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HIGHLIGHTS

e Molecular dynamics simulations of Janus nanoparticles.

e The monomeric system do not have anomalies, but density and diffusion anomalies were observed for the Janus dumbbells.
e Distinct self-assembled structures obtained depending on density and temperature.

e Liquid-crystal phase.
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length scale potential. Previous studies for the monomeric system using this specific two
length scale potential do not indicate the presence of waterlike anomalies. However, our
results show that the combination of two length scales potential and L] potential in the
Anomalous fluids Janus nanoparticle will lead to thermodynamic and dynamic anomalies. The self-assembly
Janus dumbbells properties were also explored. We observe distinct kinds of self-assembled structures and
Self-assembly a liquid-crystal phase. This result indicates that it is possible to create Janus nanoparticles
with waterlike features using monomers without anomalous behavior. The anomalies and
structures are explained with the two length scale potential characteristics.
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1. Introduction

Most part of the materials contract on cooling at constant pressure. Also, is expect a decrement in the diffusion coefficient
when the pressure of the system is increased. However, this is not the case from the so called anomalous fluids. The most
well known anomalous fluid is water [1,2], with 73 known anomalies [3]. Liquid water at 1.0 atm have a maximum in
the density at the temperature of 4 °C, expanding as is cooled down to 0 °C. Other materials, such as silicon [4], silica [5],
Te [6], Bi [7], Si [8], Gey5Tegs [9], liquid metals [10], graphite [11] and BeF; [12], also present thermodynamic anomalies.
Water [13], silicon [14] and silica [4] show diffusion anomaly, characterized by a maximum in the diffusion coefficient at a
constant temperature.

Core-softened (CS) potentials with two length scales (TLS) have been widely used to study the general properties
and characteristics of fluids with anomalous behavior [15-18]. TLS potentials are characterized by having two preferred
particle-particle separations, while one length scale (OLS) potential, as the Lennard Jones (L]) potential, shows only one
characteristic distance.
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TLS potentials are able to reproduce waterlike anomalies in qualitative way if competition exists between the two
characteristic distances [17,19,20]. If the energy penalty to the particle moves from one scale to another is higher than
the particle kinetic energy, then the particle will get trapped in one length scale, and there will be no competition. As a
consequence, there will be no anomalous behavior.

Another system of interest is colloidal suspensions. Despite the fact that anomalous properties were not observed for this
colloidal system, experiments [21,22] show that the effective interaction between the colloids has a TLS shape. Therefore,
they can be studied using a TLS potential without competition between the scales.

Particularly, colloidal Janus nanoparticles have attracted the attention of scientists due to the large range of applications
of these new materials, including medicine, catalysis, photonic crystals, stable emulsions, biomolecules and self-healing
materials [23-28]. Dumbbells colloids are formed by two spheres that overlap with a separation that varies from an almost
total overlap to one or two monomer diameters. The molecule anisotropy plays quite a relevant role. The properties of the
system depend on the interaction potential that varies with their spatial separation and their relative orientations. In the
case of Janus dumbbells [29-32], each monomer has distinct characteristics, as charged/neutral or hydrophilic/hydrophobic.
The competition between attractive and repulsive forces leads to the formation of self-assembly lamellae or micellae
phases [33-38].

Recently, the production of silver-silicon (Ag-Si) [30], silica-polystyrene (SiO,-PS) [39] and tantalum silicide-silicon
(TaSi, /Si) [40] hybrid Janus dimers were reported. Silicon and silica are classified as anomalous fluids, and the silicon-silicon
or silica-silica interaction in the pure system can be modeled by a TLS potential with competition between the scales.
The other monomers can be described by an one length scale potential and consequently does not show the presence
of the waterlike thermodynamic and dynamic anomalies. In our previous work, we have shown that if the TLS potential
shows dynamical and thermodynamical anomalous behavior for the monomeric case, the Janus dimer will have anomalies
accordingly with the non-anomalous monomer properties [41].

A new question arises when none of the monomers are anomalous, but one can be modeled with a TLS potential without
competition between the scales. For instance, soft colloidal [42,43], metallic/polymer [44,45] and liquid-crystal/polymer
[46] Janus dumbbells have a colloidal monomer whose interaction can be described by a TLS potential [47] and a monomer
that have OLS interaction.

In order to answer this question, we explore the pressure versus temperature phase diagram of a model system. The
system is composed by Janus particles where one monomer interacts through a TLS potential without anomalies and the
other monomer interacts through an L] potential. We investigate how the presence of the L] monomer affects the competition
between the two characteristic distances, the self-assembly structures and describe qualitatively the thermodynamic
phases.

The paper is organized as follows. The model, the methods and simulation details are described in Section 2; the results
and discussion are given in Section 3; and then the conclusions are presented in Section 4.

2. The model and the simulation details

In this paper, all the physical quantities are computed in the standard L] units [48],
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for the pressure and temperature, respectively, where o is the distance parameter, ¢ the energy parameter and m the
mass parameter. Since in the present work all physical quantities are expressed in reduced L] units, we will omit the %
for simplicity.

N dimers were used in each simulation, in a total of 2N particles. Each monomer has diameter ¢ and mass m, and the
Janus dumbbells are constructed using two monomers linked rigidly at a distance A = o. The only difference between the
monomers is their interaction. Monomers of type A interact with another A monomer through a TLS core-softened potential,
proposed by da Silva and co-workers [17]
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where r;; = |r; —T7j| is the distance between two A particles i and j. This equation has three terms: the first one is the standard
L] 12-6 potential [48], the second is a Gaussian centered at ro = 0.70, with depth ug = 5.0 and width ¢y = 1.0, responsible
for the shoulder in the potential shape, and the last term is also a Gaussian, but centered at r; = 3.0, with depth u; = 1.0
and width c¢; = 0.5, responsible for the attractive well in the potential, as indicated in Fig. 1 by the solid red line. Despite the
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