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Adsorption of colloidal particles on a charged surface: Cluster Monte Carlo simulations
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We investigate the adsorption of colloidal particles on a charged surface by the cluster Monte Carlo simu-
lation. Under the primitive model of asymmetric electrolytes, the density profiles of colloidal particles at a
surface are analyzed as a function of the electrostatic coupling parameter. In the strong coupling regime
numerical results show thige-charged adsorptioetween colloidal particles and a charged surface, which
cannot be explained by the Derjaguin-Landau-Verwey-Overbeek theory.
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[. INTRODUCTION where a, and r, are the average distances between two

neighboring counterions on the charged colloidal particle,

Electrostatic interaction plays an important role in col-and the radius of counterions, respectively. These studies

loids, polyelectrolytes, and surfactant micellgs-5. The have shown that the effective interaction between colloidal

linearized screening theory of Debye anddkel always particles becomes repulsive at weak electrostatic couplings,

leads to a repulsive interaction between like-charged colloidand on the other hand, the attractive force dominates be-

in an aqueous solution. In the Derjaguin-Landau-Verweytween them at stronger electrostatic coupling$3—

Overbeek(DLVO) theory, the electrostatic part of the effec- 15,17,30—34 At larger concentrations of multivalent ions, it

tive interaction between particlésy,o(r) is given by has been clarified that charged colloids or polyelectrolytes in
an aqueous solution strongly bind so many oppositely
722 @Ktm \2g=«r charged microions that the sign of the net macroion charge
Upwol(r)= ( , (1) becomes inverted. The charge inversion is one of the charac-
4aae\ 1+ krpy r

teristic phenomena in soft matters with strong electrostatic
couplings and is of great intergs§1,35—-41.
whereZ, & «, 'y, € andr denote the surface charge of | this paper, we study numerically the structural forma-
colloidal particles, the elementary charge of an electron, thggn of colloidal particles on a charged surface by the cluster
inverse of the Debye-Hikel screening length, the radius of nonte Carlo simulation. Using the primitive model of asym-
colloidal particles, the dielectric constant of the medium, andyetric electrolytes, the density profile of colloidal particles is
the center-to-center distance betyveen two co_IIO|daI pal’thle%|ariﬁed, as a function of the strength of the coupling param-
respectively. The inverse screening lengtfs given by eterI". The effective interaction between colloidal particles
and a charged surface has been studied numerically by
2= dmngS) njqu, 2 Svensson and"ﬁnsson[42_]. In Ref.[42], they have pointed
j out that a lot of counterions accumulate on a macroion sur-
face and the mobility of macroions becomes very retarded,
where\g=e?/4mekgT is the Bjerrum length and; is the :’.Vbhi.Ch ”.‘akﬁs it very diffic.ult tlo r.eaCT a;hermodynamic eqlui—
e et 1 SETer, e efeciue eTacon B h cluser orle Carlo technius (0 et s proier and
phys[ical pr(])]perties of colloidal systems in an aqueous 50'“?Aagyggsezﬁisfﬁhﬁﬁguﬁ]S tﬁ]; C;?Sﬂgdcgﬁgﬂfglrggimes
tion [2,6—11. . ' . '
Recently, lots of works are devoted to clarify the electro-2Y" numerical results demonstrate tile-charged adsorp-

static effect in soft matterf3, 12-29. Rouzina and Bloom- tlorjn?it'astwaeegrrgag:o;%?;ezngsa;oﬁlgivrge& Sstgzta(l:le.we describe
field [3] and Guldbranckt al.[12] have analyzed the attrac- h > Pap 9 : o e

. : e primitive model of colloidal particles in an aqueous so-
tion between like-charged planer surfaces at a shortt

separation. Linse and Lobaskin have applied their theory intt!)uft'onli I_r:jSIec. II.I,lthe numehncal :jesultfs on the ggn?ty %roﬁle
a spherical geometry, and proposed a criterion that the likeg' 0010 particles at a charged surface are displayed. Sec-
charged attraction between colloidal particles can happeHOn IV'is devoted to discussions and conclusions.
when the coupling parameté&robeysl’~2 or larger, where

I is the ratio between the characteristic energy of the Cou- Il. MODELS

lomb interaction and the thermal enerigyT [13]. Here the

dimensionless coupling parameféis defined to be We adopt the primitive model of strongly asymmetric

electrolytes to describe colloidal suspensions in an aqueous
solution, involving the excluded volume and the Coulomb
' (3) interaction of negatively charged colloidal particles and
rmtre counterions[13,16,30. Employing the primitive model,
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fluctuation-induced attraction between like-charged colloids Ill. NUMERICAL RESULTS
has been found in computer simulatigrist,18,4Q. In this
model, all particles are represented by hard spheres with dif-
ferent charges and sizes. The model contains two types
spherical charged particle@) colloidal particle§macroion$

(r)f ;a:]ddlu;:gr and C\,Cﬁg;é?hzngig?rectzu;tﬁfé?gfeogfradéu§o|-the effect of surfaces and interfac@sg., membrangg43|.
¢ ge& To treat the periodic boundary condition in a quasi-two-

vent is neglected and the solvent enters into the model via ita. . X
. . ; . ; imensional system, we adopt the Lekner summation tech-
dielectric constang, which reduces the Coulomb interaction.

We consideiN,, spherical macroions with the surface chargenique in the following simulatiori44]. In the Lekner sum-
m i i i .
—Ze (Z>0). In addition, counterions carrying an opposite mation technique, the pair potentidq(x,y;2) between two

chargeqge(q>0) are fully taken into account. These macro- particles in a quasi-two-dimensional system is given by
ions and counterions are dispersed in the cubic box, where 9,0,
the positions of these particles are randomly moved in the V,4(x,y;z)= ) E E
i i i i - - o Ame n Sl n o [r+nLet+nyle)
simulation. The linear system size of the cubic box inxhe Nx Ny x y

y, andz directions is taken to be (—L/2<X,y,z<L/2). The ;€2
14> D) Ko(2mn{y + k2 +29)
n k

The long-range nature of the Coulomb interaction is usu-
ly handled by the Ewald summation technique. However,
e simulation becomes more difficult to treat ig@asi-two-
dimensional systenmbecause we have to take into account

[

1

pair potentialVj;(r) between particles andj is given by =

dme
* 2for P<ritr X cog2mnx)—In{cosk2mz)
Vig(r)= 9i9;& for r>r;+r; @
4irer SR

—cog2my)}+C,/, (6)

whereq; andr; are the valence and the radius of a particle - o
respectively. In the absence of salt, only the macroions any€re the indices, andn, run over the periodic images of
the counterions are treated in Ed), and this level of de- 1€ Simulation box, ané,, e, Ko(x), andc, are unit vec-
scription is also referred to as the two-component modefers in thexandy directions, the modified Bessel function,
[27]. The model system is described by physical parameter&nd the constant to be added, respectiyé#]. Equation(6)
such a<Z, G ro, fes pm» pe, ando, wherep; is the number IS ra_p_ldly convergent _due to the asymptotic behavior of the
density of particles (=m,c), and o is the surface charge Modified Bessel function, such as
density of a surface. The macroion chaés varied from -
20 to 60, .the cou_nterion valenag from 1 to 3, and .the Ko(X)~ /—exp(—x).
electrostatic coupling parametErfrom 0.4 (weak coupling 2x
regime to 3.7 (strong coupling regime . . . o
gln t?]is stud§/, thegeﬁectpof% cr?arged surface is treated agor the more technical details of treating periodic image
follows: we impose periodic boundary conditions in tke Charges, see Refd4].

L i e I As explained in the preceding section, there is a difficulty
andy directions, and the hard-wall condition in tkelirec 1j-n performing the traditional Monte CarlMC) simulation

face perpendicular to theaxis, and the other parallel surface OrinassyTvlﬁg:gCthzle;;;ﬂ)rﬁﬁlsatgﬁho:tégSgteer:ifmgocjt)astg tc():otl;_e
is set to be electrically neutral. We assume that the imag?nagro,ion surface  depresses the macroion  mobilit
charge effect across the surfaces in thdirection, due to a b y

lower dielectric constant than the medium, is expected to bg;3’14’42‘ We apply a cluster-move technique in the MC

small and can be neglected in the following simulation. ThisSImUIatlon to enhance the mobility of macroions, where we

corresponds to the matchirgboundary condition at the sur- define a cluster by selecting a macroion, and surrounding

face. The counterions discharged from the negativelfountenons within a distanag, from the center of the mac-

charged surface are included explicitly. We also consider th%Olon [45]. Then we perform a trial move of the whole clus-

condition of global charge neutrality such as er with an acceptance probabiliBceepSuch as

)

Paccept MiN{1,expg —AE/kgT)} 0y n (8)

o old’
—pmZ+pq+—=0. 5 .
" L whereAE, n..,, andngg denote the total energy difference
between, after, and before its trial move, the number of coun-

TABLE |. System parameters for the ruAs B, C, andD. terions inside the cluster €r) after the move, and that

before the move, respectively. The fac@yr , in Eq.(8)
Run q Z Ny L (nm) r . . . . new'old

is required to satisfy the detailed balance condition. The ad-
A 1 20 20 40.0 0.4 vantage of the cluster MC method will be greater as the
B 1 20 44 52.0 0.4 electrostatic coupling is increased. In the MC procedure,
C 2 40 20 40.0 1.6 translational displacements in tkxe y, and z directions are
D 3 60 20 40.0 37 made with step lengths uniformly sampled fromA/2,

A/2], whereA is the translational displacement parameter. In
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FIG. 2. Density distribution functiop(z) of colloidal particles
at a charged surface with different number of colloidal particles
N . The electrostatic coupling parameféiis taken to bd™=0.4.

(N,V,T) ensemble. We start with an arbitrary particle con-

figuration that does not penetrate into other particles. The

diameter of colloidal particles is set to be,2=4.0 nm, and

the magnitude of the surface charge on colloidal partigles

is taken to bez=20, 40, and 60. It takes $MMonte Carlo

steps(MCS) to get the system into equilibrium, and ®10

MCS to take the canonical average after the equilibrium has
b been reached. We also take the sample average over 20

( ) samples for each run. In the following, the temperafuead

the relative dielectric constant of water(= e/ €,) are taken

to be T=300 K ande, =78, respectively, where, is the

vacuum dielectric constant. The surface charge densitfya

charged surface is set to be= —0.03 (C/n%), and the radius

of counteriong . is taken ag .=2.0 A. Other parameters of

the system are displayed in Table I.

Figure 1 shows the snapshot of colloidal particles and
counterions, where the left side of the box corresponds to the
negatively charged surface. Figurgg)land Ib) denote the
results with the electrostatic couplings=0.4 (run A) and
3.7 (run D), respectively, and we can see that these two re-
sults are apparently different. As the electrostatic coupling
parameterl” increases, diffusing counterions are bound to
macroion surfaces. In Fig(d), there is no colloidal particle
near the charged surface, reflecting the double-layer repul-
sion between colloidal particles and the surface. In Hf),1
on the contrary, we can see that negatively charged colloidal
particles are adsorbed on the surface. The latter result cannot
be explained by the mean-field DLVO theory.

To check the finite-size effect, we study the density dis-
tribution function p(z) of colloidal particles at a charged
surface. Figure 2 shows the normalized densities of colloidal

FIG. 1. Snapshot of colloidal particles with a planer chargedparticlesp(z) with the different number of colloidal particles
surface.(@) The electrostatic coupling parametéris taken to be N, and the system siZe. Herez is the distance between the
I'=0.4. (b) The electrostatic coupling parametéris taken to be  syrface and the center of colloidal particles. The density dis-
=37 tribution functionp(z) is sampled by use of a uniform grid

of 2.5.. Here the macroion volume densit, is fixed to
the following simulations, we take the same magnitude obe ¢,,=0.01. In Fig. 2, open squares and open circles rep-
the translational displacement parametefor all colloidal  resent the calculated results wiltly,=20 and 44, respec-
particles and counterions. tively. The abscissa and the ordinate denote the distance be-

At first, the profile of negatively charged colloidal par- tween the surface and the center of colloidal particles, and
ticles is studied by cluster Monte Carlo simulation in thethe normalized density of colloidal particles, respectively,
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8 ‘ ‘ TABLE Il. Simulation parameters for each risee the text for
notatior).

Run A (nm) Pei Pca
A 1.0 0.11 0.76
] B 1.0 0.11 0.78
4 1 C 1.0 0.24 0.39
D 0.5 0.35 0.25

3.

L surface, where the electrostatic coupling paramBter var-

2r ied systematically. Using the primitive model of asymmetric

° electrolytes, the density profile of colloidal particles has been

numerically clarified as a function of the electrostatic cou-

pling parametel’, from I'=0.4 (weak coupling regimeto

I'=3.7 (strong coupling regime It has been found that the

0 ' o structural formation of colloidal particles on a charged sur-
2 face is sensitive td' in an aqueous solution. In the strong

coupling regime, numerical results have indicated like-

FIG. 3. Density distribution functiop(z) of colloidal particles  charged adsorptiotetween colloidal particles and a charged
at a charged surface with different strength of electrostatic cousurface, which the DLVO theory cannot reproduce. These
plings I'. The inset shows the effective potentidd(z)=  features have shown a good agreement with the previous
—kgT In p(2) between colloidal particles and a charged surface. study by Svensson and Jonsddg], and the importance of

o ] . the Coulomb correlation and the fluctuation effect in the sys-
and the statistical error is also shown by the vertical bar. Thgayy |n an aqueous solution with the strong electrostatic cou-
magnitude of the surface chargeand the valence of coun- pjing sych like-charged adsorption will occur not only in
terionsq are taken to beZ,q)=(20,1). In Fig. 2, we have ., iqal suspensions, but also in polyelectrolyte solutions.
an agreement bgtween caICL_JIa_ted resultg \M;,h= 20 (run We have applied the cluster Monte Carlo technique to treat
A apd 44 macroiongrun B) W'th'r.] th'e st'atlst|cal error. the difficulty, due to the accumulation of counterions close to

Flgure 3 shows the density .d'St”bUt'on functipz) of .. the macroion surfac¢l4]. It has been confirmed that the
colloidal particles at a negatively charged surface Wlthcluster MC technique is efficient to study the adsorption phe-

monovalent, divalent, and trivalent counterions. Open mena in an asvmmetric electrolvte. especially in the case
squares, open circles, and open triangles show the resul y yte, esp y

with the electrostatic couplings=0.4 (run A), 1.6 (run C), of the stronger electrostatic coupling.

and 3.7(run D), respectively. The solid lines are only guides 't has been suggested that multivalent counterions are
to the eye. The translational displacement paramétethe condensed and form a two-dimensional strongly correlated

acceptance ratio of the cluster movemepts, and that of liquid at the surface of a macroid82]. In previous studies,
the counterion movements,, are shown in Table Il. These the counterion condensation has been studied by molecular
results indicate that the profile of the density distributionSimulations in a solution of highly charged rigid polyelectro-
function p(z) drastically changes dt=2. The inset shows lytes[46] and in spherical colloidal suspensiof#0]. They
the effective potentiall (z) between colloidal particles and a have indicated that while the agreement between the
charged surface obtained by(z)=—kgTInp(z). Solid Poisson-Boltzmann theory and simulation is excellent in the
circles correspond to the result with the electrostatic coumonovalent, weakly charged case, it deteriorates with in-
plingI'=3.7, and we can see that the magnitude of attractivereasing the strength of the electrostatic interaction and, in
well at z=~2r, is larger thankgT. This indicates that the particular, with increasing the valence of microions. Our re-
attractive interaction between colloidal particles and asults will shed light on a characteristic feature in soft matters
charged surface is strong enough, compared with the thermbkyond the mean-field theory. The application of these prop-
fluctuation energy { kgT). erties to produce various molecular assemblies is highly de-
sirable, and these are future problems.

p(z) (arb. units)

IV. CONCLUSIONS
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