the electrostatic properties and can be controlled by tuning the solution ionic strength.
At low ionic strength, the colloid moves faster and is localized, while at high ionic strength it moves slower and
explores a wider region between the walls, resulting in a larger diffusion characteristic time.
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I. INTRODUCTION

Understanding the Brownian motion of colloids under con-
finement has been a great challenge in recent decades [1].
Such motion is present in the segregation and transport of
particles through biocellular membranes [2], in microflu-
idic devices [3], and in particle trapping and tracking
technologies [4,5].

A simple example of confinement is observed when a
colloid is placed in a confined space bounded by rigid sur-
faces. In this case, the colloid motion differs from its free
medium one (no boundaries) due to hydrodynamic forces be-
tween the colloid and the confining surfaces. At low Reynolds
numbers, this effect reduces to a change in the drag coeffi-
cient, which in turn leads to a position-dependent diffusion
coefficient (PDDC) of the colloid. For simple geometries
such as a spherical colloid near a single planar wall or in
between two flat walls, the PDDC was calculated by Brenner
and co-workers [6,7] and Ganatos et al. [8,9]. These results
were verified experimentally for micro- or nanometer-sized
particles, by different techniques of light scattering [10-13],
video microscopy [14], optical tweezers [15] and total internal
reflection velocimetry [16].

In polar solvents, the colloid and the confining surfaces
often carry an electric charge, and the interaction between
them confines the colloid even further to the vicinity of
some potential minimum [17]. This results in an intricate
motion which is affected both by the PDDC and the confining
potential.

Consequently, the colloid motion was examined experi-
mentally in the lateral direction [18,19]. However, its motion
in the direction perpendicular to the confining surfaces, where
the coupling between the PDDC and the interaction potential
is pronounced, was only examined when the diffusion coeffi-
cient does not change throughout the colloid motion [20,21].
Although this simplification is valid at times, a rigorous de-
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scription of the motion in which the PDDC and interaction
potential are fully coupled to one another is still missing.
Moreover, in previous studies, the electrostatic interaction
was approximated by the simplified form, U ~ exp (—d/Ap),
where Ap is the Debye screening length and d is the separation
distance between the surface of the colloid and the wall.
While this is valid in the large separation limit d >> Ap, the
interesting regime where d is of the order of Ap has yet to be
explored.

In this paper, we study the motion of a spherical charged
colloid, of radius a, confined between two charged walls,
and focus on the motion in the direction perpendicular to
the walls. We consider the large sphere limit, i.e., a > Ap, d,
for which the calculation greatly simplifies and analytical
results are obtained. We make an additional simplification
by approximating the interaction potential to be a harmonic
one around the equilibrium position. We obtain a dynamical
equation that depends on a single dimensionless parameter,
o, that quantifies the interplay between the walls and the
interaction potential.

In the small or large « limits, the calculated probabil-
ity distribution function agrees with previous results, while
for « ~ 1, the motion deviates substantially from these two
known cases. The difference is quantified by the mean-square
displacement (MSD) behavior as a function of time, where
an analytic expression for the short-time behavior is derived,
while the long-time behavior is studied numerically. We also
show the dependence of « on the electrostatic properties of the
system. In particular, we demonstrate how it can be tuned by
changing the salt concentration, causing the colloid motion
to cross over between the PCCD dominated motion, which
is slow and explores a wide region, and the electrostatically
dominated one, which is faster and more localized.

The outline of the paper is as follows. In Sec. II, we
calculate the interaction potential. In Sec. III, we calculate
the PDDC and derive the dynamical equation of the colloid

©2021 American Physical Society


https://orcid.org/0000-0003-2418-6762
https://orcid.org/0000-0003-3422-5745
https://orcid.org/0000-0003-3185-8475
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.103.042607&domain=pdf&date_stamp=2021-04-19
https://doi.org/10.1103/PhysRevE.103.042607

AVNI, KOMURA, AND ANDELMAN

PHYSICAL REVIEW E 103, 042607 (2021)

L/2 L/2
Oy, % Oy,
w ‘.
y
Z/l_‘ e n T, dp

FIG. 1. Schematic drawing of the system. A colloid of surface
charge density o, and radius a is positioned in between two walls
with distance L between them, each having a surface charge density
oy. Both the colloid and walls are embedded in an ionic solution
with dielectric constant &, viscosity 1, temperature 7', and screening
length Ap.

motion. In Sec. IV, we analyze the MSD of the motion for
different values of the parameter «, and show the dependence
of « on the electrostatic properties of the system. In Sec. V,
we conclude with several general observations and comments
on the validity of our results.

II. ELECTROSTATIC POTENTIAL

We consider a spherical colloid of radius a and charge Q,
embedded in a dilute ionic solution. The charge of the colloid
is assumed to be distributed homogeneously on its surface,
with surface charge density o. = Q/(4mwa?), where o, can
be either positive or negative. The ionic solution is charac-
terized by a dimensionless dielectric constant &, viscosity 7,
temperature 7, and bulk concentration of monovalent salt
n. The colloid is confined between two charged walls, as
shown in Fig. 1. The distance between the walls is L, and the
position of the center of the colloid relative to the midplane
between the two walls is x. The distance between the colloid
and the left (right) wall is denoted by d, (d;), such that d, =
L/2—a+xandd, =L/2—a—x. Wedefinedy=L/2—a
as the distance between the colloid and the walls when the
colloid is placed on the midplane (x = 0). We also assume
that the walls have a fixed charge density, o, which can be
either positive or negative.

The electrostatic interaction between a spherical colloid
and a flat wall, embedded in an ionic solution, is described by
the Poisson-Boltzmann theory [22,23]. Assuming that the col-
loid and wall are not highly charged [see the exact condition
in Appendix A after Eq. (A2)], the theory can be linearized
and reduces to the Debye-Hiickel (DH) theory. In the DH
theory, the electrostatic potential, ¥, at each point in space
r = (x,y, z) is given by the linearized equation

(V2 —&p)¥(r) =0, (1)

where «p is the inverse screening length,
Ap' = [2¢°n/(e0eksT)]"/?, Ap is the Debye screening length,
e is the elementary charge, & is the vacuum permittivity, and

Kp =

kg is the Boltzmann constant. The equation is solved together
with the boundary conditions of fixed charge on the colloid
surface and on the walls.

The DH equation does not have an analytic solution for the
geometry considered here. However, by assuming that a is the
largest length scale in the system, a > dy, d;, Ap (the large
sphere limit), Eq. (1) can be solved by using the Derjaguin
approximation. Note that the large sphere limit combines two
different and independent physical limits: a > dy, d; (narrow
confinement) and a >> Ap (thin double layer).

In Appendix A, we calculate the electrostatic potential ¥ in
the large sphere limit. In addition, the Appendix contains the
detailed derivation of the interaction potential, U (x), between
the colloid and the charged walls, in the same limit. For
convenience, we repeat here only the final expression relating
U (x) and the osmotic pressure, IT,

do+x [ee]
Ux) = —27Ta</ dhf dlT1I(l)
h

d(]—)( o0
. / dh / dl n(1)>, ®)
h

where the osmotic pressure, I [23], is related to i by

£&)

M= —(=v"+py7), 3)
and ' is the first derivative along the x direction (note that
U (x) is defined up to a constant).

Equations (2) and (3) (see details in Appendix A) yield the
following interaction potential:

cosh(kpdy) + cosh(kpx)
20,01

a
Ux) = ——
0Kp

+ (002 + avzv) In (

cosh(kpdy) — cosh(kpx)

cosh(2xpdy)
cosh(2«pdy) — cosh(Rkpx) / |

@

Due to the symmetry, U’(x) = 0 at x = 0. However, from
Eq. (4) it follows that this equilibrium is stable (minimum of
U) only if
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— < —e or — > —e koo, (&)
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kpdo

This is exactly the condition that the walls repel the colloid
placed at the midplane position x = 0, instead of attracting
it [24]. In what follows, we focus on the case where the
colloid and walls have the same charge sign, and the stability
condition, Eq. (5), is thus always satisfied.

Expanding U (x) to second order around the midplane,
x = 0, we obtain the harmonic potential approximation

U~ %sz, (6)

where K = U"|,—o is the effective spring constant. From
Eq. (4), this approximation leads to

P <2na> 20,0y, cosh(kpdy) + 02 + 0
- sinh?(kpdp) .

The harmonic interaction potential in Eq. (6) will be used
as the potential energy in the following analysis. The approxi-
mation underestimates the strength of the interaction potential
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FIG. 2. Contour plot of the normalized effective spring constant,
K= K/(rraaf/aoe) where K = U"(x)|,—o [see Egs. (6) and (7)] as a
function of xpdy and oy /.. The color code is associated with In K.
Large K is obtained in the high oy, /o, and small kpd, limits. It decays
to zero as kpdj is increased.

close to the walls, but this only has a minor effect on the
dynamics, as will be discussed in depth in Sec. V .

In Fig. 2, K=K/ (7mac2 /€o0¢€) is plotted for different kpdy
and oy /0. > 0 values. For fixed xpdy and o, K diverges as
ow — 00, and monotonically decreases as oy, decreases. For
given o, and oy, K decreases rapidly when kpd is increased.

In Appendix B we derive the corresponding K for fixed
surface potential on the walls, rather than fixed surface charge.

III. CONFINED BROWNIAN DYNAMICS
A. Position-dependent diffusion coefficient (PDDC)

In a free medium (no boundaries), the colloid performs a
simple Brownian motion, described by a diffusion coefficient
D. By the Einstein relation, we have D = ukgT, where u
is the mobility, defined by the ratio of the colloid terminal
drift velocity to an applied force, u = v/F. If the colloid is
neutral, and at low Reynolds number, the mobility follows the
Stokes’ law, u = 1/(6wrna), and the diffusion coefficient of
this motion is denoted as Do, = kgT' /(6T na).

The mobility of a charged colloid in an ionic solution
is reduced due to the drag of the surrounding ionic cloud.
However, for low surface electrostatic potential or low surface
charge, the reduction is only of a few percent [25,26], and
is therefore neglected here. Note that the motion of ions, by
virtue of their small size, is much faster than the colloid,
and is assumed to be in equilibrium throughout the colloid
motion. Their only effect on the colloid dynamics (apart from
the reduction of its mobility, which we neglect) is through the
equilibrium interaction potential, Eq. (6).

The presence of walls in the vicinity of the colloid, how-
ever, can modify the colloid mobility substantially due to
hydrodynamic effects. As shown by Brenner [6], the Stokes’
law of a motion in the perpendicular direction to a single solid
wall, at distance d, is modified in the following way:

Fy = 6mnai()vy, ®)

with A being

nn+1)

4 >
ME) = gsinh{ ; 2n—1)(2n+3)

8 |: 2sinh [(2n + 1)¢] 4+ (2n 4 1) sinh(2¢) B i|
4sinh® [(n + 1/2)¢] — 2n + 1)2sinh? ¢
)

Here ¢ = cosh™ (1 4+ d/a), and F, and v, are the force and
velocity in the perpendicular direction, respectively. In the
d > a limit, we have A = 1 and the regular Stokes’ law is
recovered. In the d <« a limit, which is our main interest,
Eq. (9) becomes, to leading order, A ~ a/d.

When the colloid is placed in between two walls, the mod-
ified Stokes’ law has a much more complicated expression,
relying on extensive numerical computations [8]. However,
several approximations have been proposed [11,27,28]. The
simplest one is the linear superposition approximation that
was shown to agree fairly well with experiments [29],

FL ~6mna(hg + A — Dy, (10)

where A, and A, are calculated from Eq. (9), with d = d,
and d = d,, respectively. Note that the negative third term in
Eq. (10) guarantees that we recover F| = 6wanv, when the
walls are very far apart.

In the narrow confinement limit, dy, d; < a, the perpendic-
ular diffusion coefficient D, can be approximated as

D, (x)~ Dy Y% pof1-% (11)
X))~ —_— - — 1,
* “adi+dy) O\ &2
where
Dood
Dy = =22 (12)
2a

and the relations d; = dy + x and d; = dy — x were used. In
Fig. 3, we compare between the approximated diffusion co-
efficient given by Eq. (11), and the “exact” numerical results
of the diffusion coefficient of a colloid between two walls, for
motion in the perpendicular direction. The numerical data is
adapted from Fig. 6 of Ref. [8]. Here we show D, /D, which
is the inverse of A, D | /D, = 1/X, whereas in Ref. [8], A was
calculated [see its definition in Eq. (8)].

As seen in Fig. 3, for L/(2a) = 1.5, the approximated
expression overestimates the “exact” one by ~20% at the
midplane (x = 0), and becomes more accurate as we look
away from the midplane. For L/(2a) = 1.25, the deviation
in the midplane is of ~10%, and decreasing away from the
midplane. For L/(2a) = 1.1, there is only one data point avail-
able at the midplane, and it deviates from the approximation
by only ~2%. This strongly supports that in the dy < a limit
(L ~ 2a), the approximated Eq. (11) can by used.

The parallel motion is also described by a position-
dependent diffusion coefficient D (x) although we do not
calculate it here [9].

B. Fokker-Planck equation

The dynamics of a colloid with diffusion coefficients
D (x) and Dj(x) in the perpendicular and parallel directions,
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FIG. 3. The diffusion coefficient D of a colloid between two flat
surfaces, normalized by its diffusion coefficient in a free medium,
Dy = kgT /(6mrna), as a function of x/dy. Full black lines are
numerical results obtained in Ref. [8], and red dashed lines show
the approximated expression in Eq. (11), which relies on the linear
superposition approximation in the dy, d; < a limit. For L/(2a) =
1.1, a single data point was available in the numerical calculation:
D, /Dy = 0.049 at x = 0. The approximated expression in Eq. (11)
yields D) /Dy (x = 0) = 0.05 at x = 0. The difference between the
two values is smaller than the plot resolution.

respectively, and under potential field U (x), is governed by
the generalized Fokker-Planck equation [30],

OP(r.1) _ i[DL(x)(L ou @ )P(r’t)}

ot 0x kgT 0x 0x
32 92
+D||(x)< + ﬁ)P(r 1), (13)

where P(r,t) is the time-dependent probability distribution
function (PDF) of the colloid position. The full three-
dimensional motion of the colloid is quite complex, because
the motion in the y-z plane is coupled to the motion along the
x axis through the diffusion coefficient D (x). However, our
focus is on the perpendicular motion in the x direction, which
by symmetry, does not depend on the position in the y-z plane.
Then one can integrate the equation both over y and z from
—00 to 00, and obtain

optr.1) _ i[m(x)(# v, aa >p(x t)} (14)

ot ox ksT 0Ox

where p(x, t) is the reduced probability distribution function
px,t) = [dydzP(r,1).

Substituting the harmonic interaction potential obtained in
Eq. (6) and the PDDC of Eq. (11), we obtain

P _py (1N (Kx, (15)
o~ Vox 2 )\ her? " ox) ]

All the electrostatic effects are captured by the term pro-
portional to K. We note that, in general, rigid walls
impose zero current boundary conditions, i.e., j = 0 on the

walls, where the current is defined by the continuity equa-
tion dp/dt = —dj/dx. From Eq. (14), the current becomes
j=-—-D1(X)[(Kx/kgT)p + dp/dx]. Notice that the condi-
tions j = O at the walls are automatically satisfied by the fact
that D, vanishes there.

IV. MEAN-SQUARE DISPLACEMENT

Equation (15), together with the definitions of K and Dy
in Eqgs. (7) and (12), respectively, is the principal equation
of this paper. By solving it, one can derive the MSD, which
can be measured in experiments. The MSD of an ensemble of
colloids in equilibrium is

dy dy
((x(t) — x0)*) = / ) dxo / ) dx (x(t) — x0)*p(x, xo031),
0 0 (16)

where p(x,xp;t) is the probability of a colloid to be
at xp at time r =0 and at x at time f. As the ini-
tial position, xp, is drawn from an equilibrium distri-
bution, we can write p(x,xp;t) in terms of the con-
ditional probability, p(x, xo;t) = p(x, t|xg, 0)peq(x0), Where
Deq(X0) exp(—Kx(z) /2kgT). It then follows that the MSD is

4, o BT (x(6) — 30y

d K2
ffodo dxge Kx}/2kgT

((x(t) — x0)*) =

a7)

where (O),, is the average over an ensemble of col-
loids with the same initial position, xy, at t =0, i.e.,
(O)y, = fdx p(x, tlxg, 0)O, with p(x, t]xg, 0) being a solu-
tion of Eq. (15) with the initial condition p(x, 0) = §(x — xo).
The MSD resulting from Eq. (15) will be analyzed in depth in
what follows.

A. Vanishing interaction potential limit

While Eq. (15) does not have an analytic solution, it can be
solved for certain limits. In the vanishing interaction potential
limit, K is omitted altogether and we are left with

ap 2x 0 ap x2\ 8%p

—~ =D 1——=)—| 18

ot 0[ a2 9 +< d§>ax2 (18)
The above equation, for a colloid at x = xp at time ¢ = 0, has
the solution [30]

1 00 . ,
_ —Don(n+1)t/d,
p(x, tlxp, 0) = 2o Eﬁ 2n+De ™ 0

% P, (dO)Pn(;—O), (19)

where P,(x) is the Legendre polynomial of order n. The PDF
of Eq. (19) is characterized by the following first and second
moments,

(x(®))x,

2
— xoe—zDot/dO ,

_ 676D0t/dg ) , (20)

2 276D0t/d0 dg
(1)) % += 2 (1

In the limit of t — o0, the PDF reduces to a uniform distribu-
tion between the two walls that are positioned at x = +d.
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In the vanishing interaction-potential limit, K = 0, Eq. (17)
simply becomes

L%
((x(t) — x0)*) = 2 / ) dxo [((1))x, — 2X04x(1)), + X5 ],
° 1)
leading to the MSD
2
((x(t) — x0)*) = %(1 — 2P0t/ ), (22)

The above MSD approaches 2d§ /3 in the limit of ¥ — oo.

B. Strong interaction-potential limit

In the opposite strong interaction-potential limit, the con-
finement due to electrostatic effects is strong, and the colloid
remains close to the midplane. Consequently, its diffusion
coefficient does not change, and equals to Dy. Then the term
that depends on dj in Eq. (15) can be omitted, and we obtain

3 K 9 92
op =Do[—<p+x—p) +—p}. (23)
ot X X

Note that this is equivalent to the case of permeable walls,
where the walls interact electrostatically but not hydrodynam-
ically. Additionally, note that a strong interaction potential U
does not contradict the assumption employed in Sec. II of a
small electrostatic potential 1. This is evident, for example,
by the dependence of U on the colloid size [see Eq. (4)], which
is absent in ¢ [see Eq. (A2)].

The above equation can be solved for a colloid at x = xj at
time t = 0, yielding [31]

K 1/2
2mkpT (1 — e—ZDoKf/kBT))

K (x — xoe~DoKt/ksT y2
2UpT (1 — e=2DoK1/kuT))

p(x, t|xo, 0) =<

X exp |:— ] 24)

For the averages, we can extend the integral range in
(O)y, = [ dx p(x, t]x9, 0)O from %d to £oo. Then the first
and second moments are

(x(0)), = xoe ™K1,
kgT
(xz(t)),m — x(z)e—ZDOKr/kBT + B?(l _ e—2DoKt/kBT). 25)

For the MSD, Eq. (17) now reads

12 poo
) / dxo oK /2kT

—00

() =50 = (577

x [P0, — 2% (X)), +x5],  (26)
yielding

2kgT

((x(t) — x0)*) = (1 — e DoK1/ksTy, 27)

which asymptotically approaches 2kg7' /K for t — oo. Equa-
tions (19) and (24) and their corresponding MSD functions,
Egs. (22) and (27), represent the two limiting dynamical
behaviors.

Dapp/DO

In o

FIG. 4. The apparent diffusion coefficient D,,, [see Eq. (30)],
scaled by Dy, as a function of &« = KdZ /kpT .

C. Short-time diffusion coefficient

For a known initial position, p(x,0) is infinitely sharp
(Dirac delta function). As a result, the term proportional to
the second derivative of p in Eq. (15) dominates the dynamics
for short times,

ap 3’p

— = Deg(x0) —, 28

o ett (X0) e (28)
with Degr(x9) = Do(1 — x3/d3). The colloid experiences, for
a short while, a free diffusion with diffusion coefficient
Dt (x), with the following conditional probability distribution
function:

t1x0, 0) = P [ G20 )
pinibo0)= (i) o |~y |

This results in a linear time dependence of MSD,
{((x = xo)z) = 2Dyppt, Where Dy, is the apparent diffusion
coefficient

d K42
_ S5, dxoe Kxo/28T Do (x0)

Dy =
pp d, —Kx2
‘/‘720 d-x()e Kx5/2kgT

| V) —o/2
o erf(/a/2)
where « is a dimensionless parameter defined by
Kd§
o=—2 (31)
kgT

and erf(x) = (2/4/7) fo e~“dz is the error function. Notice
that ./« is the ratio between two characteristic length scales,
dy and kgT /K. While dy is the length over which the
diffusion coefficient changes, «/kg7T /K is the characteristic
interaction potential length scale, which is small for strong
potentials and large for weak ones.

In Fig. 4, Dy /Dy is plotted as a function of «. Upon
increasing «, D,,p, monotonically grows from D,p, /Do = 2/3
obtained for & = 0to D,pp/Do = 1 valid for the @ — o0 limit.
We conclude that the colloid moves faster as the electrostatic
effects are stronger (large «). The change in Dy, occurs when
« is of order unity.
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FIG. 5. The mean-square displacement (MSD) of the colloid, {(x — x¢)*) scaled by d?, as a function of ¢ scaled by d3 /Dy for (a) @ = 0.1,
(b) @ = 10, and (c) and (d) @ = 2. Red dots are the numerical solution of Eq. (15). Solid blue line is the vanishing interaction-potential limit
[see Eq. (22)]. Dashed black line is the strong interaction-potential limit [see Eq. (27)]. In (d), the short-time limit of « = 2 is shown, together
with the prediction, ((x — x()?) = 2D,ppt With Dy, defined in Eq. (30) (thick green line).

D. Numerical analysis

The full dynamical equation, Eq. (15), can be made dimen-
sionless by using the dimensionless position ¥ = x/dy and
time 7 = (Do/d3)t as

op

or (52)

a ap
=—10 - axp+ =
PRAN )<“xp+ ax)’

where « is given by Eq. (31). The vanishing interaction-
potential limit, Eq. (18), and strong interaction-potential limit,
Eq. (23), correspond to o = 0 and to the limit &« — o0, re-
spectively [in order to obtain Eq. (23) from Eq. (32), one needs
to redefine the normalized position and time].

We calculate the MSD of the particle for different o values
by solving Eq. (32) numerically. In the following we use the
same normalized variables as in Eq. (32), but drop the tilde
signs for brevity. We divide our space into N lattice points
{x1,...,xy}, where x; = —1 and xy = 1, and define p;(¢) =
p(x;, t). For a given x(, we start with a distribution that approx-
imates a Dirac delta function, p;(0) = (278)~"/? exp[(x; —
X0)? /28], with § <« 1. We then iterate each time step using

the Euler method,
pit + At)
At Pir1(t) — pi(t)
=pi(H)+ Ax |:(1 —xt1) <0‘xi+1pi+1 (1)+ B P —

pi(t) — pi1(t)

Ar (33)

The zero current boundary condition is guaranteed due to
the cancellation of the diffusion coefficient, proportional to
(1— xiz), atx; and xy. We used a lattice spacing of Ax = 0.02,
and a time step At between 6.25 x 107> and 2 x 1074, de-
pending on «. For each initial condition, xy € {—1, 1}, we
calculated ((x(z) — xp )2>x0 and obtained the MSD through
Eq. (17).

The numerically obtained full MSD is shown in Fig. 5 for
different o values, and is compared with the limits in Egs. (22)
and (27). Figure 5(a) shows that for « = 0.1, the MSD coin-
cides, almost perfectly, with the vanishing interaction poten-
tial case (solid blue line), while in Fig. 5(b) for @ = 10, it coin-
cides with the strong interaction-potential case (dashed black
line). However, for an intermediate value, « = 2 in Fig. 5(c),
the numerically obtained MSD deviates substantially from the

—(1- xlz) (otx,-p,-(t) +
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FIG. 6. The diffusion characteristic time tp, defined as the time
at which the MSD reaches half of its value in the 1 — oo limit, nor-
malized by dZ /Dy, as a function of «. Solid blue line is the vanishing
interaction-potential limit, tp = dg In2/(2Dy), and dashed black line
is the strong interaction-potential walls limit, 7p = dg In2/(Dyx).
Red dots are the values calculated numerically from Eq. (15) and
interpolate between the two limits.

two limits. In the short-time limit, it lies between the two lim-
iting cases, while in the long-time limit it has a significantly
lower value than both limits. In the short-time region shown
in Fig. 5(d), the numerical calculation coincides with Eq. (30)
(thick green line), and the MSD grows linearly with a slope
that increases with «. At saturation, the MSD for o = 0.1
equals ~0.6d3, for « = 2 equals ~0.4dZ, and for o = 10, it
approaches ~O.2d§, indicating that the colloid motion is more
localized when the electrostatic force is strong.

A distinct difference between the MSD for different «
values is the characteristic time at which MSD saturates.
This is the time it takes the colloid to explore its available
space. Denoting 7p as the time at which the MSD reaches
half of its maximal value (the diffusion characteristic time),
we obtain that in the o = 0 case, p = dg In2/(2Dy) [see
Eq. (22)], while in the o« — oo limit, p = kg7 In2/(DoK) =
d?1n2/(Dya) [see Eq. (27)]. In Fig. 6, tp scaled by d/Dy
is shown as a function of «. Similar to Dy, the diffusion
characteristic time tp interpolates between the two limits
mentioned above, where the crossover occurs around o ~ 1.
The decrease of tp as a function of «, seen in Fig. 6, is
attributed to two effects. First, as « increases, the colloid
is more localized due to electrostatic forces and explores a
smaller region, and second, its average diffusion coefficient,
being further away from the walls, becomes larger.

E. Dependence of « on electrostatic properties

So far we have seen that the dynamics are determined by
the value of . Substituting the value of K derived in Eq. (7),
we obtain

. ( 2ad} ) 20,0y cosh(kpdp) + 02 + o2
~ \eockpT sinh?(kpdp) '

(34)

In an experimental setup, o can be controlled by changing
the ionic strength (salt concentration, n), and consequently the
Debye length, Ap ~ 1/./n. The dependence of o on Ap = kp !
is plotted in Fig. 7, for reasonable colloid and solvent param-

Ap[nm]

FIG. 7. The natural logarithm of the dimensionless parameter
o = Kd? /kgT, where K is given by Eq. (7), as a function of the
screening length, Ap, on a logarithmic scale. The system parameters
areL = 5 um, o, = 0.003¢/nm?, T = 300K, and ¢ = 80. Blue lines
are for dy = 500 nm (@ = 2.0 um), and red lines are for dy, = 100 nm
(a = 2.4 pm). Solid lines are for uncharged walls, o, = 0, dashed
lines are for walls with surface charge density, o, = o, and dot-
dashed line are for o, = 100.

eters. As expected, « is large for large screening length and
decreases towards zero as Ap decreases.

As we have shown, o = 1 signifies the crossover from a
PCCD dominated motion to an electrostatically dominated
one. For the range of parameters in Fig. 7, this crossover
occurs roughly when Ap ~ dy/10. The screening length that
corresponds to the crossover increases with dy, and for a fixed
o. (ow), it decreases as oy, (0,.) increases.

V. SUMMARY AND DISCUSSION

We studied the dynamics of a charged colloid under
restricted confinement of two charged surfaces. The combi-
nation of electrostatic and hydrodynamic forces exerted by
the walls result in a unique behavior. This behavior can be
quantified in terms of a dimensionless parameter « in Eq. (31)
that determines the interplay between the electrostatic interac-
tion and the position-dependent drag force. The parameter «
is also given by Eq. (34), showing how the colloid motion,
including its short-time behavior, Eq. (30), and long-time
behavior (Figs. 5 and 6), depends on the geometry and elec-
trostatic properties. In particular, & can be tuned by changing
the screening length (Fig. 7) that is usually an easily con-
trolled parameter in experiments. At small screening length
(small o), the colloid moves slower than at larger screening
length (large o). In addition, as Ap is increased the colloid
explores a smaller region in space throughout its motion. The
two effects lead to a decrease in the diffusion characteristic
time, Tp, as Ap is increased.

We note that the harmonic approximation of the interac-
tion potential allows us to obtain analytical results. If we
use the full interaction potential, Eq. (4), in the dynamical
equation, we could not have expressed it in terms of a single
parameter, «, as in Eq. (32). This harmonic approximation
underestimates the strength of the interaction potential near
the walls. However, as long as d is of the order of the screen-
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ing length, or smaller, the approximation is valid except for the
regime very close to the wall where the interaction potential U
diverges. This small region near the walls does not affect the
MSD that integrates the motion throughout the entire space.
Moreover, the divergence of U close to the wall is unphysical
because at such close proximity the DH theory, Eq. (1), is no
longer valid. For dy >> Ap, the following limiting expression
should be used instead:

2Qay,
goekpa

Ux) ~ % cosh(kpx). (35)
However, as in this limit the interaction potential is very small
and can be ignored, there is no substantial difference in the
MSD between the exact and approximated potentials.

We also note that, in our analysis, the effect of the ionic
cloud on the diffusion coefficient of the charged colloid was
neglected. In the free medium, the effect of the ionic cloud
was calculated and turned out to be very small (of only a few
percent) [25,26]. Since in a restricting confinement this effect
was not fully investigated [18,32], it is not considered here for
simplicity.

Although the above-mentioned calculations are approx-
imated, we expect our results to qualitatively describe the
Brownian motion of a charged colloid between confining
charged walls. This should be tested in future experiments that
will focus on very restricted confinement, as considered here.
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APPENDIX A: DERIVATION OF EQ. (4)

In the large sphere limit, the force acting on the colloid
from the right wall is independent of that acting from the left
wall, and vice versa. For each side, the force on the colloid is
approximated by the Derjaguin approximation [22]

F(d)~ 271a/ dlTI(l), (Al)
d
where I1 is the force per unit area exerted on the colloid, if the
colloid is considered as flat rather than spherical, and d is the
distance between the colloid and the wall (d = d; for the left
wall and d = d; for the right wall).

The electrostatic potential in the Derjaguin approximation
can be calculated in a straightforward way. As it was per-
formed multiple times for other geometries and boundary

conditions [22], we describe it only briefly here. Since the
two sides of the colloid are decoupled, we start by solv-
ing the DH equation in Eq. (1) for a single wall, while
assuming that the colloid is flat (a — 00). Denoting the dis-
tance from the left wall, without loss of generality, by &,
the boundary conditions are dvr/d&|e=0 = —0/(g0e) and
dvr/d&|e—q = 0./ (go€). Then the solution is

ow cosh [kp(d — &)] + o, cosh(kpé)
egokp sinh (kpd) '

v(&;d) = (A2)

The DH approximation is valid when the electrostatic
potential on the wall (§ =0) and on the colloid surface
(£ =d) is small compared to kg7 /e [23]. This is satisfied
when o, oy < ¢/(¢gip) and oc, oy K ed/(Igr}), where
lg = e /(4mspekgT) is the Bjerrum length. When the col-
loid gets very close to the wall, d — 0, the above Derjaguin
approximation fails. However, as discussed in Sec. V, this
regime does not affect our results.

One can show that the force per unit area, I1(d), is inde-
pendent of & and equals to [23,24]

N@) = 2 [v 2D + G E:d)]

2 2
_ 20.0 cosh (‘KDf) +os+ aw’ (A3)
2¢gg( sinh” (kpd)

where V' = dy/d&. Substituting Eq. (A3) into Eq. (A1), we
obtain the force between the colloid and one surface. Inte-
grating the force, we further get the interaction potential U,
with a single wall, U;(d) = —fad dh F (h) where the lower
cutoff § is an arbitrary distance. The total interaction poten-
tial of the colloid, when taking into account the two walls,
is U(x) = U (dy + x) + U(dy — x). After some algebra, we
obtain

Ux) =

2

cosh(kpdy) + cosh(kpx)
20.04 1
EEOKD

cosh(kpdy) — cosh(kpx)

. , cosh(2kpdp)
+(0f +oy)In (cosh(ZKDdo) - COSh(zKDx))]
(A4)

We note that since U (x) is constructed from integrating IT
twice, the effective spring constant K = U”|,—¢ [see Eq. (6)]
can be directly obtained from [T,

K = 4mall(dy). (AS)

APPENDIX B: CHARGED WALLS WITH FIXED SURFACE
ELECTROSTATIC POTENTIAL

Assuming that the walls have a fixed surface electro-
static potential, V, we repeat the calculation of Appendix A
and Sec. II.

For the space between the left wall and the colloid,
the boundary conditions are V|e=o =V and dv/d§|e=q =
o./(go€). The solution to Eq. (1) is

VE) = Vepekp cosh [kp(d — &)] + o, sinh (KD%')’ B1)

ggokp cosh (kpd)
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and following a similar calculation as done in Appendix A, the total interaction potential is

T
Ux) =
EEOKY

a
" {[(VSOEI{D)2 — 6] In (cosh[kp(dy + x)] cosh[kp (do — x)])

d do —
—4o.Veegkp |:tan_' (tanh M) + tan~! <tanh M)} } (B2)

Qualitatively, the behavior of U when varying V is similar to
its behavior in Sec. II. The stability condition is

—odo o § < —grd, (B3)

§>e

where § = Vepekp/o.. Unlike Sec. II, here the stability con-
dition does not coincide with the condition that the walls repel
the colloid at the midplane. The latter condition is

1 |
5 5 .
T el 1 ST 1 mod 0T o _ 1§ oode
(B4)

(

If the stability condition of Eq. (B3) is satisfied, we can
approximate the interaction potential around x = 0, tobe U ~
K=x?/2, with the effective spring constant

K- (27m> 20V egokp sinh(kpdy) + (Veeokp)? — o
—\eg cosh?(kpdp) '

(BS)

As shown in Sec. IV D, the value of K determines the type of
colloid diffusion. For a fixed o, K grows as V is increased,
and decays to zero for kpdy > 1.
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