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The adsorption of colloidal particles from a suspension on a solid surface is of fundamental im-

portance to many physical and biological systems. In this work, Brownian Dynamics simulations
are performed to study the aggregation in a suspension of oppositely charged colloidal particles
in the presence of an attractive wall. For sufficiently strong attractions, the wall alters the mi-
crostructure of the aggregates so that B2 (CsCl-type) structures are more likely obtained instead
of B1 (NaCl-type) structures. The probability of forming either B1 or B2 crystallites depends also
on the inverse interaction range ka. Suspensions with small xa are more likely to form B2 crystals
than suspensions with larger xa, even if the energetic stability of the B2 phase decreases with
decreasing xa. The mechanisms underlying this aggregation and crystallization behaviour are
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analyzed in detail.

1 Introduction

Scientific investigations aimed towards the control and manip-
ulation of colloidal structures have always attracted researchers
in biomedicine and ceramics.!=3 In itself, the study of the ag-
gregation of colloids in suspension has greatly contributed to the
advancements of colloidal science,*° and is now a very active
research field.®® However, structural design is not entirely re-
stricted to the self-assembly of colloids due to their mutual in-
teractions. In fact, a powerful and more flexible way to control
spatial ordering in the aggregates is by the introduction of exter-
nal forces, which can bring forth new possibilities for different
microstructural formations. 1912 In this work, the external force
is due to an attractive wall.

In recent years, particular attention has been given to the nu-
merical modeling of the aggregation of colloids. %14 One reason
is because colloids display the same phase behavior as atoms and
molecules, but with the mesoscopic size advantage thus allowing
direct observation in real space.!>1® Another reason is because
colloids serve as excellent models in the understanding of pro-
tein adsorption on surfaces since both systems are subject to the
same thermodynamics, but with the colloids having the benefit of
simpler length scales. 17-18

In this paper, we used binary colloidal suspensions i.e. systems
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consisting of two types of particles, which can acquire opposite
charges in the suspension and interact mainly through screened
electrostatic forces. Binary systems have been prominently fea-
tured in the recent years due to the heteroaggregation phenom-
enal? that can lead to even more diverse types of colloidal crys-
tals. 111420 The system used is similar to the one presented by
Bochicchio et al.,21:22 where the aggregation kinetics of binary
colloidal crystallites in absence of external force fields is mod-
eled. In Ref. 21 it has been found that the most stable colloidal
crystallite structure depends on the parameter xa, in which x is
the Debye inverse length and « is the colloid radius. The obtained
crystallite structures can be classified into type B1 (NaCl crys-
tal structure) or B2 (CsCl structure) (see Fig. 1). For ka < 2.55
(long interaction ranges) the B1 structure is energetically favored,
while for xa > 2.55 the B2 structure prevails. 14 However, the ag-
gregation simulations show that the B1 structure is also formed
for xa in the interval 2.55 — 3.3 due to kinetic effects.2! The study

Fig. 1 A B1-type lattice (left) and a B2-type lattice (right). For the B1
structure, an atom is surrounded by 6 first nearest neighbors of a
different kind. For the B2 structure, an atom is surrounded by 8 first
nearest neighbors of a different kind.
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of the aggregation mechanism has shown that a metastable liquid
aggregate is formed first. Solidification occurs when stable nuclei
are formed inside this aggregate. If the xa < 3.3, the interaction
range is sufficiently large to hinder the formation of B2 nuclei, in
which a particle of a given type has to be surrounded by 8 par-
ticles of the opposite charge (see Fig. 1). A subsequent metady-
namics study by Bochicchio et al.?2 has shown that the transition
from the metastable B1 aggregates formed for 2.55 < ka < 3.3 to
the energetically stable B2 structures requires surmounting large
energy barriers, so that the metastable B1 aggregates may have a
very long lifetime.

The goal of this paper is to determine further possible alter-
ations to the same binary system when an attractive wall is intro-
duced. In light of the observation described above, we are inter-
ested in the modifications in the region where ka < 3.3. We study
the assembly of colloids on the surface and determine the param-
eters that affect the conformation of the colloids. In the present
paper, these include the bulk parameters of the suspension (po-
tential well depth U* and inverse range of interaction xa), and
the interaction strength between the wall and the colloids &*.

We perform Brownian Dynamics simulations of a binary sus-
pension, interacting via a Yukawa potential. While it is feasible
to work on realistic potentials for the colloid-wall interactions, it
entails a significant slowing down of the calculations. Here, we
are only interested on the general character of the binary system
with attractive walls, so that this type of external force is mod-
eled using Lennard Jones (LJ) 9-3 potential, whose well depth
and range of attraction can be easily tuned. Whether the study
is on colloidal adsorption 17-23:24 or protein implants, 25-26
dictive model that is based on the properties of the colloids and
surfaces is generally informative prior to experimental studies.

Our results will show that, if the interaction with the wall is
sufficiently strong, there is a clear driving force towards the for-
mation of the B2 phase. Rather counterintuitively, the wall kinet-
ically triggers the formation of this phase more and more easily
as the phase itself becomes less and less favourable from the en-
ergetic point of view.

a pre-

2 Methodology

The colloidal binary system is similar to that studied in Ref. 21.
An equal number for each type of colloids (N4 = Ng = 250) is used.
The total number of colloids used in the simulations is N, = 500.
Both particle types have the same radius a and carry charge of the
same magnitude but with opposite signs. The interaction between
the particles is described by a Yukawa potential of the form:

Ul = sgn(qiqj)?e*'((”’”w M
ij

where Uj is a constant that gives the value of the potential at con-
tact, r;; is the center to center distance between particles i and j,
and sgn(g,q;) is the sign of the product of charges ¢; and ¢;. The
sign of the charge on a colloid depends on the colloid being either
of type A or B. In this paper, well depth values of U* = Uy /kgT =17
and 9 are used. For the inverse interaction range ka, the following
values, namely 3,2.55,1.5 and 1, are tested against the attraction
strength of the wall. We note that this expression for the potential
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Fig. 2 Schematic diagram of the walled system. The attractive wall with
varying well depth is place at z =0 and a purely repulsive wall is placed

at z = L to avoid particles from reaching heights that are too far from the
attractive wall.

is valid for r > 2a. For r < 2a, a hard-wall repulsion is approxi-
mated using
4
nw _ ( rij—2Bija 3

Uj;" = (T) —Dyj, (2)
where D;; has unit of an energy and regulates the depth of the
well. On the other hand, the parameters B;; and C;; are dimen-
sionless parameters that can be chosen such that:

_ 1) Ui);'(r)+D"J'
Bij = m{"“ T fdr ®
UY Di,3/4
Cij _ 4[ z‘/(r)_‘— J} (4)

dU}; (r)/dr

where 7/ is the point of connection . Another alternative is to
use a linear function that directly cuts the Yukawa potential at
a desired distance. However, the advantage of Eq. (2) over the
linear function is that the potential and the force are continuous
atr.

The interaction between the colloids and the wall is defined by
an LJ 9-3 potential of the form 27

U*l(z)=¢ E (j)g - (Z)g} ; ()

where € modulates the attraction strength of the wall, ¢ = 4a and
z is the vertical distance from the surface of the wall. The equilib-
rium distance between the wall and the colloids in the suspension
iS Zmin = 3.1a. We note that o = 1.2q is also tested and similar re-
sults to 6 = 4a are obtained. Similar to Eq. (1), €* = ¢/kpT when
expressed in dimensionless units.

The suspensions are relatively dilute with volume fraction of
¢ = 0.2. In the present paper, we assume that the hydrodynamic
interactions are significantly small. A purely repulsive wall is also
placed at z = L to limit the freedom of the colloids along the z
direction. Our system is periodic along x and y directions. A
schematic diagram is shown in Fig. 2.

We choose the time unit as t* = 4a?/Dy, where Dy is the dif-
fusion coefficient of isolated colloids in the suspension.2! Hence
t* is the time taken by an isolated colloid to diffuse across a dis-
tance equivalent to its diameter. The Langevin equation is solved
by using a time step of 4 x 10~7¢* and the numerical calculations

This journal is © The Royal Society of Chemistry [year]
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are performed by employing the Brownian Dynamics algorithm
of GROMACS. 28

3 Parameters for aggregate analysis

P, is a parameter used to discriminate the formation of B1 or B2
structures. 2122 This is defined as follows:

1 1 - (rij—rg1)? 1 - (rij-rp2)?

e o |, (6)

12 6
where the sum is restricted to pairs i, j of the same type. In P», the
different equilibrium distances of second neighbors in the B1 and
B2 lattice are used to discriminate between them. The first term
of the sum in P, counts how many neighbors a colloid of a given
type has around a distance ry; = 2.98a, which is the distance of
second neighbors in the B1 lattice. The second term counts how
many neighbors there are around a distance ry, = 2.46a, which is
the distance of second neighbors in the B2 lattice. The values of
s, sz and their corresponding standard deviations oy, = Op, =
0.097a are obtained from the radial distribution function of the
colloids.

As a further verification step, a two-dimensional version of Eq.
(6) is used. It was observed that the first layers of B1 and B2
structures attached to the surface of the wall can be differenti-
ated. A B1 structure will have its (100) plane attached to the
surface wall while a B2 structure will have its (101) plane at-
tached to the surface of the wall. The (100) Bl-plane leads to a
square lattice with one side having ry;, while the (101) B2-plane
leads to a rectangular lattice with r,. In 2D, the number of sec-
ond nearest neighbors (SNN) for B1 with ry, is 4; while the SNN
for B2 with rg, is 2. Taking this into consideration, the parameter
P; is defined as follows:

1 1 - (rij—rg1)? _ (rij-rp2)?

P=— Z —e o5 _ —e 208, R 7
Nsizi 4 2

where N; is the total number of colloids in the first layer (3.1a <
z<3.5q).

4 Results

4.1 Strength of the wall (¢*) vs. colloid-colloid interaction
w"

First, we illustrate the effect of the wall on a suspension. We use
a system with U* =9 and ka = 2.55 as an example. In the sys-
tem without the wall, the expected final structure of aggregates
is B1.2! Fig. 3 shows what happens to the suspension when a
wall with €* = 10 is introduced. In the initial stages of the simula-
tion (r = 2.5t*), Bl-type seeds are observed outside the attraction
range of the wall (z = 10.7a). However, towards the end of the
simulation, when all of the colloids are attached to the aggregate
grown on the surface, the B1l-type seeds disappear and only B2
structures are left. This means that the wall can alter the col-
loidal structure by forming B2-type lattices instead of metastable
B1-type lattices. To measure the extent of this effect, the strength
of the colloid-wall interaction (&*) is varied.

Fig. 4 shows a sample P, measurement when &* is varied to

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 Different structures formed on the wall with varying €*. The
suspensions used have ka =2.55 and U* =9.

Table 1 Different structures formed on the wall with varying * for
suspensions with U* =9 and 7 respectively

U =9 U =17
Ka =2.55 Ka=3
e Bl B2 Mixed | € Bl B2 Mixed
7 3 0 2 5 4 1 0
8 2 1 5 6 2 2 1
9 3 2 3 7 3 1 1
10 1 1 3 8 1 3 1
12 0 5 0 9 1 3 1
15 0 3 2 10 2 3 0

7,9 and 12 while keeping U* constant at 9. A positive P, corre-
sponds to a structure with dominant B1-type lattices while a nega-
tive P, corresponds to a structure with dominant B2-type lattices.
For P, < |0.05], the structure is considered either as a mixture of
both lattice types or remains disordered. It appears from Fig. 4
that the transformation from B1 to B2 occurs when €* > U*. To
check this observation, the range of €* is widened and 5-8 simu-
lations are performed for suspensions with U* =9, ka = 2.55 and
U* =7,ka = 3. The final structures are tabulated in Table 1. The
results confirm that there is a higher probability of obtaining B2
structures when &€* > U*. On the other hand, when &* < U*, the
structures tend to remain of the B1 type.

4.2 Strength of the wall (¢*) vs. inverse range of interaction
(xa)

To see if the inverse range of interaction can also affect the struc-

ture of the colloids, an additional system with ka = 1.5 is tested

against the system with xa = 2.55, where both systems have

U* =9. The results are presented in Table 2.

First, we observe a similar trend for both ka, i.e. the forma-
tion of B2 structures is more likely when €* > U*. However, the
probability of obtaining B2 structures is even higher in suspen-
sions with ka = 1.5 than ka = 2.55 (compare Table 2 with Table
1). This is indeed quite counterintuitive, because decreases of xa
weaken the energetic stability of the B2 phase with respect to the
B1 phase !4, both in the absence and in the presence of the wall.

A possible explanation for this result is the following. In the
absence of the wall, aggregation in suspensions with a longer in-
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Fig. 3 Snapshots of the suspension with U* =9, xa =2.55 and €* = 10 at r = 2.5¢* (left) and at r = 160¢* (right). The radii of the colloids are scaled for
clarity. In the beginning, a few B1-type seeds are formed at a distance far from the range of attraction of the wall. At the end of the simulation, only B2

structures are observed.

Table 2 Different structures formed on the wall with varying &*, for
suspensions with U* =9 and xka = 1.5

e* Ka=1.5
Bl B2 Mixed

7 1 4 0
8 2 6 0
9 2 4 2
10 0 5 0
12 0 5 0
15 0 5 0

teraction range (ka = 1.5) is kinetically more difficult than the ag-
gregation in suspensions with a shorter range (xa = 2.55). Hence
the role of the wall in promoting aggregation and crystallization
is more important for small xa. Since crystallization at the wall
is in the B2 lattice, the final results is that the formation of B2
crystallites is more likely for ka = 1.5 than 2.55.

To further support this explanation, an interaction range of
ka = 1 with U* =9 is also tested. We have observed that only one
colloidal layer can be formed on the wall surface while the re-
maining colloids remain in suspension. Moreover, the measured
P, and P; for ka = 1 are always negative (B2) regardless of the
value of €* used. Therefore the systems in which aggregation is
more difficult, are more susceptible to the restructuring induced
by the wall.

4.3 B2-type formation starts from the wall
To establish that the formation of B2 structures is due to the nu-
cleation occurring at the interface with the wall, the P, parameter
is measured layer by layer. This is illustrated in Figs. 5 and 6.
When the system forms a B2 structure (see Fig. 5), the layer in
contact with the wall goes to negative values of P; first, followed
then by the second layer and so on. This confirms that the nucle-
ation starts at the interface with the wall.

On the contrary, when the system forms a B1 structure (see

4| Journal Name, [year], [vol.],1-7
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Fig. 5 P, parameter that is measured in the beginning of the simulation
for a system that forms a B2 structure.
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Fig. 6 P, parameter that is measured in the beginning of the simulation
for a system that forms a B1 structure.

Fig. 6), there is no significant nucleation of B1-type seeds at the
interface with the wall, since P, values simply become positive at
the same time for all layers. This behavior is expected because the

This journal is © The Royal Society of Chemistry [year]
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B1-type seeds are observed to form inside the aggregates, without
specific preference on z.

We can analyze this closely by looking at the process of B1 crys-
tallite formation. For this part, we plot the B2 component of P;.
This is shown in Fig. 7. When the strength of the wall is not suffi-
ciently high (¢* =8 vs. U* =9), the wall still attempts to form B2-
type seeds in the first layers but these are eventually suppressed
by the predominant B1-type seeds that form elsewhere at higher
z. Towards the end of the simulation, the B2-type seeds gradually
disappear and the structure becomes B1.

0.04 : .
layer 1 ——
layer 2 —»—

0.03 + layer 3 —— o

o

o

5

=

[0}

g

o

Q.

€

3 .01

o U 1

53]
002 b 1
003 [ 1
0.08 e

0 20 40 60 80 100 120 140 160
Time (t*)

Fig. 7 B2 component of the P, parameter that is measured
layer-by-layer for a system with ¢* = 8 and U* = 9. The final structure is
B1. It can be observed that B2-type seeds are formed on the surface of
the wall but are eventually suppressed by the B1-type lattices as time
progresses.

Additionally, we have observed that the arrangements of the
colloids on the surface of the wall are different in the B1 and B2
cases. An example is shown in Fig. 8. To quantify the difference,
the parameter P; for the first layer is calculated (see Fig. 9). A
general trend that is present among the samples is that in the be-
ginning of the simulation, the P; becomes immediately negative.
When the whole aggregate crystallizes in the B2 structure, P; re-
mains negative. In contrast, when the structure crystallizes as B1,
the first layer rearranges and P; becomes positive.

XX gece §
o

e g8

ceee

Fig. 8 The arrangement of first layer of colloids at the surface of the
wall. The B2 structure (left) has its (101) plane attached at the surface
of the wall while the B1 structure (right) has its (100) plane attached at
the surface of the wall. The two kinds of arrangements lead to P; values
of different signs.
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Fig. 9 P; parameter for the system with U* =9 and xa = 1.5. The
system with €* = 9 becomes B1 while the system with €* = 15 becomes
B2.

4.4 Number of colloids per layer and interaction energy with
the wall

Now that we have established that the B2-type nucleation starts
in the vicinity of the wall, the next step is to understand why this
type of formation occurs. To answer this, the following parame-
ters are checked for both structures: (1) the number of colloids
packed in the first layer and (2) the total interaction energy be-
tween the colloids and the wall.

Fig. 10 shows the number of colloids that can be found at
certain distance from the wall at the end of the simulation (t =
160s*). The peaks of the histogram correspond to each of the
planes parallel to the surface of the wall. From the figure, it can
be discerned that the number of colloids packed in the first layer is
significantly larger in the B2-type case. In the system used in Fig.
10, there are 81 and 94 colloids on the surface of the wall (3.1 <
z/a < 3.4) for the B1 and B2 structures respectively. This trend is
generally observed in all of the samples. Moreover, the distances
between the peaks are smaller for the B2 case suggesting a more
compact and favorable ordering.

Next, we compare the total interaction energy between the col-

B1-type mm===
B2-type m==m

Fig. 10 Sample number of colloids vs. the distance from the wall
(U* =9, xa= 1.5 and €* = 8). The peaks correspond to the planes of
colloids that are parallel to the surface of the wall.

Journal Name, [year], [vol], 1-7 |5



Physical Chemistry Chemical Physics

-1600 B

o ox x +

-1800

-2000 |- 8

Energy (J)

-2200 g

-2400

80 100 120 140 160
Time (t*)

-2600
0

Fig. 11 Comparing the colloid-wall interaction energies for B1 vs. B2
structures. We compare x = 1.5 and 2.55 for systems with U* =9 and
e =8.

loids and the wall using a suspension with U* =9, xka = 1.5 and
ka = 2.55. This is shown in Fig. 11. For both systems, the simula-
tions that yield B2 structures have lower energies than the simu-
lations that yield B1 structures.

Finally, we confirm that the B2 transformation is not induced by
finite size effects. P, is measured for different box lengths L and
system size N,, while keeping the volume fraction constant. The
values of L used are 22a,22.5a,22.75a,23a,24a,25a and 26a. The
results in Fig. 12 show that B2 structures are always obtained,
independently on the system size.

0.3

P2

0 20 40 60 80 100 120 140 160
Time (t*)

Fig. 12 The influence of L on the parameter P, for systems with U* =9,
ka = 1.5 and £* = 15. The results prove that the formation of B2
structures is not induced by finite size effects.

5 Conclusions

In conclusion, we have demonstrated by means of Brownian Dy-
namics simulations that introducing an attractive wall in a binary
system of colloids, alters the probability of forming different types
of colloidal crystals. This happens for a wall which is perfectly flat
and homogeneous, which may be thought as not introducing any
bias in favour of any specific interface. Our results show that this
is not the case, because the flat homogeneous wall favours the
formation of a specific crystal structure.

6| Journal Name, [year], [vol.],1—7

The extent of the effects induced by the wall depends on the
properties of the suspension and on the strength of the attrac-
tion with the wall. Specifically, when the attraction strength
of the wall exceeds the attraction strength between the colloids
(e* > U™), the probability of forming a B2 structure is higher than
its B1-type counterpart. This happens not only for 2.55 < ka < 3.3,
where metastable B1 aggregates are formed in the absence of the
wall, but even for xa < 2.55, where the B1 phase becomes ener-
getically favourable for the values of Uy/(kzT) considered here. 14

Surprisingly, we have observed that the wall causes the forma-
tion of B2 crystallites more easily in suspensions with ka = 1.5
than in suspensions with xa = 2.55 and ka = 3. This is a rather
counterintuitive behaviour, because the B2 phase becomes less
and less energetically favourable with decreasing xa.14 The ex-
planation of this result derives from observing that aggregation
in the absence of the wall is kinetically more difficult for small
ka. Therefore, the action of the wall in promoting aggregation
and crystal nucleation is even more important for such xa, thus
triggering the growth of B2 aggregates.

On the other hand, when &€* < U*, the behaviour is similar to
that found in the absence of the wall.?!

Our analysis has demonstrated that B2-type seeds start form-
ing at the interface layer with the wall and slowly build up layer
by layer. B2 formation is more favorable because it allows the
colloids to be more closely packed at the interface with the wall.
In addition to this, we have observed that the total interaction
energy between the aggregate and the wall is also lower for B2
structures than for B1 structures.

From these results, it follows that the formation of metastable
(and even stable) B1 phases can be suppressed when a sufficiently
strong interaction with a wall is introduced.

Finally, we note that our results can be important not only for
understanding the mechanisms that rule the colloid aggregation
in the presence of external force fields, but also for designing
strategies to obtain colloidal crystals with the desired structures.
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