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Janus particles present an important class of building blocks for directional assembly. These are compartmental-
ized colloids with two different hemispheres. Here, we consider a two-dimensional model of Janus disks consisting
of a hydrophobic semicircle and an electro-negatively charged one. Placed in a solution, the hydrophobic sides
will attract each other while the charged sides will give rise to a repulsive force. Using molecular dynamics
simulations, we study the morphology of these particles when confined in a channel-like environment using
a one dimensional harmonic confinement potential. The interest to this system is first of all due to the fact
that it could serve as a simple model for membrane formation. Indeed, the recently synthesized new class of
artificial amphiphiles, known as Janus dendrimers, were shown to self-assemble in bilayer structures mimicking
biological membranes. In turn, Janus particles that combine the amphiphilicity and colloidal rigidity serve as a
good model for Janus dendrimers. A variety of ordered membrane-like morphologies are found consisting of
single and multiple chain configurations with different orientations of the particles with respect to each other that

we summarize in a phase diagram.
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I. INTRODUCTION

Fabrication of ordered arrays of nanoparticles is of sig-
nificance for fundamental science associated with both low-
dimensional physics and its applications. Up-to-date lithogra-
phy is the major technique in generating arrays. This technique
is fairly expensive, complicated, and time consuming. As an
alternative route to this top-down approach is a bottom-up self-
assembly. Monodisperse spheres of submicron size can readily
self-assemble into highly ordered and close-packed arrays,
so-called colloidal crystals [1]. Most of these early studies were
restricted to isotropic interactions and therefore the possible
structures that can be realized were limited. Recently, patchy
colloidal particles have attracted a large amount of interest.
These are colloids that have an anisotropic interparticle
interaction. Different experimental techniques are available
to locally modify the chemical composition and the shape of
colloidal particles [2-5]. These local modifications are called
patches, and depending on the number, size, and chemical
properties of each patch these colloids exhibit extraordinary
diffusive properties [6,7] or can be used as building blocks
for complex structures [8—10]. The substantial research effort
in preparing these nanoparticles is driven by their potential
applications in nanoelectronics [11], drug delivery [12,13],
liquid optics [14,15], separation of mixtures [16], etc. Janus
particles are colloids that consist of two hemispheres that
have different chemical properties. The preparation of Janus
nanoparticles is still a major challenge, but different methods
have been reported in the literature [17,18].

In our work, we model Janus spheres by two-dimensional
disks that consist of two semicircles: a hydrophobic side, and
an electro-negatively charged one. The fabrication of these
colloidal spheres was achieved several years ago by depositing
a monolayer of octadecanethiol (ODT) on polystyrene spheres
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with a thin film of gold on one hemisphere [19]. When placed in
a solution, the hydrophobic sides will attract each other at short
distances between the two semicircles, while the electrostatic
repulsion will repel the particles. In the experiment, depending
on the ion concentration (ionic strength) of the solution,
different assembled structures can be expected. For low ionic
strength, the electrostatic interaction will make the colloids
repel each other regardless of their relative orientation. By
increasing the ionic strength of the solution, the screening
length of the repulsion can be controlled so that the repulsion
between two particles will only be of significance when
two charged semicircles touch one another (see Fig. 1). The
phase diagram and dynamic properties of Janus particles have
been studied previously in great detail [20,21]. How their
properties are modified when such particles are confined in
a channel-like environment is not yet known. The interest
to this system is first of all due to the fact that it could
serve as a simple model for membrane formation. Indeed,
the recently synthesized new class of artificial amphiphiles,
known as Janus dendrimers [22], were shown to self-assemble
in bilayer structures mimicking biological membranes. In
turn, Janus particles that combine the amphiphilicity and
colloidal rigidity serve as a good model for Janus dendrimers.
Therefore, we analyze here the morphologies of Janus disks
in a two-dimensional (2D) plane, which are trapped in a
one-dimensional harmonic potential. (It is worth noting that
although real three-dimensional Janus particles possess 3D
orientational degrees of freedom, the 2D model of disks
catches the main features of the specific 2D patterns since
these are in-plane orientations which mainly contribute to
structures formed in two dimensions.) We investigate the
interplay between the strength of the interparticle interaction,
the strength of the 1D confinement and the density of the
particles. Using this system we study the dynamics of Janus
particles in a quasi-one-dimensional environment by means
of molecular dynamics simulations. Chain-like morphologies
are of particular interest in the development of electronic
appliances, such as a single-electron transistor [23] and
high-efficiency photoanodes [24]. The paper is organized as

©2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevE.89.022306

SOBRINO FERNANDEZ, MISKO, AND PEETERS

Attractive Attractive Repulsive

FIG. 1. (Color online) Different configurations of adjoining
Janus particles in a solution. The anisotropic potential ¢’ [see Eq. (3)]
has an attractive contribution if a hydrophobic patch is involved in
the interaction. If charged patches face each other, the colloids will
repel each other.

follows. In Sec. II we discuss the underlying model for Janus
particle dynamics, the simulation method, and the parameters
used. Section III is devoted to the numerical results of the
molecular dynamics simulations. We start by determining
equilibrium configurations of the system, followed by the
proposal of a classification scheme that is used to construct
a phase diagram. Finally the conclusions are given in Sec. IV.
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kg and oy are elastic parameters similar to the ones used in
Eq. (2); they measure the strength and range of the attraction.
The electrostatic repulsion of colloids in a solution is governed
by a screened Coulomb potential given by the Derjaguin-
Landau-Verwey-Overbeek (DLVO) [28] theory. Z is the effec-
tive charge number of the colloidal particles, A g is the Bjerrum
length, «~!' is the Debye-Hiickel screening length which
depends on the solvent, and f~! = kT is the thermal energy
of the system at temperature 7 with k3 the Boltzmann constant.

We perform 2D molecular dynamics simulations using
a computational unit cell of 200 particles confined in a
one-dimensional parabolic potential V(y) = %K y? and apply
periodic boundary conditions in the perpendicular direction,
forcing the colloids in a quasi-one-dimensional state. We study
the motion of the Janus particles by using a Verlet algorithm.
The temperature of the solution remains fixed. The applied
temperature is solely used to control the diffusivity coefficient
of the colloids D = ukpT. Parameters are chosen such that
particles hardly interpenetrate, and so that the electrostatic
repulsion can be neglected when two charged patches do not
touch each other (see Fig. 1). If the solvent has a weak ionic
strength, the electrostatic repulsion is so strong that particles
repel each other regardless of their relative orientation. This
effect weakens strongly as soon as the Debye-Hiickel screening
length k~! becomes smaller than the particle size. At this
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II. MODEL AND SIMULATION TECHNIQUE

We focus on a system of soft disks in a two-dimensional
plane. Each disk consists of two semicircles, one being
hydrophobic and the other being negatively charged. The total
pair potential between the two disks placed at positions 7y and
r, can be written down in two distinct parts, an isotropic term
representing the soft-disk repulsion and an angle-dependent
factor characterizing the patchy structure of the colloids,

¢(riz.tiv, 1) = ¢°(r12) + ¢ (riz. diy, 1z), )
where r;; = r; — ry and #; are the polar axes indicating the
centers of the hydrophobic patches. As a simple model for

soft-disk repulsion, we use an elastic repulsion between two
overlapping disks [25]:

¢5 (r) = 5§20 —ri)*, rip <20,

2
¢35 (r12) =0, @

ri > 20,

where € characterizes the flexibility of the disks, and o is the
disk’s radius. An elastic repulsion [21,25,26] is preferred over
the hard wall potential proposed by the Kern-Frenkel model
[27]. This will facilitate the usage of molecular dynamics
simulations, while still having the possibility of tuning the
potential so that particles hardly overlap . The anisotropic
contribution ¢’ depends on the relative orientation between
two particles (see Fig. 2):

rip <20 Ay - Fio 2 0| fy - Fp1 20,

3)

ﬁ1~f‘12<0/\ ﬁ2~f‘21<0.

(

point more particle orientations become energetically stable
and more structures can be obtained. Parameters are chosen
similar to those used in Ref. [19], unless stated otherwise:
oc=1pum,D=02T* ,umzls, € =0.8N/um,oy = 1.15 um,
kg =0.1N/um, Z =0.32¢, Ay =2 um, k = 1.4 um~!, and
At = 0.05W s.

III. NUMERICAL RESULTS

As a starting point in the determination of the equilib-
rium configurations and resulting phase diagram we aim to

a1 42

FIG. 2. (Color online) Configuration of two Janus disks. The
polar axes #; and u indicate the centers of the hydrophobic patches.
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determine the minimum harmonic trap constant K for which
aggregation occurs on a large scale, since we are not interested
in micelle formation inside the quasi-one-dimensional chan-
nel. Our aim is to focus on the aggregation behavior of the
system depending on the packing fraction n = Npwo?/L?,
where Np, is the number of particles in a square simulation
box with length L.

For molecular fluids it is convenient to introduce several
types of distribution functions, correlation functions, and
related quantities in order to quantify different states. Once, for
example, the total correlation function g(r”,@") for a given sys-
tem is known, thermodynamic properties of the system can be
obtained [29]. To study the equilibrium properties of a general
potential, the pair correlation function g(12) = g(r rot it;)
gives complete information about pairs of molecules [29].
We consider the spherical harmonic coefficients g;,;,;(r12) of
g(12) to highlight particular aspects of the function g(12). The
different morphologies are characterized by their density gooo
and angular pair correlation functions g¢:

L
8000 (1) = 5 Z;w —7ij)s 4)
= L 1) TR 5
gio(r) = WZ; (r — rij)i; - . (5)
1 J#FI

The density correlation function (4) is used to characterize the
density profile of the structure, the angular pair correlation
function (5) represents the relative orientation of two particles
inside the cluster. Positive values of gy (r,#;,#,) represent
an average parallel orientation between two particles, while a
negative value expresses an antiparallel orientation. Depend-
ing on the packing fraction and external potential, a wide
variety of morphologies can be found (see Fig. 3). The largest
one-dimensional periodic structure in the trap is an aligned
chain where all particles are orientated in the same direction,
effectively nullifying the repulsive patch [Fig. 3(a)]. When
increasing 7, it becomes impossible for all the particles to stay
in the center of the trap, which results in a zig-zag transition to
a membrane structure [Fig. 3(b)], driven by the minimization
of the transverse trap potential. When further increasing the
packing fraction we find a succession of close-packed oriented
chains and zig-zag variants. Each of the found stable structures
succeeds in canceling out the Coulomb repulsion at small
particle distances.

Each structure can be characterized by the pair correlation
functions, Eqgs. (4) and (5), discussed previously. In Fig. 4
the characteristic correlation functions are shown for different
temperatures for three values of packing fraction n: n = 0.019
(zig-zag 1-chain or membrane), n = 0.042 (zig-zag 2-chain),
and n = 0.070 (oriented 3-chain) which correspond to cases
(b), (d), and (e) in Fig. 3. When increasing temperature and thus
the mobility of particles in the cluster, the complex gradually
loses its positional and orientational order, until the thermal
forces become larger than the Janus-particle interactions,
which dismantles the structure. The oscillating character of
the correlation functions is due to (i) the periodicity of
the structure and (ii) orientational interactions. The zig-zag
2-chain and oriented 3-chain [cases in Figs. 3(d) and 3(e)] are
similar in terms of density correlations. The difference is that

PHYSICAL REVIEW E 89, 022306 (2014)

WAV WY

VAR

N
e R AN AN NN O NN
] 7 )\“"“7 )l\\»e A5 ,\-“vg»‘ds., oz

i e A I e,
v ;ﬁ@é\;&'{:}%x{égv:ﬁé&:&%@»»‘" =

LG QLLDLLLDL:
SRS S SIS
ARSI AR AR

FIG. 3. (Color online) Different particle morphologies of Janus
particles in a quasi-1D parabolic confinement potential found with
molecular dynamics simulations, depending on the packing fraction
n and the strength of the transverse trap potential Ko?: (a)
oriented chain (n = 0.008,Ko? = 0.5), (b) zig-zag 1-chain (n =
0.019,K o2 = 0.5), (c) oriented 2-chain (n = 0.031,K o> = 0.2), (d)
zig-zag 2-chain (n = 0.042,K0? = 0.2), (e) oriented 3-chain ( =
0.070,K o2 = 0.2), (f) zig-zag 3-chain (n = 0.092,Ko? = 0.2), and
(g) oriented 4-chain (n = 0.128, Ko = 0.2). The particle orientation
is represented by an arrow pointing toward the hydrophobic patch.

the latter is more ordered since the structure contains more
chains [three vs two for Fig. 3(d)]. For the zig-zag 1-chain
or membrane [Fig. 3(b)] we find two periodicities for the
nearest neighbors: one between particles in the same chain
(r/o = 2), and one between particles from different chains
(r/o = 1). Therefore the oscillations in the density correlation
function [Fig. 4(a)] have two harmonics. The orientational pair
correlation function, on the other hand, loses its oscillating
characteristic when increasing the density, as the particles
in the cluster consist of stripes with different orientations.
The particles in the outer chains of the cluster are oriented
like in a membrane, i.e., with the hydrophobic sides inside,
while the particles inside the cluster form oriented chains,
ensuring that no charged half disks come in close contact
with one another [see Figs. 3(d)-3(g)]. Apart from losing
its periodic structure, we find that the overall magnitude of
gi10 increases for higher 7. Again, referring to Fig. 3(b),
we have a fully antisymmetric, antiferromagnetic (AF)-type,
orientation. This property is clearly shown in Fig. 4(b): on
average, the orientational correlation is zero since the positive
and negative contributions cancel each other. Increasing the
density results in the formation of oriented chains inside the
cluster [Figs. 3(d)-3(g)], which causes a monotonic rise in
the values of gj19.
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FIG. 4. (Color online) Correlation functions ggoo and g0 for characteristic morphologies at T* = 1,10,10%,10%,10%, and 10° [shown by
symbols as indicated in (a)] for membranes in (a) and (b), zig-zag 2-chains (c) and (d), and oriented 3-chains (e) and (f). The density profile
and angular pair correlation give a quantitative description of each morphology and are used to construct a phase diagram. Each function is

normalized atr /o = 1.

To construct a phase diagram, we need to compose a set
of “order parameters” for each structure. A possible approach
in achieving this is by defining a set of local pair correlation
parameters for each structure:

30
Tooo =/ gooo(r) dr, (6)

30
F“0=/ guo(r)dr, @)

which measures the structural order in the direct vicinity
of each particle. For the reference structures the local pair

correlation parameters are calculated and plotted in Fig. 5 for
T* = 1. Each intermediate state consists of different areas,
where one part of the system is in reference state A, while
another part is in state B. For a broad range of values of
parameter 1, the functions I'go9 and I'11¢ both exhibit a gradual
increase (i.e., a linear increase followed by saturation) with
increasing 7, except for small values of n where the function
I'11o takes values in the vicinity of zero and then shows a
sharp drop. This drop in '} at n & 0.01 corresponds to the
transition between the oriented chain [Fig. 3(a)] and zig-zag
1-chain [Fig. 3(b)]. The observed behavior is explained as
follows: When increasing the packing fraction, the number
of neighboring particles for each colloid increases, and thus
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FIG. 5. (Color online) Progression of local pair correlation parameters ['gop and I'yjo for the reference structures displayed in Fig. 3 and
intermediate states for a fixed value of the external potential (Ko? = 0.8).

the value of I'gyy increases as well. The linear increase in
Tooo (for n = 0 to 0.02) corresponds to 1-chain and zig-zag
1-chain configurations, when adding new particles results in
the linear growth of the number of neighbors for each particle.
The value n & 0.02 corresponds to the formation of a 2-chain
configuration, i.e., the appearance of the hexagonal order. For
further increasing 7, new particles form additional layers but
the hexagonal order remains thus leading to the saturation
in [ggp. Similarly, the function I'y;o gradually increases (for
n > 0.01) since the number of inner (co-oriented) chains
grows. The sharp drop in "1 at n & 0.01 is due to the chain-
to-zig-zag transition when the nearest-neighboring particles
are oppositely oriented (AF ordering). Adding new inner
chains with increasing n gradually destroys the AF ordering
of the outer chains leading to the above gradual increase in
the function I'jjg. Note that the function I'jjy also shows
linear and saturating trends. The former is the signature of
the orientational order of the “all surface” particles (for one or
two chains) while the latter is related to the formation of the
inner layers where all the particles are co-oriented.

A phase diagram in the n-K plane is presented in Fig. 6.
The different states and transitions can be visualized by
assigning a color to each state depending on the value of
[ooo and I'jj9. No new phase jumps are present, only gradual
transitions between different morphologies [except for the
sharp transition between the oriented chain (green) and the
zig-zag 1-chain (blue)]. The reason for this is two-fold: local
density fluctuations (which are more profoundly visible at low
K) make it possible for the system to be at the same time
locally in state A (e.g., zig-zag 1-chain) and B (e.g., oriented
2-chain), and there is a certain degree of freedom in which
two morphologies can interchange. We find that the most
decisive factor in determining a morphology is the packing
fraction 1, whereas each state is stable for a large interval
of K values. For n < 0.007 the oriented 1-chain is the most
stable morphology, except for very low confinement strength.
Here the hydrophobic attractive strength is larger than the
trap potential, resulting in the formation of a membrane. For
n > 0.007 it becomes impossible for all the particles to occupy
the center of the trap, and different morphologies abruptly

arise. For low K an oriented 2-chain can easily be formed,
while for higher trapping potential the particles get squeezed
into a membrane structure. When increasing the density
even farther, the membrane gradually evolves into a closely
packed membrane with horizontal orientation, a state which
we previously labeled as an oriented 2-chain. Increasing the
density even farther limits the diversity in possible structures,
resulting in a succession of the most tightly packed structures:
2- and 3-chains and zig-zag variants, with crossover states in
between.
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IV Zig-Zag 2-chain
V Oriented 3-chain
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Il Oriented 2-Chain [l

FIG. 6. (Color online) Phase diagram of the different structures
formed by Janus disks in a harmonic trap for various values of the
packing fraction n and confinement strength K. Each pure state is
represented by a given color: oriented chain (phase I) by green,
zig-zag 1-chain (phase II) by blue, oriented 2-chain (phase III) by
magenta, zig-zag 2-chain (phase IV) by orange, and oriented 3-chain
(phase V) by yellow; mixed (intermediate) states are shown by color
gradients. The abrupt transition between the oriented chain and the
zig-zag 1-chain and oriented 2-chain is shown by a solid line, while
smooth transitions are (approximately) indicated by dashed lines.
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IV. CONCLUSIONS

We have studied a modified Kern-Frenkel model for soft
disks on a two-dimensional plane using molecular dynamics
simulations. Each disk consists of a charged semicircle, with
one being hydrophobic. The electrostatic repulsion between
colloids in solution takes the form of a screened Coulomb
potential given by the DLVO theory. For a solvent where the
Debye-Hiickel screening length is smaller than the particle
size, the Janus nature of the colloids becomes profound and
a wide range of morphologies are found. These differ in
shape and orientational order, which were identified by their
density and angular pair correlation footprint. These distinctive
features can be used to label each state, and construct a

PHYSICAL REVIEW E 89, 022306 (2014)

n-K phase diagram. Apart from the abrupt transition between
1D and quasi-1D states, we find smooth crossovers between
different morphologies, where increasing the transverse trap
potential aids the formation of closely packed and highly
ordered states. The Janus particles considered in this work
have been already fabricated [19] and we believe that the
straightforwardness of the model and its rich phase behavior
begs for experimental verifications.
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